
Journal of the American Heart Association

J Am Heart Assoc. 2022;11:e023694. DOI: 10.1161/JAHA.121.023694 1

 

CONTEMPORARY REVIEW

Phenotype- Directed Management of 
Hypertension in Pregnancy
Kelsey McLaughlin , PhD; John W. Snelgrove , MD; Laura E. Sienas, MD; Thomas R. Easterling , MD; 
John C. Kingdom , MD; Catherine M. Albright , MD, MS

ABSTRACT: Hypertensive disorders of pregnancy are among the most serious conditions that pregnancy care providers face; 
however, little attention has been paid to the concept of tailoring clinical care to reduce associated adverse maternal and peri-
natal outcomes based on the underlying disease pathogenesis. This narrative review discusses the integration of phenotype- 
based clinical strategies in the management of high- risk pregnant patients that are currently not common clinical practice: 
real- time placental growth factor testing at Mount Sinai Hospital, Toronto and noninvasive hemodynamic monitoring to guide 
antihypertensive therapy at the University of Washington Medical Center, Seattle. Future work should focus on promoting 
more widespread integration of these novel strategies into obstetric care to improve outcomes of pregnancies at high risk of 
adverse maternal- fetal outcomes from these complications of pregnancy.
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The hypertensive disorders of pregnancy col-
lectively account for 14% of all maternal deaths 
worldwide and are among the most serious 

conditions that pregnancy care providers face.1 
Considerable progress has been achieved in the 
past 10  years toward a better understanding of the 
pathogenesis of preeclampsia, the most severe form 
of hypertension that develops during pregnancy, and 
its associated conditions.2 Hypertensive disorders of 
pregnancy have significant impacts on long- term ma-
ternal and perinatal health; for example, a diagnosis 
of early- onset preeclampsia increases a patient’s risk 
of lifelong cardiovascular disease- related mortality by 
approximately 75% in comparison with patients who 
remained normotensive.3– 5

Distinct pathways leading to hypertension in 
pregnancy have previously been identified, are mul-
tifactorial, and include preexisting maternal health, 
systemic inflammation, and abnormal placentation, in 
the pathogenesis of preeclampsia.6 Systemic hemo-
dynamics and circulating biomarker characteristics, 

including peripheral vascular resistance, circulating 
PlGF (placental growth factor) levels, and cardiac out-
put (CO), have been found to be superior to clinical 
characteristics such as body mass index, family his-
tory, and maternal age in distinguishing the major phe-
notypes of hypertension in pregnancy.6 Assessment 
of local uteroplacental hemodynamics, represented 
by the mean uterine artery pulsatility index deter-
mined by pulsed- wave Doppler ultrasonography, is 
an additional tool available to clinicians to differen-
tiate hypertensive phenotypes.6,7 This ultrasound 
modality identifies pregnancies at risk of developing 
the most common placental disease associated with 
early- onset preeclampsia, namely maternal- vascular 
malperfusion.8,9 Although uterine artery Doppler 
is a key component of first trimester screening and 
intervention to reduce the incidence of early- onset 
preeclampsia,10 it has not been widely adopted into 
North American clinical practice because of cost im-
plications and lack of evidence for its effectiveness at 
later stages of pregnancy.
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A recent investigation identified unique subgroups 
among preeclampsia patients based on maternal blood 
pressure trajectories, providing insight into unique ma-
ternal subphenotypes and associated pregnancy out-
comes.11 Integration of a consolidated assessment of 
clinical characteristics, maternal hemodynamics, and 
placental function may become a useful strategy to 
develop pathway- specific treatment programs that 
tailor clinical management to the underlying maternal 
phenotype.

Importantly, the development of effective multimodal 
screening for preeclampsia provides the opportunity to 
identify patients at increased risk of hypertensive dis-
orders of pregnancy in the late first and early second 
trimesters. Although multimodal screening effectively 
identifies patients at risk of early- onset preeclampsia, 
these strategies have not yet been widely adopted into 
clinical practice.10,12– 14 Low- dose aspirin (150– 162 mg/
day depending on available drug formulation) prophy-
laxis initiated between 11 to 14  weeks of gestation 
significantly reduces the incidence of early- onset pre-
eclampsia in patients identified as being at high risk 
for early- onset preeclampsia, with no effects on the 
incidence of late- onset preeclampsia or gestational 
hypertension.10 However, beyond low- dose aspirin 
prophylaxis, little attention has been paid to the con-
cept of tailoring clinical strategies to specific patients 
who develop hypertension in pregnancy to reduce as-
sociated adverse maternal and perinatal outcomes.

In this narrative review we focus on 2 strategies that 
we believe could allow clinicians to deliver more effec-
tive maternal- fetal care in the context of hypertensive 
disorders of pregnancy. The first tool is the provision of 
real- time maternal serum PlGF testing, which has been 
successfully integrated into the management of high- 
risk pregnancies at Sinai Health System in Toronto, 
Canada.9 The second is the use of noninvasive hemo-
dynamic profiling to guide antihypertensive therapy in 
pregnant patients, which has become standard clinical 
practice at the University of Washington Medical Center 
in Seattle, WA. Based on our combined experiences, 
we propose a pragmatic phenotype- based clinical ap-
proach that clinicians may adopt to deliver improved 
maternal and perinatal outcomes to hypertensive 

pregnant patients. Clinical case vignettes are included 
to illustrate how these concepts have been incorpo-
rated into high- risk pregnancy care at our institutions.

PATHOGENESIS AND CLINICAL 
PRESENTATION OF PREECLAMPSIA
Preeclampsia is a potentially severe hypertensive disor-
der of pregnancy characterized by new- onset maternal 
hypertension diagnosed after 20  weeks of gestation 
with associated end- organ damage involving 1 or 
more organ systems.15,16 The clinical presentation may 
vary from asymptomatic hypertension to critical hyper-
tensive emergencies with organ injury and circulatory 
compromise. Across this spectrum, patients can be 
broadly classified by disease severity into an early-  and 
a late- onset manifestation of preeclampsia.17,18 Patients 
who present early in pregnancy (<34 weeks of gesta-
tion) typically exhibit a more severe clinical phenotype 
that involves a higher degree of placental dysfunc-
tion and associated fetal growth restriction (FGR).19– 23 
Abnormal placentation is hypothesized to be one of 
the main pathways that underlies the pathogenesis  
of early- onset preeclampsia, mediating the elevation of 
antiangiogenic sFlt- 1 (soluble fms- like tyrosine kinase-
 1) protein and the suppression of proangiogenic PlGF 
protein. These endocrine changes interfere with sys-
temic maternal vascular function and mediate transient 
renal injury with proteinuria.23– 25 Patients who present 
with preeclampsia later in pregnancy (≥34  weeks of 
gestation) typically exhibit a less severe clinical phe-
notype and mild placental involvement that is unde-
tectable prenatally. The development of late- onset 
preeclampsia is by contrast predominantly associ-
ated with underlying maternal constitutional factors, 
including preexisting abnormalities of cardiovascular 
function.19– 21 In broad terms, the pragmatic clinical divi-
sion between early-  and late- onset preeclampsia based 
on a gestational age cutoff of 34 weeks distinguishes 
a minority of patients with severe placental dysfunc-
tion and growth restricted fetuses from the majority 
of patients with generally adequate placental func-
tion who have appropriately grown healthy fetuses.26 
Optimization of maternal prepregnancy hemodynam-
ics through exercise or other strategies has been sug-
gested as a potentially effective intervention to prevent 
preeclampsia and improve pregnancy outcomes.27,28

It would be of great clinical interest to develop a 
more thorough understanding of the relative impor-
tance of prepregnancy cardiovascular function in 
comparison with factors arising during pregnancy, 
especially the importance of placental diseases, and 
adverse pregnancy outcomes. Previous research has 
suggested that an altered prepregnancy hemodynamic 
phenotype in healthy women aspiring to conceive is 

Nonstandard Abbreviations and Acronyms

CO cardiac output
HR heart rate
PlGF placental growth factor
sFlt- 1 soluble fms- like tyrosine kinase- 1
SV stroke volume
TPR total peripheral resistance
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associated with the development of preeclampsia and 
FGR in the subsequent pregnancy.29

Although these tend to be the classic presentations, 
the timing of preeclampsia diagnosis is not always 
synonymous with clinical severity or typical maternal 
and fetal phenotypes. Common maternal risk factors, 
including moderate obesity, chronic hypertension, 
and renal disease, may exert important influences on 
prepregnancy maternal cardiovascular and metabolic 
health and therefore also affect the clinical presen-
tation, severity, and pregnancy outcomes of women 
destined to develop preeclampsia.30

PLACENTAL GROWTH FACTOR— 
IMPROVING THE PREDICTION AND 
DIAGNOSIS OF PREECLAMPSIA
PlGF is a proangiogenic protein released by the pla-
cental syncytiotrophoblast surface covering the float-
ing placental villi into the maternal circulation as an 
endocrine signal to promote normal systemic endothe-
lial function. In normal pregnancy, maternal PlGF levels 
rise to a peak at 28 to 30 weeks of gestation, declining 
beyond 36 weeks when normal fetal growth velocity 
decelerates.31,32 The increase in circulating PlGF levels 
in normal pregnancy mediates the adaptation of the 
maternal vasculature to pregnancy, characterized by a 
significant decline in systemic vascular resistance as 
pregnancy advances.33– 35 These adaptations facilitate 
the maintenance of normal blood pressure as maternal 
blood volume and CO increase to accommodate the 
metabolic needs of the growing fetus.36

Patients who subsequently develop early- onset 
preeclampsia, which is commonly associated with 
FGR, exhibit depressed circulating PlGF levels as early 
as late first or early second trimester.31,32 Previous 
research has determined that the measurement of 
circulating PlGF levels is an effective strategy for the 
prediction and diagnosis of preeclampsia and is being 
steadily adopted in some countries.37,38 Our group at 
Sinai Health System in Toronto integrated PlGF testing 
for pregnant patients with suspected placental dys-
function, hypertensive disorders of pregnancy, and/or 
FGR between 200 weeks and 356 weeks of gestation in 
March 2017. Based on clinical recommendations and 
previous research, we adopted a pragmatic gestational 
age- independent PlGF cutoff of 100 pg/mL; pregnant 
patients with PlGF levels <100 pg/mL are defined as 
having abnormal test results.39 Between March 2017 
and December 2019, 979 patients completed PlGF 
testing and delivered at Sinai Health System. We re-
cently reported our findings, confirming that preg-
nant patients with low PlGF levels were at strikingly 
increased risk of developing early- onset preeclampsia 
(adjusted odds ratio, 58.6; 95% CI, 52.3– 65.8), relative 

to at- risk patients with normal PlGF levels.9 Importantly, 
patients with low PlGF levels exhibited increased rates 
of preterm birth regardless of delivery indication, with 
over 60% delivering preterm and within a month of 
PlGF testing.9 Low PlGF levels were also associated 
with increased risk of stillbirth (adjusted odds ratio, 
16.1; 95% CI, 7.7– 34.0), which was mostly associated 
with underlying placental diseases, principally mater-
nal vascular malperfusion. A minority of stillbirths with 
normal maternal PlGF levels had a range of rare fetal 
causes.

The integration of PlGF testing has the potential to 
have profound practical effects on clinical decision- 
making and patient safety managing high- risk preg-
nancies at Sinai Health System (Figure  1). Clinical 
knowledge of PlGF levels and underlying placental 
function in high- risk pregnant patients supplements 
standard assessments of placental anatomy and pro-
vides an opportunity to both (1) identify normotensive, 
asymptomatic patients at the highest risk prior of de-
veloping placental- mediated complications, hyperten-
sive disorders of pregnancy and/or FGR; and (2) allow 
for the accurate and timely diagnosis of placental- 
mediated complications, hypertensive disorders of 
pregnancy, and/or FGR in symptomatic patients pre-
senting to obstetric clinics or triage. Research by our 
group and others has determined that abnormal PlGF 
levels typically indicate severe maternal and fetal phe-
notypes in high- risk pregnant patients.9,31,32 The inte-
gration of PlGF testing provides a clinical advantage 
to tailor the management of these patients based on 
maternal phenotype and potentially affect maternal 
and fetal outcomes. Future work will focus on the im-
pacts of PlGF testing on severe maternal outcomes, 
including eclampsia; renal, hepatic, or cardiac failure; 
and intensive care unit admission. Since the integra-
tion of PlGF testing at our center, potentially avoidable 
stillbirth in this high- risk population occurred at a rate 
of 2 per 1000 over the 2.5 year period, which is half 
of the reported risk of stillbirth in the unselected and 
unmonitored Canadian population of 7.8 per 1000 total 
deliveries.40

The prevailing view of clinicians working in our high 
volume (7600 births/year) center is that the integration 
of PlGF testing has greatly improved their confidence 
in the assessment and management of patients at risk 
of placental dysfunction, hypertensive disorders of 
pregnancy, and/or FGR.

Our group is also highly interested in evaluating the 
additional utility of sFlt- 1 testing in the clinical manage-
ment of high- risk patients. There is strong evidence to 
support sFlt- 1 testing as a prognostic and diagnostic 
tool for preeclampsia, either presented alone or more 
commonly as a sFlt- 1:PlGF ratio.31,38,41 Because of cost 
limitations and encouraging data regarding diagnostic 
test precision of PlGF alone,37,42 our center proceeded 
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with PlGF testing as a single biomarker. This decision 
was also based on the natural trajectories of PlGF and 
sFlt- 1 levels in normotensive and preeclamptic preg-
nancies, with PlGF levels typically differentiating much 
earlier than sFlt- 1 levels between affected and unaf-
fected women.31,43

PLACENTAL GROWTH FACTOR 
TESTING KEY POINTS
1. Recent data from our group at Sinai Health 

System determined that low PlGF status (<100 pg/
mL) in high- risk pregnant patients between 200 
and 356  weeks of gestation was associated with 
substantially increased rates of imminent preterm 
delivery and stillbirth associated with early- onset 
preeclampsia9

2. Based on clinical experiences from our group at 
Sinai Health System, the integration of PlGF testing 
into obstetrical care of high- risk pregnant patients 
represents a powerful, innovative tool that provides 
a unique insight into the maternal phenotype

3. The integration of PlGF testing in our center allows 
pregnant patients with normal PlGF levels to avoid 
unnecessary surveillance and interventions, and 
patients with low PlGF levels to receive appropriate 
maternal- fetal care, including admission for clinical 
monitoring and timely iatrogenic preterm birth

Clinical Case 1: Preeclampsia With Low 
PlGF Levels and Subclinical Cardiac 
Failure on Labetalol
A healthy 28- year- old G1P0 White patient with no 
clinical risk factors for preeclampsia was found to be 
hypertensive by her family physician at 30  weeks of 
gestation. A diagnosis of preeclampsia was estab-
lished in the obstetrical triage unit by serial blood pres-
sure recordings (averaging 145/95) and the detection 
of an elevated urine protein/creatinine ratio. Additional 
blood testing excluded hemolysis, elevated liver en-
zymes and low platelets syndrome. The patient was 
asymptomatic and reported normal fetal movements. 
The patient had a reactive nonstress test and fundal 
height was appropriate for gestational age. She was 
sent home on labetalol by mouth but returned 2 days 
later feeling progressively breathless. She denied any 
of the typical symptoms of preeclampsia. Her blood 
pressures continued to remain mild range. Her repeat 
laboratory evaluation was unremarkable. Labetalol was 
up- titrated and she was discharged. She returned again 
within 24 hours continuing to complain of worsening 
shortness of breath. Her blood pressure remained mild 
range. Maternal- fetal medicine was consulted, noting 
that the maternal heart rate values from her current and 

previous triage blood pressure assessments were low 
(65– 70 bpm) and she was hemoconcentrated (hemo-
globin 140 g/L). Her lung bases elicited some crackles 
on auscultation. A PlGF test (62 pg/mL) was very low, 
<2.5th centile for gestational age.44 A troponin was 
slightly elevated (32 units; normal <10) and her brain 
natriuretic peptide was substantially elevated (401 pg/
mL; normal <10). An ECG showed sinus rhythm. A 
bedside echocardiogram showed no valvular dysfunc-
tion but a significantly reduced CO for gestational age 
(3.1 L/min; normal 7 L/min— Figure 2A). A diagnosis of 
vasoconstrictive early- onset preeclampsia was made, 
with mild cardiac impairment. Labetalol was discon-
tinued and the patient was started on nifedipine XL 
30 mg twice daily, with subsequent improvements in 
blood pressure and respiratory symptoms. Her brain 
natriuretic peptide declined to 205 pg/mL. Ultrasound 
demonstrated features of FGR, with bilateral abnormal 
uterine artery Dopplers, a small placenta, and abnor-
mal umbilical artery Doppler. The patient was admit-
ted for observation, antenatal corticosteroids, and fetal 
monitoring. Ultimately, she had a planned cesarean 
delivery 10 days later at 31 + 3, owing to further dete-
rioration in umbilical artery Dopplers accompanied by 
abnormal fetal Doppler waveforms of the ductus veno-
sus. The placenta exhibited multiple features of severe 
maternal- vascular malperfusion pathology.

Clinical Case 2: Gestational Hypertension 
With Normal PlGF Levels Treated With 
Labetalol
A 38- year- old G3P2 patient of Filipino descent was 
found to have asymptomatic hypertension at her 35- 
week antenatal visit. Her body mass index was 32 
and she had diet- controlled gestational diabetes. 
An ultrasound examination demonstrated a normally 
grown fetus in the cephalic presentation. She was in-
duced between 35 to 36 weeks of gestation second-
ary to hypertensive disorders of pregnancy in her 2 
previous pregnancies in a community hospital. She 
was evaluated in triage by maternal- fetal medicine 
and her blood pressure averaged 140/90, with heart 
rate 85 to 90  bpm. Her bloodwork was normal, in-
cluding a hemoglobin of 103 g/L and a urine protein/
creatinine ratio was normal. A PlGF test was normal 
(142 pg/mL). A diagnosis of gestational hypertension 
was made. She was given labetalol 200 mg 3 times 
a day. Three days later, she felt well. Her blood pres-
sure averaged 132/78 and her heart rate averaged 72 
to 76 bpm. She remained stable through weekly ap-
pointments, leading to spontaneous labor and birth at 
39 weeks, with discharge home on postpartum day 1 
on a reduced 100 mg 3 times a day dose of labetalol 
for the following 7  days. Thereafter, she remained 
normotensive.
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NONINVASIVE HEMODYNAMICS— 
TAILORING ANTIHYPERTENSIVE 
THERAPY FOR PREGNANT PATIENTS

Pregnant patients exert significant cardiovascular ad-
aptations to support the demands of exponential fetal 
growth. These changes have been classically described 
as “a state of physiologic adaption to a protracted vol-
ume overloaded state with preserved intrinsic myocar-
dial contractility/relaxation.”36 Significant decreases in 
systolic and diastolic blood pressure are observed in 
the first trimester relative to nonpregnant patients, with 
subsequent normalization from the second trimester 
to term.36,45 Heart rate (HR), stroke volume (SV), and 
CO are significantly increased from the first trimester 
throughout gestation.36,45 Progressive increases in left 
ventricular mass are also observed in healthy pregnant 
patients, with adaptive changes to systolic and dias-
tolic function associated with increased SV.36

Patients who develop either early-  or late- onset 
preeclampsia exhibit contrasting hemodynamic and 
cardiovascular phenotypes, though both are initially 

recognized clinically by the detection of hypertension. 
Relative to normotensive pregnant patients, those 
with late- onset preeclampsia typically exhibit a high 
cardiac output, low total peripheral resistance hemo-
dynamic profile (referred to throughout the remainder 
of this article as “high output”), which is character-
ized by increased HR, increased SV, increased CO, 
and decreased total peripheral resistance (TPR); the 
increased cardiac workload may contribute to mild 
cardiovascular dysfunction.17,46– 49 In contrast, patients 
who develop early- onset preeclampsia typically exhibit 
a low cardiac output, high total peripheral resistance 
hemodynamic profile (referred to throughout the re-
mainder of this article as “high resistance”), which is 
characterized by increased TPR with decreased HR, 
decreased SV, decreased CO.17,46,47,49 Cardiovascular 
impairment is more severe in patients with early- onset 
preeclampsia, including biventricular systolic dysfunc-
tion that may lead to left ventricular hypertrophy.47

Although these are the classic hemodynamic profiles 
associated with late-  and early- onset preeclampsia, ad-
ditional hemodynamic profiles and patterns in pregnant 
patients with preeclampsia have been characterized. For 

Figure 1. Integration of placental growth factor (PlGF) testing into clinical care of high- risk pregnant patients: key points.
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example, hemodynamic crossover from a high output 
state to a high resistance state has been observed in 
patients with clinical preeclampsia; interestingly, patients 
with hemodynamic crossover exhibit high rates of in-
trauterine fetal demise.50,51 A hemodynamic phenotype 
characterized by high resistance has also been strongly 
linked to the development of FGR.51– 56

Understanding the underlying maternal hemody-
namics affords the opportunity to improve blood pres-
sure control in hypertensive pregnancies by providing 
a physiologic basis for the appropriate selection of an-
tihypertensive therapies. Refocusing on a new concept 
of normalizing hemodynamics as the primary goal of 
antihypertensive therapy could, in theory, prevent or 
at least mitigate progressive organ ischemia due to 
widespread systemic vasoconstriction and depressed 
CO. Promising research from a small number of trials 
suggests that antihypertensive therapy for pregnant 
patients guided by hemodynamics is more effective for 
the prevention of adverse pregnancy outcomes, such 
as severe hypertension and preterm birth, in compari-
son with generic prescribing of familiar drugs that have 
widely varying actions (reviewed in more detail here57). 
A recent case study also emphasized the potential ef-
fectiveness of optimizing antihypertensive medications 
based on underlying maternal hemodynamic dysfunc-
tion in a pregnant patient diagnosed with FGR in a hy-
pertensive crisis.58 A recent prospective cohort study 
determined that the risk of recurrent preeclampsia in 
a high- risk pregnant population could be significantly 
reduced through the tailored, phenotype- based in-
tervention with antihypertensive medications to nor-
malize maternal hemodynamic imbalance before the 

development of hypertension, relative to standard clin-
ical care.59 Importantly, this tailored approach did not 
have adverse effects on fetal growth. A phenotype- 
based approach has been successfully implemented in 
nonpregnant patients and has been shown to achieve 
superior blood pressure control than clinical judgment 
alone.60 Unfortunately, there are no phenotype- specific 
recommendations within existing clinical practice 
guidelines to guide antihypertensive therapy in preg-
nant patients.

The University of Washington Medical Center in 
Seattle has integrated noninvasive hemodynamic 
monitoring into standard clinical care since the late 
1980s. By using noninvasive monitoring technology, 
the group is aware of the evolving underlying hemody-
namics to guide the threshold and type of antihyper-
tensive medication selection. The UltraCOM Cardiac 
Output Monitor (Lawrence Medical, Redmond, WA), an 
operator- dependent Doppler echocardiography device 
that obtains the velocity time integral of blood flow ve-
locity in the ascending aorta is used.61 Hemodynamic 
measurements are made in the left lateral recumbent 
position after at least 5 minutes of rest. Blood pressure 
is measured in the left arm by an automated sphyg-
momanometer. The aortic diameter is measured with 
A- mode ultrasound just above the sinuses of Valsalva 
and is used to calculate cross- sectional area. SV is 
the product of cross- sectional area and velocity time 
integral. CO is the product of HR and SV. The mean 
arterial pressure is calculated using the standard for-
mula: mean arterial pressure=(2*diastolic blood pres-
sur+systolic blood pressure)/3, and TPR is calculated 
using the formula TPR=80*mean arterial pressure/CO. 

Figure 2. Nomograms generated by the University of Washington Medical Center team to interpret the maternal hemodynamics.
A, Longitudinal changes in cardiac output (mean±1 SD) in normotensive healthy pregnant patients, as estimated by UltraCom method 
at the University of Washington, Seattle. Blue line=mean cardiac output; red lines=1 SD. B, Relationship between mean arterial 
pressure and cardiac output. Isometric lines of total peripheral resistance (TPR) are included in order to display all parameters on 1 
graph.
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Before full integration of noninvasive hemodynamic 
monitoring into routine clinical care at the University 
of Washington Medical Center, multiple studies were 
performed to validate the technology in pregnant61– 63 
subjects and to characterize hemodynamic trajectories 
in normal and hypertensive pregnancies.45,64– 66 This 
methodology was then used to evaluate hemodynamic 
effects of antihypertensive medications in pregnancy 
with varying mechanisms of action, including atenolol, 
hydralazine, clonidine, and furosemide. The accumu-
lated experience evolved into a clinical guide on timing 
and choice of antihypertensive medications to be used 
to manage hypertensive disorders in pregnancy.67– 69

In the current model of care at the University of 
Washington Medical Center, patients at high risk of de-
veloping preeclampsia are referred to the Hypertension 
Consultation Program for both preconception and an-
tepartum consultation. Blood pressure is taken manu-
ally and automatically on at least 2 separate occasions 
from which mean arterial pressure is calculated. An 
UltraCOM hemodynamic assessment is performed to 
determine HR, CO, SV, and TPR. Each patient’s he-
modynamic data are plotted on nomograms to inter-
pret the CO and TPR (Figure 2). Treatment response 
in the context of the patient’s hemodynamic profile is 
assessed longitudinally throughout pregnancy. In this 
way, the overall response to treatment may be viewed, 
in addition to blood pressure control. Blood pressure 
targets are a systolic pressure <135 mm Hg and a di-
astolic pressure <85 mm Hg, as tight control of blood 
pressure is associated with fewer episodes of severe 
hypertension without negatively affecting neonatal 
birthweight.70 We use a similar target for nonpreg-
nant patients who present for preconception care and 
strongly recommend strict blood pressure manage-
ment before pregnancy, as excellent blood pressure 
control optimizes endovascular conditions and may 
reduce future risks of preeclampsia as well as early 
pregnancy loss (please see Data S1 and Figure S1 for 
a representative case of preconception management 
of chronic hypertension).71

The medication management strategy is then tai-
lored to the underlying hemodynamic phenotype of 
each patient (Table72– 74). Hypertensive patients with el-
evated CO (typically with low TPR) for gestational age 
receive beta- blockade (atenolol or labetalol), whereas 
those with elevated TPR (typically with low CO) are 
initially treated with vasodilation (nifedipine XL or hy-
dralazine). In patients with an elevated SV, persistent 
hypertension despite hemodynamic- tailored blood 
pressure therapy, and clinical signs of volume overload, 
a diuretic (furosemide) is considered. Patients who are 
prescribed furosemide are also given a prescription 
for potassium and routine assessment of the amniotic 
fluid volume is performed. Nonselective beta- blockade 
use in circumstances with low CO not surprisingly has 

been associated with FGR.75– 77 We therefore care-
fully monitor the CO response and adjust treatment 
accordingly, because an excessive drop in CO or in-
crease in TPR is associated with poor fetal growth.78 
Patients with elevated TPR are carefully monitored to 
evaluate for normalization of TPR and a consequent in-
crease in CO. The addition of low dose beta- blockade 
is considered for these patients in order to maintain 
blood pressure control in the setting of compensatory 
tachycardia. Finally, the association between low CO 
and FGR has implications for Doppler assessments, 
becaus the choice of antihypertensive agent may af-
fect umbilical Doppler waveforms.79 A logical selection 
and titration of drug treatment will likely mitigate these 
potential fetal risks.78,80,81

NONINVASIVE HEMODYNAMIC 
TESTING KEY POINTS
1. Classic phenotypes of hypertension include high 

output (increased HR, SV, and CO with decreased 
TRP) and high resistance (increased TRP with 
decreased HR, SV, and CO).

2. The high CO phenotype is more commonly asso-
ciated with late- onset preeclampsia, normal fetal 
growth, and more favorable maternal and perinatal 
outcomes.

3. The high resistance phenotype is more commonly 
associated with early- onset preeclampsia, FGR, and 
worse maternal and perinatal outcomes often in the 
setting of iatrogenic preterm birth.

4. Antihypertensive treatment that aims to normalize 
underlying hemodynamic abnormalities leads to 
superior blood pressure control and likely mitigates 
maternal and fetal risks.

Clinical Case 3: High Output Hypertension 
Despite Beta Blockade
A 35- year- old G5P3 presented to the Hypertension 
Consultation Clinic at 15  weeks of gestation with 
chronic hypertension and a history of preeclamp-
sia in each of her 3 prior pregnancies. During this 
pregnancy, her blood pressures at 8 and 11 weeks 
were 120/86 and 154/94. At her initial clinical visit at 
15 weeks, on no antihypertensive medications, her 
blood pressures were 120/78, 133/79, and 127/76, 
with a markedly elevated CO of 12.6, a TPR of 592, 
and an HR of 80 (Figure 3A and 3B). Given her high 
output state, she was started on atenolol 25  mg 
twice a day and returned at 28 weeks. In the interim, 
she was diagnosed with gestational diabetes and 
started on insulin. A growth ultrasound performed 
at 27  weeks demonstrated a normally grown fetus 
with an abdominal circumference approximately 
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2  weeks ahead. Her blood pressures at 28  weeks 
were 118/70, 120/74, and 125/74, with a CO of 10.8, 
a TPR of 674, and an HR of 73. Given her persistent 
elevation in CO, her atenolol was increased to 25 mg 
3 times a day. A growth ultrasound at 31  weeks 
demonstrated continued normal fetal growth with an 
abdominal circumference that continued to meas-
ure 2  weeks ahead. She was seen for a final visit 
at 34 weeks. On atenolol 25 mg 3 times a day, her 
blood pressures were 122/67, 122/73, and 123/74, 

with a CO that remained elevated at 11.5, a TPR of 
628, and an HR of 75. No medication changes were 
made at that time given reassuring blood pressures 
and adequate beta- blockade. She ultimately devel-
oped superimposed preeclampsia without severe 
features at 37+2  weeks with newly detected pro-
teinuria on a 24- hour collection. She underwent a 
repeat cesarean delivery of a 3420 g (86th centile) 
infant. She did well postpartum and was discharged 
to home on atenolol 25 mg twice a day.

Figure 3. Persistent high output state with chronic hypertension and delivery at 37 weeks.
Serial hemodynamic assessments demonstrated high cardiac output. Treatment with atenolol at 15 weeks reduced cardiac output 
toward normal, but in all stages of pregnancy the patient was in a hyperdynamic state. A, Serial cardiac output measurements. B, 
Relationship between mean arterial pressure and cardiac output with total peripheral resistance (TPR) plotted as isometric lines.
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A, Serial cardiac output measurements. B, Relationship between mean arterial pressure and cardiac output with total peripheral 
resistance (TPR) plotted as isometric lines.
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Clinical Case 4: Hemodynamically 
Directed Change in Medication
A 31- year- old G2P1 presented to the Hypertension 
Consultation Clinic at 16  weeks of gestation with a 
history of severe preeclampsia requiring delivery at 
31 weeks. During this pregnancy, her blood pressures 
at 7 and 12 weeks were 119/83 and 132/83. Her blood 
pressures at her initial clinical visits at 16 and 22 weeks, 
on no antihypertensive medications, were between 
104/64 and 118/71 with overall normal hemodynamic 
parameters (Figure 4A and 4B). No medications were 
initiated at those visits; however, her referring provider 
was advised to initiate atenolol 12.5  mg twice a day 
with blood pressures persistently greater than 135/85. 
At 26 weeks an ultrasound demonstrated fetal growth 
at the 11th centile. She returned at 30 weeks having 
been started on atenolol 25  mg once a day in the 
morning and 12.5 mg once a day in the evening by her 
primary provider for elevated blood pressures at home. 
At this assessment, her blood pressures were 114/68, 
115/70, and 101/69, with a CO of 8.8, a TPR of 724, 
and an HR of 82. She had a follow- up growth ultra-
sound on that day that showed stable fetal growth with 
an estimated fetal weight again in the 11%. Given her 
increasing CO and reported elevated blood pressures 
at home, her atenolol was increased to 25 mg twice a 
day. By 33 weeks her blood pressures were normal at 
102/70, 114/74, and 122/71, but her CO had dropped 
to 6.2 and her TPR had increased to 1135. A growth 
ultrasound demonstrated an estimated fetal weight in 
the 8th centile but now accompanied by an elevated 
umbilical artery Doppler pulsatility index. Given this 
change, she was observed on labor and delivery for 

fetal monitoring and medication adjustment. Her at-
enolol was decreased to 12.5 mg twice a day and she 
was started on nifedipine 30  mg XL daily to provide 
vasodilation and increase CO. Preeclampsia laboratory 
results at that time indicated that urine protein/creati-
nine ratio was normal. She was discharged home and 
returned for a final visit before delivery at 36 weeks. At 
that visit, on atenolol 12.5 mg twice a day and nifedi-
pine 30 mg XL daily, her blood pressures were 124/64, 
112/68, and 110/67. Her CO had increased to 7.0, her 
TPR had decreased to 929, and her HR was 72, which 
were interpreted as normal. Follow- up umbilical artery 
Doppler remained abnormal, but diastolic flow had im-
proved. She ultimately delivered by repeat cesarean 
delivery at 37 weeks for suspected FGR with abnor-
mal umbilical artery Doppler studies. Birthweight was 
2389 g (15th centile). The baby did well, and she was 
discharged home on atenolol 12.5 mg twice a day with 
normal blood pressures.

Clinical Case 5: High Resistance Treated 
With Hydralazine
A 33- year- old G1P0 patient at 32 weeks of gestation 
presented to the Hypertension Consultation Clinic be-
cause of new- onset hypertension. In early pregnancy 
her blood pressure was 130/80 and decreased in the 
second trimester. By 28  weeks, her blood pressure 
was 135/86 and then at 32  weeks was found to be 
154/109. Preeclampsia laboratory results at 32 weeks 
were normal, including a 24- hour urine that had no 
detectable proteinuria. A growth ultrasound demon-
strated an estimated fetal weight in the 15th centile. 
At her initial assessment, her blood pressures were 

Figure 5. High resistance state noted at 32  weeks requiring increasing doses of hydralazine with ultimate delivery at 
37 weeks.
A, Serial cardiac output measurements. B, Relationship between mean arterial pressure and cardiac output with total peripheral 
resistance (TPR) plotted as isometric lines.
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140/92 and 131/78, with a CO of 4.2, a TPR of 1822, 
and an HR of 67 (Figure 5A and 5B). She was started 
on hydralazine 5 mg twice a day given her high resist-
ance state. One week later her blood pressures had 
reduced to 125/79 and 124/73, with a CO that had in-
creased slightly to 5.5, a TPR of 1309, and an HR of 
64. The hydralazine was increased to 10 mg twice a 
day given the persistently elevated TPR. At 35 weeks, 
on hydralazine 10 mg twice a day, her blood pressures 
were 126/72 and 116/73, with a CO of 5.7, a TPR of 
1218, and an HR of 65. Her preeclampsia laboratory 
results remained normal. Her hydralazine was further 
increased to 10 mg 3 times a day and she was induced 
at 37 weeks’ 4 days in the setting of gestational hyper-
tension. Birthweight was 2722 g (28%). She continued 
hydralazine 10 mg 3 times a day upon discharge with 
stable blood pressures.

PROPOSED RECOMMENDATIONS 
FOR PHENOTYPE- DRIVEN CLINICAL 
CARE OF HYPERTENSIVE PREGNANT 
PATIENTS
Understanding the maternal phenotype provides 
a window of opportunity to tailor clinical manage-
ment and optimize decision- making for high- risk 
patients, complementing the current standard- of- 
care approach to high- risk pregnancy management 
(Figure 6).

Prepregnancy period
1. Clinicians are recommended to assess the pa-

tients’ obstetrical history and clinical risk factors 

to estimate the risk of preeclampsia in a sub-
sequent pregnancy.

2. In patients at high risk of developing preeclamp-
sia and/or with existing hypertension, noninvasive 
hemodynamic assessment may be considered, 
and the patient should be counseled to start low- 
dose aspirin prophylaxis by 12 weeks of gestation.

3. Knowledge of patients’ pre- pregnancy phenotype 
is valuable to optimize maternal health before preg-
nancy and provide a baseline to monitor hemody-
namic changes during pregnancy.

First Trimester
1. Multimodal screening of all pregnant patients is 

recommended to identify a screen- positive group 
of patients at high risk for preeclampsia who 
benefit from low- dose aspirin prophylaxis. Such 
models use family history, maternal clinical factors, 
blood- based biomarkers, mean arterial pressure, 
and uterine- artery pulsatility index to assess pre-
eclampsia risk.10,12,13

2. PlGF testing in the first trimester may be incorporated 
into first trimester screening to identify pregnant pa-
tients at high risk of early- onset preeclampsia.10,32

3. Initiation of low- dose aspirin prophylaxis may be rec-
ommended in patients identified as high risk either 
based on clinical risk factors alone or from multi-
modal screening in the first trimester.

4. Noninvasive hemodynamic assessment at the end 
of the first trimester for pregnant patients with ex-
isting hypertension or increased risk of developing 
hypertension during pregnancy; optimization of un-
derlying maternal hemodynamics based on pheno-
type is recommended.

Table 1. Mechanism of Action of Standardly Used Medications

Drug name
Usual oral starting dose 
(Maximum dose) Mechanism of action

Appropriate 
hemodynamic profile 
for therapy use

Atenolol 12.5– 25 mg twice a day  
(75 mg 3 times a day)

Competitively blocks response to beta- adrenergic stimulation, selectively 
blocks beta1- receptors with little or no effect on beta2- receptors except 
at high doses

High CO

Labetalol 200 mg twice a day  
(400 mg 3 times a day)

1. Blocks alpha1- , beta1- , and beta2- adrenergic receptor sites; 
suppresses elevated renin. Beta- specific isomer more rapidly 
metabolized in pregnancy than alpha- specific isomer. The ratio 
of alpha-  to beta- blockade for oral administration is 1:3 and for 
intravenous administration is 1:772,73

High CO

Hydralazine 5 mg 3 times a day  
(20 mg 4 times a day)

1. Direct vasodilation of arterioles (with little effect on veins) reduces 
systemic resistance. Although exact mechanism unknown, arterial 
vasodilation occurs independent of the overlying presumably 
damaged endothelium, within the vascular smooth muscle. 
Mechanisms of action include inhibition of calcium release from the 
sarcoplasmic reticulum and inhibition of myosin phosphorylation74

High TPR

Nifedipine XL 30 mg daily  
(60 mg twice a day)

Inhibits calcium ion entry into the “slow channels” or select voltage- 
sensitive areas of vascular smooth muscle and myocardium during 
depolarization, producing a relaxation of coronary vascular smooth 
muscle and coronary vasodilation; reduces peripheral vascular 
resistance, producing a reduction in arterial blood pressure

High TPR

CO indicates cardiac output; and TPR, total peripheral resistance.
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Second Trimester
1. Doppler assessment of placental function (uterine 

arteries) and fetal growth (umbilical arteries) is 
recommended. Screening pregnant patients to 
identify those at increased risk of preeclampsia 
continues to be recommended in the second 
trimester.24

2. Initiation of low- dose aspirin prophylaxis continues 
to be recommended in high- risk pregnant patients, 
ideally with therapy beginning before 16  weeks of 
gestation.

3. Based on our clinical experience at Sinai Health 
System, PlGF testing is recommended following 
20 weeks of gestation when clinicians are concerned 
about the risk of placental dysfunction, hypertensive 
disorders of pregnancy, and/or FGR9; the Society of 
Obstetricians and Gynaecologists of Canada rec-
ommends considering prophylactic doses of low- 
molecular weight heparin in patients at the highest 
risk of placental dysfunction, for example in those with 
low PlGF levels despite low- dose aspirin prophylaxis.

4. Based on our clinical experience at the University 
of Washington Medical Center, serial noninvasive 

assessment of maternal hemodynamics is recom-
mended with continued medication titration based on 
hemodynamics.

Third Trimester
1. Continued Doppler assessment of fetal growth 

and well- being is recommended, especially in the 
presence of impaired fetal growth and/or abnormal 
uterine artery Doppler.

2. Consideration of PlGF testing is recommended up 
to 356 weeks of gestation to assess the risk of immi-
nent preterm birth due to early- onset preeclampsia 
or the risk of stillbirth due to associated FGR.9

3. Continued serial noninvasive assessment of mater-
nal hemodynamics and optimization of underlying 
maternal hemodynamics based on phenotype are 
recommended.

The integration of PlGF testing and noninvasive he-
modynamic monitoring into standard clinical care at our 
respective institutions has significantly improved our 
ability to deliver phenotype- driven, tailored clinical care 
to high- risk pregnant patients. Our respective clinical 

Figure 6. Proposed recommendations for phenotype- driven clinical care of hypertensive pregnant patients.
LMWH indicates low molecular weight heparin; PlGF, placental growth factor; and sFlt1, soluble fms- like tyrosine kinase.
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experiences compliment recent evidence that the clini-
cal management of hypertensive disorders of pregnancy 
could benefit from a tailored approach.59,82 Pregnant pa-
tients with an abnormal phenotype require higher- level 
maternal- fetal care that may include steroid administra-
tion, admission for intensive monitoring and planned iat-
rogenic preterm birth. The integration of these innovative 
strategies into clinical care is equally as important for pa-
tients who exhibit normal maternal phenotypes, who can 
then avoid unnecessary monitoring and interventions. In 
addition to individualized therapy, both institutions have a 
systematic, team- based approach to coordinating care 
of hypertensive pregnant patients, which likely further 
improves outcomes.

The incorporation of a measure of placental function 
and noninvasive assessments of hemodynamic per-
formance permit clinicians to construct a more com-
prehensive picture of the pathogenesis of underlying 
placental disease and hemodynamics, which in turn 
informs clinical decision- making and has the potential 
to deliver improved maternal and perinatal outcomes. 
Relative to nonpregnant hypertensive patients, treat-
ment of hypertension in pregnancy is more time sensi-
tive and initial clinical decisions regarding management 
can have a significant impact on pregnancy outcomes. 
Understanding the underlying maternal phenotype can 
provide clinicians with a critical information to allow 
them to address the pathophysiology of each patient 
without a lengthy clinical workup, ideally preventing or 
minimizing disease progression.

CONCLUSIONS
In summary, a coordinated hypertension in pregnancy 
consultation program that has integrated PlGF testing 
for the screening and diagnosis of preeclampsia and 
noninvasive hemodynamic monitoring for optimiza-
tion of antihypertensive therapy has delivered signifi-
cant advances in the clinical management of pregnant 
patients with hypertensive disorders at our respec-
tive institutions. The integration of biomarkers for risk 
stratification and noninvasive hemodynamics to guide 
therapy may be able to (1) better identify the pathogen-
esis of maternal hypertension, (2) direct appropriate 
therapy that is safe for the fetus, and (3) ultimately pre-
vent adverse maternal and perinatal outcomes. Future 
work should focus on promoting more widespread in-
tegration of these novel strategies into obstetric care 
to improve maternal and fetal pregnancy outcomes of 
high- risk pregnancies.
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Data S1. 

Supplemental Clinical Case: Interpregnancy care following high resistance in a non-viable 

pregnancy  

A 27-year-old G2P0 patient was initially evaluated in the University of Washington Medical 

Center Hypertension Consultation Clinic at 22 weeks’ gestation. At 12 and 17 weeks, her blood 

pressures were 126/84 and 122/84. At 20 weeks, it was 150/106, and she was started on labetalol 

100mg BID. A 20-week ultrasound suspected fetal growth restriction, with a fetal abdominal 

circumference lagging 10 days behind gestational age. Blood pressures (132/80, 152/96, and 

148/102) remained elevated. Her non-invasive hemodynamic profile demonstrated a CO of 5.1, a 

TPR of 1846, and a HR of 60 (Figures 3A&B). These findings indicated a high resistance state. 

Preeclampsia labs were normal and urinary protein assessment was negative at the time of this 

initial evaluation. Labetalol was discontinued in favor of Hydralazine 10mg PO four times per 

day. She returned 2 weeks later with severe hypertension (200/100), proteinuria (P:C 0.6), 

elevated LFTs (100s), and severe FGR (EFW 464gms, 1%). With a diagnosis of severe 

preeclampsia with HELLP syndrome, the patient underwent induction of labor for maternal safety, 

delivering a stillborn infant weighing 480grams. Placental pathology demonstrated features of 

maternal-vascular malperfusion, (weight <10% for gestational age, two infarcts, with histologic 

evidence of accelerated villous maturation and decidual vasculopathy). Following intra-partum 

care, she was discharged home on Atenolol and Nifedipine.  

She returned for a preconception visit 7 months following delivery. At that visit, she was 

taking Atenolol 25mg BID and her blood pressures were 118/71 and 123/69. Her CO was 5.7 and 



 

her TPR was 1214, which were interpreted as normal findings entering pregnancy. She was 

counseled to have a high risk of recurrence of preeclampsia and advised to take low-dose aspirin 

prophylaxis in a subsequent pregnancy, alongside her current antihypertensive regimen. At 11 

weeks in her next pregnancy, she was taking Atenolol 25mg BID, had initiated low-dose aspirin, 

and her blood pressures were 118/68 and 112/64. Hemodynamic assessment demonstrated a CO 

of 6.7, a TPR of 951, and a HR of 73. Given these normal values, she was maintained on the same 

antihypertensive regimen. At a follow-up assessment at 23 weeks, an appropriately rising CO of 

7.7 and an appropriately low TPR of 824 were demonstrated. Given her clinical stability and 

normal blood pressures, no additional non-invasive hemodynamic monitoring was performed, and 

no additional blood pressure medication changes were made. She ultimately delivered vaginally 

at 36+4 weeks following induction for suspected fetal growth restriction (birthweight 2406g, 24th 

centile) and an elevated pulsatility index in the umbilical artery. She was discharged home on 

Atenolol 25mg BID with normal blood pressures. 

 

 

 



Figure S1. Initial presentation with a growth restricted non-viable pregnancy (G1 = red dots) demonstrating a high resistance state. 

7 months later in the non-pregnant state (red circle) she demonstrated a more normal hemodynamic state, which continued during her 

next pregnancy and led to a successful outcome near term (G2 = blue dots). A) Serial cardiac output measurements. B) Relationship 

between mean arterial pressure and cardiac output with total peripheral resistance (TPR) plotted as isometric lines.  
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