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Background-—Hypertensive disorders complicating pregnancy are a major cause of maternal death. Our objective was to evaluate
maternal clinical, hemodynamic, and placental prognostic indicators in a consolidated manner to identify women who develop
hypertension in pregnancy.

Methods and Results-—Twenty-six normotensive pregnant women from a specialized Placenta Clinic at increased risk of
developing de novo hypertension and 20 normotensive healthy pregnant controls were recruited at 22 to 26 weeks’ gestation.
Fourteen maternal clinical, hemodynamic, and placental characteristics were assessed in the second trimester and aggregated.
Principal component analysis of this combined data set determined that 3 dimensions accounted for 56% of the cohort variability.
The first dimension accounted for 31% of the cohort variability, with significant contributions from total peripheral resistance,
endoglin, and cardiac output. The second dimension was predominantly influenced by body mass index and mean arterial pressure,
while uric acid and myeloperoxidase mainly contributed to the third dimension. Unsupervised clustering identified 3 groups within
this combined data set. Total peripheral resistance was the most significant distinguishing parameter between these groups
(P<0.0001), followed by placental growth factor, endoglin, and cardiac output (P<0.0001). Using these 4 parameters, a receiver
operating curve was constructed with an area under the curve of 0.975 (95% confidence interval 0.93–1) for the prediction of
developing hypertension in pregnancy.

Conclusions-—Consolidated assessment of prognostic indicators in the second trimester of pregnancy may be useful to
characterize and distinguish pathways by which women may develop hypertension in pregnancy. This approach could contribute to
the development of pathway-specific preventative and antihypertensive treatment strategies. ( J Am Heart Assoc. 2018;7:
e009595. DOI: 10.1161/JAHA.118.009595.)
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H ypertension in pregnancy is the second leading global
cause for maternal death following hemorrhage,

accounting for 14% of all maternal deaths worldwide.1

Prevention and management of hypertension in pregnancy
is a critical clinical initiative, as pregnant women presenting

with hypertension can rapidly deteriorate into a life-threaten-
ing hypertensive crisis that potentially requires hospitaliza-
tion, intense monitoring, and iatrogenic preterm delivery to
stabilize the maternal condition. In addition to the acute
significant maternal and perinatal risk associated with hyper-
tension during pregnancy, women with a history of hyperten-
sion in pregnancy are also at significantly higher risk of future
cardiovascular disease.2

It is well accepted that the majority of pregnant women
who subsequently develop hypertension in pregnancy exhibit
abnormalities in maternal hemodynamics before the clinical
development of hypertension, with or without aberrations in
circulating angiogenic proteins that regulate vascular function
early in pregnancy.3–5 The clinical syndromes of hypertension
in pregnancy are distinctly heterogeneous. Hypertension may
appear at different time points of pregnancy and may occur in
isolation or have concurrent features of preeclampsia. The
fetus may or may not be growth restricted, while the mother
may or may not exhibit features of placental dysfunction,
metabolic syndrome or have a family history of cardiovascular
disease. Importantly, the natural history in terms of risks for
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mother and fetus are also highly variable, and the ability to
predict these risks is an important priority. Consequently, the
obstetric and cardiology communities have made joint calls to
try and effectively utilize prognostic indicators as a strategy to
identify, classify and guide treatment for hypertensive disorders
of pregnancy.6–8 To effectively translate current knowledge and
develop effective pathway-specific therapeutic strategies, the
predictive value of clinical characteristics, maternal hemody-
namic and placental indicators must be evaluated.

The objective of the current study was to explore the
application of maternal clinical characteristics, hemodynam-
ics, and circulating levels of angiogenic proteins through
unsupervised classification to identify and characterize
distinct phenotypes of pregnant women who are at increased
risk of developing hypertensive disorders of pregnancy.

Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Selection of Pregnant Women
This is a secondary analysis of a prospective cohort study that
recruited normotensive pregnant women at low- and high-risk

of developing de novo hypertension in pregnancy.9 Low-risk
pregnant women were recruited from the prenatal clinics at
Mount Sinai Hospital, herein referred to as “healthy pregnant
women”. Inclusion criteria of the healthy group included a
singletonpregnancyat22 to26 weeks’gestationwithnoclinical
risk factors, maternal health concerns or fetal abnormalities.
Pregnant women at increased risk of hypertensive disorders of
pregnancy were recruited from the Maternal-Fetal Medicine
Division, Placenta Clinic at Mount Sinai Hospital; this clinic
specializes in placental complications, including preeclampsia
and fetal growth restriction. This group is herein referred to as
“screen-positive women”. Inclusion criteria for this group
included singleton pregnancy at 22 to 26 weeks’ gestation
accompanied by at least 2 of the following categories:
(1) abnormal placental biochemistry; (2) abnormal placental
shape or texture; (3) abnormal uterine artery Doppler; and
(4) abnormal clinical risk factor score. Exclusion criteria included
any additional maternal clinical risk factors or fetal health
concerns, includingpre-existingmaternal hypertension.9 Eligible
subjects were invited to participate in the study and provided
written informedconsent. This studywas reviewedandapproved
by the Human Subjects Review Committee of Mount Sinai
Hospital (MSH REB 12-0083-A).

Hemodynamic Assessment
Blood pressure, heart rate and non-invasive measures of
maternal cardiac output were assessed after 15 minutes of
rest in a quiet temperature- and humidity-controlled environ-
ment. Transthoracic bioreactance was used to estimate
stroke volume continuously for 15 minutes (Cheetah Medial,
Vancouver, WA). Pulsatility index of the uterine arteries was
determined using pulsed-wave Doppler (Philips Medical Sys-
tems, Eindhoven, Netherlands).

Biochemical Analysis
Venous blood samples were collected from the antecubital
vein.9 Serum and plasma samples were immediately sent for
biochemical analysis through Mount Sinai laboratory services
as part of routine clinical assessment, including complete
blood count, creatinine, uric acid and liver function tests.
Plasma samples were stored at �80°C and were later
quantified using ELISAs for placental growth factor (PlGF),
soluble fms-like tyrosine kinase-1 (sFlt-1), soluble endoglin,
myeloperoxidase and endothelin (R&D Systems, Burlington,
Ontario, Canada), according to manufacturers’ instructions.

Pregnancy Outcomes
Delivery information for all subjects was collected through
electronic medical records. Information collected included
gestational age at delivery, delivery mode, fetal demographics,

Clinical Perspective

What Is New?

• The development of hypertension in pregnancy places
women at significantly higher risk of maternal and fetal
adverse outcomes during pregnancy and increases their
long-term risk of cardiovascular disease and death.

• This study identified unique groups of clinical, hemodynamic
and placental variables that contribute to the development
of hypertension in pregnancy amongst pre-symptomatic
pregnant women in the second trimester.

• The phenotypes of pregnant women at low-, moderate- and
high-risk of developing hypertension in pregnancy were
characterized.

What Are the Clinical Implications?

• Our findings emphasize that hypertension in pregnancy may
evolve along several distinct pathways; this approach has
the potential to develop more effective preventative and
treatment strategies.

• Consolidated assessment of clinical, hemodynamic and
placental variables should be evaluated in a large-scale
prospective trial to assess the risk of pre-symptomatic
pregnant women for the development of a hypertensive
disorder of pregnancy.
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placental pathology reports and incidence of adverse preg-
nancy outcomes. Hypertensive disorders of pregnancy were
classified as gestational hypertension or preeclampsia. Ges-
tational hypertension was defined as systolic blood pressure
>140 mm Hg or diastolic blood pressure >90 mm Hg on 2
occasions at least 4 hours apart after 20 weeks’ gestation in
women with previously normal blood pressure. Preeclampsia
was defined as systolic blood pressure >140 mm Hg or
diastolic blood pressure >90 mm Hg on 2 occasions at least
4 hours apart after 20 weeks’ gestation in women with
previously normal blood pressure and proteinuria, defined as
>300 mg protein per 24-hour urine collection, a protein/
creatinine ratio >0.3 or a dipstick reading of 1+. In the
absence of proteinuria, preeclampsia was also defined as
hypertension accompanied by thrombocytopenia, renal insuf-
ficiency, impaired liver function, pulmonary edema or cere-
bral/visual symptoms.

Statistical Analysis
Statistical analysis and data visualization were performed by
R-Studio (1.1.383, RStudio, Inc 2016; Boston, MA, http://
www.rstudio.com). Since the data sets are continuous
numeric variables, FactoMineR (1.39) computed hierarchical
clustering on principal components approach was applied to
combine objective clustering technique with principal com-
ponents analysis results. The random missing values were
imputed by mice package (2.46.0). The optimized cluster
number was selected by NbClust (3.0) according to the
majority rule when 30 partitioning indices were calculated.
Factoextra package (1.0.5) was used for visualizing the cluster
results. Receiver operating curve plot was constructed
according to the 4 most significant variables highlighted in
principal components outcomes using ROCR (1.0–7) and
pROC (1.10.0) packages. Kruskal–Wallis rank sum test was
performed to compare statistical differences between multi-
ple groups. Normally distributed data are presented as
means�SD, whereas non-normally distributed data are pre-
sented as median (interquartile range). P values of <0.05 were
set as the threshold for significance.

Results

Demographic Characteristics and Pregnancy
Outcomes of Cohort
Twenty healthy women and 26 screen-positive women were
recruited for study participation. Detailed demographic and
delivery information has been previously reported (Table S1).9

While no women were clinically hypertensive in the second
trimester, screen-positive women demonstrated a low stroke
volume, high peripheral resistance hemodynamic profile with

lower circulating levels of the pro-angiogenic protein PlGF,
compared with healthy pregnant women (Table S1).9 Gesta-
tional age and birthweight were also significantly lower in
screen-positive women when compared with healthy pregnant
women, while the subsequent incidence of hypertensive
disorders of pregnancy was significantly higher (Table S1).9

This cohort therefore comprised of 46 pregnant women
with 14 variables relating to maternal clinical characteristics
(maternal age, body mass index, uric acid), hemodynamics
(mean arterial pressure, heart rate, stroke volume, cardiac
output, peripheral resistance, pulsatility index) and circulating
levels of angiogenic proteins (PlGF, endoglin, sFlt-1, myeloper-
oxidase, endothelin).

Principal Component Analysis
Principal component analysis is a statistical algorithm that
transforms original variables into linear combinations of lower
dimensionality variables, known as principal components.
These principal components represent the largest possible
variance in a data set that is then limited to the most relevant
parameters, therefore increasing the interpretability of com-
plex data.10 Principal component analysis suggested that the
dimensionality of the current cohort could be reduced to 3
dominant principal components that accounted for 56% of
variability among women for the characteristics assessed. The
dominant principal component, dimension 1, accounted for
31% of the total variance (Table 1). Amongst the 14 variables
assessed, the largest contributors to dimension 1 are
peripheral resistance (20%), endoglin (15%), cardiac output
(13%), and PlGF (10%) (Table 1; Figure 1). Dimension 2 was
largely contributed to by maternal body mass index (35%) and
mean arterial pressure (19%), while the main contributors to
principal component 3 were uric acid (21%) and myeloperox-
idase (21%) (Table 1; Figure 1).

Cluster Analysis
Cluster analysis is an explorative technique used to separate a
data set into natural groups, or “clusters,” that may have been
previously unidentified. This is a statistical method to identify
and characterize the subgroups that exist in a population. The
Nbclust function was utilized for cluster validity to determine
the optimal number of clusters.11 Of the 30 indices used by
this function, the majority (12) of indices proposed that 3
clusters were the optimal partition pattern.

Cluster 1 was comprised of 26 pregnant women (18
healthy pregnant women and 8 screen-positive women),
Cluster 2 was comprised of 15 pregnant women (2 healthy
pregnant women and 13 screen-positive women), and Cluster
3 was comprised of 5 pregnant women (0 healthy pregnant
women and 5 screen-positive women). There were significant
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differences between the clusters in maternal hemodynamics
(mean arterial pressure, stroke volume, cardiac output,
peripheral resistance, pulsatility index) and circulating angio-
genic proteins (PlGF, endoglin, sFlt-1), while none of the
maternal clinical characteristics were found to differ between
the 3 subgroups (Table 2). Peripheral resistance, PlGF,
cardiac output, and endoglin were the variables that differed
most significantly between the 3 clusters (P<0.0001,
Table 2).

Cluster 1 (herein referred to as “low-risk” of hypertension)
was characterized by a high volume, low resistance hemody-
namic profile with normal levels of circulating angiogenic
proteins and maternal blood pressure, along with normal
birthweight and 4% incidence of hypertensive disorders of
pregnancy (Table 2). Cluster 2 (herein referred to as “moder-
ate-risk” of hypertension) was characterized by a lower
volume, higher resistance hemodynamic profile compared
with Cluster 1, with higher sFlt-1 and blood pressure levels

Figure 1. Visualization of dimension 1 and dimension 2, accounting for 44% of the cohort variability.
Age indicates maternal age; BMI, body mass index; CO, cardiac output; HR, heart rate; MAP, mean
arterial pressure; MPO, myeloperoxidase; PI, pulsatility index; PlGF, placental growth factor; SV, stroke
volume; TPR, total peripheral resistance; UA, uric acid.

Table 1. Contribution of Significant Variables to the Top 3 Dimensions, Possibly Representing Unique Pathways to Hypertension in
Pregnancy

Variance
Dimension 1
31%

Dimension 2
13%

Dimension 3
11% Hypertension Phenotype

Peripheral resistance 20%

Placenta-mediatedEndoglin 15%

Cardiac output 13%

BMI 35% Maternal clinical characteristics

Mean arterial pressure 19%

Uric acid 21% Inflammation

Myeloperoxidase 21%

Dimension variability 48% 54% 42%

BMI indicates body mass index.
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(Table 2). Women in Cluster 2 also had lower birthweight and a
27% incidence of hypertension during pregnancy. When
compared with the women in Cluster 1, Cluster 3 (herein
referred to as “high-risk” of hypertension) exhibited a low
volume, high resistance hemodynamic profile with an elevated
anti-angiogenic protein profile and higher blood pressure levels
(Table 2). Pregnant women in Cluster 3 had a lower birth-
weight and 100% incidence of hypertension during pregnancy.
A visualization exhibiting individual patients within the clusters
on the respective principal components is provided (Figure 2).

Prediction Value of Second Trimester Screening
for the Development of Hypertension
The predictive value of second trimester maternal clinical,
hemodynamic, and angiogenic protein characteristics were
evaluated for the development of hypertension in pregnancy.
After input of individual variables, generalized linear models
were built to predict the potential pathological outcomes.
Maternal peripheral resistance was the best single predictive
factor for the development of hypertension in pregnancy (area
under the receiver operating characteristic curve 0.95,
specificity 0.89, sensitivity 0.90, threshold 0.19), followed
by endoglin, mean arterial pressure and PlGF, sFlt-1 (Fig-
ure 3A). The accuracy values of these variables were greater
than 80% (Table S2).

Because of the relatively small sample size of this cohort,
the 4 most significant variables that differentiated women into
3 clusters were arbitrarily selected as the consolidated
indicators for the prediction of hypertension, rather than the
consolidated assessment of all 14 variables. These variables
included a combination of hemodynamic and protein charac-
teristics, including peripheral resistance, endoglin, cardiac
output, and PlGF which were also supported by principal
component analysis outcomes for their strong contribution to
overall variability. The receiver operating curve performance
of this combined model had an improved area under the curve
value of 0.975 (specificity 0.97, sensitivity 0.90, threshold
0.39; Figure 3B).

Discussion
In the present study, we identified important hemodynamic,
clinical, and circulating protein variables that differentiate
pregnant women at low-, moderate-, and high-risk of developing
a hypertensive disorder of pregnancy. We then characterized
the phenotypes of pregnant women in the second trimester who
subsequently develop hypertension in pregnancy. Lastly, we
determined the most significant clinical cardiovascular and
circulating protein characteristics assessed in the second
trimester demonstrating promising potential for predicting the
development of hypertension in pregnancy.

Table 2. Pregnancy Outcomes and Hemodynamic, Protein and Clinical Characteristics of the Clusters Derives Through
Hierarchical Clustering on Principal Components

Cluster 1
Low-Risk (n=26)

Cluster 2
Moderate-Risk (n=15)

Cluster 3
High-Risk (n=5) P-Value Assessment Type

Incidence of hypertension 1 (4) 4 (27) 5 (100) <0.0001

Birthweight, kg 3.2�0.5 1.9�0.8 1.5�0.3 0.0001

Peripheral resistance, dynes�s/cm5 883 (766–998) 1156 (1095–1252) 1603 (1528–1706) <0.0001 Hemodynamic

PlGF, pg/mL 424�150 211�140 39�15 <0.0001 Protein

Cardiac output, L/min 7.2�1.0 5.9�0.71 4.6�0.71 <0.0001 Hemodynamic

Endoglin, pg/mL 5.9 (5–7) 7.9 (7–10) 32.3 (25–37) <0.0001 Protein

sFlt, pg/mL 1042�435 2386�1701 4214�2009 0.0002 Protein

Pulsatility index 0.93 (0.82–1.46) 1.8 (1.5–2.1) 2.5 (2.0–2.8) 0.0004 Clinical

Stroke volume, mL 93�15 79�15 63�7 0.0013 Hemodynamic

Mean arterial pressure, mm Hg 78�5 86�11 92�10 0.0021 Clinical

Endothelin, pg/mL 0.7 (0.6–1.0) 1.1 (0.5–1.8) 1.0 (0.7–3.1) 0.1110 Protein

BMI, kg/m2 26�4 28�5 28�5.5 0.3090 Clinical

Maternal age, y 33�3 34�4 33�6.0 0.4480 Clinical

Heart rate, bpm 79�9 76�9 75�10 0.5524 Hemodynamic

Myeloperoxidase, pg/mL 23�14 22�12 27�19 0.8345 Protein

Uric acid, lmol/L 201 (185–237) 233 (186–285) 260 (166–367) 0.9250 Clinical

Data are presented as mean�SD or median (interquartile range), as appropriate. BMI indicates body mass index; PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase-1.

DOI: 10.1161/JAHA.118.009595 Journal of the American Heart Association 5

Phenotypes of Hypertension in Pregnancy McLaughlin et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



The majority of variation in this cohort was accounted for by
3 principal components, thereby identifying the most relevant
of the maternal clinical, hemodynamic and protein parameters.
The first principal component was mainly contributed to by
parameters that are typically aberrant in clinical cases of
placenta-mediated hypertension, including peripheral resis-
tance, endoglin, cardiac output, and PlGF.12,13 Conversely, the
main contributors to the second and third principal compo-
nents align with pathways to hypertension relating to maternal
clinical characteristics and systemic inflammation, respec-
tively.14,15 These findings highlight the critical need for the
development of pathway-specific antihypertensive treatment
strategies, with the understanding that hypertension in
pregnancy does not involve only one common origin.7

Women at the highest risk of developing a hypertensive
disorder of pregnancy exhibit a distinct cardiovascular,
placental and clinical phenotype before the development of
hypertension, consistent with previous reports.3,9,16,17 To the
best of our knowledge, this is the first analysis to evaluate
clinical characteristics in a consolidated manner, rather than
individually. Interestingly, this analysis identified a group of
pregnant women who exhibited moderate abnormalities in
hemodynamic and circulating proteins, with only 27% of these
women subsequently developing hypertension in pregnancy.
This observation illustrates the importance of the interaction
between abnormalities in cardiovascular function and placen-
tal disease, which contrive together to mediate a clinically-
relevant hypertensive disorder of pregnancy.

Maternal characteristics in the second trimester were used
to predict the subsequent development of hypertension in

pregnancy. Principal component analysis identified the 4 most
important variables that significantly differentiated the cohort
of pregnant women into independent subgroups (peripheral
resistance, PlGF, cardiac output, and endoglin) produced an
area under the curve of 0.975 (95% confidence interval 0.93–1).
This is consistent with a recent study investigating maternal
biochemical and biophysical cardiovascular markers of preg-
nant women presenting with de novo hypertension, protein-
uria, or clinical suspicion of preeclampsia; total peripheral
resistance index, cardiac index and the sFlt-1/PlGF ratio were
identified as independent predictors of hypertension in
pregnancy.18 An additional investigation used maternal
hemodynamics to predict the development of preeclampsia
in pregnant women with bilateral notching of the uterine
artery Doppler; consistent with our findings, total peripheral
resistance was identified as the best independent predictor of
maternal and fetal complications.19 Relative wall thickness of
the left ventricle and left ventricular mass were also identified
as independent predictors of complications. Although the
current study involved a small cohort, the observations
provide support for further investigation into the role of
second trimester maternal hemodynamic and placental
screening for phenotypes of hypertensive disorders of preg-
nancy in a larger, heterogeneous population.

Current standard-of-care screening for hypertensive disor-
ders of pregnancy mostly relies on clinical risk factors,
although some centers have integrated PlGF testing into their
clinical platforms for preeclampsia screening.20,21 In a
nulliparous population, the addition of PlGF assessment in
the first trimester of pregnancy improved the identification of

Figure 2. Visualization of individuals from the low-, moderate-, and high-risk of hypertension clusters
overlaid on a principal component space of dimension 1 vs dimension 2.
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pregnant women at risk of preeclampsia, when compared with
clinical risk factors alone.21 Comprehensive cardiovascular
assessment is not currently standard-of-care in high-risk
pregnancy clinics, which merely measure maternal blood
pressure. Interestingly, the current study determined that the
variables that differed most significantly between the sub-
groups of pregnant women at low-, moderate-, and high-risk of
subsequent hypertension development were peripheral

resistance, PlGF, cardiac output, and endoglin. In addition,
the majority of standard maternal characteristics, such as body
mass index, maternal age, and uric acid, were not identified as
important variables for this prediction, although pulsatility
index of the uterine artery was established as a relevant
ultrasound-derived parameter. The consolidated assessment of
maternal hemodynamics, clinical characteristics and circulat-
ing levels of angiogenic proteinsmay provide critical insight into

A

B

Figure 3. Receiver operating curves for the prediction of hypertension in pregnancy using individual
maternal clinical, hemodynamic, and protein parameters (A) or the consolidated variables peripheral
resistance, endoglin, cardiac output, and PlGF (B). BMI indicates body mass index; MPO, myeloperoxidase.
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the key pathways that mediate hypertensive disorders of
pregnancy, integrating maternal placental development during
pregnancy and the response of the maternal cardiovascular
system to placental function. This cluster analysis approach
was recently used to identify novel subgroups of patients with
diabetesmellitus with unique characteristics and distinct risk of
disease complication; this information could result in specific
treatment pathways for patients with diabetes mellitus.22

The development of effective early pregnancy screening
programs for hypertensive disorders of pregnancy is a
critically important clinical initiative. As demonstrated in the
current study, non-invasive hemodynamic monitoring could be
a valuable addition to current methods available for the
screening and management of hypertensive disorders of
pregnancy. This suggests that consolidated screening strate-
gies may be superior to current standard-of-care screening
tools that are confined to maternal clinical risk factors and
placental function, although large screening trials are required
to validate the clinical utility of the current findings. It is
hypothesized that the inclusion of non-invasive hemodynamic
monitoring would translate into increased knowledge of
maternal cardiovascular function of each individual patient,
as well as the potential opportunity to initiate tailored,
personalized antihypertensive therapy.7 While there are
various antihypertensive therapies available for use during
pregnancy, these therapies can have differing effects on
maternal heart rate, cardiac output, and systemic vascular
resistance.23 Blood pressure control rates in non-pregnant
hypertensive populations were determined to be superior
when antihypertensive therapy was guided by patient hemo-
dynamics versus specialist care alone.24,25 In these trials,
predefined algorithms recommended increased vasodilator
therapy with reductions in b-blockers for patients with low
cardiac index and high vascular resistance; conversely,
increased b-blocker therapy with reductions in vasodilators
were recommended for patients with high cardiac index and
low systemic vascular resistance index. As recently reviewed,
few trials have evaluated hemodynamic-guided antihyperten-
sive therapy in pregnant women.7 Similar to the non-pregnant
literature, antihypertensive therapy based on cardiac output
and total peripheral resistance may be an effective therapeutic
strategy to improve maternal blood pressure control.23,26–29

Hemodynamic-guided antihypertensive therapy for pregnant
women presenting with any type of hypertension significantly
reduced the rates of severe maternal hypertension from 18% to
3.5%, when compared with standard care.30 Early detection and
characterization of hypertensive disorders of pregnancy should
also be investigated from a cost-savings perspective, as
maternal cardiovascular and circulating protein information
could impact decisionmaking and disease trajectory.31,32 From
a feasibility perspective, commercial non-invasive hemody-
namic monitoring systems are now available for the convenient

and safe monitoring maternal hemodynamics in pregnant
women. Such devices are of great clinical utility, allowing
clinicians to assess hemodynamic information that would
otherwise be unavailable and provide information that is directly
relevant to clinical care of women with high-risk pregnancies in
a safe manner during gestation.33 Future research should focus
on large, prospective studies that investigate the usefulness of
maternal hemodynamic, placental, and clinical indicators for
the screening and prediction of hypertensive disorders of
pregnancy in a heterogeneous population.

It is important to acknowledge the limitations of the
current study. The sample size of this study was small and
recruited women exclusively from a specialty placenta clinic,
targeting women at high-risk of preeclampsia. In addition, this
investigation excluded pregnant women with chronic hyper-
tension, an important subset of hypertensive pregnant
women. We also acknowledge that the high prevalence of
white women in this study may represent a potential selection
bias. Lastly, the pregnant women recruited for this study were
at low-and high-risk of developing de novo hypertension in
pregnancy on the basis of specific inclusion criteria. Future
research should therefore focus on evaluating the clinical
usefulness of consolidated screening strategies across the
general pregnant population.

Conclusions
Consolidated assessment of prognostic indicators in the
second trimester of pregnancy that include hemodynamic,
placental, and clinical characteristics may be useful to
precisely characterize and distinguish hypertensive women,
leading to pathway-specific screening programs with tailored
preventative strategies. This strategy may be superior to
current standard-of-care tools that solely assess maternal
clinical risk factors and placental function; the focus of future
research should be to validate these findings in a large-scale
screening trial.
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SUPPLEMENTAL MATERIAL 

 

 



Table S1. Demographic, hemodynamic, circulating protein and pregnancy outcome characteristics 

of healthy pregnant and screen-positive. 

 

 
Healthy Pregnant 

Women 

Screen-Positive 

Women 
P 

Second Trimester Assessment n=20 n=26  

   Maternal age, years 32 ± 3.0 34 ± 3.8 0.10 

   Gestational age, weeks 25 (23-25) 25 (23-25) 0.92 

   Ethnicity  

       Caucasian 

       Black/Caribbean 

       Asian/Indian 

 

15 (75) 

0 (0) 

5 (25) 

 

13 (50) 

3 (12) 

10 (38) 

0.13 

   BMI, kg/m2 25 ± 3.7 28 ± 4.3 0.04 

   Uric acid, μmol/L 202 (168-226) 234 (189-274) 0.09 

Maternal Hemodynamics    

   Mean arterial pressure, mmHg 77 ± 6 85 ± 9 0.003 

   Heart rate, bpm 75 ± 7 82 ± 12 0.03 

   Stroke volume, mL 95 (86-110) 76 (66-85) 0.002 

   Cardiac output, L/min 7.5 (6.5-8.3) 5.8 (5.3-6.6) <0.0001 

   Total peripheral resistance, dyn·s/cm5 877 (789-1083) 1179 (1015-1358) <0.0001 

   Pulsatility index of uterine artery 0.90 (0.79-0.95) 1.82 (1.5-2.1) 0.0002 

Circulating proteins    

   PlGF, pg/mL 444 (356-540) 185 (67-341) 0.0002 

   sFlt-1, pg/mL 1072 (310-1683) 1871 (655-3259) 0.27 

   Endoglin, ng/mL 6.2 (4.9-7.3) 9.7 (5.7-14.6) 0.004 

   MPO, ng/mL 25 (16-41) 19 (9.5-29) 0.11 

   Endothelin, pg/mL 0.69 (0.6-1.1) 0.9 (0.6-1.7) 0.15 

Pregnancy Outcome n=19 n=25  

   Gestational age, weeks 

        <34 weeks 

39 (38-40) 

0 (0) 

34 (33-38) 

13 (52) 

< 0.0001 

0.0001 

   Mode of delivery  

        Vaginal 

        Cesarean section 

 

14 (74) 

5 (26) 

 

11 (44) 

14 (56) 

0.07 

 

   Birthweight, kg 

        <10th centile  

3.32 (3.1-3.7) 

2 (11) 

1.80 (1.3-2.6) 

11 (44) 

< 0.0001 

0.02 

   Hypertensive disorder of pregnancy 

        Preeclampsia  

        Gestational hypertension 

      

1 (5) 

1 (5) 

0 (0) 

 

10 (40) 

7 (28) 

3 (12) 

 

0.01 

0.11 

0.25 

 

Data are presented as mean ± SD, median (interquartile range) or n (%) as appropriate.  

BMI indicates body mass index; PlGF indicates placental growth factor; sFlt-1 indicates soluble fms-like 

tyrosine kinase-1; MPO indicates myeloperoxidase.



Table S2. Screening test characteristics of the individual and consolidated variables (peripheral 

resistance, endoglin, cardiac output and PlGF) for the prediction of hypertension in pregnancy.  

 

 AUC 95% CI Threshold Specificity Sensitivity Accuracy 

Peripheral resistance 0.95 0.88-1.00 0.19 0.89 0.90 0.89 

Endoglin 0.93 0.86-1.00 0.11 0.81 1.00 0.85 

Mean arterial pressure 0.91 0.83-1.00 0.14 0.75 1.00 0.80 

PlGF 0.82 0.63-1.00 0.45 0.94 0.70 0.89 

Cardiac output 0.81 0.70-0.95 0.17 0.64 0.90 0.70 

Pulsatility index 0.81 0.67-0.95 0.10 0.56 1.00 0.65 

Stroke volume 0.75 0.59-0.92 0.20 0.69 0.90 0.74 

sFlt-1 0.70 0.46-0.94 0.29 0.92 0.60 0.85 

Endothelin 0.66 0.46-0.86 0.42 1.00 0.30 0.85 

BMI 0.59 0.38-0.79 0.19 0.36 0.90 0.48 

Heart rate 0.58 0.38-0.79 0.24 0.75 0.50 0.70 

Uric acid 0.56 0.35-0.77 0.20 0.53 0.71 0.57 

MPO 0.53 0.34-0.72 0.20 0.33 0.90 0.46 

Maternal age 0.53 0.28-0.77 0.31 1.00 0.20 0.83 

Consolidated factors 0.98 0.93-1.00 0.39 0.97 0.90 0.96 

 

PlGF indicates placental growth factor; sFlt-1 indicates soluble fms-like tyrosine kinase-1; BMI indicates 

body mass index; MPO indicates myeloperoxidase. 

 

 


