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Background: High blood pressure during pregnancy has been suggested to be associated with
adverse birth outcomes (ABO), but it is unclear how different blood pressure changes and the
extent of the effect. Therefore, we aimed to investigate the association between blood pressure
trajectories (systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pres-
sure (MAP), pulse pressure (PP)) of pregnant women and ABO in a real-world study.
Material and Methods: Leveraging 28,679 pregnant women and their fetuses from
a register-based cohort from January 1, 2010, to December 31, 2019. Blood pressure
trajectories were estimated by package “traj” in R software using real-world blood pressure
data of routine antenatal care examinations. Logistic regression models were applied to
examine the association between trajectories of different blood pressure components (SBP,
DBP, MAP, and PP) during pregnancy and the risk of ABO.

Results: Trajectories of all blood pressure components were identically labeled as low-
stable, moderate-increasing, moderate-decreasing and high-stable. After adjusting for con-
founding factors, compared with pregnant women with the low-stable pattern, pregnant
women with a high-stable or moderate-increasing pattern had a significantly increased risk
of developing adverse birth outcomes. Pregnant women with a moderate-decreasing pattern
had no significant increased risk of ABO but had a lower risk of adverse birth outcomes than
those with a moderate-increasing pattern. The trajectories crossed at 17-20 weeks of gesta-
tion for all blood pressure components.

Conclusion: Our study results indicated that reduction and maintenance of blood pressure to
a low level of less than 110 mmHg for SBP and 65 mmHg for DBP after 20 weeks of
gestation would benefit prevention of adverse birth outcomes, regardless of the level of blood
pressure at early pregnancy.
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Introduction

Adverse birth outcomes (ABO), such as preterm birth,"> low Apgar score,”* and
low birth weight,™® are not only the leading causes of perinatal morbidity and
mortality but also associated with a wide range of disorders in early life (eg,
bronchopulmonary dysplasia,” epilepsy,® and cognitive impairment”) and adulthood
(eg, obesity,'” diabetes,'' kidney disease,'* hypertension,'? heart failure'* and other

15,16

cardiovascular disease >>'°). The number of preterm infants born worldwide was
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nearly 15 million annually and continued to grow'’ and
China ranked in the second, accounting for 7.8% propor-
tion of global preterm births.'® In addition, the proportion
of infant mortality due to premature birth or low birth
weight was still on the rise.'” It is essential and imperative
to identify the risk factors and potential mechanisms
behind ABO.
Blood pressure during pregnancy is not only
a representation of maternal adaptive response to meet
the increased metabolic demands of the mother and fetus
and uteroplacental circulation needs,”® but also a dynamic
process associated with physiological and hemodynamic
changes in cardiovascular system.?' Inability to adapt to
these physiological changes can result in hypertensive

2223 \which delivers adverse influ-

disorders of pregnancy
ence on birth outcomes.”***> For example, pregnant
women who have a steeper increase of blood pressure
were associated with a lower infant birth weight and
a higher proportion of preterm birth.?**® These findings
suggest a potential role of the long-term trajectory of
blood pressure during pregnancy in the development of
ABO. To date, some studies have examined the associa-
tions of trajectories of systolic (SBP) and diastolic blood
pressure (DBP) during pregnancy with ABO.?%®
However, the associations of trajectories of other blood
pressure components such as mean arterial pressure
(MAP) and pulse pressure (PP) with ABO have been
scarcely studied. Further, MAP?~° and PP*'** showed
a somewhat better prediction of hypertensive disorders of
pregnancy than SBP and DBP. Therefore, we aimed to
examine the association of trajectories of different blood
pressure components (SBP, DBP, MAP, and PP) with ABO
in a large cohort including 28,679 Chinese pregnant
women with serial blood pressure assessments registered
in the perinatal health registration system of Suzhou
Industrial Park.

Method

Participants

In the perinatal health registration system of Suzhou
Industrial Park, a total of 53,008 women registered and
provided their antenatal care information and delivery data
from January 1, 2010, to December 31, 2019. After
excluding those who did not undertake routine antenatal
care examinations or had multiple births (n= 24,329),
28,679 pregnant women were included in the current ana-
lysis. All participants provided written informed consents.

The protocols of this study were approved by the Ethics
Committees at Soochow University and Maternal and
Child Healthcare Center of Suzhou Industrial Park
(Approval NO. ECSU-2,019,000,118). The research was
conducted ethically in accordance with the World Medical
Association Declaration of Helsinki.

Measurement of Blood Pressure

Blood pressure measurements during pregnancy were col-
lected from medical records. According to the policy of
antenatal care in Suzhou city, blood pressure monitor was
initiated at ~12 weeks of gestation, followed by repeated
measurements every 4 weeks before 32 weeks of gestation,
every 2 weeks at 33-36 weeks of gestation, and every week
at over 36 weeks of gestation until delivery. At each visit, it
was required to measure blood pressure 3 times using elec-
tronic sphygmomanometer (OMRON HBP-1320) by physi-
cians following a standardized protocol, after resting for at
least 5 minutes in a sitting position. Means of the last two
measurements were recorded as SBP and DBP for each visit
of antenatal care. MAP was calculated as (SBP-DBP)/3 +
DBP and PP was calculated as SBP — DBP.

Definitions of Adverse Birth Outcomes
ABO in our study was defined as having at least 1 of the
following outcomes: perinatal deaths, preterm birth, low
Apgar score, low and high birth weight. Perinatal death was
defined as the death of a baby between 22 weeks of gestation
(or weighting over 500 g) and 7 days after birth.>*** Preterm
birth was recorded as all births before 37 completed weeks of
gestation or fewer than 259 days from the first date of
a woman’s last menstrual period.®> Newborns with
a weight of <2500 g were defined as low birth weight*® and
those with a weight of >4000 g were considered as high birth
weight.>” Apgar scores less than 7 at 1 or 5 min after birth
were recorded as a low Apgar score.’

Assessment of Covariates

Demographic information (age, education level), preg-
nancy times, parity, prepregnancy weight and body mass
index (BMI) was collected at the first examination. The
fetus sex was obtained from birth records.

Statistical Analysis

Characteristics of our participants were presented accord-
ing to experienced ABO or not. To examine the associa-
tion between blood pressure patterns during pregnancy and
incidence of ABO, we first classified the participants into
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groups with different trajectories of blood pressure com-
ponents, followed by analysis on the association between
the generated trajectories and ABO. In specific, trajectory
identification was performed by the R package “traj”®
using kmeans function®” to determine the optimal number
of clusters. The procedure involves three steps (1) calcu-
lating 24 measures describing the features of the trajec-
tories, (2) using factor analysis to select a subset of the 24
measures and (3) using cluster analysis to identify clusters
of trajectories, and classify each individual trajectory in
one of the clusters. We constructed a logistic regression
model in which trajectories (SBP/DBP/MAP/PP, individu-
ally) was the independent variable and ABO (y/n) was the
dependent variable, adjusting for maternal age, pregnancy
times, parity, culture degree, prepregnacy BMI, and infant
sex. These covariates have been associated with ABO in
previous literature.

Sensitivity Analysis

To examine whether chronic hypertension influence our
results, participants who has been diagnosed with hyper-
tension before pregnancy were excluded. The associations
between trajectory of each blood pressure component and
specific ABO events were also examined. Receiver-
operating characteristic (ROC) curves were established to
assess the prediction value of different blood pressure

Table | Maternal and Fetal Characteristics at Baseline

components for the risk of ABO. All statistical analyses
were conducted using R 4.0.2. P-value of less than 0.05
was considered statistically significant.

Results
Baseline Characteristics of Study

Participants

A total of 28,679 pregnant women (mean aged 27.7 years)
were included in our study. Among them, 3,785 (13.20%)
experienced ABO, including perinatal deaths (42, 0.15%),
preterm birth (1006, 3.51%), low Apgar score (245, 0.85%),
low birth weight (674, 2.35%), and high birth weight (2413,
8.41%). Their characteristics are shown in Table 1. Pregnant
women who experienced ABO were more likely to be older,
had more pregnancy times and higher levels of prepregnancy
BMI, SBP, DBP, and MAP at the first examination than those
who did not (all P<0.05).

Trajectories of Blood Pressure

Components During Pregnancy

Based on the repeated measurements of blood pressure dur-
ing pregnancy, four distinct trajectories of each blood pres-
identified (Figure 1).
Trajectories of all blood pressure components were identi-

sure component were finally

cally labeled as low-stable, moderate-increasing, moderate-

Characteristics

Experienced Adverse Birth Outcome

Yes No P
No. of participants N=3,785 N=24,894 -
Maternal characteristics
Maternal age, years 28.0(27.9-28.1) 27.6(27.6-27.7) <0.001
Pregnancy times, 2 or more (%) 2,401(63.43) 15,297(61.45) 0.020
Primiparity, n (%) 2,127(56.20) 14,316(57.51) 0.133
Education, high school or above (%) 3,735(98.68) 24,630(98.94) 0.177
SBP at baseline, mmHg 108.6(108.1-109.2) 107.8(107.6—108.0) 0.003
DBP at baseline, mmHg 67.5(67.1-67.9) 67.0(66.9-67.1) 0.020
MAP at baseline, mmHg 81.2(80.8-81.6) 80.6(80.4-80.7) 0.005
PP at baseline, mmHg 41.1(40.7-41.5) 40.7(40.6—40.9) 0.078
Prepregnancy body weight, kg 58.17(57.89-58.46) 55.21(55.11-55.31) <0.001
Prepregnancy BMI, kg/m? 22.34(22.24-22.45) 21.40(21.36-21.44) <0.001
Neonatal characteristics
Neonatal gender, male (%) 2,345(61.96) 12,766(51.28) <0.001
Birth weight, kg 3.62(3.59-3.65) 3.35(3.35-3.35) <0.001
Delivery gestational age, weeks 38.36(38.24-38.47) 39.13(39.11-39.14) <0.001
Note: Results were presented as mean (95% confidence interval), unless otherwise noted.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index.
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Figure | lllustration of trajectories of blood pressure components during pregnancy in real world. The patterns of blood pressure trajectory were labeled as low-stable,

moderate-increasing, moderate-decreasing and high-stable.

decreasing, and high-stable All participants were allocated
into the four groups based on their trajectories. In specific,
pregnant women who had a relatively lower and higher blood
pressure during the whole pregnancy were defined as low-
stable and high-stable pattern, respectively. Individuals
whose blood pressure was relatively lower at baseline but
progressively increased during pregnancy were defined as
moderate-increasing pattern and those whose blood pressure
was relatively higher at baseline but progressively decreased
during pregnancy were defined as moderate-decreasing pat-
tern. Of note, the trajectories crossed at 17-20 weeks of
gestation for all blood pressure components.

Association Between Trajectories of

Blood Pressure Components and ABO
Amongst the four patterns of SBP trajectory (Figure 2),
ABO incidence was the lowest in pregnant women with
a low-stable pattern (11.90%), followed by individuals
with a moderate-decreasing (12.46%) and a moderate-
increasing (14.29%) pattern, respectively, and was the
highest in those with a high-stable pattern (14.78%).
Similar distribution of ABO incidence was observed
among trajectories of DBP, MAP, and PP (Figure 2).

Compared to pregnant women with a low-stable pat-
tern of SBP trajectory, those with a moderate-increasing
(OR=1.024, P<0.001) and a high-stable (OR=1.029,
P<0.001) pattern had a significantly increased risk of
ABO, whereas those with a moderate-decreasing pattern
(OR=1.006, P=0.316) seemed to have a similar risk of
ABO (Table 2). After adjusting for maternal age, preg-
nancy times, parity, culture degree, prepregnacy BMI and
infant sex, pregnant women with a moderate-increasing
and a high-stable pattern had a similar risk of developing
ABO, which was 1.024 times the risk of developing ABO
as those with a low-stable pattern (OR=1.024, P<0.001).

Similar associations were found between trajectories of
other blood pressure components and ABO (Table 2).
After multivariate  adjustment, participants  with
a moderate-increasing (OR [95% CI] = 1.008 [0.997—
1.019], 1.020 [1.009-1.031], and 1.016 [1.007-1.029] for
DBP, MAP, and PP, respectively,) and a high-stable pattern
(OR [95% CI] = 1.021]1.011-1.032], 1.023[1.012-1.034],
and 1.021[1.010-1.031] for DBP, MAP, and PP, respec-
tively,) had an increased risk of developing ABO, com-
pared to those with a low-stable pattern. No significant

difference in odds of ABO for participants with
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Figure 2 Incidence of specific adverse birth outcomes according to trajectories of systolic blood pressure, diastolic blood pressure, mean artery pressure, and pulse
pressure.

a moderate-decreasing pattern in comparison with those Result of Sensitivity Analysis
with a low-stable pattern of all blood pressure components ~ After excluding the 309 pregnant women with chronic

(all P>0.05). hypertension before pregnancy, the association between

Table 2 Associations Between Trajectories of Blood Pressure Components and the Incidences of Adverse Birth Outcome
(N=28,679)

Adverse Trajectory Low-Stable Moderate-Increasing | P value | Moderate- P value | High-Stable Pattern | P value
Birth Groups Pattern Pattern Decreasing Pattern
Outcome
Systolic blood | n (%) 1181(11.90) 874(14.29) 736(12.46) 994(14.78)
pressure
Un-adjusted | Reference 1.024(1.013-1.035) <0.001 1.006(0.995-1.017) 0316 1.029(1.019-1.040) <0.001
Adjusted Reference 1.024(1.013-1.035) <0.001 1.002(0.991-1.033) 0.687 1.024(1.013-1.035) <0.001
Diastolic n (%) 1114(12.38) 881(13.20) 695(12.36) 1095(14.84)
blood
pressure Un-adjusted | Reference 1.008(0.998-1.019) 0.132 1.000(0.989-1.011) 0.969 1.025(1.014-1.036) <0.001
Adjusted Reference 1.008(0.997-1.019) 0.142 0.998(0.987-1.009) 0.714 1.021(1.011-1.032) <0.001
Mean arterial | n (%) 1223(11.97) 876(14.00) 736(12.68) 950(14.39)
pressure
Un-adjusted | Reference 1.020(1.010-1.031) <0.001 1.007(0.996-1.018) 0.202 1.029(1.018-1.040) <0.001
Adjusted Reference 1.020(1.009-1.031) <0.001 1.004(0.993-1.015) 0.447 1.023(1.012—1.034) <0.001
Pulse n (%) 975(11.96) 901(13.80) 724(12.77) 1185(14.23)
pressure
Un-adjusted | Reference 1.019(1.007-1.030) 0.001 1.008(0.997-1.020) 0.166 1.023(1.013-1.034) <0.001
Adjusted Reference 1.016(1.007-1.029) 0.002 1.006(0.995-1.018) 0.293 1.021(1.010-1.031) <0.001

Note: Adjusted for maternal age, pregnancy times, parity, culture degree, prepregnacy BMI and infant sex.
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blood pressure and ABO did not change (Supplementary
Table 1). Pregnant women with a moderate-increasing
pattern or a high-stable pattern of all blood pressure com-
ponents also had an increased risk of experiencing specific
ABO events, compared to those with a low-stable pattern
(Supplementary Table 2—-5). We failed to find a significant

difference in prediction performance of different blood

pressure  components for the risk of ABO

(Supplementary Figure 1).

Discussion

To the best of our knowledge, this is the first study to
explore the association between trajectories of different
blood pressure components (SBP, DBP, MAP, and PP)
during pregnancy and ABO in pregnant women based on
real-world data of routine antenatal care examinations in
a district of Suzhou, China. Trajectories of all blood pres-
sure components were identically labeled as low-stable,
and high-
stable. Pregnant women with a high-stable or moderate-

moderate-increasing, moderate-decreasing,

increasing pattern had a significantly increased risk of
developing ABO. Notably,
a moderate-decreasing pattern had no significant increased

pregnant women with
risk of ABO compared to those with a low-stable pattern,
but had a lower risk of ABO than those with a moderate-
increasing pattern. The trajectories crossed at 17-20 weeks
of gestation for all blood pressure components. These
results may suggest that reduction and maintenance of
blood pressure to a low level of less than 110 mmHg for
SBP and 65 mmHg for DBP after 20 weeks of gestation
would benefit prevention of ABO, regardless of the level
of blood pressure at early pregnancy. Although blood
pressure changes in different trajectories are within the
physiological range of normal blood pressure, tracking
blood pressure during pregnancy may provide clues to
identify women at a high risk at developing ABO.

In line with our study, the association between elevated
blood pressure during pregnancy and the risk of ABO was
also found in previous studies. For example, Zhu et al
reported a significant dose—response relationship between
blood pressure within the normal range and the risk of
ABO during pregnancy.”* Guo et al found that pregnant
women with moderate-increasing pattern of SBP had
higher risk of developing ABO.*® A large population-
based study concluded that the risk of small for gestational
age (SGA) infants increased by 2.0% per 1 mm Hg rise in
DBP during the whole pregnancy.*® So far, substantial
studies have concentrated on the relationship between

trajectories of SBP and DBP and the risk of ABO, but
the associations of trajectories of MAP and PP with the
risk of ABO has not been studied. Moreover, some studies
found that MAP and PP have a better predicting value for
hypertensive disorders of pregnancy than SBP and
DBP.**?! We are the first to examine the association
between trajectories of MAP and PP during pregnancy
and the risk of ABO. Our study enriches the literature on
blood pressure during pregnancy and adverse fetal
outcomes.

In addition, our data show that compared to those who
maintain low-stable blood pressure levels during preg-
nancy, there was no increased risk of ABO in women
with high blood pressure in early pregnancy and
a gradual decrease in the second to third trimesters. This
result was corroborated by other previous studies.
A prospective cohort study suggested that compared
women with the lowest blood pressure, pregnant women
with decreasing SBP, DBP and MAP during pregnancy do
not increase the risk of lower infant birth weight.*®
A randomized controlled trial demonstrated that routine
antihypertensive therapy of mild to moderate pregnancy-
induced hypertension was associated with lower incidence
of maternal and fetal adverse events, including preterm
birth and SGA.*' Together with these findings, our finding
suggests that reducing higher blood pressure during preg-
nancy, in theory, can reduce the incidence of ABO.

Substantial that
a progressively rising blood pressure during pregnancy

evidences have demonstrated
can cause cardiac output reduction and higher total per-
ipheral vascular resistance.*? Also, the renin-angiotensin
system and utero-placental dysregulation can lead to
reduced blood flow and poor placental perfusion, these
change in physiological mechanisms contribute to fetal
growth restriction through chronic fetal hypoxia, such as
preterm birth and low birth weight.***** Therefore, ele-
vated blood pressure within the normal range during preg-
nancy also requires blood pressure management and
intervention at the appropriate time. However, the interna-
tional guidelines for hypertension in pregnancy only
treatment for

recommend pharmacological pregnant

women whose blood pressure reaches a level of severe

hypertension,****®

no studies have pointed out when it is
the best time to control blood pressure for women whose
blood pressure is elevated during pregnancy but still
within a reasonable range. We found that all blood pres-
sure components crossed at 17-20 weeks of gestation,

suggesting that at 20 weeks of gestation may be the
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optimum time window to initiate antihypertensive inter-
ventions to maintain an optimal blood pressure. Blood
pressure drops gradually after this time point of pregnancy
can reduce the risk of ABO, regardless of the level of
blood pressure in early pregnancy. Nevertheless, our
study is only a prospective observational study and more
research and clinical trials are necessary to support our
discovery.

Because the protective effect of antihypertensive drugs
remains questionable, more attention should be paid to non-
pharmacological intervention when there are no clinical
signs of elevated blood pressure in the second trimester of
pregnancy. An experimental trial showed that stretching
exercise could decrease SBP and DBP in the second trimester
of pregnancy and control their increase in the third trimester
of pregnancy.?’ Stretching is an easy exercise to achieve and
stick to, health professionals should encourage pregnant
women to perform such exercises, such as yoga. High levels
of stress during pregnancy are associated with the develop-
ment of pregnancy-induced hypertension.48 A clinical trial
showed that conducting progressive muscle relaxation and
breathing control exercises to relieve stress after 20 weeks of
gestational age can effectively reduce blood pressure in pre-
hypertensive pregnant women to the normal range within 4
weeks.*’ Therefore, pregnant women can reduce high levels
of blood pressure during pregnancy through individualized
lifestyle intervention, and reduce the incidence of adverse
fetal outcomes.

Our research has several strengths. Original data were
obtained from a real-world of general pregnant population,
the sample size was relatively large and each participant
had 4 or more blood pressure measurements, the results
have relatively good reliability that can be extrapolated to
the general population. In addition, the prediction model is
based on a routine clinical prenatal care regimen, blood
pressure measurements are readily available, and trajec-
tories of different blood pressure components can be
plotted separately, which have the potential to serve as
a simple and noninvasive method for clinical blood pres-
sure assessment and adverse fetal outcomes prevention.
Furthermore, we are extracting data from electronic mater-
nal and child health systems or medical records, which
helps to obtain robust and reliable results.

There were also several limitations. First, regarding the
actual antenatal care, not all participants went for preg-
nancy examinations regularly, and there were variations
between visits at each time point and between subjects. To
minimize the variance, we excluded women who had

fewer than four blood pressure measurements during preg-
nancy. Second, blood pressure measurements were col-
lected from medical records. It cannot be ensured that
the standard protocol was strictly followed in all measure-
ments. However, this is one of the reasons why a real-
world study is needed. In addition, certain confounders for
neonatal risk, such as history of disease, diet and lifestyle
habits, nutritional status, medication use, and renal func-
tion were unavailable; thus, we were unable to control for
the impact of these variables. Third, our study population
was from a more economically developed areas of south-
eastern China and most of our participants had Han ethni-
city, previous study reported the substantial ethnic
differences in blood pressure levels and risk of gestational
hypertensive disorders,® our finding might not be general-
izable to other populations. Last, the effect of blood pres-
sure changes on adverse fetal outcomes, although reaching
statistical significance, was quite small in the current
study. Therefore, more research should be conducted in
the future. Nonetheless, to the best of our knowledge, this
was the first study to examine the association between
trajectory of different blood pressure components in preg-
nancy and risk of adverse birth outcomes, thus providing
a novel contribution to the literature.

In conclusion, this study suggested that the risk of
ABO was significantly increased in pregnant women
with the moderate-increasing pattern or high-stable of
different blood pressure components (SBP, DBP, MAP,
and PP) during pregnancy compared to those with low-
stable pattern, while the risk of ABO is not increased in
women with a moderate-decreasing pattern, and blood
pressure management can achieve better preventive effect
after 20 weeks. Thus, obstetricians and pregnant women
should pay attention to routine prenatal examination and
the change of blood pressure during pregnancy, and
recommend pregnant women to control blood pressure
increase or gradually reduce the higher blood pressure in
the early pregnancy by increasing exercise and other ways
to keep it at a low and stable level as far as possible.
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