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Objective To describe maternal haemodynamic differences in

gestational hypertension with small-for-gestational-age babies

(HDP + SGA), gestational hypertension with appropriate-for-

gestational-age babies (HDP-only) and control pregnancies.

Design Prospective cohort study.

Setting Tertiary Hospital, UK.

Population Women with gestational hypertension and healthy

pregnant women.

Methods Maternal haemodynamic indices were measured using a

non-invasive Ultrasound Cardiac Output Monitor (USCOM-1A�)

and corrected for gestational age and maternal characteristics

using device-specific reference ranges.

Main outcome measures Maternal cardiac output, stroke volume,

systemic vascular resistance.

Results We included 114 HDP + SGA, 202 HDP-only and 401

control pregnancies at 26–41 weeks of gestation. There was no

significant difference in the mean arterial blood pressure (110

versus 107 mmHg, P = 0.445) between the two HDP groups at

presentation. Pregnancies complicated by HDP + SGA had

significantly lower median heart rate (76 versus 85 bpm versus

83 bpm), lower cardiac output (0.85 versus 0.98 versus

0.97 MoM) and higher systemic vascular resistance (1.4 versus 1.0

versus 1.2 MoM) compared with control and HDP-only

pregnancies, respectively (all P < 0.05).

Conclusion Women with HDP + SGA present with more severe

haemodynamic dysfunction than HDP-only. Even HDP-only

pregnancies exhibit impaired haemodynamic indices compared with

normal pregnancies, supporting a role of the maternal cardiovascular

system in gestational hypertension irrespective of fetal size. Central

haemodynamic changes may play a role in the pathogenesis of pre-

eclampsia and should be considered alongside placental aetiology.

Keywords Cardiac output, heart rate, hypertension, maternal

haemodynamics, non-invasive monitoring, pre-eclampsia, small

for gestational age, systemic vascular resistance.

Tweetable abstract Hypertensive disorders of pregnancy are

associated with worse maternal haemodynamic function when

associated with small-for-gestational-age birth.
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Introduction

There is increasing evidence for the role of the maternal

cardiovascular system in the development of gestational

hypertension and pre-eclampsia. Not only do hypertensive

disorders of pregnancy (HDP) share the same risk factors

as cardiovascular disease,1–5 but there is also good echocar-

diographic evidence of structural and functional changes in

pregnancies affected by pre-eclampsia. For example, in

pregnancies complicated by pre-eclampsia at term, global

diastolic dysfunction has been observed in 40% of them
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compared with 14% of control pregnancies, while in pre-

term pre-eclampsia biventricular systolic dysfunction was

seen in 26% and severe left ventricular hypertrophy was

seen in 19% compared with 0% of control women.6–8 Fur-

thermore, women who develop pre-eclampsia and gesta-

tional hypertension are at an increased risk of developing

postpartum hypertension and cardiovascular disease in later

life, with the risk correlating to the severity of their hyper-

tension disorder of pregnancy.9–16

Different classifications of hypertension in pregnancy

have been proposed, which are differentiated by the devel-

opment of proteinuria, maternal organ dysfunction or fetal

growth restriction in pre-eclampsia,17 as well as different

variations on ‘early’ and ‘late-onset’ pre-eclampsia. These

two conditions have typically been separated at 34 weeks of

gestation and have been purported as different disease enti-

ties with different pathological mechanisms.18–20 Early-on-

set pre-eclampsia is a placenta-mediated disease secondary

to a failure of the physiological transformation of the spiral

arteries into dilated, non-elastic vessels to allow for maxi-

mal maternal–placental blood flow. The resulting narrow

vessels impede blood flow leading to placental ischaemia,

which results in small-for-gestational-age fetuses in addi-

tion to hypertension.20–25 Late-onset disease is thought to

be secondary to maternal cardio-metabolic dysfunction,

which is less likely to be associated with small-for-gesta-

tional-age babies.18–20 An alternative explanation to the

theory of two separate disease mechanisms, is that gesta-

tional hypertension and pre-eclampsia are a disease contin-

uum, with its severity related to the degree of underlying

maternal haemodynamic dysfunction; notably a lack of

increase in maternal cardiac output and decrease in sys-

temic vascular resistance as would be expected in normal

pregnancy.26

The objective of this study was to describe maternal

haemodynamic differences (stroke volume, heart rate, car-

diac output and systemic vascular resistance), using a non-

invasive continuous-wave Doppler device,27,28 in hyperten-

sive disorders with and without small-for-gestational-age

babies and in control pregnancies. We hypothesised that

impaired maternal haemodynamic function would predis-

pose to small-for-gestational-age birth.

Materials and methods

Study population and recruitment
This was a prospective study of pregnancies complicated by

hypertensive disorders and control normotensive pregnan-

cies seen at a tertiary referral centre between January 2012

and May 2018. The inclusion criteria were singleton preg-

nancies with a viable fetus at 26 weeks of gestation or

greater with gestational hypertension, defined according to

the International Society for the Study of Hypertension in

Pregnancy (ISSHP) 2014 revised criteria,17 or uncompli-

cated singleton pregnancies. The exclusion criteria were

women with multiple pregnancies, a history of chronic

hypertension or cardiac disease and pregnancies compli-

cated by aneuploidy, genetic syndromes or major structural

fetal abnormalities. A small-for-gestational-age neonate was

defined as having a birthweight below the 10th centile.

Fetal growth restriction was defined as per the Delphi Con-

sensus agreement.29 At <32 weeks of gestation: abdominal

circumference/estimated fetal weight <3rd centile or absent

end-diastolic flow in the umbilical artery or abdominal cir-

cumference/estimated fetal weight <10th centile combined

with uterine artery pulsatility index >95th centile and/or

umbilical artery pulsatility index >95th centile. At

≥32 weeks of gestation: abdominal circumference/estimated

fetal weight <3rd centile or at least two out of the follow-

ing: (i) abdominal circumference/estimated fetal weight

<10th centile, (ii) abdominal circumference/estimated fetal

weight crossing >two quartiles, (iii) cerebral placental ratio

<5th centile or umbilical artery pulsatility index >95th cen-

tile. A centile calculation obtained from a study of 92 000

healthy neonates from a similar population to ours was

used. This calculator was chosen over the Intergrowth-21st

standard as it has been shown to detect a greater propor-

tion of small-for-gestational-age fetuses in our popula-

tion.30 Women with hypertensive disorders of pregnancy

were divided into two groups: those that had a small-for-

gestational-age neonate (HDP + SGA) and those with an

appropriately grown neonate (HDP-only). According to the

modified ISSHP criteria, those in the HDP + SGA group

had pre-eclampsia whereas those in the HDP-only group

had either gestational hypertension or pre-eclampsia. All

women with hypertensive disorders of pregnancy were

managed as per the hospital protocol, which is based on

the National Institute for Health and Care Excellence

(NICE) guidance.31 At less than 34 weeks of gestation,

delivery was indicated after a course of steroids if the

mother developed severe refractory hypertension or if there

was evidence of severe maternal or fetal compromise (sys-

tolic blood pressure ≥160 mmHg or diastolic blood pres-

sure ≥110 mmHg not controlled by first- and second-line

treatment; pulmonary oedema or cyanosis, platelet count

≤100 x 109/L, transaminases more than twice the normal

limit, evidence of cerebral disturbance, oliguria, fetal

growth restriction with Doppler scans indicating delivery

or abnormal computerised cardiotocography. Between 34+0

and 36+6 weeks of gestation, delivery was indicated after a

course of steroids if the mother developed pre-eclampsia

and there was evidence of maternal or fetal compromise.

After 37 weeks of gestation, delivery was usually indicated

within 24–48 hours if the mother developed pre-eclampsia.

For women with gestational hypertension, delivery was

planned on an individual basis by a senior clinician. The
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control group had no pre-existing cardiac or metabolic dis-

ease. Those control pregnancies that subsequently devel-

oped hypertension or resulted in the birth of a small-for-

gestational-age neonate were excluded from the analysis.

Women in the control group were recruited whie attending

an antenatal visit or a third-trimester ultrasound assess-

ment (placental localisation, presentation, measuring small

or large for dates). Written consent was obtained from all

study participants and research ethics committee approval

(12/LO/0810) was obtained before performing the study

investigations. There was no specific funding for this study;

however, HP was supported by a grant from the National

Institute for Health Research Collaboration for Leadership

in Applied Health Research and Care South London at

King’s College Hospital NHS Foundation Trust.

Research investigations
Haemodynamic assessment was performed at diagnosis of

gestational hypertension and, where possible, before the

commencement of any antihypertensive medication. The

proportion of women on medication at the time of treat-

ment and the kind of treatment was recorded. All haemo-

dynamic assessments were performed in the same room,

under standardised conditions for the entire cohort. Mater-

nal height (m), weight (kg) and brachial blood pressure

(mmHg) were obtained before haemodynamic assessment.

Blood pressure was obtained using an upper arm automatic

blood pressure monitor (Microlife�; Microlife AG Swiss

Corporation, Widnau, Switzerland), in a semi-recumbent

position and using an appropriately sized cuff. Mean arte-

rial pressure was calculated as (29 diastolic blood pres-

sure + systolic blood pressure)/3. Haemodynamic

assessment was performed using the USCOM-1A� device

(see Supplementary material, Figure S1) with the woman

in a semi-recumbent position. The probe was placed at the

suprasternal notch and moved in three dimensions to

obtain an optimal waveform, representing the velocity of

blood at the left ventricular outflow tract. The Doppler

profile was displayed on the device’s computer screen in

real-time and once a satisfactory profile was obtained, the

recording was stopped, and the quality of the recording

was reviewed. Each Doppler profile represents the velocity

time integral, which equates to the distance travelled by a

column of blood during each cardiac cycle. The Doppler

acquisitions used for analysis had a minimum of two con-

secutive Doppler profiles (cardiac cycles). Acquisitions with

the least amount of interference and the best quality veloc-

ity time integrals, deemed by the study investigators to best

represent transaortic blood flow, were used for measure-

ments. USCOM 1A� uses an in-built anthropometric algo-

rithm to calculate the diameter of the aortic root based on

the woman’s height. By multiplying the velocity of blood

being ejected by the known cross-sectional area of the

aortic valve, the volume of blood being ejected can be cal-

culated, giving the stroke volume. By calculating the inter-

val between successive ejections of blood, the heart rate can

be calculated, and by multiplying the stroke volume by the

heart rate, the cardiac output can be obtained. By entering

the woman’s mean arterial pressure, the device will also

calculate systemic vascular resistance (systemic vascular

resistance = mean arterial pressure/cardiac output). We

chose to measure cardiac output and systemic vascular

resistance because of their direct influence on blood pres-

sure. All measurements were performed by trained investi-

gators. Repeatability and reproducibility studies of USCOM

1A� have shown excellent agreement between trained oper-

ators, including in pregnant women.32–34 Cardiac output,

stroke volume and systemic vascular resistance were con-

verted into multiples of the median (MoM) to adjust for

gestational age as well as maternal height, maternal weight

and maternal age. These characteristics have been shown to

influence maternal haemodynamic indices in a cohort of

600 pregnancies used to derive device-specific reference

ranges using the USCOM 1A� device.35

Statistical analysis
A sample size calculation was performed based on a study

of preterm pre-eclampsia pregnancies and control pregnan-

cies using echocardiography that found a cardiac index dif-

ference of 0.6 l/min/m2 (Pre-eclampsia group 2.6 l/min/m2

[2.1–3.1], Control group 3.2 l/min/m2 [2.7–3.7]).7 Standard
deviation was calculated from the confidence intervals and

a formula for difference in means was used to obtain sam-

ple size. We calculated that 94 participants would be

required in the larger group to detect a difference between

the groups at 90% power with a type 1 error of 0.05, based

on a 2:1 ratio. Data distribution was assessed using the

Shapiro–Wilk test as well as graphical methods. Categorical

data were presented as number and percentage, while con-

tinuous data were presented as the median and interquar-

tile range. Statistical analysis was performed using the chi-

square test, Mann–Whitney U-test or Student’s t-test.

Spearman’s rank correlation was used to explore the rela-

tionship between haemodynamic indices and birthweight.

Sub-group analysis was performed according to whether

the hypertensive women were receiving antihypertensive

therapy or not in order to explore any potential confound-

ing effect on the haemodynamic variables. A direct com-

parison between treated and untreated women was also

performed. A P value < 0.05 was considered statistically

significant. Statistical software (SPSS 25.0; SPSS Inc., Chi-

cago, IL, USA) was used to conduct the analysis.

Patient involvement and core outcome sets
Participants were not involved in the design or undertaking

of this study. At the time of study inception, no core
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outcome set was available for pre-eclampsia and this study

does not evaluate a treatment or intervention.

Results

We recruited 322 women with hypertensive disorders of

pregnancy and 452 control women to the study. Six of the

hypertensive cases were excluded because of loss to follow

up and 51 of the control women were excluded because of

an adverse pregnancy outcome. The flow of participants is

shown in the Supplementary material (Figure S2). The

maternal demographic and pregnancy details are shown in

Table 1. Women in both HDP groups were heavier and

shorter than control women and also delivered smaller

babies at an earlier gestation. There were significantly more

women of Afro-Caribbean and Asian ethnicity in the

HDP + SGA group compared with the HDP-only and con-

trol groups. There was no significant difference in the pro-

portion of women taking antihypertensive medication in

the HDP + SGA and HDP-only groups at the time of

assessment (83/114 [31%] versus 163/202 [39%],

P = 0.105). There was no difference in the haematocrit

level between the HDP + SGA group and the HDP-only

group (0.38 l/l [0.34–0.39] versus 0.36 l/l [0.35–0.38],
P = 0.632).

The haemodynamic differences between the two HDP

groups and the control group are shown in Table 2 and

Figure 1. Both HDP groups had a higher mean arterial

pressure at the start of pregnancy and at recruitment com-

pared with the control group. Women with HDP + SGA

had significantly (all P < 0.001) lower median heart rate

(76 versus 85 bpm), lower cardiac output (0.85 versus

0.98 MoM) and higher systemic vascular resistance (1.4

versus 1.0 MoM) and uterine artery pulsatility index (1.7

versus 1.0 MoM) than control women. Women with

HDP + SGA also had significantly (all P < 0.01) lower

heart rate (76 versus 83 bpm) and cardiac output (0.85

versus 0.97 MoM), and higher systemic vascular resistance

(1.4 versus 1.2 MoM) and uterine artery pulsatility index

(1.7 versus 1.1 MoM) compared with women with HDP-

only. Women with HDP-only had significantly lower med-

ian heart rate (83 versus 85 bpm, P = 0.028) and higher

systemic vascular resistance (1.2 versus 1.0 MoM,

P < 0.001) and uterine artery pulsatility index (1.1 versus

1.0 MoM, P < 0.001) than control women. There was no

significant difference in mean arterial pressure (110 versus

107 mmHg, P = 0.445) or stroke volume (1.0 versus

0.99 MoM, P = 0.411) between the two HDP groups at

presentation. Birthweight centile was positively correlated

with cardiac output MoM (Rs = 0.287, P < 0.001) and

heart rate (Rs = 0.256, P < 0.001) and negatively correlated

with systemic vascular resistance MoM (Rs = 0.313,

P < 0.001).

Differences in maternal haemodynamic indices between

the HDP + SGA and HDP-only groups persisted, even after

excluding women taking antihypertensive treatment

(Table 3). Women with HDP + SGA had significantly (all

P < 0.001) lower median heart rate (77 versus 85 bpm),

lower cardiac output (0.84 versus 0.98 MoM), and higher

systemic vascular resistance (1.4 versus 1.0 MoM) and uter-

ine artery pulsatility index (1.7 versus 1.0 MoM) than con-

trol women. Women with HDP + SGA also had

significantly (all P < 0.05) lower heart rate (77 versus

83 bpm) and cardiac output (0.84 versus 0.99 MoM), and

higher systemic vascular resistance (1.4 versus 1.2 MoM)

and uterine artery pulsatility index (1.7 versus 1.1 MoM)

compared with women with HDP-only. When comparing

women who were taking antihypertensive medication with

those who were not, there were no significant differences in

the maternal haemodynamic indices in the HDP + SGA

group. In the HDP-only group, women who were on anti-

hypertensive medication had significantly lower cardiac

output MoM (0.90 [0.77–1.0] versus 0.99 [0.87–1.1],
P = 0.026) and significantly higher systemic vascular resis-

tance MoM (1.3 [1.1–1.6] versus 1.2 [1.1–1.4], P = 0.036)

compared with women not on antihypertensive therapy

(see Supplementary material, Table S1). On further analysis

of the HDP + SGA group, there were no significant differ-

ences in the maternal haemodynamics of those women

with fetuses with fetal growth restriction compared with

those with small-for-gestational-age alone (see Supplemen-

tary material, Table S2).

Discussion

Main findings
Our study demonstrates that women with HDP + SGA

present with lower cardiac output and higher systemic vas-

cular resistance than women with HDP-only. Even HDP-

only women exhibit lower heart rate and higher systemic

vascular resistance compared with women with normal

pregnancies. Stroke volume and mean arterial blood pres-

sure were not significantly different between the two HDP

groups, indicating that maternal heart rate is the main

determinant of lower cardiac output and higher systemic

vascular resistance in HDP + SGA.

Strengths and limitations
The main strengths of our study are the prospective assess-

ment of a large cohort of pregnancies with pre-eclampsia

or gestational hypertension as well as control pregnancies.

Furthermore, for the haemodynamic variables that could

be affected by gestational age and maternal factors, we cor-

rected using device-specific reference ranges. One limitation

of our study is that it is cross-sectional in nature, and

although we can observe the trend of measurements across
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Table 1. Demographic and pregnancy characteristics of pregnant women with hypertension and small-for-gestational-age, hypertension-only and

normotensive control pregnancies. Data presented as median (interquartile range) or number (%)

Group P value

HDP + SGA

(n = 114)

HDP-only

(n = 202)

Controls

(n = 401)

HDP + SGA vs

control

HDP-only vs

control

HDP + SGA vs

HDP-only

Maternal age (years) 31 (28–35) 33 (29–36) 32 (28–36) 0.185 0.473 0.085

Gestation at assessment

(weeks)

34.0 (29.8–36.0) 36.4 (34.4–38.1) 36.0 (31.4–36.4) <0.001 <0.001 <0.001

Maternal weight (kg) 78.8 (69.2–92.9) 88.2 (78.4–99.9) 75.7 (68.1–85.0) 0.016 <0.001 <0.001

Maternal height (cm) 160 (157–166) 165 (160–170) 165 (160–169) <0.001 0.363 <0.001

Body mass index (kg/m2) 30.5 (27.2–35.1) 32.0 (28.9–35.8) 28.1 (25.3–31.2) <0.001 <0.001 0.054

Body surface area (m2) 1.9 (1.8–2.0) 2.0 (1.9–2.2) 1.9 (1.8–2.0) 0.193 <0.001 <0.001

Smoking in pregnancy 4 (3.5) 4 (2.0) 22 (5.5) 0.395 0.045 0.406

Nulliparous 75 (65.8) 108 (53.5) 207 (51.6) 0.007 0.669 0.033

Ethnicity

Caucasian 48 (42.1) 140 (69.3) 260 (64.8) <0.001

Afro-Caribbean 26 (22.8) 25 (12.4) 48 (12.0) <0.010

Asian 35 (30.7) 28 (13.9) 69 (17.2) <0.001

Mixed/other 5 (4.4) 9 (4.5) 24 (6.0) 0.653

Antihypertensive treatment

at assessment

31 (27.2) 39 (19.3) 0 (0.0) – – 0.105

Haematocrit (l/l) 0.38 (0.34–0.39) 0.36 (0.35–0.38) – – – 0.632

Birthweight centile 3 (1–6) 43 (23–74) 50 (25–74) <0.001 0.353 <0.001

Gestation at delivery (weeks) 36.1 (32.8–38.0) 39.0 (37.6–39.9) 40.0 (39.0–40.9) <0.001 <0.001 <0.001

The bold values represented statistically significant P-values.

Table 2. Haemodynamic indices of pregnant women with hypertension and small-for-gestational-age, hypertension-only and normotensive

control pregnancies. Data presented as median (interquartile range)

Group P value

HDP + SGA

(n = 114)

HDP-only

(n = 202)

Controls

(n = 401)

HDP + SGA vs

Control

HDP-only vs

Control

HDP + SGA

vs

HDP-only

Booking mean arterial

pressure (mmHg)

87 (83–96) 92 (87–98) 82 (76–88) <0.001 <0.001 0.001

Examination mean arterial

pressure (mmHg)

110 (101–115) 107 (101–113) 87 (81–92) <0.001 <0.001 0.445

Heart rate (bpm) 76 (70–85) 83 (72–91) 85 (76–95) <0.001 0.022 0.002

Cardiac output (l/min) 5.7 (4.9–6.8) 6.5 (5.6–7.5) 6.6 (5.8–7.5) <0.001 0.374 <0.001

Stroke volume (ml) 76.9 (61.0–88.6) 78.7 (66.2–92.5) 78.7 (67.4–89.2) 0.147 0.475 0.075

Systemic vascular resistance

(dynes-sec-cm5)

1519 (1288–1741) 1329 (1123–1550) 1061 (918–1210) <0.001 0.001 <0.001

Cardiac output MoM 0.85 (0.76–1.0) 0.97 (0.83–1.1) 0.98 (0.87–1.1) <0.001 0.206 <0.001

Stroke volume MoM 1.0 (0.85–1.1) 0.99 (0.87–1.2) 0.98 (0.87–1.1) 0.984 0.250 0.411

Systemic vascular resistance

MoM

1.4 (1.2–1.6) 1.2 (1.1–1.5) 1.0 (0.89–1.2) <0.001 <0.001 <0.001

Uterine artery mean pulsatility

index MoM

1.7 (1.2–2.1) 1.1 (0.91–1.4) 1.0 (0.82–1.1) <0.001 <0.001 <0.001

The bold values represented statistically significant P-values.
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different gestational ages, we cannot report true longitudi-

nal changes for each variable. Second, a minority of women

in this study were taking antihypertensive medication at

the time of assessment. However, there was no difference

in the proportion of women between the two groups and

sub-group analysis revealed that the reported findings per-

sisted when women taking antihypertensive medication

were excluded. Finally, we cannot exclude the possibility of

residual confounding affecting the study findings, but the

inclusion of a relatively large number of women and well-

defined groups partially mitigate the magnitude of such

effects.

Interpretation (in light of other evidence)
Previous studies of haemodynamic changes in pre-eclampsia

have yielded conflicting results, with some authors describing

pre-eclampsia as a high-output hyperdynamic state,36–38

whereas others have described lower cardiac output with

higher systemic vascular resistance.7,39–41 These contrasting

findings may be the result of the heterogeneity of the popula-

tion studied (with and without small-for-gestational-age

infants) as well as the stage of the clinical disease at which

the measurements were taken. This study shows that pre-

eclampsia exhibits differences in haemodynamic profile

depending on whether it is associated with a small fetus.

Rang et al.42 undertook a longitudinal study of maternal

haemodynamic indices and described lower cardiac output

and higher systemic vascular resistance from preconception

up to 32 weeks of gestation in women with HDP + SGA

compared with women with HDP-only. Our study confirms

the latter findings and additionally shows that they persist

until term. Ferrazzi et al.43 compared the same HDP groups

Figure 1. Differences in (a) cardiac output multiple of the median (MoM), (b) heart rate (bpm) and (c) systemic vascular resistance MoM between

the Hypertension with small-for-gestational-age and Hypertension-only groups.

Table 3. Haemodynamic indices of pregnant women with hypertension and small-for-gestational-age, hypertension-only and normotensive

control pregnancies with women on antihypertensive medication excluded. Data presented as median (interquartile range)

Group P value

HDP + SGA

(n = 83)

HDP-only

(n = 163)

Controls

(n = 401)

HDP + SGA vs

Control

HDP-only vs

Control

HDP + SGA

vs

HDP-only

Booking mean arterial

pressure (mmHg)

87 (81–95) 91 (87–98) 82 (76–88) <0.001 <0.001 <0.001

Examinaton mean arterial

pressure (mmHg)

109 (100–113) 107 (102–113) 87 (81–92) <0.001 <0.001 0.820

Heart rate (bpm) 77 (70–87) 83 (71–94) 85 (76–95) <0.001 0.046 0.011

Cardiac output (l/min) 5.7 (5.0–6.6) 6.5 (5.7–7.6) 6.6 (5.8–7.5) <0.001 0.589 0.003

Stroke volume (ml) 76.9 (63.4–88.0) 79.0 (65.8–92.5) 78.7 (67.4–89.2) 0.189 0.303 0.076

Systemic vascular resistance

(dynes-sec-cm5)

1512 (1276–1741) 1325 (1098–1528) 1061 (918–1210) <0.001 <0.001 <0.001

Cardiac output MoM 0.84 (0.77–0.98) 0.99 (0.87–1.1) 0.98 (0.87–1.1) <0.001 0.636 <0.001

Stroke volume MoM 0.97 (0.84–1.1) 1.0 (0.87–1.2) 0.98 (0.87–1.1) 0.711 0.084 0.150

Systemic vascular resistance

MoM

1.4 (1.2–1.6) 1.2 (1.1–1.4) 1.0 (0.89–1.2) <0.001 <0.001 <0.001

Uterine artery mean pulsatility

index MoM

1.7 (1.2–2.1) 1.1 (0.91–1.3) 1.0 (0.82–1.1) <0.001 0.001 <0.001

The bold values represented statistically significant P-values.
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(with and without small-for-gestation-age fetuses) and

reported lower cardiac output and higher systemic vascular

resistance in HDP + SGA. However, they found no signifi-

cant difference in heart rate or stroke volume, presumably

because their study was limited by smaller numbers and by

not correcting haemodynamic indices for gestational age or

maternal factors. Tay et al. reported similar findings of a

lower cardiac output and higher systemic vascular resistance

in women with pre-eclampsia with fetal growth restriction,

but higher cardiac output and lower systemic vascular resis-

tance in women with pre-eclampsia alone compared with

control women. This contrasting difference may be a result

of the use of haemodynamic devices unvalidated in preg-

nancy, lack of device-specific pregnancy reference ranges and

because their HDP-only group comprised just 13 women,

four of whom were taking antihypertensive medication.38,44

The vast majority of haemodynamic studies have reported

higher systemic vascular resistance in HDP consistent with a

diagnosis of hypertension.

Our findings, along with those described by the studies

above, support the theory that gestational hypertension and

pre-eclampsia are a disease-continuum, with those women

with a more severe clinical picture (HDP + SGA) having the

lowest cardiac output and highest systemic vascular resis-

tance. Those with less severe disease (HDP-only) have less

impaired maternal haemodynamic function, but still demon-

strate lower heart rate and systemic vascular resistance com-

pared with control women. This pattern of relative maternal

cardiac dysfunction occurs regardless of gestational age at

onset, making it less conceivable that there are two different

causes of pre-eclampsia. As in previous studies, we found

that uterine artery pulsatility index is positively correlated

with systemic vascular resistance and negatively correlated

with cardiac output.45,46 This measure of impendence at the

uteroplacental interface has always been considered to reflect

the failure of the physiological transformation of the spiral

arteries47,48 but it is perhaps more appropriate to consider

the uteroplacental circulation and central maternal haemo-

dynamics together. Spaanderman et al.49 found higher pre-

pregnancy uterine artery pulsatility index in normotensive

women with a history of pre-eclampsia who developed

small-for-gestational-age fetuses in the subsequent preg-

nancy. This suggests that uterine and perhaps systemic impe-

dance can be raised before the development of the placenta

and may be a reflection of the underlying maternal cardio-

vascular health itself. Preconception studies of haemodynam-

ics have also demonstrated lower cardiac output and higher

systemic vascular resistance in pregnancies subsequently

complicated by pre-eclampsia.42,50

Clinical and research implications
One limitation of the placental-cause theory of pre-eclamp-

sia is that vascular and villous abnormalities are not seen

in the majority of pre-eclampsia or gestational hypertension

cases.21,22,25,51,52 We have shown a spectrum of haemody-

namic dysfunction across more severe to less severe pre-

eclampsia and our results support the need for further

work into understanding maternal haemodynamic changes

in pregnancy as well as the interaction between placental

and central haemodynamics. Maintenance of normal blood

pressure is dependent on the balance between cardiac out-

put and systemic vascular resistance.53 In pre-eclampsia

and gestational hypertension, systemic vascular resistance is

increased with a relative deficiency in cardiac output, which

appears, from our findings, to be due to a lower heart rate,

rather than stroke volume. These changes may be caused

by increased uteroplacental resistance contributing to sys-

temic vascular resistance and afterload. A lack of sympa-

thetic response may contribute by failed elevation in heart

rate and/or contractility to overcome afterload. Alterna-

tively, if there is a pre-existing lower cardiac output and

higher systemic vascular resistance, the maternal circulation

will be working maximally to maintain uteroplacental per-

fusion. Where this is not sufficient, our study suggests that

this will predispose to SGA and perhaps fetal growth

restriction.

In normal pregnancy, heart rate should increase through-

out gestation but in pre-eclampsia and gestational hyperten-

sion this does not happen to the same extent. Alternatively, it

may be that the heart rate is decreased in pre-eclampsia and

gestational hypertension in order to increase ventricular fill-

ing time, and subsequently maintain stroke volume. Monitor-

ing changes in cardiac output and systemic vascular resistance

after the initiation of antihypertensive therapy could help to

optimise blood pressure control without impacting on utero-

placental perfusion and placental function.

Conclusion

The clinical severity of gestational hypertension and pre-

eclampsia is reflected in underlying maternal haemody-

namic function, with lower heart rate, cardiac output and

higher systemic vascular resistance in more severe

HDP + SGA. Central haemodynamic changes may play an

important role in the pathogenesis of pre-eclampsia irre-

spective of the finding of fetal growth restriction.

Disclosure of interest
The authors report no conflicts of interest. Completed dis-

closure of interest forms are available to view online as

supporting information.

Contribution to authorship
AK and BT conceived the study. HP, JB and JG undertook

patient recruitment, study investigations and data analysis.

HP prepared the initial manuscript. All authors contributed

7ª 2020 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd on behalf of
Royal College of Obstetricians and Gynaecologists

Maternal haemodynamic function in pre-eclampsia



to the writing of the manuscript and approved the final

manuscript.

Details of ethics approval
Research ethics committee approval (12/LO/0810) was

obtained from NRES Committee London-Stanmore on 25

July 2012.

Funding
HP is supported by a grant from the National Institute for

Health Research (NIHR) Collaboration for Leadership in

Applied Health Research and Care South London at King’s

College Hospital NHS Foundation Trust. The views

expressed are those of the author(s) and not necessarily

those of the NHS, the NIHR or the Department of Health.

Acknowledgements
We would like to thank all doctors, midwives and sonogra-

phers who helped with patient recruitment. We would like

to thank USCOM for the loan of the USCOM 1A� device

for research purposes.

Supporting Information

Additional supporting information may be found online in

the Supporting Information section at the end of the

article.

Figure S1. The USCOM 1A� machine.

Figure S2. Study flow chart.

Table S1. Comparison of haemodynamic indices in preg-

nant women in the Hypertension with small-for-gesta-

tional-age group and the Hypertension-only group,

according to whether they were receiving antihypertensive

therapy or not.

Table S2. Comparison of maternal haemodynamic

indices in the Hypertension with small-for-gestational-age

group depending on whether there was prenatal evidence

of fetal growth restriction or small-for-gestational-age.&

References

1 Villar J, Carroli G, Wojdyla D, Abalos E, Giordano D, Ba’aqeel H,

et al. Preeclampsia, gestational hypertension and intrauterine

growth restriction, related or independent conditions? Am J Obstet

Gynecol 2006;194:921–31.
2 Egeland GM, Klungsøyr K, Øyen N, Tell GS, Næss Ø, Skjærven R.

Preconception cardiovascular risk factor differences between

gestational hypertension and preeclampsia: Cohort Norway Study.

Hypertens (Dallas, Tex 1979;2016:1173–80.
3 Sween LK, Althouse AD, Roberts JM. Early-pregnancy percent body

fat in relation to preeclampsia risk in obese women. Am J Obstet

Gynecol 2015;212: 84.e1–84.e7.
4 Durst JK, Tuuli MG, Stout MJ, Macones GA, Cahill AG. Degree of

obesity at delivery and risk of preeclampsia with severe features. Am

J Obstet Gynecol 2016;214):651.e1–651.e5.

5 Sheen J-J, Wright JD, Goffman D, Kern-Goldberger AR, Booker W,

Siddiq Z, et al. Maternal age and risk for adverse outcomes. Am J

Obstet Gynecol 2018;219:390.e1–390.e15.
6 Melchiorre K, Sutherland GR, Baltabaeva A, Liberati M,

Thilaganathan B. Maternal cardiac dysfunction and remodeling in

women with preeclampsia at term. Hypertens (Dallas, Tex)

1979;2011:85–93.
7 Melchiorre K, Sutherland GR, Watt-Coote I, Liberati M,

Thilaganathan B. Severe myocardial impairment and chamber

dysfunction in preterm preeclampsia. Hypertens Pregnancy

2012;31:454–71.
8 Melchiorre K, Sharma R, Khalil A, Thilaganathan B. Maternal

cardiovascular function in normal pregnancy: evidence of

maladaptation to chronic volume overload. Hypertens (Dallas, Tex)

1979;2016:754–62.
9 Behrens I, Basit S, Melbye M, Lykke JA, Wohlfahrt J, Bundgaard H,

et al. Risk of post-pregnancy hypertension in women with a history

of hypertensive disorders of pregnancy: nationwide cohort study.

BMJ 2017;358:j3078.

10 Tooher J, Thornton C, Makris A, Ogle R, Korda A, Horvath J, et al.

Hypertension in pregnancy and long-term cardiovascular mortality: a

retrospective cohort study. Am J Obstet Gynecol 2016;214:722.e1–
722.e6.

11 Veerbeek JHW, Hermes W, Breimer AY, van Rijn BB, Koenen SV,

Mol BW, et al. Cardiovascular disease risk factors after early-onset

preeclampsia, late-onset preeclampsia, and pregnancy-induced

hypertension novelty and significance. Hypertension 2015;65:600–6.
12 Perry H, Khalil A, Thilaganathan B. Preeclampsia and the

cardiovascular system: an update. Trends Cardiovasc Med

2018;28:505–13.
13 White WM, Mielke MM, Araoz PA, Lahr BD, Bailey KR,

Jayachandran M, et al. A history of preeclampsia is associated with

a risk for coronary artery calcification 3 decades later. Am J Obstet

Gynecol 2016;214:519.e1–519.e8.
14 Cain MA, Salemi JL, Tanner JP, Kirby RS, Salihu HM, Louis JM.

Pregnancy as a window to future health: maternal placental

syndromes and short-term cardiovascular outcomes. Am J Obstet

Gynecol 2016;215:484.e1–484.e14.
15 Bokslag A, Teunissen PW, Franssen C, van Kesteren F, Kamp O,

Ganzevoort W, et al. Effect of early-onset preeclampsia on

cardiovascular risk in the fifth decade of life. Am J Obstet Gynecol

2017;216:523.e1–523.e7.
16 Theilen LH, Meeks H, Fraser A, Esplin MS, Smith KR, Varner MW.

Long-term mortality risk and life expectancy following recurrent

hypertensive disease of pregnancy. Am J Obstet Gynecol

2018;219:107.e1–107.e6.
17 Tranquilli AL, Dekker G, Magee L, Roberts J, Sibai BM, Steyn W,

et al. The classification, diagnosis and management of the

hypertensive disorders of pregnancy: a revised statement from the

ISSHP. Pregnancy Hypertens An Int J Women’s Cardiovasc Heal

2014;4:97–104.
18 von Dadelszen P, Magee LA, Roberts JM. Subclassification of

preeclampsia. Hypertens Pregnancy 2003;22:143–8.
19 Valensise H, Vasapollo B, Gagliardi G, Novelli GP. Early and late

preeclampsia: two different maternal hemodynamic states in the

latent phase of the disease. Hypertens (Dallas, Tex) 1979;2008:873–
80.

20 Redman CWG, Staff AC. Preeclampsia, biomarkers,

syncytiotrophoblast stress, and placental capacity. Am J Obstet

Gynecol 2015;213:S9.e1–S9.e4.
21 Brosens IA, Robertson WB, Dixon HG. The role of the spiral arteries

in the pathogenesis of preeclampsia. Obstet Gynecol Ann

1972;1:177–91.

8 ª 2020 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd on behalf of
Royal College of Obstetricians and Gynaecologists

Perry et al.



22 Brosens I, Pijnenborg R, Vercruysse L, Romero R. The, “Great

Obstetrical Syndromes” are associated with disorders of deep

placentation. Am J Obstet Gynecol 2011;204:193–201.
23 Labarrere CA, DiCarlo HL, Bammerlin E, Hardin JW, Kim YM,

Chaemsaithong P, et al. Failure of physiologic transformation of

spiral arteries, endothelial and trophoblast cell activation, and acute

atherosis in the basal plate of the placenta. Am J Obstet Gynecol

2017;216:287.e1–287.e16.
24 De Wolf F, Robertson WB, Brosens I. The ultrastructure of acute

atherosis in hypertensive pregnancy. Am J Obstet Gynecol

1975;123:164–74.
25 Khong TY, De Wolf F, Robertson WB, Brosens I. Inadequate

maternal vascular response to placentation in pregnancies

complicated by pre-eclampsia and by small-for-gestational age

infants. Br J Obstet Gynaecol 1986;93:1049–59.
26 Meah VL, Cockcroft JR, Backx K, Shave R, St€ohr EJ. Cardiac output

and related haemodynamics during pregnancy: a series of meta-

analyses. Heart 2016;102:518–26.
27 Tan HL, Pinder M, Parsons R, Roberts B, van Heerden PV. Clinical

evaluation of USCOM ultrasonic cardiac output monitor in cardiac

surgical patients in intensive care unit. Br J Anaesth 2005;94:287–91.
28 Jain S, Allins A, Salim A, Vafa A, Wilson MT, Margulies DR.

Noninvasive Doppler ultrasonography for assessing cardiac function:

can it replace the Swan-Ganz catheter? Am J Surg 2008;196:961–8.
29 Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat

AA, Baker PN, et al. Consensus definition of fetal growth restriction:

a Delphi procedure. Ultrasound Obstet Gynecol 2016;48:333–9.
30 Poon LCY, Tan MY, Yerlikaya G, Syngelaki A, Nicolaides KH. Birth

weight in live births and stillbirths. Ultrasound Obstet Gynecol

2016;48:602–6.
31 Hypertension in pregnancy: diagnosis and management | Guidance

and guidelines | NICE. [https://www.nice.org.uk/guidance/cg107/cha

pter/1-guidance]. Accessed 1 November 2019.

32 Dhanani S, BarrowmanNJ,Ward RE,Murto KT. Intra- and inter-observer

reliability using a noninvasive ultrasound cardiac output monitor in

healthy anesthetized children. Pediatr Anesth 2011;21:858–64.
33 Hodgson LE, Venn R, Forni LG, Samuels TL, Wakeling HG.

Measuring the cardiac output in acute emergency admissions: use

of the non-invasive ultrasonic cardiac output monitor (USCOM) with

determination of the learning curve and inter-rater reliability. J

Intensive Care Soc 2016;17:122.

34 Vinayagam D, Patey O, Thilaganathan B, Khalil A. Cardiac output

assessment in pregnancy: comparison of two automated monitors

with echocardiography. Ultrasound Obstet Gynecol 2017;49:32–8.
35 Vinayagam D, Thilaganathan B, Stirrup O, Mantovani E, Khalil A.

Maternal hemodynamics in normal pregnancies: reference ranges

and the role of maternal characteristics. Ultrasound Obstet Gynecol

2018;51:665–71.
36 Mabie WC, Ratts TE, Sibai BM. The central hemodynamics of severe

preeclampsia. Am J Obstet Gynecol 1989;161(6 Pt 1):1443–8.
37 Easterling TR, Benedetti TJ, Schmucker BC, Millard SP. Maternal

hemodynamics in normal and preeclamptic pregnancies: a

longitudinal study. Obstet Gynecol 1990;76:1061–9.
38 Tay J, Foo L, Masini G, Bennett PR, Mceniery CM, Wilkinson IB,

et al. Cardiac output in pre eclampsia is associated with the

presence of fetal growth restriction, not gestation at onset: a

prospective cohort study. Am J Obstet Gynecol 2018;219:627.

39 Groenendijk R, Trimbos JBMJ, Wallenburg HCS. Hemodynamic

measurements in preeclampsia: preliminary observations. Am J

Obstet Gynecol 1984;150:232–6.
40 Visser W, Wallenburg HC. Central hemodynamic observations in

untreated preeclamptic patients. Hypertension 1991;17

(6_pt_2):1072–7.
41 Stott D, Nzelu O, Nicolaides KH, Kametas NA. Maternal

haemodynamics in normal pregnancies and in pregnancies

affected by pre-eclampsia. Ultrasound Obstet Gynecol 2018;52:359–
64.

42 Rang S, van Montfrans GA, Wolf H. Serial hemodynamic

measurement in normal pregnancy, preeclampsia, and intrauterine

growth restriction. Am J Obstet Gynecol 2008;198:519.e1–519.e9.
43 Ferrazzi E, Stampalija T, Monasta L, Di Martino D, Vonck S,

Gyselaers W. Maternal hemodynamics: a method to classify

hypertensive disorders of pregnancy. Am J Obstet Gynecol

2018;218:124.e1–124.e11.
44 Bijl RC, Valensise H, Novelli GP, Vasapollo B, Wilkinson I,

Thilaganathan B, et al. Methods and considerations concerning

cardiac output measurement in pregnant women: recommendations

of the International Working Group on Maternal Hemodynamics.

Ultrasound Obstet Gynecol 2019;54:35–50.
45 Perry H, Lehmann H, Mantovani E, Thilaganathan B, Khalil A.

Correlation between central and uterine haemodynamics in

hypertensive disorders of pregnancy. Ultrasound Obstet Gynecol

2019;54:58–63.
46 Tay J, Masini G, McEniery CM, Giussani DA, Shaw CJ, Wilkinson IB,

et al. Uterine and fetal placental Doppler indices are associated with

maternal cardiovascular function. Am J Obstet Gynecol 2018;218:

S745–S761.
47 Olofsson P, Laurini RN, Mars�al K. A high uterine artery pulsatility

index reflects a defective development of placental bed spiral

arteries in pregnancies complicated by hypertension and fetal

growth retardation. Eur J Obstet Gynecol Reprod Biol 1993;49:161–
8.

48 Sa�gol S, Ozkinay E, Oztekin K, Ozdemir N. The comparison of

uterine artery Doppler velocimetry with the histopathology of the

placental bed. Aust N Z J Obstet Gynaecol 1999;39:324–9.
49 Spaanderman MEA, Willekes C, Hoeks APG, Ekhart THA,

Aardenburg R, Courtar DA, et al. Maternal nonpregnant vascular

function correlates with subsequent fetal growth. Am J Obstet

Gynecol 2005;192:504–12.
50 Foo FL, Mahendru AA, Masini G, Fraser A, Cacciatore S, MacIntyre

DA, et al. Association between prepregnancy cardiovascular function

and subsequent preeclampsia or fetal growth restriction novelty and

significance. Hypertension 2018;72:442–50.
51 Khong TY, Pearce JM, Robertson WB. Acute atherosis in

preeclampsia: maternal determinants and fetal outcome in the

presence of the lesion. Am J Obstet Gynecol 1987;157:360–3.
52 Stevens DU, Al-Nasiry S, Fajta MM, Bulten J, van Dijk AP, van der

Vlugt MJ, et al. Cardiovascular and thrombogenic risk of decidual

vasculopathy in preeclampsia. Am J Obstet Gynecol

2014;210:545.e1–545.e6.
53 Beevers G, Lip GY, O’Brien E. ABC of hypertension: the

pathophysiology of hypertension. BMJ 2001;322:912–6.

9ª 2020 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd on behalf of
Royal College of Obstetricians and Gynaecologists

Maternal haemodynamic function in pre-eclampsia

https://www.nice.org.uk/guidance/cg107/chapter/1-guidance
https://www.nice.org.uk/guidance/cg107/chapter/1-guidance

