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Longitudinal maternal cardiac function in
hypertensive disorders of pregnancy
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BACKGROUND: Compared with gestational hypertension, preeclamp-
sia has traditionally been considered the worse end of the spectrum of
hypertensive disorders of pregnancy. It is associated with worse preg-
nancy outcomes and future cardiovascular morbidities. Both hypertensive
disorders may be associated with cardiac maladaptation in pregnancy.
However, previous studies were limited by small numbers and a paucity of
longitudinal data and unaccounted for the contribution of maternal charac-
teristics that can affect hemodynamics.
OBJECTIVE: This study aimed to assess, in an unselected population,
the maternal cardiac adaptation in normotensive and hypertensive preg-
nancies after controlling for important maternal characteristics that affect
maternal cardiac function and the interaction among these covariates.
STUDY DESIGN: This was a prospective, multicenter longitudinal
study of maternal hemodynamics, assessed by a noninvasive bioreactance
technology, measured at 11 0/7 to 13 6/7, 19 0/7 to 24 0/7, 30 0/7 to
34 0/7, and 35 0/7 to 37 0/7 weeks of gestation in 3 groups of women.
Group 1 was composed of women with preeclampsia (n=45), group 2
was composed of women with gestational hypertension (n=61), and group
3 was composed of normotensive women (n=1643). A multilevel linear
mixed-effects model was performed to compare the repeated measures
of hemodynamic variables controlling for maternal age, height, weight,
weight gain, race, previous obstetrical history, and birthweight.
RESULTS: After adjusting for confounders that significantly affect
maternal hemodynamics, both group 1 and group 2, compared with group
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3, had pathologic cardiac adaptation. Group 1, compared with group 3,
demonstrated hyperdynamic circulation with significantly higher cardiac
output driven by greater stroke volume in the first trimester of pregnancy.
As the pregnancies progressed to after 20 0/7 weeks of gestation, this
hyperdynamic state transitioned to hypodynamic state with low cardiac
output and high peripheral vascular resistance. Group 2, compared with
group 3, had no significant differences in cardiac output, stroke volume,
and heart rate before 20 0/7 weeks of gestation but thereafter demon-
strated a continuous decline in cardiac output and stroke volume, similar
to group 1. Both groups 1 and 2, compared with group 3, had persistently
elevated mean arterial pressure and uterine artery pulsatility index
throughout pregnancy.
CONCLUSION: After adjusting for confounders that affect
maternal hemodynamics in an unselected pregnant population,
women with preeclampsia and gestational hypertension, compared
with normotensive women, demonstrated similar cardiac maladap-
tation. This pathologic profile was evident after 20 0/7 weeks of
gestation and at least 10 weeks before the clinical manifestation
of the disease.

Keywords: bioreactance, cardiac adaptation, cardiac output, gesta-
tional hypertension, hemodynamics, hypertensive disorders of pregnancy,
peripheral vascular resistance, placental insufficiency, preeclampsia,
pregnancy, pregnancy-induced hypertension
Introduction

H ypertensive disorders of preg-
nancy (HDP) encompass pre-

eclampsia (PE) and gestational
hypertension (GH). PE has convention-
ally been considered the worse end of
the disease spectrum, whereas GH was
thought to be possibly a milder disease.1

The notion that both PE and GH
are associated with underlying vascular
dysfunction,2 pathologic cardiac remodel-
ing with systolic and diastolic dysfunc-
tion,3−5 and increased long-term
cardiovascular morbidity6−8 has fueled
research assessing maternal hemodynam-
ics in HDP. However, most existing
studies were cross-sectional studies9−12

or conducted in high-risk pregnancies.3

The few longitudinal studies were limited
by small numbers of PE between 14 and
20 cases,13−15 combining PE and fetal
growth restriction as a single disease
entity,14 and the lack of a diverse ethnic
cohort or adjustment for maternal char-
acteristics that can affect maternal hemo-
dynamics.16−19

In the investigation of any biological
processes, one must consider demo-
graphic characteristics as potential con-
founders in markers for the disease. For
example, outside pregnancy, the perfor-
mance of serum creatinine in the classi-
fication of chronic kidney disease
improved when patient demographic
factors, such as age, sex, and height,
were adjusted for in the equation for
estimation of glomerular filtration
rate.20 Similarly, pregnancy adjustment
for maternal characteristics, such as age,
race, smoking, conception, and parity,
improved the detection rate for screen-
ing for Down syndrome and PE.21,22

Moreover, we have previously demon-
strated that maternal height, weight,
weight gain, age, race, previous obstetri-
cal history, and birthweight were signifi-
cant independent predictors of maternal
cardiac function indices.16−19,23 To
date, there is no longitudinal study
assessing the changes of maternal car-
diovascular variables across gestation,
independent of the aforementioned
confounders.
This study aimed to assess, in an

unselected population, the maternal
cardiac adaptation in normotensive and
hypertensive pregnancies after control-
ling for important maternal characteris-
tics that affect maternal cardiac
function.
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Why was this study conducted?
This study aimed to assess, in a large, unselected population, the maternal car-
diac adaptation in normotensive and hypertensive pregnancies after controlling
for maternal characteristics.

Key findings
Compared with normotensive women, those with preeclampsia (PE) demon-
strated significantly higher cardiac output (CO) driven by greater stroke volume
(SV) in the first trimester of pregnancy but transitioned to low CO and high
peripheral vascular resistance (PVR) after 20 weeks of gestation. Compared with
normotensive women, those with gestational hypertension had no difference in
CO, SV, and heart rate but demonstrated a continuous decline in CO and SV
after 20 weeks of gestation.

What does this add to what is known?
PE and gestational hypertension have equal pathologic hemodynamic profiles.
From 20 weeks of gestation, the former crossed over from the hyperdynamic
profile to the hypodynamic profile, whereas the latter demonstrated a continu-
ous decline in CO and an increase in PVR.

Original Research
Material and Methods
Study population
Between November 2015 and May
2016, women with singleton pregnan-
cies attending routine pregnancy care at
11 0/7 to 13 6/7 weeks of gestation in 6
maternity hospitals in London, United
Kingdom, were invited to participate in
the longitudinal assessment of maternal
hemodynamics. Of 1929 women
approached, 1918 (99%) agreed to par-
ticipate in the study. Gestational age
was confirmed from the measurement
of fetal crown-rump length.24 We
excluded patients with fetal anomalies
(n=13), miscarriage or termination
(n=16), poor cardiac signals (n=22),
missing pregnancy outcomes (n=16),
and those who withdrew consent
(n=62); a total of 1789 women were fol-
lowed up. None of the patients had pre-
existing maternal cardiac diseases. The
timings of the 4 visits coincided with
the routine antenatal visits for dating
and screening for chromosomal abnor-
malities at 11 0/7 to 13 6/7 weeks of ges-
tation, second-trimester routine
anomaly scan at 19 0/7 to 24 0/7 weeks
of gestation, and fetal well-being scans
at 30 0/7 to 34 0/7 and 35 0/7 to 37 0/7
weeks of gestation. During each of these
4 visits, we performed a noninvasive
maternal cardiovascular assessment.
The study was approved by the National
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Health Service Research Ethics Com-
mittee (reference: 13/LO/1479).

Maternal factors and pregnancy
outcomes
Maternal factors recorded included age,
height, weight, cigarette smoking,
asthma, self-reported race (White,
Black, South Asian, East Asian, and
mixed), parity (nulliparous and parous
with and without previous PE), artificial
reproductive techniques (ARTs), and
medical history, such as asthma and
preexisting diabetes mellitus. Pregnancy
outcomes included PE, GH, gestational
age at delivery, birthweight, induction
of labor, emergency cesarean delivery,
operative delivery for fetal distress, and
neonatal unit admission rates.

Maternal cardiovascular function
assessment. Maternal cardiac function
was assessed using a noninvasive, car-
diac monitor (NICOM; Cheetah Medi-
cal Ltd, Maidenhead, Berkshire, United
Kingdom). The bioreactance technology
calculates stroke volume (SV) by
recording the relative phase shifts when
an alternating electrical current passes
the thoracic cavity. We have previously
validated the NICOM for use in all 3 tri-
mesters in pregnancy.25 After 15
minutes of rest, 4 electrodes were
applied across the maternal back. After
successful calibration, maternal cardiac
variables (cardiac output [CO], SV,
heart rate [HR], peripheral vascular
resistance [PVR], and mean arterial
pressure [MAP]) were recorded in a sit-
ting position for 10 minutes at 30-sec-
ond intervals (20 cycles). The averages
of the final 10 cycles of the hemody-
namic variables were included in the
analysis. This was to control for the dif-
ferences in SV that can occur with the
negative intrathoracic pressure at inspi-
ration. In addition, the uterine artery
pulsatility index (UA-PI) was measured
as previously described.26

Definitions
The definitions of PE and GH were
those of the International Society for
the Study of Hypertension in Preg-
nancy.27 GH was defined as the systolic
blood pressure (BP) being ≥140 mm
Hg and/or the diastolic BP being ≥90
mmHg on at least 2 occasions 4 hours
apart developing after 20 weeks of ges-
tation in previously normotensive
women. PE was defined as GH accom-
panied by at least one of the following:
renal involvement (proteinuria of
≥300 mg per 24 hours and/or creatinine
level of ≥90 mmol/L or 1 mg/dL), liver
impairment (transaminases of >70 IU/
L), neurologic complications (eg,
eclampsia), thrombocytopenia (platelet
count of <150,000/mL).27 Here, the ini-
tiation of antihypertensives was based
on clinician preference, guided by the
National Institute for Health and Care
Excellence guidelines. Maternal hemo-
dynamic parameters were not used to
affect medication administration. We
classified the study population into 3
groups based on the development of
any HDP: group 1, women with PE;
group 2, women with GH; and group 3,
normotensive women. In the current
analysis, we excluded 40 patients with
chronic hypertension (3 had superim-
posed PE) to ensure that the hemody-
namic findings were not due to
hemodynamic abnormalities predating
the pregnancy or the use of antihyper-
tensive medications. Birthweight z score
and percentiles were derived from the
Fetal Medicine Foundation reference
range.28



FIGURE 1
Linear mixed effect models with estimated marginal means: cardiac output, peripheral vascular resistance and
mean arterial pressure

The red line indicates women with preeclampsia, the green line indicates women with gestational hypertension, and the blue line indicates normotensive
women.
Ling. Maternal cardiac adaptation in hypertensive disorders of pregnancy. Am J Obstet Gynecol MFM 2023.
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Statistical analysis
We examined the longitudinal changes
of maternal cardiovascular variables
stratified according to the development
of HDP. The normality of the distribu-
tion of numerical data was assessed by
the Kolmogorov-Smirnov test. The dis-
tribution of maternal weight, CO, SV,
MAP, and PVR were made Gaussian
after log10 transformation. For compari-
son of numerical data, the Kruskal-
Wallis or the 1-way analysis of variance
tests were used for not-normally and
normally distributed data, respectively.
For categorical data, the chi-square test
or Fisher exact test was used, where
appropriate. Data are presented as
median (interquartile range) and mean
(standard deviation) for not-normally
and normally distributed continuous
variables, respectively, and as number
(percentage) for categorical variables.
We performed a multilevel linear

mixed-effects model for the repeated
measures analysis of the maternal
hemodynamic variables controlling for
maternal age, log10 weight, height, racial
origin, smoking, asthma, parity (nullip-
arous and parous with and without pre-
vious PE), diabetes mellitus, birthweight
z score, time (the 4 visits), and the inter-
action between group and time. The
likelihood ratio test was used to define
the best multilevel model comparing
the base model to either the random
intercept or the random intercept and
slope. The estimated marginal means of
each hemodynamic variable at each
hypertension group or time combina-
tion are presented in Figure 1, Figure 2,
and Table 2.

The software program IBM SPSS
(SPSS Statistics for Windows 2015; ver-
sion 25.0, IBM Corporation, Armonk,
NY) was used for statistical analysis.

Results
Overall, 1749 women were included in
the final analysis, and the 3 groups
included 45 women in group 1, 61
women in group 2, and 1643 women in
group 3.

Maternal demographics and
pregnancy outcomes
This is presented in Table 1. There was
no significant difference in maternal
age, height, smoking, racial origins,
ART, diabetes mellitus, and birthweight
percentile among the 3 groups. Women
in groups 1 and 2 were significantly
heavier with higher BP at booking and
more likely to have had a family history
of PE, to be nulliparous, to undergo
induction of labor, and to have a higher
rate of emergency cesarean delivery and
operative birth for fetal distress than
women in group 3. Group 1 had a
higher prevalence of parous women
with previous PE or FGR and delivered
earlier with more small-for-gestational-
age babies in the current pregnancy
than group 3. Women in group 2 were
4 times more likely to have asthma and
delivered significantly earlier than
women in group 3.
At the third visit, there were 6 women

(0.3%) who developed GH and PE, and
5 of them were treated with antihyper-
tensives. At the fourth visit, 19 women
(1.1%) developed GH and PE, and 13 of
them were treated with antihyperten-
sives. Overall, most cases of PE (29
[64%]) and GH (51 [84%]) occurred
after the fourth visit; therefore, their
hemodynamic variables were not signif-
icantly affected by antihypertensive
treatment. Furthermore, there were 11
patients (24%) with PE and 2 patients
(3%) with GH who delivered before
February 2023 AJOG MFM 3



FIGURE 2
Linear mixed-effects model with estimated marginal means: Stroke volume, heart rate, uterine pulsatility index z-
score

The red line indicates women with preeclampsia, the green line indicates women with gestational hypertension, and the blue line indicates normotensive
women.
Ling. Maternal cardiac adaptation in hypertensive disorders of pregnancy. Am J Obstet Gynecol MFM 2023.
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term (<37 weeks of gestation) iatrogeni-
cally. The statistical analysis was
repeated after removing the patients
who developed PE or GH at visits 3 and
4. Because of the small number of these
patients, the hemodynamic results were
not affected (data not shown).

Maternal hemodynamic changes in
different hypertensive groups
The fixed effects of the best multilevel
models and the pairwise comparison of
the estimated marginal means with 95%
confidence intervals (CIs) are shown in
Table 2 and Figures 1 and 2. The data
are presented in the antilog form to
facilitate an appreciation of the hemo-
dynamic differences among groups.
For all maternal hemodynamic varia-
bles (apart from HR), a random
intercept-random slope model pro-
vided a significantly better fit to the
data than did the base model or a
random intercept model (data pre-
sented in the Supplemental Materials
and Methods section).

Log10 Cardiac output, Log10 Peripheral
vascular resistance, Log10 Mean arterial
pressure, Log10 Stroke volume, Heart rate,
4 AJOG MFM February 2023
and Uterine artery pulsitility index z score:
relationship with maternal demographic
characteristics (Supplementary Table
1). Increasing maternal age was signifi-
cantly associated with lower Log10CO and
HR but higher Log10PVR and UA-PI z
scores. Maternal height was significantly
associated with greater Log10CO and
Log10SV but lower Log10PVR and HR.
Maternal booking weight had no signifi-
cant contribution to Log10PVR but was
associated with higher Log10CO, Log10-
MAP, Log10SV, HR, and UA-PI z scores.
Women of Black and South and East
Asian race had significantly lower
Log10CO and Log10SV than White
women. South and East Asian women
had higher Log10PVR and Black women
had lower BP than White women.
Women who smoke had significantly
lower Log10MAP, whereas those with
asthma had higher Log10MAP and UA-PI
z scores. Parous women had higher
Log10CO and HR and lower Log10PVR
than nulliparous women. Birthweight z
score is associated with higher Log10CO
and HR but lower Log10PVR and UA-PI
z scores. There was a significant interac-
tion between hypertensive groups and
time for all cardiac variables.
Log10CO, Log10PVR, Log10MAP,
Log10SV, HR, and UA-PI z score:
changes with time after controlling for
maternal characteristics and outcomes
(Table 2, Figure 1, and Supplementary
Figure 1). Log10 CO in group 3 demon-
strated a physiological increase from visit
1 to visit 3 followed by a decrease there-
after. Similar to group 3, group 2 also
demonstrated an increase in Log10 CO
from visit 1 to visit 2 but had an earlier
decline in a linear pattern from visit
2 to visit 4. In contrast, group 1
started with a significantly higher
Log10 CO than group 3 at visit 1 and
remained stagnant from visit 1 to
visit 2, followed by an abrupt drop
from visit 2 to visit 4. Both groups 1
and 2 had significantly lower Log10
CO than group 3 in visits 3 and 4.
Log10 PVR was similar among the 3

groups at visit 1, and all groups demon-
strated a physiological fall from visit 1
to visit 2. Although group 3 continued
to demonstrate a decline in Log10 PVR
toward visit 3, groups 1 and 2 showed
an increase in Log10 PVR from visit 2
onward. Log10 MAP and UA-PI in
groups 1 and 2 were significantly higher
throughout pregnancy than in group 3.



TABLE 1
Demographic characteristics and pregnancy outcomes of the study groups

Variables
Group 1: PE
(n=45)

Group 2: gestational
hypertension (n=61)

Group 3: normotensive
(n=1643) P value

Age (y), mean (SD) 31.2 (5.2) 30.6 (5.6) 31.2 (5.3) .727

Height (cm), mean (SD) 163.6 (6.3) 164.4 (6.2) 164.7 (6.6) .723

Weight (kg), median (IQR) 79.1 (18.6)zzz 82.1 (21.4)zzz 70.5 (15.1) .000

Systolic blood pressure (mm Hg), mean (SD) 122.1 (14.5)zzz 123.8 (12.6)zzz 114.7 (10.5) .000

Diastolic blood pressure (mm Hg), mean (SD) 78.4 (9.3)zz 79.6 (9.2)zzz 74.5 (7.7) .000

Smoking, n (%) 1 (2.2) 1 (1.6) 93 (5.7) .231

Asthma, n (%) 1 (2.2) 5 (8.2)zz 33 (2.0) .006

Family history of PE, n (%) 6 (13.3)z 8 (13.1)z 91 (5.5) .006

Racial origin, n (%)

White 35 (77.8) 43 (70.5) 1230 (74.9) .714

Black 7 (15.6) 14 (23.0) 236 (14.4) .089

South Asian 3 (6.7) 3 (4.9) 91 (5.5) .955

East Asian 0 (0.0) 0 (0.0) 39 (2.4) .266

Mixed 0 (0.0) 1 (1.6) 47 (2.9) .423

Nulliparous, n (%) 33 (73.3)zz 40 (65.6)z 844 (51.4) .001

Parous, with previous PE or FGR 6 (13.3)z 5 (8.2) 96 (5.8) .000

Parous, without previous PE or FGR 6 (13.3)zzz 16 (26.2)z 703 (42.8) .000

Assisted reproductive techniques, n (%) 3 (6.3) 0 (0.0) 50 (3.0) .165

Preexisting diabetes mellitus, n (%) 0 (0.0) 0 (0.0) 11 (0.7) .693

Pregnancy outcomes

Gestational age at birth (wk), median (IQR) 38.4 (2.6)zzz,+++ 40.0 (1.6) 39.9 (1.9) .000

Birthweight percentile, median (IQR) 35.8 (57.7) 40.8 (60.5) 48.3 (52.7) .097

Birthweight<10th percentile, n (%) 10 (22.2)z 12 (19.7) 228 (13.9) .047

Gestational diabetes mellitus, n (%) 4 (8.9) 6 (9.8)zzz 62 (3.8) .017

Induction of labor 31 (68.9)zzz 33 (54.1)zzz 440 (26.8) .000

Emergency cesarean delivery 19 (42.2)zzz 18 (29.5)zz 258 (15.7) .000

Operative birth for fetal distress 12 (26.7)zz 12 (19.7)zz 180 (11.0) .000
FGR, fetal growth restriction; IQR, interquartile range; PE, preeclampsia; SD, standard deviation.

Compared to group 1: *P<.05; **P<.01; ***P<.001.

Compared to group 2: +P<.05; ++P<.01; +++P<.0001.

Compared to group 3:
z P<.05; zz P<.01; zzz P<.0001.
Ling. Maternal cardiac adaptation in hypertensive disorders of pregnancy. Am J Obstet Gynecol MFM 2023.
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Log10 SV in group 3 demonstrated the
physiological increase from visit 1 to visit 2,
after which it declined gradually with
advancing pregnancy. Log10 SV in group 1
was significantly higher than in groups 2
and 3 in visit 1 but demonstrated a dra-
matic linear decline immediately after
which persisted toward visit 4. Log10 SV in
group 2 plateaued from visit 1 to visit 2, fol-
lowed by a steeper decline, compared with
group 3 after visit 2. By visit 4, both groups
1 and 2 had significantly lower Log10 SV
than group 3. All 3 groups increased their
HR from visit 1 to visit 2 without any
significant difference among groups. From
visit 2 to visit 3, group 1 plateaued and
stayed at a significantly lower level than
groups 2 and 3 in the last 2 visits.
All 3 groups demonstrated a drop in

UA-PI z score from visit 1 to visit 2 fol-
lowed by an increase that continued
February 2023 AJOG MFM 5



TABLE 2
Multilevel linear mixed-effects models: estimated marginal means with 95% confidence interval

Variable Visit 1 Visit 2 Visit 3 Visit 4

Cardiac output (L/min)

Group 1 5.98z (5.57−6.43) 5.92 (5.50−5.57) 5.56z (5.15−5.99) 4.97zzz (4.58−5.37)

Group 2 5.52 (5.19−5.87) 5.74 (5.39−6.12) 5.48zz (5.14−5.83) 5.07zzz (4.75−5.40)

Group 3 5.46 (5.36−5.57) 5.86 (5.75−5.98) 6.05 (5.93−6.18) 5.86 (5.74−5.98)

Peripheral vascular resistance (dyn¢s¢cm�5)

Group 1 1247.38 (1150.80−1348.96) 1185.77 (1093.96−1285.29) 1348.96zzz (1241.65−1465.55) 1499.69zzz (1377.21−1636.82)

Group 2 1355.19 (1264.74−1448.78) 1312.20zz (1221.80−1406.05) 1364.58zzz (1273.50−1462.18) 1510.10zzz (1409.29−1618.10)

Group 3 1303.17 (1273.50−1330.45) 1180.32 (1153.45−1207.81) 1137.63 (1111.73−1164.13) 1196.74 (1169.50−1224.62)

Mean arterial pressure (mm Hg)

Group 1 91.62zz (89.13−94.62) 91.62zzz (88.92−94.41) 93.54zzz (90.57−96.38) 97.10zzz (93.97−100.23)

Group 2 92.68zzz (90.16−95.06) 92.26zzz (89.74−94.84) 92.47zzz (89.95−94.84) 95.94zzz (93.33−98.40)

Group 3 92.68 (87.10−89.74) 85.70 (84.33−87.10) 85.11 (83.75−86.49) 87.49 (86.10−88.92)

Stroke volume (mL)

Group 1 70.96+,z (65.77−76.74) 66.22 (61.24−71.61) 62.95 (57.94−68.08) 57.94z (54.08−63.53)

Group 2 64.27 (60.11−68.55) 63.83 (59.70−68.23) 57.94zzz (54.20−61.94) 54.08zzz (50.58−57.81)

Group 3 64.42 (63.20−68.19) 66.83 (65.61−68.23) 65.46 (64.12−66.83) 63.53 (62.23−64.86)

Heart rate (bpm)

Group 1 84.164 (81.208−87.120) 87.393 (84.390−90.396) 86.780zzz (83.705−89.857) 88.829z,+ (85.658−92.002)

Group 2 85.813 (83.240−88.386) 89.534 (86.931−92.137) 94.591 (91.976−97.207) 93.867 (91.241−96.491)

Group 3 84.781 (83.828−85.734) 87.901 (86.953−88.850) 92.526 (91.576−93.477) 92.455 (91.498−93.413)

Uterine artery pulsatility index z score

Group 1 0.733zzz (0.408−1.058) 0.406zzz (0.075−0.737) 0.772zzz (0.432−1.112) 0.819zzz (0.465−1.172)

Group 2 0.677zzz (0.398−0.957) 0.288zz (0.004−0.571) 0.451zz (0.166−0.736) 0.788zzz (0.502−1.074)

Group 3 0.212 (0.076−0.348) �0.142 (�0.279 to �0.004) 0.057 (�0.080 to 0.196) 0.166 (0.026−0.305)

Compared to group 1: *P<.05; **P<.01; ***P<.001.

Compared to group 2: +P<.05; ++P<.01; +++P<.0001.

Compared to group 3:
z P<.05; zz P<.01; zzz P<.0001.
Ling. Maternal cardiac adaptation in hypertensive disorders of pregnancy. Am J Obstet Gynecol MFM 2023.
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toward visit 4. Groups 1 and 2 demon-
strated significantly higher UA-PI z scores
than group 3 throughout pregnancy.

Comment
Principal findings
The results of this study demon-
strated that, after adjusting for con-
founders that affect maternal
hemodynamics, groups 1 and 2, com-
pared with group 3, had pathologic
cardiac adaptation. Group 1 demon-
strated significantly higher CO driven
by greater SV in the first trimester of
pregnancy but transitioned to low CO
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and high PVR than group 3. com-
pared with group 3, group 2 had no
significant difference in CO, SV, and
HR in the first 2 visits but thereafter
demonstrated a continuous decline in
CO and SV. Compared with group 3,
both groups 1 and 2 had persistently
elevated MAP and UA-PI throughout
pregnancy.

Results in the context of what is
known
The cardiac adaptation in the normoten-
sive group is in keeping with previous
reports that described an increase in CO
and a decline in PVR and MAP from
conception to the early third trimester of
pregnancy with a subsequent decrease in
CO and an increase in MAP and PVR
in the late third trimester of
pregnancy.29,30 In PE and GH in nullipa-
rous and predominantly White women,
Easterling et al31 described persistently
hyperdynamic profiles, whereas Bosio et
al15 described a late crossover in PE and
persistent hyperdynamic profile in GH.
Our results disagreed with this, as we
demonstrated that the timing of hemo-
dynamic crossover in PE manifested ear-
lier, just after visit 2 (19−24 weeks) and
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at least 10 weeks before the clinical diag-
nosis of PE. Similarly, contrary to these
studies, group 2 had a pathologic profile
after visit 2 rather than a persistently
hyperdynamic profile. These studies were
limited by small numbers, the exclusion
of parous women, no adjustment for
maternal characteristics, and mild sever-
ity of PE as most cases were delivered at
term with no difference in birthweight,
compared with normotensive pregnan-
cies. In addition, contrary to our find-
ings, Easterling et al31 reported no
difference in the hemodynamics of GH
and normotensive women, likely because
of inappropriate classification. GH had
an unusually high incidence of 45%, as it
was defined as a 15 mm Hg rise in dia-
stolic BP from booking.31 Another more
recent longitudinal study reported no
hemodynamic difference between PE
and non-PE.14 However, this study was
limited by only 3 cases of PE and no GH
case, indicative of a small sample size.

Strength and limitations
The strengths of this study included the
large sample size, the unselected popu-
lation, and the longitudinal assessment
of maternal cardiac variables. We
adjusted for maternal demographic
characteristics, such as weight, height,
age, race, previous obstetrical history,
and fetal growth that affect maternal
hemodynamics16−19,23 and excluded
chronic hypertension to avoid any con-
founding effects of antihypertensives
and hemodynamic abnormalities pre-
dating pregnancy. A limitation of this
study was that prepregnancy and post-
partum BPs were unknown. Therefore,
we could not exclude cases of undiag-
nosed chronic hypertension masked by
the physiological drop of BP in early
pregnancy or those where hypertension
persisted after delivery.

Clinical implications and
interpretation of findings
In our study, both hypertensive groups
demonstrated a pathologic hemodynamic
profile throughout pregnancy. The more
severe form of cardiac maladaptation in
our study, compared with those of previ-
ous studies,15,31 is likely explained by the
diverse population, containing women
with previous PE, Black or Asian race,
and other medical comorbidities.
Although this cohort had been shown to
have a reduced cardiovascular
reserve,18,19 their diversities are true rep-
resentations of an unselected antenatal
population.

Group 1, contrary to group 2, showed
a hyperdynamic profile in visit 1. This
could be because the former may be at
the early stage of borderline chronic
hypertension with established endothe-
lial function impairment.32,33 Outside
pregnancy, borderline hypertension is
characterized by elevated CO, because
of the translocation of blood volume
from the periphery to the cardiopulmo-
nary circulation, which leads to
increased shear stress with progressive
exacerbation of the endothelial
impairment and hypertrophy of the vas-
cular smooth muscles.34 A similar pic-
ture, where outside pregnancy takes
many years to evolve, is possibly seen in
a shorter timeframe because of the exag-
gerated hemodynamics of pregnancy, in
women with PE who transition from a
high CO state to the sudden increase in
PVR after visit 2. These changes will
cause concentric left ventricular (LV)
hypertrophy,35 reduced cardiac compli-
ance, and impaired diastolic function36

and explain the decline in SV and CO
as early as 20 to 23 weeks of gestation.

More importantly, our results in
group 2 defeated the notion that GH is
a milder disease compared with PE, at
least in terms of maternal cardiac adap-
tation. Group 2 demonstrated impaired
hemodynamics with elevated MAP,
PVR, and UA-PI z score throughout
pregnancy, with a decline in SV after
visit 2, leading to significantly higher
compensatory HR to maintain CO. An
explanation for their pathologic cardiac
adaptation could be the high prevalence
of women of Black race, higher booking
weight, and medical conditions, such as
asthma. We have previously shown that
women of Black race have a pathologic
pattern of maternal hemodynamic
adaptation,19 and asthma is a unique
risk factor for hypertension because of
augmented systemic inflammatory
response and the use of steroids and
betamimetics.37 Furthermore, the
higher HR in group 2 has been shown
to be a risk factor for future hyperten-
sion.38 It is believed to be associated
with an excessive sympathetic drive39

and is typically found among over-
weight individuals with greater insulin
resistance.40

This befits the characteristics of
women in group 2 who were heavier at
booking and subsequently had a higher
prevalence of gestational diabetes melli-
tus. These findings were in keeping with
epidemiological studies showing that,
similar to PE, GH signals an equal pre-
disposition toward increased risk of
future cardiovascular morbidity41 and
echocardiographic evidence that women
with GH have cardiac maladaptation
and impaired placentation from the first
trimester42−44 and that, in the third tri-
mester of pregnancy, the elevated PVR
causes reduced LV end-diastolic dimen-
sions and pathologic concentric
hypertrophy.45,46

Clinical and research implications
Both PE and GH have similar patho-
logic hemodynamic profiles in preg-
nancy. Therefore, contrary to current
guidelines, which consider GH a more
benign disease, both PE and GH should
be targeted equally in antenatal and
postpartum surveillance to mitigate
short-term pregnancy complications
and long-term cardiovascular risk. It is
possible that the cardiac maladaptation
shown in our study resulted from either
a suboptimal stimulus because of poor
placentation or a preexisting impaired
cardiovascular system. More impor-
tantly, cardiac maladaptation in both
HDP occurred as early as the first and
second trimesters of pregnancy. There-
fore, interventions to reduce the risk of
HDP should focus on either modifying
preconception factors, such as reversing
maternal obesity, or early pregnancy.
Finally, the adjusted cardiovascular
parameters indicated that absolute cut-
off values for cardiac parameters are
unlikely to distinguish between disease
and normality in the first half of preg-
nancy. Alternatively, more research
should focus on the trends of adjusted
cardiac variables in monitoring the pro-
gression of HDP.
February 2023 AJOG MFM 7
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Conclusion
After adjusting for confounders that
affect maternal hemodynamics in an
unselected pregnant population, women
with PE and GH, compared with nor-
motensive women, demonstrated simi-
lar cardiac maladaptation after 20
weeks of gestation. &

Supplementary materials
Supplementary material associated
with this article can be found in the
online version at doi:10.1016/j.ajogmf.
2022.100824.
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