
BJOG. 2023;00:1–11.     | 1wileyonlinelibrary.com/journal/bjo

R E S E A R C H  A R T I C L E

Blood pressure measurement and adverse pregnancy outcomes:  
A cohort study testing blood pressure variability and alternatives  
to 140/90 mmHg

Milly G. Wilson1  |    Jeffrey N. Bone2,3  |    Laura J. Slade4,5 |    Hiten D. Mistry1 |   
Joel Singer6 |    Sarah R. Crozier7,8 |    Keith M. Godfrey7,9 |    Janis Baird7,8,9 |    
Peter von Dadelszen1  |    Laura A. Magee1

Accepted: 7 November 2023

DOI: 10.1111/1471-0528.17724  

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the 
original work is properly cited.
© 2023 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd.

Peter von Dadelszen and Laura A. Magee contributed equally to the work.  

1Department of Women and Children's 
Health, Faculty of Medicine, School of Life 
Course and Population Sciences, King's 
College London, London, UK
2British Columbia Children's Hospital 
Research Institute, University of British 
Columbia, Vancouver, British Columbia, 
Canada
3Department of Obstetrics and Gynaecology, 
University of British Columbia, Vancouver, 
British Columbia, Canada
4Robinson Research Institute, The University 
of Adelaide, Adelaide, South Australia, 
Australia
5Department of Obstetrics and Gynaecology, 
Women's and Children's Hospital, Adelaide, 
South Australia, Australia
6School of Population and Public Health, 
University of British Columbia, Vancouver, 
British Columbia, Canada
7MRC Lifecourse Epidemiology Centre, 
University of Southampton, Southampton, UK
8NIHR Applied Research Collaboration 
Wessex, Southampton Science Park, 
Southampton, UK
9NIHR Southampton Biomedical Research 
Centre, University of Southampton and 
University Hospital Southampton NHS 
Foundation Trust, Southampton, UK

Correspondence
Laura A. Magee, Guy's Campus, Great Maze 
Pond, London SE1 1UL, UK.
Email: laura.a.magee@kcl.ac.uk

Funding information
KCL Centre for Doctoral Training in 
Data- Driven Health, Grant/Award Number: 
ST12512; UK Medical Research Council, 
Grant/Award Number: MC_UU_12011/4; 
National Institute for Health Research, 

Abstract
Objective: To examine the association with adverse pregnancy outcomes of: (1) 
American College of Cardiology/American Heart Association blood pressure (BP) 
thresholds, and (2) visit- to- visit BP variability (BPV), adjusted for BP level.
Design: An observational study.
Setting: Analysis of data from the population- based UK Southampton Women's 
Survey (SWS).
Population or sample: 3003 SWS participants.
Methods: Generalised estimating equations were used to estimate crude and ad-
justed relative risks (RRs) of adverse pregnancy outcomes by BP thresholds, and by 
BPV (as standard deviation [SD], average real variability [ARV] and variability in-
dependent of the mean [VIM]). Likelihood ratios (LRs) were calculated to evaluate 
diagnostic test properties, for BP at or above a threshold, compared with those below.
Main outcome measures: Gestational hypertension, severe hypertension, pre- 
eclampsia, preterm birth (PTB), small- for- gestational- age (SGA) infants, neonatal 
intensive care unit (NICU) admission.
Results: A median of 11 BP measurements were included per participant. For BP at 
≥20 weeks’ gestation, higher BP was associated with more adverse pregnancy out-
comes; however, only BP <140/90 mmHg was a good rule- out test (negative LR <0.20) 
for pre- eclampsia and BP ≥140/90 mmHg a good rule- in test (positive LR >8.00) for 
the condition. BP ≥160/110 mmHg could rule- in PTB, SGA infants and NICU ad-
mission (positive LR >5.0). Higher BPV (by SD, ARV, or VIM) was associated with 
gestational hypertension, severe hypertension, pre- eclampsia, PTB, SGA and NICU 
admission (adjusted RRs 1.05–1.39).
Conclusions: While our findings do not support lowering the BP threshold for preg-
nancy hypertension, they suggest BPV could be useful to identify elevated risk of 
adverse outcomes.
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adverse pregnancy outcomes, American College of Cardiology/American Heart Association guidelines, 
blood pressure, hypertension, hypertensive disorders of pregnancy, pre- eclampsia, preterm birth, visit- 
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1 |  I N TRODUC TION

The hypertensive disorders of pregnancy (HDP) are asso-
ciated with a substantial global burden of maternal, fetal, 
and newborn morbidity and mortality. Currently, all inter-
national guidelines define hypertension in pregnancy as a 
systolic blood pressure (sBP) ≥140 mmHg or a diastolic BP 
(dBP) ≥90 mmHg.1

Outside pregnancy, there is a linear relationship between 
higher BP and heightened cardiovascular risk.2 To encour-
age improvement in clinical outcomes through better BP 
control, the American College of Cardiology (ACC) and 
American Heart Association (AHA) revised their defini-
tion of hypertension outside pregnancy in 2017. The former 
threshold of 140/90 mmHg was replaced by a tiered system 
of: ‘Normal BP’ (sBP <120 mmHg and dBP <80 mmHg); 
‘Elevated BP’ (sBP 120–129 mmHg and dBP <80 mmHg); 
‘Stage 1 hypertension’ (sBP 130–139 mmHg or dBP 
80–89 mmHg); and ‘Stage 2 hypertension’ (sBP ≥140 mmHg 
or dBP ≥90 mmHg).3 The ACC/AHA Task Force on Clinical 
Practice Guidelines called for investigations into use of these 
lower BP thresholds in pregnancy. Systematic reviews have 
disclosed an association between these lower BP thresholds 
and heightened risk of adverse pregnancy outcomes, for BP 
values measured either before 20+0 weeks’ gestation or at 
≥20+0 weeks’ gestation.4,5 However, none of the BP thresh-
olds <140/90 mmHg demonstrated diagnostic test properties 
reflective of a useful ‘rule- out’ or ‘rule- in’ test for develop-
ment of adverse pregnancy outcomes.

In addition to higher BP level, higher long- term visit- to- 
visit BP variability (BPV) is a risk factor for cardiovascular 
disease outside pregnancy, even when adjusted for BP level.6 
Six previous studies have explored the relationship between 
BPV and adverse outcomes in pregnancy; results have been 
conflicting with regard to a relationship between BPV and 
adverse maternal and/or perinatal outcomes, and whether 
higher BPV is predictive of adverse outcomes or represents a 
manifestation of them.7- 13

1.1 | Aims and objectives

Using data from the population- based UK Southampton 
Women's Survey (SWS), we aimed to:

1. Analyse the relationship between ACC/AHA BP thresh-
olds and adverse maternal and perinatal outcomes, as 
well as the diagnostic test properties of ACC/AHA BP 
thresholds.

2. Analyse the relationship between visit- to- visit BPV and 
adverse maternal and perinatal outcomes.

2 |  M ETHODS

2.1 | Southampton Women's Survey

This is a secondary analysis of data from the SWS, a UK- based 
pregnancy cohort for which comprehensive details have been 
published previously.14 In brief, between 1998 and 2002, 12 583 
non- pregnant women living in Southampton were recruited. 
Of these women, 3158 went on to have singleton pregnancies 
resulting in live births a median of 1.1 years later.

Women were interviewed preconception (at recruitment) 
and at 11 and 34 weeks’ gestation. Details were recorded 
about ethnicity, education, smoking, body mass index (BMI), 
social deprivation and parity. Pregnancy care and outcomes 
were abstracted from maternity records by research nurses 
and included pregnancy hypertension (see below), mode of 
delivery, postpartum haemorrhage (PPH), fetal sex, gesta-
tion at delivery, birthweight and neonatal intensive care unit 
(NICU) admission.

All clinical antenatal BP measurements were abstracted 
from maternity records, ordered by time, and checked for 
accuracy according to protocol.14 When multiple readings 
were recorded at the same visit, the mean was taken as the 
measurement for that visit. Chronic hypertension was de-
fined as use of antihypertensive medication pre- pregnancy 
or at the 11 weeks’ gestation visit, or sBP ≥140 mmHg or dBP 
≥90 mmHg on any occasion at <20+0 weeks’ gestation. Any 
diagnoses of gestational hypertension or pre- eclampsia were 
accepted, as abstracted from maternity records. Gestational 
hypertension was defined as sBP ≥140 mmHg or dBP 
≥90 mmHg, on any occasion at ≥20+0 weeks’ gestation, in a 
previously normotensive woman. In the UK until 2019, pre- 
eclampsia was defined as gestational hypertension with new- 
onset proteinuria.15 Severe hypertension was derived and 
classified as sBP ≥160 mmHg or dBP ≥110 mmHg.

All participants provided informed consent and the 
study was approved by the Southampton and Southwest 
Hampshire Local Research Ethics Committee (08/
H0502/95).

2.2 | BP measurements

To enable calculation of BPV, we included women with at 
least three BP measurements in pregnancy.

Grant/Award Number: NIHR203319 and 
SI- 0515- 10042; British Heart Foundation, 
Grant/Award Number: SP/F/21/150013 and 
RG/15/17/3174; UK Research and Innovation 
Global Challenges Research Fund (GCRF) 
GROW Award, Grant/Award Number: 
MR/P027938/1

 14710528, 0, D
ow

nloaded from
 https://obgyn.onlinelibrary.w

iley.com
/doi/10.1111/1471-0528.17724 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [04/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 3BLOOD PRESSURE VARIABILITY IN PREGNANCY

Each sBP and dBP measurement per visit was catego-
rised according to ACC/AHA criteria, for each of <20+0 and 
≥20+0 weeks’ gestation as: ‘Normal BP’ (sBP <120 mmHg 
and dBP <80 mmHg), ‘Elevated BP’ (sBP 120–129 mmHg 
and dBP <80 mmHg), ‘Stage 1 hypertension’ (sBP 130–
139 mmHg or dBP 80–89 mmHg) or ‘Stage 2 hypertension’ 
(sBP ≥140 mmHg or dBP ≥90 mmHg).16 ‘Stage 2 hyperten-
sion’ was divided into non- severe ‘Stage 2 hypertension’ (sBP 
140–159 mmHg or dBP 90–109 mmHg) and severe ‘Stage 2 
hypertension’ (sBP ≥160 mmHg or dBP ≥110 mmHg). The 
lower category of each pair of consecutive visits was taken 
as the category for that pair of visits. The category for the 
gestational period as a whole was taken as the highest overall 
category. Each participant's mean BP was calculated using 
all BP values available, to be used for adjustment of BPV, as 
higher BP levels are associated with more BPV and adverse 
pregnancy outcomes.17

BPV was defined as visit- to- visit, using three traditional 
measures of variability: (i) within- participant standard 
deviation (SD), to ref lect dispersion of BP measurements 
around mean BP; (ii) average real variability (ARV), as the 
average of absolute successive differences between BPs, 
ref lecting changes over short periods of time; and (iii) 
variability independent of the mean (VIM), derived from 
non- linear regression analysis and able to differentiate 
from effects of mean BP. Formulas used for each measure 
are available in Table S1.

2.3 | Outcomes

Key outcomes were the HDP, preterm birth (PTB, at <37+0 
weeks’ gestation), small- for- gestational- age infants (SGA, 
as birthweight <10th centile for gestational age and sex, by 
Intergrowth- 21st standards)18 and NICU admission. HDP 
were accepted as abstracted by the SWS team, even if the 
supporting BP values were not also abstracted.

Core maternal outcomes in pregnancy hypertension that 
were not available from maternity records included: maternal 
mortality, eclampsia, stroke, blindness, retinal detachment, 
pulmonary edema, kidney injury, liver capsule haematoma/
rupture, placental abruption, raised liver enzymes, intensive 
care unit (ICU) admission, intubation and mechanical ven-
tilation.19 Offspring outcomes not analysed because of low 
prevalence in SWS included stillbirth, neonatal mortality, 
neonatal seizures and neonatal respiratory support.19

2.4 | Statistical analysis

Descriptive analyses were undertaken for baseline maternal 
characteristics, BP thresholds, BPV and maternal and peri-
natal outcomes.

To assess the relationship between BP thresholds and 
adverse outcomes, we used Poisson models with robust 
variance to estimate the crude and adjusted risk ratios 
(aRRs) between ‘Normal BP’ and each ACC/AHA BP 

threshold and each outcome. To assess the diagnostic test 
properties of these cut- points we calculated sensitivity, 
specificity, positive likelihood ratios (+LR, as sensitivity/
[1 – specificity]) and negative LR (−LR, as [1 – sensitivity]/
specificity), using the lower limit of each category as a cut- 
off for abnormal BP; this is the current clinical methodol-
ogy for comparing women with BP ≥140/90 mmHg (versus 
BP below this threshold). Based on point estimates, +LR 
≥5.0 and −LR ≤0.2 were interpreted as ‘good’.20 To assess 
the relationship between BPV and adverse outcomes, we 
again used Poisson models with robust variance to esti-
mate crude and aRRs for each measure of BPV, for sBP and 
dBP separately. All Poisson models included fixed effects 
for mean BP, maternal age, BMI, parity and smoking sta-
tus, which were chosen a priori as potential confounders 
based on previous literature.

For BPV, Spearman correlation (r) was explored between 
the number of BP measurements and each measure of BPV.

In sensitivity analyses, we first explored potential reverse 
causality (by which BPV may be an artefact of the adverse 
outcomes themselves), calculating BPV by removing BP val-
ues that were within 1, 2, 4 or 6 weeks before birth. Secondly, 
we omitted participants with chronic hypertension, to ex-
amine the impact of chronic hypertension on the association 
between BPV and outcomes. Thirdly, we restricted analyses 
to participants with chronic hypertension, for direct com-
parison with prior work.9

Multiple imputation (generating 50 imputed datasets) 
was used to address missing data, using the Multivariate 
Imputation by Chained Equations (MICE) package in R 
statistical software,21 which was used for all data analyses. 
Imputation models included all prognostic variables and 
outcomes and results were pooled using Rubin's rules.22

For all analyses, results are presented as effect estimates 
and corresponding 95% confidence intervals.

3 |  R E SU LTS

3.1 | Participants

Of the 3158 women in the SWS who delivered a live, single-
ton baby between 1998 and 2007, 3003 (95.2%) women had 
at least three BP measurements during pregnancy and were 
included in this analysis.

Table 1 presents participants’ baseline characteristics and 
pregnancy outcomes, stratified by ACC/AHA BP category; 
38.3% had ‘Normal BP’, 27.1% had ‘Elevated BP’, 25.6% had 
‘Stage 1 hypertension’ and 9% had ‘Stage 2 hypertension’ 
(8.4% non- severe, 0.6% severe).

Most women were around 30 years old, of white ethnic-
ity, nulliparous, and non- smokers (Table  1). Most baseline 
characteristics varied by BP category; higher BP level in 
pregnancy was associated with white ethnicity, higher early 
pregnancy BMI, higher pregnancy weight gain, nulliparity, 
chronic hypertension and early pregnancy antihypertensive 
therapy specifically.
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4 |   WILSON et al.

T A B L E  1  Participant characteristics, stratified by ACC/AHA BP criteria: n (%)/median [IQR]/mean (SD).a

Levels Total Normal Elevated Stage 1
Stage 2 
(non- severe) Stage 2 (severe)

Missing
n (%)

Total, n (%) 3003 1150 (38.3) 813 (27.1) 770 (25.6) 252 (8.4) 18 (0.6) 0 (0)

Maternal baseline characteristics

Maternal age 30.6 (3.8) 30.6 (3.8) 30.4 (3.8) 30.8 (3.9) 30.9 (3.7) 30.0 (4.3) 0 (0)

Ethnicity

White 2866 (95.4) 1073 (93.3) 774 (95.2) 753 (97.8) 248 (98.4) 18 (100.0) 0 (0)

Black 23 (0.8) 13 (1.1) 8 (1.0) 0 (0.0) 2 (0.8) 0 (0.0)

Asian 97 (3.2) 56 (4.9) 26 (3.2) 14 (1.8) 1 (0.4) 0 (0.0)

Other 17 (0.6) 8 (0.7) 5 (0.6) 3 (0.4) 1 (0.4) 0 (0.0)

Early pregnancy 
BMI (kg/m2)

24.9 [22.6–28.5] 23.5 [21.5–26.0] 25.0 [22.8–27.6] 27.1 [24.0–31.0] 27.4 [24.3–32.1] 29.5 [25.5–35.8] 932 (31.0)

Pregnancy weight 
gain (kg)

12.2 (6.2) 11.1 (5.2) 12.1 (5.9) 12.7 (6.9) 14.8 (7.8) 20.1 (10.4) 925 (30.8)

Nulliparous 1522 (50.7) 524 (45.6) 401 (49.3) 422 (54.8) 162 (64.3) 13 (72.2) 0 (0)

Smoking 471 (15.7) 188 (16.3) 130 (16.0) 118 (15.3) 34 (13.5) 1 (5.6) 140 (4.7)

Pregestational 
diabetes

12 (0.4) 4 (0.3) 0 (0.0) 5 (0.6) 2 (0.8) 1 (5.6) 294 (9.8)

Pre- existing 
hypertension

68 (2.3) 8 (0.7) 10 (1.2) 26 (3.4) 22 (8.7) 2 (11.1) 0 (0)

Antihypertensive 
treatment 
at 11 weeks’ 
gestation

12 (0.4) 1 (0.1) 0 (0.0) 3 (0.4) 6 (2.4) 2 (11.1) 0 (0)

Maternal pregnancy outcomes

Chronic 
hypertension

213 (7.1) 19 (1.7)b 21 (2.6) 95 (12.3) 70 (27.8) 8 (44.4) 52 (1.7)

Gestational 
hypertension

144 (4.8) 6 (0.5)c 9 (1.1)c 46 (6.0)c 75 (29.8) 8 (44.4) 0 (0)

Preeclampsia 88 (2.9) 4 (0.3)c 5 (0.6)c 22 (2.9)c 46 (18.3) 11 (61.1) 0 (0)

Gestational 
diabetes 
mellitus

37 (1.2) 9 (0.8) 8 (1.0) 15 (1.9) 4 (1.6) 1 (5.6) 0 (0)

Severe 
hypertension

86 (2.9) 2 (0.2) 5 (0.6) 10 (1.3) 51 (20.2) 18 (100.0) 0 (0)

Labour induction 861 (28.7) 295 (25.7) 198 (24.4) 231 (30.0) 119 (47.2) 18 (100.0) 0 (0)

Caesarean 717 (23.9) 228 (19.8) 197 (24.2) 196 (25.5) 84 (33.3) 12 (66.7) 0 (0)

GA at delivery, 
weeks

40.0 [39.1–41.0] 39.9 [38.9–40.9] 40.1 [39.2–41.0] 40.1 [39.1–41.1] 40.3 [39.1–41.1] 38.5 [36.8–40.1] 0 (0)

Neonatal characteristics

Stillbirth 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Neonatal death 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

PTB 167 (5.6) 78 (6.8) 25 (3.1) 39 (5.1) 20 (7.9) 5 (27.8) 0 (0)

SGA 169 (5.6) 67 (5.8) 37 (4.6) 34 (4.4) 26 (10.3) 5 (27.8) 0 (0)

NICU admission 183 (6.1) 70 (6.1) 32 (3.9) 53 (6.9) 23 (9.1) 5 (27.8) 7 (0.2)

Abbreviations: ACC, American College of Cardiology; AHA, American Heart Association; BMI, body mass index; BP, blood pressure; GA, gestational age; NICU, neonatal 
intensive care unit; PTB, preterm birth; SGA, small for gestational age.
aχ2 test was used for categorical variables, and the Kruskal–Wallis test/ANOVA for continuous ones.
bWe included women using antihypertensive therapy at 11 weeks' and women with a pre- pregnancy diagnosis of hypertension to define chronic hypertension – 19 of these 
participants had normal BP.
cGestational hypertension and preeclampsia were not derived using ACC/AHA criteria but taken from the women's obstetric records. Gestational hypertension was modified 
according to chronic hypertension classification.
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   | 5BLOOD PRESSURE VARIABILITY IN PREGNANCY

Birth occurred at about 40 weeks’ gestation in each BP 
category (Table  1). Just over one- quarter of women were 
induced and just under one- quarter were delivered by cae-
sarean section. Almost 8% of women developed either gesta-
tional hypertension or pre- eclampsia. There were 61 women 
with gestational hypertension and 31 with pre- eclampsia 
whose maximal BP in pregnancy was <140/90 mmHg but 
whose diagnoses were abstracted by the SWS from maternity 
records and not derived using ACC/AHA criteria. The inci-
dence of pregnancy complications generally increased with 
higher BP category.

3.2 | BP characteristics

Participants had a median of 11.0 BP measurements during 
pregnancy (Table S2), most at ≥20 weeks’ gestation. Median 
BP level during pregnancy was 112.0/68.5 mmHg. Median 
sBP/dBP variability was 8.2/6.6 mmHg by SD, 8.2/6.6 by 
VIM, and 7.5/5.8 mmHg by ARV. Both BP level and BPV ap-
peared lower at <20 than ≥20 weeks’ gestation.

For maximum BP at <20 weeks’ gestation, half of 
women with ‘Normal BP’ (1090 [51.4%] of 2122 women) or 
‘Elevated BP’ (261 [50.3%] of 519 women) had higher BP in 
the second half of pregnancy (Table S3). In contrast, most 
women with ‘Stage 1 hypertension’ (185 [70.3%] of 263 
women) or ‘Non- severe Stage 2 hypertension’ (40 [97.6%] 
of 41 women) had BP that did not rise further in the sec-
ond half of pregnancy.

There was a greater percentage change in BP from book-
ing in the first 20 weeks in women who developed adverse 
outcomes, compared with those who did not (Table S4).

There were minimal relationships between the number of 
BP measurements and BPV, measured by SD, ARV or VIM 
(correlation coefficients ≤0.29; Table S5).

3.3 | BP level and pregnancy outcomes

Compared with ‘Normal BP’, all higher BP categories were 
associated with pre- eclampsia for maximum BP either be-
fore or after 20 weeks’ gestation (Table  2). Otherwise at 
<20 weeks’ gestation, there was a dose–response relation-
ship between higher risk of PTB, SGA and NICU admission; 
although estimates for severe ‘Stage 2 hypertension’ could 
not be computed. At ≥20 weeks’ gestation, there was again 
a dose–response relationship between increasing BP group 
and outcomes, with RRs generally higher than their coun-
terparts at <20 weeks’. Infants born to women with severe 
‘Stage 2 hypertension’ had particularly higher risk of PTB, 
SGA and NICU admission (all aRRs >3.9).

At <20 weeks’ gestation, for the diagnostic test properties 
of BP, no threshold was useful as a rule- in (+LRs <5.0) or rule- 
out (−LRs >0.20) test for any outcome examined (Table 3). 
At ≥20 weeks’ gestation, BP consistently <130/80 mmHg 
was reassuring (a good rule- out test) for development of 
pre- eclampsia, BP ≥140/90 mmHg was a good rule- in test 

for development of pre- eclampsia, and BP ≥160/110 mmHg 
was a good rule- in test for PTB, SGA and NICU admission 
(Table 3, with corresponding sensitivities and specificities in 
Table S6).

3.4 | BPV and pregnancy outcomes

Higher BPV was associated with increased risk of gestational 
hypertension, severe hypertension, pre- eclampsia and PTB 
(see Figure 1 and Table S7 for numeric presentation). This 
was particularly true for BPV defined by SD and VIM, more 
than for ARV. Associations were stronger for maternal than 
perinatal outcomes, but SD and VIM measures of systolic BP 
variability were still consistent with modest increases in risk 
of SGA and NICU admission.

The findings for BPV were similar in sensitivity analy-
ses. Progressive removal of BP values from 1 to 6 weeks be-
fore birth attenuated the relationships between higher BPV 
and more PTB, SGA, and NICU admissions; however, the 
relationships between diastolic BPV, assessed by SD, ARV 
or VIM, and more hypertension and pre- eclampsia re-
mained (Table  S8). Following exclusion of the 213 women 
with chronic hypertension, the relationship between higher 
BPV and more adverse pregnancy outcomes was similar for 
all outcomes (Table S9). In restricting the analysis to the 213 
women with chronic hypertension, higher BPV remained 
strongly associated with more severe hypertension and pre- 
eclampsia (Table S9).

4 |  DISCUSSION

4.1 | Summary of findings

In the SWS, just over 60% of women had an abnormal BP 
in pregnancy by ACC/AHA criteria. Higher ACC/AHA BP 
category and higher BPV were both associated with an in-
creased risk of adverse pregnancy outcomes, following ad-
justment for prognostic factors.

In general, higher BP (versus ‘Normal BP’) was more 
strongly associated with adverse pregnancy outcomes. 
Despite these associations, there was no BP threshold at 
<20 weeks’ gestation that could usefully reassure or raise the 
level of concern about pre- eclampsia or other adverse out-
comes. At ≥20 weeks’ gestation, BP <130/80 mmHg could 
rule- out development of pre- eclampsia, BP ≥140/90 mmHg 
was a good rule- in test for development of pre- eclampsia, 
and BP ≥160/110 mmHg was a good rule- in test for PTB, 
SGA and NICU admission.

In addition, higher BPV (adjusted for mean BP and ad-
verse prognostic factors) was associated with more adverse 
pregnancy outcomes, particularly for BPV defined by SD or 
VIM and for maternal outcomes (severe hypertension and 
pre- eclampsia). Removal of BP values up to 6 weeks before 
delivery did not attenuate the association between BPV and 
either severe hypertension or pre- eclampsia.
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6 |   WILSON et al.

T A B L E  2  Relationship between ACC/AHA BP thresholds and adverse pregnancy outcomes.a

<20+0 weeks ≥20+0 weeks

Adjusted RRs for ACC/AHA BP thresholds and adverse pregnancy outcomes

Pre- eclampsia

Normal BP Ref Ref

Elevated BP Adjusted 1.64 (1.07–2.53) 10.26 (3.77–27.91)

Crude 1.97 (1.30–2.98) 13.03 (4.79–35.45)

Stage 1 hypertension Adjusted 2.72 (1.65–4.50) 13.58 (6.77–27.28)

Crude 3.24 (2.06–5.11) 16.57 (8.35–32.89)

Non- severe Stage 2 hypertension Adjusted 2.61 (1.11–6.10) 14.77 (9.51–22.95)

Crude 4.17 (1.78–9.77) 18.61 
(12.24–28.31)

Severe Stage 2 hypertension Adjusted 0 (0–0) 13.71 (8.46–22.24)

Crude 0 (0–0) 23.69 (15.42–36.4)

PTB

Normal BP Ref Ref

Elevated BP Adjusted 1.10 (0.78–1.54) 0.70 (0.52–0.96)

Crude 1.07 (0.77–1.48) 0.71 (0.53–0.95)

Stage 1 hypertension Adjusted 1.94 (1.29–2.91) 1.20 (0.88–1.65)

Crude 1.79 (1.21–2.64) 1.17 (0.87–1.59)

Non- severe Stage 2 hypertension Adjusted 2.21 (0.96–5.08) 1.83 (1.20–2.80)

Crude 2.22 (0.96–5.15) 1.78 (1.19–2.68)

Severe Stage 2 hypertension Adjusted 0 (0–0) 5.43 (2.44–12.07)

Crude 0 (0–0) 5.12 (2.39–10.95)

SGA

Normal BP Ref Ref

Elevated BP Adjusted 1.30 (0.92–1.83) 1.02 (0.74–1.40)

Crude 1.16 (0.84–1.59) 0.94 (0.70–1.27)

Stage 1 hypertension Adjusted 2.10 (1.39–3.17) 1.28 (0.93–1.75)

Crude 1.78 (1.20–2.62) 1.18 (0.87–1.59)

Non- severe Stage 2 hypertension Adjusted 1.42 (0.47–4.29) 2.44 (1.67–3.57)

Crude 1.25 (0.42–3.76) 2.27 (1.57–3.29)

Severe Stage 2 hypertension Adjusted 0 (0–0) 6.38 (2.72–14.95)

Crude 0 (0–0) 5.06 (2.36–10.81)

NICU admission

Normal BP Ref Ref

Elevated BP Adjusted 1.21 (0.89–1.64) 0.91 (0.67–1.24)

Crude 1.28 (0.95–1.72) 1.00 (0.75–1.33)

Stage 1 hypertension Adjusted 1.49 (1.00–2.22) 1.39 (1.03–1.88)

Crude 1.59 (1.08–2.33) 1.50 (1.13–1.98)

Non- severe Stage 2 hypertension Adjusted 1.65 (0.73–3.76) 1.65 (1.11–2.47)

Crude 1.94 (0.84–4.48) 1.83 (1.25–2.68)

Severe Stage 2 hypertension Adjusted 0 (0–0) 3.97 (1.71–9.21)

Crude 0 (0–0) 4.65 (2.18–9.94)

Abbreviations: BP, blood pressure; dBP, diastolic blood pressure; NICU, neonatal intensive care unit; PTB, preterm birth; RRs, relative risks; sBP, systolic blood pressure; 
SGA, small for gestational age.
aBP is categorised as: ‘Normal BP’ (sBP <120 mmHg and dBP <80 mmHg), ‘Elevated BP’ (sBP 120–129 mmHg and dBP <80 mmHg), ‘Stage 1 hypertension’ (sBP 130–
139 mmHg or dBP 80–89 mmHg, or both) and ‘Stage 2 hypertension’ (sBP ≥140 mmHg or dBP ≥90 mmHg, or both), including non- severe ‘Stage 2 hypertension’ (sBP 
140–159 mmHg or dBP 90–109 mmHg, or both) and severe ‘Stage 2 hypertension’ (sBP ≥160 mmHg or dBP ≥110 mmHg, or both). All analyses were adjusted for maternal age, 
body mass index, parity and smoking status. Data are RR (95% CI).
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   | 7BLOOD PRESSURE VARIABILITY IN PREGNANCY

T A B L E  3  Positive and negative likelihood ratios for ACC/AHA BP categories and pregnancy outcomes (<20/≥20 weeks’ gestation).a

Events, n (%)b Positive LR (95% CI)
Negative LR 
(95% CI)

<20 weeks’ gestation

Pre- eclampsia

Normal BP 50 (2.35) Ref Ref

Elevated BP 14 (2.69) 1.57 (1.23, 2.01) 0.78 (0.65, 0.94)

Stage 1 hypertension 19 (7.22) 2.78 (1.94, 3.98) 0.81 (0.71, 0.92)

Non- severe Stage 2 hypertension 5 (12.2) 4.40 (1.77, 10.92) 0.96 (0.91, 1.01)

Severe Stage 2 hypertension 0 (0) 0.00 (0.00, NaN) 1.00 (1.00, 1.00)

PTB <37 weeks

Normal BP 117 (5.50) Ref Ref

Elevated BP 20 (3.85) 1.04 (0.82, 1.33) 0.98 (0.89, 1.09)

Stage 1 hypertension 23 (8.75) 1.71 (1.20, 2.44) 0.92 (0.86, 0.99)

Non- severe Stage 2 hypertension 5 (12.2) 2.28 (0.91, 5.72) 0.98 (0.96, 1.01)

Severe Stage 2 hypertension 0 (0) 0.00 (0.00, NaN) 1.00 (1.00, 1.00)

SGA

Normal BP 116 (5.46) Ref Ref

Elevated BP 23 (4.42) 1.10 (0.87, 1.39) 0.96 (0.87, 1.07)

Stage 1 hypertension 25 (9.51) 1.68 (1.18, 2.40) 0.92 (0.86, 0.99)

Non- severe Stage 2 hypertension 3 (7.32) 1.28 (0.40, 4.10) 1.00 (0.98, 1.02)

Severe Stage 2 hypertension 0 (0) 0.00 (0.00, NaN) 1.00 (1.00, 1.00)

NICU admission

Normal BP 121 (5.69) Ref Ref

Elevated BP 32 (6.15) 1.20 (0.97, 1.49) 0.92 (0.83, 1.03)

Stage 1 hypertension 23 (8.75) 1.55 (1.08, 2.21) 0.94 (0.88, 1.00)

Non- severe Stage 2 hypertension 5 (12.2) 2.06 (0.82, 5.18) 0.99 (0.96, 1.01)

Severe Stage 2 hypertension 0 (0) 0.00 (0.00, NaN) 1.00 (1.00, 1.00)

≥20 weeks’ gestation

Pre- eclampsia

Normal BP 4 (0.35) Ref Ref

Elevated BP 5 (0.62) 1.57 (1.49–1.66) 0.12 (0.04–0.30)

Stage 1 hypertension 22 (2.86) 2.72 (2.49–2.97) 0.15 (0.08–0.28)

Non- severe Stage 2 hypertension 46 (18.25) 8.86 (7.25–10.84) 0.38 (0.29–0.50)

Severe Stage 2 hypertension 11 (61.1) 52.05 (20.67–131.09) 0.88 (0.81–0.95)

PTB <37 weeks

Normal BP 78 (6.78) Ref Ref

Elevated BP 25 (3.08) 0.86 (0.74–0.99) 1.24 (1.04–1.46)

Stage 1 hypertension 39 (5.06) 1.11 (0.91–1.36) 0.94 (0.83–1.06)

Non- severe Stage 2 hypertension 20 (7.94) 1.73 (1.18–2.54) 0.93 (0.87–0.99)

Severe Stage 2 hypertension 5 (27.7) 6.53 (2.36–18.10) 0.97 (0.95–1.00)

SGA

Normal BP 67 (5.83) Ref Ref

Elevated BP 37 (4.55) 0.98 (0.86–1.11) 1.04 (0.86–1.26)

Stage 1 hypertension 34 (4.42) 1.12 (0.92–1.36) 0.94 (0.83–1.06)

Non- severe Stage 2 hypertension 26 (10.32) 2.18 (1.55–3.06) 0.89 (0.83–0.96)

Severe Stage 2 hypertension 5 (27.7) 6.45 (2.33–17.88) 0.97 (0.95–1.00)

NICU admission

Normal BP 70 (6.09) Ref Ref
(Continues)
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8 |   WILSON et al.

4.2 | Interpretation and comparison 
with literature

In our meta- analysis (23 studies, 734 377 women), a BP 
threshold ≥140/90 mmHg was useful to rule- in development 
of pre- eclampsia (positive LRs ≥5.0),4 eclampsia, stroke or 
maternal ICU admission, consistent with an increased risk 
of adverse pregnancy outcomes associated with chronic hy-
pertension.1 In the present study, at <20 weeks’ gestation, 
a BP ≥140/90 was just below the threshold for being use-
ful as a diagnostic test for pre- eclampsia (+LR = 4.40). Our 
method of defining hypertension using the ACC/AHA cri-
teria was based on consecutive outpatient visits, consistent 
with clinical care recommendations; in contrast, most stud-
ies in the systematic review relied on the single highest BP 
reading, potentially overestimating the performance of BP 
≥140/90 mmHg.

Our finding that at ≥20 weeks’ gestation, the 130/80 mmHg 
threshold meaningfully reduced the risk of pre- eclampsia is 
more reassuring than reported in our systematic review of 

BP thresholds at ≥20 weeks’ gestation (12 studies, 251 172 
women), in which we found a BP ≥140/90 mmHg could 
meaningfully increase the risk of pre- eclampsia.5 Again, this 
is likely due to our use of the consecutive BP categorisation 
method.

As such, based on the diagnostic test properties of BP in 
pregnancy, we do not recommend lowering the BP thresh-
old for diagnosis of either chronic hypertension in the first 
half of pregnancy, or gestational hypertension in the sec-
ond. A BP of ≥140/90 mmHg is useful in identifying preg-
nancies at increased risk and there is now high- quality 
trial evidence that controlling that BP with antihyperten-
sive therapy is beneficial, without increasing risk to the 
baby.23,24

Our finding that higher BPV is associated with more 
adverse pregnancy outcomes is consistent with some of 
the prior, limited literature. The International Control of 
Hypertension In Pregnancy Study (CHIPS) trial (913 preg-
nancies) of women with chronic or gestational hyperten-
sion, showed that higher BPV was associated with more 

Events, n (%)b Positive LR (95% CI)
Negative LR 
(95% CI)

Elevated BP 32 (3.94) 1.00 (0.89–1.12) 1.00 (0.83–1.21)

Stage 1 hypertension 53 (6.88) 1.30 (1.10–1.54) 0.84 (0.74–0.96)

Non- severe Stage 2 hypertension 23 (9.13) 1.78 (1.24–2.55) 0.93 (0.87–0.99)

Severe Stage 2 hypertension 5 (27.7) 5.91 (2.13–16.40) 0.98 (0.95–1.00)

Abbreviations: ACC, American College of Cardiology; AHA, American Heart Association; BP, blood pressure; CI, confidence interval; LR, likelihood ratio; NaN, not a 
number; NICU, neonatal intensive care unit; PTB, preterm birth; SGA, small for gestational age.
aBP is categorised as: ‘Normal BP’ (sBP <120 mm Hg and dBP <80 mm Hg), ‘Elevated BP’ (sBP 120–129 mm Hg and dBP <80 mm Hg), ‘Stage 1 hypertension’ (sBP 130–139 mm 
Hg or dBP 80–89 mm Hg, or both) and ‘Stage 2 hypertension’ (sBP ≥140 mm Hg or dBP ≥90 mm Hg, or both), including non- severe ‘Stage 2 hypertension’ (sBP 140–159 mm 
Hg or dBP 90–109 mm Hg, or both) and severe ‘Stage 2 hypertension’ (sBP ≥160 mm Hg or dBP ≥110 mm Hg, or both). All analyses were adjusted for maternal age, body mass 
index, parity and smoking status. A positive LR ≥5.00 or a negative LR <0.20 was considered good.
bEvents only include women in the category specified; the denominator is women with complete outcome data.

T A B L E  3  (Continued)

F I G U R E  1  Association between visit- to- visit systolic and diastolic BP variability and pregnancy outcomes. ARV, average real variability; BMI, 
body mass index; BP, blood pressure; dBP, diastolic blood pressure; NICU, neonatal intensive care unit; PTB, preterm birth; sBP, systolic blood pressure; 
SD, standard deviation; SGA, small for gestational age; VIM, variability independent of the mean. Models are adjusted for maternal age, maternal BMI, 
parity, sBP or dBP level and smoking status. Numbers represent adjusted relative risks and 95% confidence intervals.
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   | 9BLOOD PRESSURE VARIABILITY IN PREGNANCY

pre- eclampsia and severe hypertension; however, the asso-
ciations were likely attributable to BPV manifesting as an 
artefact of the outcomes themselves. Also, dBP variability 
may have been associated with fewer adverse perinatal out-
comes.9 Among 17 770 pregnancies in the Community- Level 
Interventions in Pre- eclampsia (CLIP) trial in Asia and 
Africa, higher BPV was associated with increased odds of 
developing hypertension and composite maternal and peri-
natal death and morbidity. While there was some evidence 
of reverse causality for maternal outcomes, associations re-
mained between higher BPV and adverse outcomes, and the 
direction of effect was the same for maternal and perinatal 
outcomes.12 Analyses within the hypertensive subpopula-
tion (as in CHIPS) confirmed an association between higher 
BPV and more adverse maternal and perinatal outcomes. 
Furthermore, two large publications (101 100 total partici-
pants) have found an association between higher BPV and 
more SGA infants, with mixed results for other perinatal 
outcomes.10,11 In another publication that included 14 702 
women in South Korea, BPV (by SD) was strongly associated 
with the development of both gestational hypertension and 
pre- eclampsia.8

While our finding of a stronger association of BPV with 
maternal (versus perinatal) outcomes is consistent with 
prior literature, it is possible that the potentially protective 
effect on perinatal outcomes in CHIPS may have been re-
lated to BP control; in the CHIPS trial, women were ran-
domised to ‘tight’ versus ‘less tight’ BP control, whereas 
contemporaneous BP control in the SWS (1998–2002) and 
the CLIP trials (by WHO guidance) favoured ‘less tight’ BP 
control.25,26

4.3 | Strengths and limitations

Strengths of our study include the evaluation of diagnos-
tic test properties of BP level, to provide direct informa-
tion about the clinical utility of BP thresholds. We adopted 
commonly used metrics of BPV (SD, ARV and VIM) as in 
prior publications and adjusted for prognostic factors and 
mean BP.6

Limitations of our study include the modest sample 
size. Women in SWS were primarily white, limiting the 
generalisability of our findings to ethnically diverse pop-
ulations. SWS data are from 1998–2002, with possible 
differences from contemporary populations in lifestyle 
factors and prenatal care. Data were restricted to women 
with singleton pregnancies and live births, and the sam-
ple size precluded assessment of the impact of BP level or 
BPV on perinatal mortality or in multiple pregnancies. BP 
measurement in the SWS was not standardised, as values 
were recorded as part of routine antenatal care; while we 
acknowledge the potential for less measurement precision, 
an association was still observed between BPV and ad-
verse outcomes, and the BP values included in the analysis 
ref lect real- world clinical practice. Not all BP measure-
ments for the diagnosis of pregnancy hypertension had 

been abstracted from maternity records. Similarly, there 
were no universal measurements of proteinuria, and the 
definition of pre- eclampsia at data collection was tradi-
tional, based on gestational hypertension and proteinuria. 
We did not have the date of diagnosis for pregnancy out-
comes, and so our sensitivity analyses of BPV- outcome 
relationships were based on time of birth;27 while the find-
ings of gestational hypertension and severe hypertension 
are most vulnerable to the limitation of using birthdate 
for reverse causality assessment, findings were similar to 
those for pre- eclampsia. We were not able to adjust for 
the effect of duration, type, or dose of antihypertensive 
medication.

5 |  CONCLUSION

Adverse pregnancy outcomes are related to higher BP 
level and BPV. Our findings support ongoing use of BP 
≥140/90 mmHg to define hypertension in maternity care, 
but also suggest that BPV could serve as a further practi-
cal tool for accurate risk stratification. Future work could 
assess the merits of utilising BP prospectively, calculat-
ing BPV at each antenatal care contact, and whether it 
could function as an additional variable in multivariable 
prediction models that use combinations of maternal 
history, biomarkers and ultrasonography to predict the 
occurrence of placental diseases of pregnancy.28 This ap-
proach may further progress towards optimising clinical 
use of BP measurement, to better identify women and ba-
bies at risk.
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