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Background In-depth insight into haemodynamic changes during
normotensive pregnancy may help identify women at risk for
gestational hypertensive complications.

Objectives To determine the magnitude of changes in cardiac
output and its determinants stroke volume and heart rate, and
total peripheral vascular resistance during singleton normotensive
and hypertensive pregnancies.

Search strategy PubMed (NCBI) and Embase (Ovid) databases
were searched from their inception up to November 2019.

Selection criteria Studies reporting original measurements of
haemodynamic parameters during pregnancy together with a non-
pregnant reference measurement. Studies including women using
antihypertensive medication were excluded.

Data collection and analysis Pooled mean differences between
pregnant and non-pregnant women, and absolute values of
haemodynamic parameters were calculated for predefined
gestational intervals using a random-effects model in
normotensive and hypertensive pregnancy. Meta-regression
analysis was used to analyse group differences in adjustments and
absolute values during pregnancy.

Main results In normotensive pregnancies, cardiac output
increased from the first weeks on, reaching its highest level early
in the third trimester (mean difference, 1.41 I-min'; 95% CI 1.18—
1.63 1-min). In parallel, vascular resistance decreased progressively
until its nadir in the early third trimester (mean difference,

—331 dyn-sec '-cm 5 95% CI —384 to —277 dyn-sec '-cm °) and
then increased slightly at term. In hypertensive pregnancies, the
initial cardiac output increase was higher and vascular resistance
did not change throughout gestation compared with reference
values.

Conclusions Hemodynamic changes in women who eventually
develop hypertensive complications are substantially different.
Serial monitoring and plotting against developed normograms can
identify women at risk and may allow timely intervention.

Keywords Cardiovascular disease, gestational hypertension, pre-
eclampsia, pregnancy.

Tweetable abstract Monitoring haemodynamic changes in
pregnancy helps identify women at risk for hypertensive
complications.
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Introduction

Healthy pregnancy is accompanied by major haemody-
namic changes that benefit the uteroplacental circulation. A

*Both authors contributed equally.

drop in systemic vascular resistance during the first trime-
ster triggers several compensatory mechanisms to maintain
blood pressure, such as an increase in plasma volume and
cardiac output (CO).M?

Pregnancies complicated by gestational hypertension
and/or pre-eclampsia may show deviant haemodynamic

696 © 2021 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0003-2689-8528
https://orcid.org/0000-0003-2689-8528
https://orcid.org/0000-0003-2689-8528
mailto:
https://doi.org/10.1111/1471-0528.16678
https://doi.org/10.1111/1471-0528.16678

changes long before clinical presentation. An exaggerated
rise in CO is associated with gestational hypertension and
late-onset pre-eclampsia, whereas a shallow rise in CO with
no drop in vascular resistance predisposes to the much less
common early-onset pre-eclampsia along with impaired
fetal growth.>® Recognition of haemodynamic changes
during normal pregnancy may identify early deviant
haemodynamic changes in women destined to develop sev-
ere maternal hypertensive complications, enhancing possi-
bilities for early prevention and intervention.

This study aimed to assess adjustments in CO and its
determinants stroke volume (SV) and heart rate (HR), and
total peripheral vascular resistance (TPVR) during singleton
normotensive and hypertensive pregnancies. We performed
a systematic review and meta-analysis of existing data to
provide detailed insight into the magnitude and moment
of haemodynamic changes during normotensive and hyper-
tensive pregnancies, and to construct reference curves for
normotensive gestation.

Methods

No patients or public were involved in the design and con-
duct of this research. There was no specific funding for this
research, and no core outcome set was used.

Data sources and searches

This article follows the previously designed series of meta-
analyses on physiologic adjustments of maternal cardiovas-
cular and cardiometabolic parameters during pregnancy,
and follows the Preferred Reporting Guidelines for System-
atic Reviews and Meta-Analyses (PRISMA).""® We con-
ducted an extensive literature search of studies evaluating
CO, TPVR, SV and HR during normotensive and hyper-
tensive pregnancies in the MEDLINE (PubMed) and
Embase (Ovid) electronic databases. We included articles
published from inception (1946 in PubMed and 1974 in
Embase) to November 2019. Part one of the search string
consisted of pregnancy and hypertensive complications of
pregnancy and was similar to the search string used in pre-
viously published systematic reviews. Part two of the search
string focused on haemodynamic parameters, CO, TPVR,
SV, HR and blood pressure (Appendix S1). Filters were
used to limit the search to studies that included human
participants and journal articles as publication type, and
the studies had to be published in English or Dutch to be
able to assess quality.

Study selection

The identified studies were assessed for eligibility in two
phases. First, every study was screened independently for
eligibility by two investigators based on the title and
abstract. Several investigators participated in this process
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(EM, SdH, ZM, NS, FAH, FA). Secondly, full-text articles
were obtained and screened for eligibility based on the
inclusion and exclusion criteria by two of four investigators
(EM, SdH, ZM, NS). Discrepancies were resolved by
mutual agreement or by consulting a third investigator.
Studies were included if they were original studies measur-
ing haemodynamic parameters during human singleton
pregnancies. To be included, studies had to report a refer-
ence measurement, either measured before conception,
>6 weeks postpartum in the same study group, or in a
non-pregnant control group. Moreover, haemodynamic
parameters had to be reported as numerical values (mean
with standard deviation [SD], standard error [SE] or 95%
confidence interval [CI]). Requests were made to retrieve
additional information from authors if data were graphi-
cally presented, if haemodynamic indices were indexed for
anthropometric measures or if data were incomplete. We
excluded case reports, and studies with unknown preg-
nancy outcome. We also excluded studies that included a
proportion of women with a history of cardiovascular com-
plications, including chronic hypertension, diabetes melli-
tus, gestational diabetes and thyroid disease. Studies of
complicated pregnancies were excluded if women could
have used antihypertensive medication.

Data extraction and quality assessment

Data from included articles were extracted and entered in
predesigned data collection forms. We registered study
characteristics (study design, sample size, measurement
method and maternal position during measurement), par-
ticipant characteristics (age, non-pregnant body mass index
[BMI] and parity), whether women had a normotensive or
hypertensive pregnancy and how the latter was defined,
and outcome measures. We chose to analyse crude values
of haemodynamic parameters, unadjusted for body surface
area or other anthropometric measurements. Haemody-
namic parameters of interest were CO (I'min "), TPVR
(dyne-sec’hmin’]-cmfs), SV (ml) and HR (bpm). Detailed
data on systolic and diastolic blood pressure, and mean
arterial pressure have been handled in a separate manu-
script. When studies had focused on position-dependent or
exercise-dependent changes of haemodynamic parameters
during pregnancy, only baseline values measured at rest
were extracted. If the exact gestational age when the mea-
surements were collected was not mentioned, they were
included as 7 weeks for the first trimester, 21 weeks for the
second trimester, and 34 weeks for the third trimester. If
both non-pregnant controls and a postpartum reference
measurement were given, the latter was selected to reduce
between-subject variance due to unpaired measurements.
When a study provided multiple postpartum values, the
last measurement after delivery was used as the reference
measurement.
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Quality of the included studies was assessed using a
modified list of items described in the Quality In Prognosis
Studies tool, made suitable for the purpose of this review.’
Studies were scored with a plus or minus in six domains
including study participation, study attrition, variable mea-
surement, data reporting and study design. Items that were
not mentioned or not applicable received a negative score.
Cross-sectional studies were scored negative for study attri-
tion because loss-to-follow-up reporting is not applicable
for this study design. Studies with a score >60% were
defined as high quality, between 30 and 60% as moderate
quality, and <30% as low quality.

Data synthesis and analysis

The haemodynamic parameters were categorised into five
different predefined intervals of gestational age: first tri-
mester (up to 14 weeks), early second trimester (15—
21 weeks), late second trimester (22-28 weeks), early third
trimester (29-35 weeks) and late third trimester (36—
41 weeks). The primary outcome was the weighted mean
difference of the haemodynamic parameters, and the rela-
tive change presented as a percentage with a 95% CI
between pregnant women and a non-pregnant reference
group. In these, measurements from pre-pregnant and
postpartum women and non-pregnant controls were com-
bined in the non-pregnant group. Pooled estimates of the
absolute values with a 95% CI for the haemodynamic
parameters were also analysed. SE or 95% CI values were
converted to SD according to the Cochrane Handbook
for Systematic Reviews of Interventions.'” If data were
reported as median with interquartile range, we inquired
whether the data were normally distributed. If so, studies
were included and the SD was calculated by dividing the
difference of the 25th and the 75th percentile by 1.35.'° If
a study reported multiple measurements in the same
women at one gestational interval, the mean and SD were
pooled into one combined measurement according to the
Cochrane Handbook. Pooled mean differences in CO,
TPVR, SV and HR were calculated separately for these
intervals using a random-effects meta-analysis as described
by DerSimonian and Laird.'"' This random-effects model
allows inter-study variation and was chosen, as observa-
tional data on study and characteristics from different
populations were used and heterogeneity was anticipated
between studies. Publication bias was evaluated for each
pregnancies by
Egger’s regression test for funnel plot asymmetry.'” If
present, the pooled effect sizes were corrected for publica-
tion bias using the trim-and-fill method described by
Duval and Tweedie."> The ratio between total heterogene-
ity and total variability (I statistic) is presented as a

gestational interval in normotensive

measure of heterogeneity. I* can distinguish true hetero-
geneity from sampling variance and is expressed as a

percentage.' Sources of heterogeneity (type of reference
group, quality of study, measurement method, position
during measurement, parity and differences between nor-
motensive and hypertensive pregnancies) were analysed by
meta-regression analyses using a mixed-effects model. Ref-
erence curves were constructed assuming that changes
were normally distributed over the course of the preg-
nancy. To establish reference curves, we computed the
5th, 50th and 95th percentiles weighted by study sample
size, using a restricted cubic splines model. All analyses
were performed in R version 4.0.2.'° The meta-analyses
and meta-regression analyses were performed using the
meta package.'®

Results

Study selection

The search strategy in PubMed and Embase yielded 32 604
unique articles (Figure 1), 3934 of which were excluded
based on language restrictions. After screening of title and
abstracts, we excluded 27 558 articles that concerned other
topics. This left 1112 articles for full-text evaluation, 17 of
which could not be retrieved despite attempts to obtain
them from other libraries in the Netherlands or by contact-
ing the authors via Research Gate.'”>> Of the 1095 manu-
scripts with full text available, 981 were excluded. Studies
were excluded because a reference group was absent
(n = 526), the study design was unsuitable (n = 166), the
data were unusable (n = 152), the data were not original
(n = 44), only blood pressure was reported (n = 43) and
for other reasons (n = 51). Often, contacted authors could
not provide the requested data, such as unindexed parame-
ters, because the data were stored on storage media incom-
patible with modern computers.

Of the 113 eligible articles, nine were suspected to report
data from previously published samples because the
authors, method and/or study period were similar.****
Eight of these studies were excluded; one was included
because supplemental data on hypertensive pregnancies
were provided.*” In total, 105 studies were included, and
the full references are presented in Appendix S2. Eighteen
studies reported data on pregnancies complicated by hyper-
tension. Thirteen studies reported on pregnancies compli-
cated by pre-eclampsia, and five studies included women
with pregnancy-induced hypertension or combined compli-
cations. The criteria used to define hypertension and pre-
eclampsia are reported in Table S2. One study did not
report the non-pregnant SD for HR, so the ratio between
non-pregnant and pregnant SD in the complete dataset was
used to estimate the SD.*’ Three studies compared different
measurement methods, and Doppler echocardiography
measurements were extracted, as most other studies used
this method.** *°
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Figure 1. Flowchart summarising selection of studies in the meta-analysis.

Summary of studies

A summary of included studies and their population is pre-
sented in Table S1. More than half of the studies reported
gravidity or parity of women. Most studies included a
mixed parous group, whereas 14 studies included only nul-
liparous women.

Quality assessment of included studies

The quality assessment is summarised in Table S3. Of the
105 included studies, 13 (12%) were scored as low quality,
70 (67%) as moderate quality, and 22 (21%) as high quality.
The items that scored the lowest among all studies were: (1)
reporting baseline characteristics of participants who were
lost to follow-up (4%) and (2) the use of a pre-conception
measurement as the reference value (13%). Items that scored
the highest were: (1) methods and setting were the same for
all participants and throughout follow-up (88%) and (2)
clear reporting of gestational age at measurement (88%).

Synthesis of results

Normotensive pregnancies

During normotensive pregnancies, CO started to increase
from the first trimester, reaching a maximum mean differ-
ence of 1.41 l-min~" between 29 and 35 weeks of pregnancy

(Table 1, Figure 2). In parallel, TPVR decreased in the first
14 weeks by 188 dyne-sec'-cm™® and continued to
decrease, reaching its minimum between 22 and 28 weeks.
SV started to increase in the first trimester and peaked
between 15 and 21 weeks of pregnancy. In the second half
of the pregnancy, the increase in SV diminished and
between 36 and 41 weeks of pregnancy, SV did not differ
between pregnant and non-pregnant women. HR started to
increase in the first trimester and peaked in the early third
trimester with a mean difference of 14.6 bpm, after which
the increase plateaued. Forest plots of weighted mean dif-
ferences and absolute values per gestational age interval of
all haemodynamic parameters in normotensive pregnancies
are presented in Figures S1-S8. During early normotensive
pregnancy, both systolic and diastolic blood pressure signif-
icantly decreased, reaching their nadir in the second trime-
ster (—4 mmHg, 95% CI —6 to —2 mmHg and
—4 mmHg, 95% CI —5 to —3 mmHg respectively). There-
after, blood pressure gradually increased towards non-preg-
nant values at term (S. de Haas et al., unpubl. obs.).

In case of significant funnel plot asymmetry, which indi-
cates publication bias, corrected mean differences were cal-
culated (Table 1). Meta-regression analysis showed a
significant contribution of the measurement method to the
heterogeneity of CO, TPVR and SV measurements. In

© 2021 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd.
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Figure 2. Mean differences and 95% Cl as error bar of haemodynamic parameters compared with non-pregnant reference values (pre-conceptional,
postpartum or non-pregnant control group) in normotensive and hypertensive pregnancies per gestational interval.

addition, the type of reference group contributed signifi-
cantly to heterogeneity in CO measurements. Study quality
contributed significantly to heterogeneity in HR measure-
ments, and maternal position contributed significantly to
heterogeneity in SV measurements. Parity did not con-
tribute to heterogeneity in any of the parameters.

Hypertensive pregnancies

The CO increase observed during the first trimester of
hypertensive pregnancies was higher than the increase
observed in normotensive pregnancies, on top of a higher
absolute CO value in the non-pregnant state (Table 2).
TPVR and SV values in hypertensive pregnancies were not

different from non-pregnant reference values. In the last
trimester, HR values in hypertensive pregnancies were sub-
stantially higher than non-pregnant reference values. Meta-
regression analysis showed that changes in CO, TPVR and
HR during complicated pregnancies were significantly dif-
ferent from changes during normotensive pregnancies. For-
est plots of weighted mean differences and absolute values
per gestational interval of haemodynamic parameters in
hypertensive pregnancies are presented in Figures S9-S16.
Pregnancies eventually complicated by hypertension and/or
pre-eclampsia lacked an early decrease in systolic blood
pressure, even though diastolic blood pressure dropped to
a greater extent compared with normotensive pregnancies.
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Figure 3. Reference curve of absolute CO values during pregnancy and in the postpartum period, with mean (solid line), and 5th and 95th
percentiles (dashed lines) weighted by study sample size. Size of individual plots indicates sample size of point estimate and their colour indicates
study quality: red, low quality; green, moderate quality; blue, high quality. Studies with multiple measurements during pregnancy are plotted per

measurement.

present and therefore should be interpreted with some cau-
tion.

It is well accepted that the increase of CO in normoten-
sive pregnancy results from an increase in both SV and
HR.>****% Qur study confirmed that HR increased over
the course of a normotensive pregnancy. This is most likely
explained by an increased sympathetic activity and involve-
ment of the Bainbridge reflex, which is an increase in HR
to prevent damming of blood in response to increased
venous filling. In contrast, the SV increase lessens in the
second half of pregnancy, which may be the result of sev-
eral factors. First, preload might be hampered because the
enlarged uterus compresses the inferior vena cava at the
end of pregnancy.”®”” Secondly, a higher HR decreases the
diastolic period, which may impair filling of the left ventri-
cle. Thirdly, cardiac remodelling during pregnancy may
reduce compliance of the extensively stretched sarcomeres,
which may reduce the SV.**

In a healthy pregnancy, CO increase and TPVR decrease
are thought to be caused by several early adaptations fol-
lowing conception. These include increased arterial compli-
ance, decreased tone, decreased
responsiveness to vasoconstrictors, increased release of and
sensitivity to vasodilatory substances (including relaxin,

vascular vascular

nitric oxide, progesterone and oestrogen), and the opening
of maternal protective regulatory micro-circulatory and
placental arterio-venous shunts.”®®" The subsequent rela-
tive circulatory underfill is counterbalanced by activation of
the renin-angiotensin-aldosterone system, which stimulates
renal volume retention and expands plasma volume,

supporting a rise in SV and, with it, increased CO.%>

Plasma volume expansion leads to dilutional anaemia,
which may reduce TPVR by reducing blood viscosity.**®
Marked sympathetic activation in favour of elevated ino-
tropy and chronotropy may be a compensatory mechanism
to maintain blood pressure at pre-pregnancy levels,
although resetting of baroreceptor sensitivity and reduction
of neurovascular transduction in pregnancy blunts the
effect of sympathetic regulation on arterial blood pres-
sure.””**"°® The mechanisms responsible for healthy vascu-
lar adjustments might be compromised in gestational
hypertensive diseases.

Hypertensive pregnancies

Pregnancies ending in hypertensive complications show an
altered vascular response to conception. In addition to a
higher CO at baseline, the initial increase in CO is more
pronounced. The rise in CO predominantly originates from
increased HR rather than SV, suggesting sympathetic over-
activity to counterbalance haemodynamic changes in the
first trimester. Because sympathetic activation is usually
accompanied by a raised SV, the absence of an SV increase
in women destined to develop hypertension may originate
from other factors, such as diminished circulating plasma
volume resulting in shallow preload, reduced left ventricle
compliance, increased afterload due to increased vascular
resistance or reduced arterial compliance."”® Concurrently,
TPVR does not decrease, suggesting blunted vascular
adjustments, and no change or even rise in blood pressure
at any time during pregnancy before the clinical onset of
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hypertensive complications. Previous longitudinal studies
have shown similar deviant haemodynamic changes preced-
ing hypertensive complications. Easterling et al.’ showed
that pre-eclamptic women had a higher CO over the course
of pregnancy than normotensive women did. Bosio et al.!
showed that evolving of gestational hypertension to pre-
eclampsia was accompanied by a crossover from a high-
output, low-resistance circulation to a low-output, high-re-
sistance circulation. Other studies have shown that severe,
early-onset pre-eclampsia and associated fetal growth
restriction may result from an initial and consistent low-
output, high-resistance vasoconstricted ~circulation.>”°
Because the systemic—biological pathways to complications
are so divergent, combining measurements of women at
different pathophysiological time points results in the wide
confidence intervals found in hypertensive pregnancies.
Unfortunately, we were not able to perform subgroup anal-
yses on gestational hypertension, early-onset pre-eclampsia
or late-onset pre-eclampsia because of complications and
inconsistent definitions among the included studies.

Interpretation

Haemodynamic differences between normotensive and
hypertensive pregnancies can be detected early in preg-
nancy, even when blood pressure is still within the nor-
range. Recognising abnormal changes in
haemodynamic parameters during pregnancy has great
potential to improve prevention and intervention opportu-
nities.”" Preventive measures may include daily low-dose
aspirin and calcium supplementation in women at higher

motensive

risk for hypertensive complications. Even more sophisti-
cated, tailored pharmaceutical correction of deviant haemo-
dynamic changes towards the expected normal values could
be a key modality in preventing hypertensive complica-
tions. In this line of reasoning, timely initiation of beta-
blockade in women with exaggerated high CO seems to
reduce hypertensive complications during pregnancy.””
Additional vasodilatory therapy in women with an unfa-
vourably low output and high resistance circulation could
improve flow and with it maternal and fetal outcomes.”
Devices that are easy to use have been developed to assess
CO, so it is now feasible to measure CO in the outpatient
setting along with blood pressure to determine gestational
haemodynamic changes in clinical practice.

Conclusion

In normotensive pregnancy, resting CO increases from the
first trimester to the early third trimester by almost
1.5 I'min above non-pregnant values, and both SV and HR
contribute to this increase. In parallel, TPVR decreases,
reaching its nadir in the late second trimester. Monitoring
these haemodynamic changes during pregnancy can help

identify those women at risk of developing hypertensive
complications, as in these women the change in CO, TPVR
and HR are deviate from that observed in normotensive
pregnancy. Serial measurements are necessary to detect
aberrant changes that precede hypertension during preg-
nancy.
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