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The EVA Study: Early Vascular Aging in 
Women With History of Preeclampsia
Ana Werlang , MD, MSc; Amélie Paquin , MD, MSc; Thais Coutinho , MD

BACKGROUND: Early vascular aging (EVA) is associated with higher risk of adverse cardiovascular events and can be estimated 
noninvasively by assessing arterial hemodynamics. Women with a history of preeclampsia have increased risk of cardio-
vascular disease, but underlying mechanisms are incompletely understood. We hypothesized that women with a history of 
preeclampsia display persistent arterial abnormalities and EVA in the postpartum period.

METHODS AND RESULTS: We performed a comprehensive, noninvasive arterial hemodynamic evaluation in women with a history 
of preeclampsia (n=40) and age-matched controls with previous normotensive pregnancies (n=40). We used validated meth-
ods integrating applanation tonometry with transthoracic echocardiography to obtain measures of aortic stiffness, steady and 
pulsatile arterial load, central blood pressure, and arterial wave reflections. Presence of EVA was defined as aortic stiffness 
higher than that predicted from reference values based on the participant’s age and blood pressure. The association of preec-
lampsia with arterial hemodynamic variables was assessed with multivariable linear regression, and the association of severe 
preeclampsia with EVA was assessed with multivariable logistic regression, adjusted for confounders. We found that women 
with a history of preeclampsia had greater aortic stiffness, steady arterial load, central blood pressure, and arterial wave reflec-
tions when compared with controls. We observed a dose–response relationship, with the greatest abnormalities observed in 
subgroups with severe, preterm, or recurrent preeclampsia. Women with severe preeclampsia had 9.23 times greater odds of 
having EVA as compared with controls (95% CI, 1.67–51.06, P=0.011) and 7.87 greater odds of EVA as compared with women 
with nonsevere preeclampsia (95% CI, 1.29–47.77, P=0.025).

CONCLUSIONS: Our study comprehensively characterizes arterial hemodynamic abnormalities after preeclampsia and sug-
gests that specific subgroups of women with a history of preeclampsia exhibit greater alterations in arterial hemodynamics 
related to arterial health. Our findings have important implications for understanding potential links between preeclampsia and 
cardiovascular events, and suggest women with severe, preterm, or recurrent preeclampsia as subgroups who may deserve 
intensification of efforts for prevention and early detection of cardiovascular disease.
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Hypertensive disorders of pregnancy are the lead-
ing causes of maternal morbidity and mortality, 
and are often associated with a woman’s higher 

risk of cardiovascular disease later in life.1 Preeclampsia 
is a hypertensive disorder of pregnancy that occurs 
after 20 weeks of gestation, with a prevalence of 11.5 
per 1000 deliveries in Canada,2 7% to 10% of all preg-
nancies in the United States,3 and a 4.6% incidence in 
women worldwide.4 Existing data suggest that women 
who have had preeclampsia have a 4- to 8-fold higher 

risk of developing cardiovascular disease, and are 6 
times more likely to die of cardiovascular complica-
tions when compared with nonaffected women.3,5,6 
Although the pathophysiology predisposing some pre-
eclamptic women to future cardiovascular disease is 
not fully understood, some theories postulate that, de-
spite clinical resolution of preeclampsia after delivery, 
structural changes in central arteries persist leading to 
hemodynamic modifications that increase the overall 
cardiovascular risk.5,7
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Early vascular aging (EVA) is defined by adverse 
structural and biomechanical aortic modifications 
leading to aortic wall stiffening in an accelerated fash-
ion, manifesting years or decades earlier than the 
expected normal vascular aging. These alterations 
in arterial structure are demonstrated by increased 
carotid–femoral pulse wave velocity (cfPWV), which 
expresses aortic stiffness and is the hallmark of EVA.8 

Abnormally high cfPWV for age correlates with inability 
to properly repair vascular insults9 and leads to impair-
ment of aortic pressure-buffering function, which may 
in turn predispose to subclinical target organ dam-
age,10 left ventricular remodeling,11,12 and overt cardio-
vascular disease.8,13–15 The toxemic status to which 
women with preeclampsia are exposed during preg-
nancy adversely affects the endothelium and arterial 
function,5,9,16 which are the primordial mechanisms in 
a cascade of adverse events that eventually culminate 
in cardiovascular disease.16–20 Furthermore, women 
with a history of preeclampsia who have more adverse 
obstetric characteristics such as severe,21 preterm,22 
or recurrent23,24 preeclampsia experience higher risk 
of cardiovascular events than their nonsevere, non-
preterm, or nonrecurrent counterparts. As such, un-
derstanding arterial hemodynamics and arterial aging 
after preeclampsia, particularly as it relates to severity, 
timing, and recurrence, may help elucidate links to fu-
ture target organ damage and cardiovascular events.25

Based on this knowledge, we hypothesized that 
women with obstetric history of preeclampsia would 
display worse aortic stiffness and arterial hemodynam-
ics consistent with EVA, and that that aortic stiffness 
and arterial load would be highest among women with 
severe, preterm, or recurrent preeclampsia. To address 
these hypotheses, we performed a comprehensive, 
noninvasive arterial hemodynamic evaluation in women 
with a history of preeclampsia and age-matched con-
trols with previous normotensive pregnancies.

METHODS
The data that support the findings of this study are  
available from the corresponding author upon reason-
able request.

Study Participants and Design
We conducted a cross-sectional study of adult women 
with previous history of preeclampsia (n=40) and age-
matched controls with previous normotensive preg-
nancies (n=40) within 6 months to 6 years postpartum 
since their last pregnancy. The choice of this timeframe 
was based on our intention to study arterial hemody-
namics after the hemodynamics of pregnancy were no 
longer present (≥6 months postpartum), but not so late 
that cardiovascular disease would have already set in 
(since the average time lapse between a maternal pla-
cental syndrome and the incidence of first cardiovas-
cular event is 10 years).21 Preeclampsia was defined 
according to American College of Obstetricians and 
Gynecologists guidelines26 as the new onset of hyper-
tension after 20 weeks’ gestation associated or not with 
proteinuria in a previously normotensive woman. In the 
absence of proteinuria, preeclampsia was diagnosed 

CLINICAL PERSPECTIVE

What Is New?
•	 Women with a history of preeclampsia display 

significant abnormalities in arterial health and 
early vascular aging, especially in measures of 
aortic stiffness, central blood pressure, steady 
arterial load, and arterial wave reflections.

•	 Alterations in arterial health parameters post
partum exhibit a dose–response relationship, 
with the greatest abnormalities observed in 
women who experienced severe, preterm, or 
recurrent preeclampsia.

•	 The presence of any preeclampsia added an 
estimated 6 additional years to a woman’s 
expected arterial age, while preterm and 
recurrent preeclampsia added an equivalent of 
7 to 8 years, and severe preeclampsia added 
≈11 years to arterial age.

What Are the Clinical Implications?
•	 Given the known independent associations of 

measures of arterial stiffness and central hemo-
dynamics with future cardiovascular events, our 
findings suggest a mechanistic link connecting 
preeclampsia to worse arterial health and early 
vascular aging, and thus, cardiovascular disease.

•	 Since the worst abnormalities in arterial health 
were observed among women with severe, 
preterm, or recurrent preeclampsia, our study 
suggests that clinical and scientific efforts to 
target risk stratification and primary prevention 
may focus on preeclamptic women with these 
features in hopes of maximizing mitigation of 
cardiovascular risk.

Nonstandard Abbreviations and Acronyms

cfPWV	 carotid-femoral pulse wave velocity
DBP	 diastolic blood pressure
EVA	 early vascular aging
PAC	 proximal aortic compliance
SBP	 systolic blood pressure
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when multi-organ involvement occurred in addition to 
hypertension (ie, new onset of renal, or liver injury, or 
evidence of placental insufficiency). Term preeclamp-
sia was defined as onset of the disease at a gestational 
age of 37+0 weeks or later, and preterm preeclamp-
sia if onset any time before then. Severe preeclamp-
sia was defined as disease associated with end-organ 
dysfunction (evidence of neurologic, cardiovascular, 
hematological, renal, hepatic, and/or uteroplacental 
injury). Recurrent preeclampsia was defined as 2 or 
more previous pregnancies affected by the disease. 
Exclusion criteria were a history of surgical repair of the 
aorta, previous aortic valve replacement, more than 
mild aortic stenosis, more than moderate aortic regur-
gitation, and permanent atrial fibrillation or flutter, be-
cause these may confound the arterial hemodynamic 
assessment.

Participants were recruited between February 
2017 and October 2021 from Level 2 and 3 Obstetric 
Centres or the CardioPrevent Postpartum program in 
Ottawa, ON, Canada and invited for a single research 
encounter for clinical and hemodynamic assess-
ment. All research visits were conducted in the Non-
invasive Arterial Hemodynamics Research Laboratory 
at University Ottawa Heart Institute in ON, Canada. All 
participants completed a standardized questionnaire 
including past medical, gynecological, and obstetrical 
history, current medication use, and details regarding 
the index pregnancy evolution and outcomes. Race 
was self-reported based on categories from Statistics 
Canada.27 Brachial blood pressure (BP) was mea-
sured 3 times, 2 minutes apart, with participants in 
supine position using an electronic sphygmomanom-
eter (Non-Invasive Hemodynamics, Cardiovascular 
Engineering Inc., Norwood, MA) according to estab-
lished protocols for this arterial hemodynamic assess-
ment28,29; the average measure was used for analyses. 
Brachial pulse pressure was calculated as brachial 
systolic (SBP) – diastolic (DBP) blood pressures. Mean 
arterial pressure was calculated as [SBP+ (2×DBP)]/3. 
Chronic hypertension was defined as current use of 
antihypertensives or physician diagnosis. Diabetes 
was defined as physician diagnosis or use of insulin 
or oral hypoglycemic agents. Smoking history was de-
fined as having smoked ≥100 cigarettes in their life-
time. Anthropometric measurements were collected 
during the study visit, and body mass index was calcu-
lated in kg/m2. A blood sample was drawn for fasting 
lipids, hemoglobin A1c, and serum creatinine. Lifetime 
risk of cardiovascular disease (to age 95 years) was 
calculated for each participant according to the QRisk-
lifetime model.30 The study was conducted according 
to the principles from the Declaration of Helsinki. This 
protocol was approved by the University of Ottawa 
Heart Institute’s Research Ethics Board and all partici-
pants provided written informed consent.

Noninvasive Arterial Hemodynamic 
Assessment
Arterial tonometry integrated with echocardiography 
was performed to comprehensively characterize 
the arterial hemodynamics of each participant. All 
assessments were performed by 1 of 3 trained cardiac 
sonographers with substantial experience in arterial 
tonometry and the study protocol. All data were 
digitized during the primary acquisition and analyzed 
using a custom-built software capable of analysis of 
the pressure and flow data obtained (Cardiovascular 
Engineering Inc., Norwood, MA).

The noninvasive hemodynamic assessment has 
been previously described by our group28,31,32 and 
is summarized in Data  S1. Variables were obtained 
to assess 5 main elements of arterial hemodynam-
ics: aortic stiffness, central BP, pulsatile and steady 
arterial loads, and arterial wave reflections. For each 
participant, we measured (1) cfPWV, which is the cri-
terion standard measure of aortic stiffness; (2) steady 
arterial load (systemic vascular resistance, which is 
determined by the resistance imposed by peripheral 
arteries and arterioles); (3) pulsatile arterial load (aortic 
characteristic impedance, representing the pressure/
flow relationship in the proximal aorta in early sys-
tole; proximal aortic and total arterial compliances; 
and the amplitude of the forward pressure wave, 
which is generated by the interaction of the beating 
left ventricle with the elastic properties of the proximal 
aorta); (4) arterial wave reflections (amplitude of the 
reflected pressure wave, global reflection coefficient, 
representing the amplitude of the reflected pressure 
wave relative to amplitude of the forward pressure 
wave; and the augmentation index, representing the 
proportion of the central pulse pressure attributed to 
augmented pressure); and (5) central systolic and di-
astolic pressures, and central pulse pressure calcu-
lated as central systolic BP – central diastolic BP. EVA 
was defined as having a measured cfPWV higher than 
the estimated cfPWV based on each person’s mean 
arterial pressure and age, as in previously published 
reference values.33,34

Statistical Analysis
Continuous data are presented as mean±SD if close 
to being normally distributed, or as median and inter-
quartile range if skewed. Nominal data are presented 
as n (%). Characteristics of participants were com-
pared using a t test for normally distributed continu-
ous variables, a Wilcoxon rank-sum test for skewed 
continuous variables, the χ2 for nominal variables, 
and the Fisher exact test for nominal variables with 
low counts (≤5). The independent association of 
preeclampsia with arterial hemodynamics was as-
sessed with multivariable linear regression models 
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progressively adjusted for: age (Model 1); age, body 
mass index, serum creatinine, and history of hyper-
tension (Model 2); and age, body mass index, serum 
creatinine, gravidity, history of hypertension, hyperlip-
idemia, diabetes, and smoking (Model 3). In subgroup 
analyses, we repeated the multivariable linear regres-
sion models, this time subdividing the preeclampsia 
group based on preeclampsia severity (preeclamp-
sia with and without severe features), timing of onset 
(preterm versus term), and recurrence (single preec-
lamptic episode versus recurrent preeclampsia). For 
these subgroup analyses, a new variable with 3 levels 
was used in the models instead (ie, severe preec-
lampsia, nonsevere preeclampsia and controls; pre-
term preeclampsia, term preeclampsia and controls; 
recurrent preeclampsia, single preeclampsia and 
controls), always using the control group as refer-
ence. Results were presented as the adjusted mean 
difference for each hemodynamic variable among 
women with preeclampsia as compared with con-
trols, and its 95% CI. Lastly, we performed multivari-
able logistic regression models to predict EVA based 
on nonsevere versus severe preeclampsia status, 
while adjusting the models for the same covariates 
as in the linear regression models above. A 2-sided 
P value <0.05 was considered statistically significant. 
Statistical analyses were executed with the software 
JMP version 13 (SAS Institute Inc, Cary, NC). The cor-
responding author had full access to all the data in 

the study and takes responsibility for its integrity and 
the data analysis.

RESULTS
Our sample included 40 women with previous pre-

eclampsia and 40 age-matched controls with pre-
vious normotensive pregnancies, with a mean age 
35.8±3.9 years for the whole sample. A summary of 
our study’s design and results is depicted in Figure 1. 
None of the participants had fetal demise or pregnancy 
loss with the index pregnancy. Participant character-
istics are summarized in Table  1 and compared be-
tween preeclampsia and control groups. Both groups 
were similar in age, gravidity, number of living children, 
history of smoking, renal function, and family history 
of coronary artery disease or hypertensive disorders 
of pregnancy. Women with a history of preeclampsia 
had a greater burden of cardiometabolic abnormali-
ties, demonstrated by a higher body mass index, larger 
waist circumference, higher brachial SBP, DBP, and 
mean arterial pressure, hemoglobin A1c, triglycerides, 
total and low-density lipoprotein cholesterol, and 
higher prevalence of prepregnancy hypertension and 
diabetes as compared with controls. Because of this, 
women with preeclampsia had a higher estimated life-
time cardiovascular risk than controls (33.2% versus 
25.5% to age 95 years, respectively, P=0.0007). Six 

Figure 1.  The EVA study.
EVA indicates early vascular aging.
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Table 1.  Participant Characteristics

Variable Preeclampsia (n=40) Controls (n=40) P value

Age, y 35.7±4.5 35.9±3.1 0.863*

Race and ethnicity (n=67)

White, n (%) 29 (88%) 31 (91%) 0.514

Black, n (%) 0 1 (3%)

Hispanic/Latino, n (%) 1 (3%) 2 (6%)

Filipino, n (%) 2 (6%) 0

Other, n (%) 1 (3%) 0

Weight, kg 81.7±25.6 71.2±14.9 0.029*

Height, cm 161.9±7.6 165±5.4 0.039*

BMI (kg/cm2) – median (IQR) 27.8 (24.1–36.8) 24.7 (21.8–29.5) 0.020‡

Waist circumference, cm 98.8±20.2 86.2±13.3 0.002*

Brachial SBP mm Hg – median (IQR) 109 (102–125) 101 (95–106) <0.0001‡

Brachial DBP mm Hg – median (IQR) 62 (57–72) 54 (52–60) <0.0001‡

Brachial PP, mm Hg 49.5±12.1 46±8.2 0.139*

MAP mm Hg – median (IQR) 82 (76–93) 72 (69–75) <0.0001‡

Gravidity 0.841†

1, n (%) 12 (30%) 10 (25%)

2, n (%) 14 (35%) 17 (43%)

3, n (%) 6 (15%) 7 (17%)

>3, n (%) 8 (20%) 6 (15%)

Living children 0.101§

0, n (%) 1 (3%) 0

1, n (%) 18 (45%) 12 (30%)

2, n (%) 19 (47%) 23 (57%)

3, n (%) 0 4 (10%)

>3, n (%) 2 (5%) 1 (3%)

Time between last pregnancy and research study, y 2.0±1.2 2.6±1.2 0.030*

Gestational diabetes, n (%) 4 (10%) 0 0.112§

Onset of preeclampsia, GA in wks 33.7±5.0 … …

Preterm preeclampsia, n (%) 30 (75%) … …

Severe preeclampsia, n (%) 18 (45%) … …

Recurrent preeclampsia, n (%) 9 (22.5%) … …

History of smoking, n (%) 13 (32.5%) 9 (22.5%) 0.316†

Pregestational hypertension, n (%) 4 (10%) 0 0.116§

Pregestational diabetes, n (%) 3 (7.5%) 0 0.241§

Total cholesterol, mmol/L 5.0±0.9 4.5±1.0 0.041*

HDL cholesterol, mmol/L 1.6±0.4 1.6±0.3 0.207*

LDL cholesterol, mmol/L 2.9±0.7 2.4±0.8 0.012*

Triglycerides (mmol/L) – median (IQR) 1.0 (0.6–1.5) 0.8 (0.6–0.9) 0.017‡

Hemoglobin A1c, % 5.3±0.4 5.1±0.3 0.010*

Serum creatinine, mmol/L 62±8 62±8.9 0.742*

Estimated cardiovascular risk to age 95 y, %|| 33.2±2.0 25.5±8.0 0.0009*

Family history of CAD, n (%) 16 (40%) 11 (27.5%) 0.236†

Family history of HDP, n (%) 6 (15%) 7 (17.5%) 0.762†

BMI indicates body mass index; CAD, coronary artery disease; DBP, diastolic blood pressure; GA, gestational age; HDL, high-density lipoprotein; HDP, hypertensive 
disorders of pregnancy; IQR, interquartile range; LDL, low-density lipoprotein; MAP, mean arterial pressure; PP, pulse pressure; and SBP, systolic blood pressure.

*Comparison made using a t test.
†Comparison made using a χ2 test.
‡Comparison made using Wilcoxon rank-sum test.
§Comparison made using Fisher exact test.
||Based on estimation from the Qrisk-lifetime model.30
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(15%) of the 40 women with previous preeclampsia 
were still taking antihypertensive medications at the 
time of study participation, which were withheld 12 
hours before the assessment as per the protocol of 
the study.

Unadjusted comparisons of arterial hemodynamic 
measures between groups are depicted in Table 2 and 
Figure 2. Women with a history of preeclampsia had 
greater aortic stiffness, lower proximal aortic com-
pliance and total arterial compliance, higher steady 
arterial load, and arterial wave reflections than con-
trols, resulting in higher central BP in the preeclamp-
sia group. Table  S1 (Models 1–3) and Table  3 (fully 
adjusted Model 3 only) summarize the results of the 
multivariable linear regression models, demonstrating 
that women with a history of preeclampsia continued 
to exhibit significantly higher aortic stiffness, brachial 
and central BPs, steady arterial load, and arterial wave 
reflections than controls, despite adjustment for con-
founders. Since brachial and central SBP and DBP, 
mean arterial pressure, systemic vascular resistance, 
and reflected pressure wave amplitude were not nor-
mally distributed, we performed sensitivity analyses 
after removing the highest 5% values in each hemody-
namic variable’s distribution, and found that all variables 

except reflected pressure wave amplitude retained sta-
tistical significance (analyses not shown). These find-
ings demonstrate the presence of significant arterial 
dysfunction affecting multiple hemodynamic domains 
in young women with a history of preeclampsia.

Subgroup Analyses Based on 
Preeclampsia Severity, Time of Onset, 
and Recurrence
Unadjusted differences in arterial hemodynamics 
across subgroups are depicted in Figures  S1-S3. 
Results of the multivariable linear regression models 
comparing arterial hemodynamics based on preec-
lampsia severity are reported in Table  4. There was 
a demonstrable gradient of worsening arterial abnor-
malities from controls to nonsevere preeclampsia, to 
severe preeclampsia. While both nonsevere and se-
vere preeclampsia were independently associated 
with higher brachial and central SBP and DBP, and 
steady arterial load, the magnitude of these abnormali-
ties (as compared with controls) was greater among 
women with severe preeclampsia. In addition, women 
with severe preeclampsia also exhibited greater aortic 
stiffness than controls, while women with nonsevere 

Table 2.  Unadjusted Comparison of Arterial Hemodynamics Between Preeclampsia and Controls

Variable
Preeclampsia (n=40)  
mean±SD

Controls (n=40)  
mean±SD P value

Aortic stiffness

cfPWV, m/s 6.3±1.0 5.7±0.7 0.001*

e-aPWV (m/s) – median (IQR) 6.4 (5.9–7.0) 5.9 (5.6–6.1) <0.0001‡

EVA, n (%) 14 (45%) 3 (18%) 0.049†

Pulsatile arterial load

Zc, dyne × s × m−5 186.0±53.8 175.0±4.3.5 0.320*

Pf, mm Hg 39±11 37±9 0.323*

PAC (10−6 cm4/dyne) – median (IQR) 8.9 (6.9–10.4) 10.0 (8.7–12.0) 0.032‡

TAC, mL/mm Hg 1.5±0.5 1.7±0.4 0.049*

Central blood pressure

Central SBP, mm Hg 110 (97–122) 94 (90–100) <0.0001‡

Central DBP, mm Hg 62 (58–72) 54 (52–60) <0.0001‡

Central PP, mm Hg 46±14 39±8 0.010*

Steady arterial load

SVR, dyne×s×cm−5 1881.0 (1639.0–2133.0) 1571.5 (1397.5–1692.5) <0.0001‡

Arterial wave reflections

Pb, mm Hg 13 (10–17) 11 (10–13) 0.031‡

AIx, % 10.1±9.6 1.0±8.6 <0.0001*

GRC 0.35±0.07 0.32±0.06 0.015*

AIx indicates augmentation index; cfPWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; e-aPWV, estimated aortic pulse wave velocity 
calculated based on age and mean arterial pressure; EVA, early vascular aging; GRC, global reflection coefficient; IQR, interquartile range; PAC, proximal aortic 
compliance; Pb, reflected pressure wave amplitude; Pf, forward pressure wave amplitude; PP, pulse pressure; SBP, systolic blood pressure; SVR, systemic 
vascular resistance; TAC, total arterial compliance; and Zc, aortic characteristic impedance.

*Comparison made using a t test.
†Comparison made using a χ2 test.
‡Comparison made using Wilcoxon rank-sum test.
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preeclampsia did not. Conversely, the extent of abnor-
malities in arterial wave reflections was greater among 
women with nonsevere preeclampsia, which can be 
explained by the greater aortic stiffness in severe 
preeclampsia, and consequent decreased wave re-
flections in that subgroup.

Table  5 shows the results of the multivariable lin-
ear regression models based on the time of onset 
of preeclampsia. Women with preterm preeclampsia 
had significantly higher brachial and central BP, aor-
tic stiffness, steady arterial load, arterial wave reflec-
tions, and lower total arterial compliance than controls. 
When preeclampsia was diagnosed after 37 weeks, 
abnormalities in steady arterial load, albeit to a lower 
magnitude than that observed in preterm preeclamp-
sia, were noted. Additionally, arterial wave reflections 
were also higher in women with term preeclampsia 
than in controls. These findings support the notion that 
preterm preeclampsia may lead to a greater degree of 
arterial health damage, demonstrated by the worse ar-
terial abnormalities observed in that group.

Table 6 summarizes results of the multivariable lin-
ear regression models based on recurrence of the dis-
ease (1 versus 2 previous pregnancies affected with 

preeclampsia). Women who had recurrent preeclamp-
sia exhibited significantly higher brachial and central 
BP, aortic stiffness, steady arterial load, and arterial 
wave reflections than controls. Conversely, women 
who had only 1 preeclamptic pregnancy had higher 
brachial and central BP, systemic vascular resistance, 
and arterial wave reflections compared with controls, 
albeit to a lower magnitude than in women with 2 pre-
eclamptic pregnancies. This suggests cumulative in-
sults to arterial health with each affected pregnancy, 
culminating with more extensive deteriorations in ar-
terial health.

To enhance the interpretation of our findings, we 
compared the cfPWV of each study group with pub-
lished reference values for cfPWV for people in their 
30s (similar age to our participants).34 Based on the 
average increase in cfPWV of 0.7 m/s per decade, and 
the adjusted mean difference of 0.42 m/s between any 
preeclampsia and controls, 0.78 m/s between severe 
preeclampsia and controls, 0.52 m/s between preterm 
preeclampsia and controls, and 0.58 m/s between re-
current preeclampsia and controls, these values rep-
resented an additional 6 years in vascular age for any 
preeclampsia, additional 7 to 8 years of vascular age 

Figure 2.  Unadjusted comparisons of arterial hemodynamics between women with history of preeclampsia and controls 
with previous normotensive pregnancies.
Top row: measures of aortic stiffness and central blood pressure. Middle row: measures of steady arterial load and arterial wave 
reflections. Bottom row: measures of pulsatile arterial load. P value for the ANOVA is indicated in each graphic. AIx indicates 
augmentation index; cfPWV, carotid-femoral pulse wave velocity; cDBP, central diastolic blood pressure; cSBP, central systolic 
blood pressure; Central PP, central pulse pressure; GRC, global reflection coefficient; PAC, proximal aortic compliance; Pb, reflected 
pressure wave amplitude; Pf, forward pressure wave amplitude; SVR, systemic vascular resistance; TAC, total arterial compliance; 
and Zc, aortic characteristic impedance.
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for preterm or recurrent preeclampsia, and additional 
11 years of vascular age for severe preeclampsia, as 
compared with controls.

Lastly, in multivariable logistic regression models, 
the presence of severe preeclampsia was associated 
with 9.23 (95% CI, 1.67–51.06, P=0.011) greater odds 
of EVA as compared with controls and 7.87 (95% CI, 
1.29–47.77, P=0.025) greater odds of EVA as com-
pared with women with nonsevere preeclampsia. The 
nonsevere preeclampsia group had similar odds of 
EVA as compared with controls (odds ratio: 1.17, 95% 
CI, 0.29–4.77, P=0.824).

DISCUSSION
Our study has several novel findings: (1) women with a 
history of preeclampsia display significant abnormalities 

in multiple domains of arterial hemodynamics as com-
pared with age-and sex-matched controls; (2) altera-
tions in arterial health and hemodynamics are more 
pronounced in severe, preterm, and recurrent preec-
lampsia as compared with their nonsevere, term, 
and nonrecurrent counterparts, suggesting a dose–
response mechanism; (3) in this young age group 
(35.8±3.9 years), arterial health abnormalities seen after 
preeclampsia were restricted to brachial and central BP, 
aortic stiffness, steady arterial load and arterial wave re-
flections, without independent effects on pulsatile arte-
rial load; (4) having had preeclampsia added ≈6 years to 
the vascular age of affected women; and (5) EVA was 
significantly more likely to be present in women with 
severe preeclampsia than in nonsevere preeclampsia 
or controls. In conjunction, our findings highlight that 
preeclampsia independently correlates with worse arte-
rial health and EVA postpartum, with a dose–response 
relationship based on preeclampsia severity, time of 
onset, and recurrence.

To our knowledge, our study is the first to com-
prehensively characterize multiple domains of arterial 
hemodynamics after preeclampsia, and to extend this 
characterization to subgroups. Importantly, our study 
identifies women with previous preeclampsia who dis-
play the greatest abnormalities in arterial health and 
EVA (severe, preterm, or recurrent preeclampsia) and 
who may benefit most from early, targeted efforts at 
risk stratification and primary prevention of cardiovas-
cular disease.

Preeclampsia and Arterial Health
One potential mechanism for higher BP in preeclamp-
sia would be reduced ability of a dysfunctional kid-
ney to participate in long-term BP control. However, 
in our study renal function was not statistically dif-
ferent between preeclampsia and control groups. 
Furthermore, our findings were independent of serum 
creatinine, suggesting that the abnormalities in arte-
rial hemodynamics found among women with preec-
lampsia were independent of renal function. Previous 
studies demonstrate adverse effects of preeclampsia 
on endothelial function and arterial hemodynamics, 
even after clinical signs of the disease have re-
solved.35,36 Mechanistic links between preeclampsia 
and vascular damage eventually culminating with car-
diovascular disease remain incompletely understood. 
Various theories have postulated that preeclampsia is 
a consequence of endothelial dysfunction that leads 
to vasoconstriction, hypoxic–ischemic damage, and 
oxidative stress at the vascular level.5,16,36,37 In most 
preeclamptic women, the impaired placentation fails 
to accomplish vascular remodeling of spiral arteries 
during early pregnancy, with consequent tissue hy-
poxia that triggers a release of toxic antiangiogenic 

Table 3.  Summary of Multivariable Linear Regression 
Models Comparing Arterial Hemodynamics Between 
Women With History of Preeclampsia and Controls

Hemodynamic variable
Preeclampsia vs 
controls, aMD (95% CI) P value

Brachial blood pressure

SBP, mm Hg +7.2 (1.1 to 13.3) 0.021

DBP, mm Hg +6.9 (2.8 to 10.9) 0.001

MAP, mm Hg +8.0 (3.2 to 12.8) 0.001

Brachial PP, mm Hg +0.4 (−4.7 to 5.4) 0.888

Central blood pressure

Central SBP, mm Hg +10.0 (3.0 to 17.2) 0.006

Central DBP, mm Hg +7.0 (2.9 to 11.01) 0.001

Central PP, mm Hg +3.2 (−2.4 to 8.6) 0.260

Aortic stiffness

cfPWV, m/s +0.42 (0.007 to 0.82) 0.047

Steady arterial load

SVR, dyne×s/m5 +326.4 (170.2 to 482.6) <0.0001

Pulsatile arterial load

Zc,, dyne×s/m5 −1.8 (−26.0 to 22.4) 0.881

PAC, 10−6 cm4/dyne −0.35 (−2.13 to 1.44) 0.701

TAC, mL/mm Hg −0.12 (−0.35 to 0.10) 0.290

Pf, mm Hg −1.4 (−6.2 to 3.4) 0.558

Arterial wave reflections

Pb, mm Hg +1.8 (0.2 to 3.5) 0.033

GRC +0.05 (0.02 to 0.08) 0.0004

AIx, % +8.7 (4.6 to 12.8) <0.0001

Results are presented as the aMD for each hemodynamic measure between 
women with preeclampsia and controls, after adjustment for confounders in 
the multivariable model. The reported P value refers to the comparison of each 
hemodynamic measure between the two groups. AIx indicates augmentation 
index; aMD, adjusted mean difference; cfPWV, carotid-femoral pulse wave 
velocity; DBP, diastolic blood pressure; GRC, global reflection coefficient; 
MAP, mean arterial pressure; PAC, proximal aortic compliance; Pb, reflected 
pressure wave amplitude; Pf, forward pressure wave amplitude; PP, pulse 
pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance; 
TAC, total arterial compliance; and Zc, aortic characteristic impedance.
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factors such as soluble fms-like tyrosinekinase-1, 
soluble endoglin, and other inflammatory mediators, 
which enter the maternal circulation and induce en-
dothelial dysfunction.16,38 Soluble fms-like tyrosineki-
nase-1 is believed to be the main factor released 
in the pathogenesis of preeclampsia.39 It primarily 
counteracts the function of pro-angiogenic factors 
that usually reduce microvascular resistance, includ-
ing vascular endothelial growth factor and placental 
growth factor, by binding to them and preventing their 
ability to act on the endothelium.38 These angiogenic 
factors have been associated with cardiovascular 
disease and heart failure in the postpartum period.3,16

Previous studies have also shown low availability of 
NO, a potent vasodilator, in women with preeclamp-
sia.3,40 Such changes seen during pregnancy and in 
the postpartum period are linked to alterations in ar-
terial flow-mediated dilatation, implying endothelial 
functional abnormalities in those women. Additional 
mechanisms have been linked to preeclampsia and 
cardiovascular disease, as the inherent endothelial hy-
persensitivity to the angiotensin II receptor that leads to 

increased vasoconstriction in women with preeclamp-
sia. Additionally, the increased sympathetic nervous 
system activity associated with the disease leads to 
microvascular dysfunction and impaired vasodilata-
tion, which is directly associated with a higher risk of 
cardiovascular disease.3,16,38

EVA and Preeclampsia: Cause or 
Consequence?
Despite the substantial evidence linking preeclampsia 
to poor maternal arterial health and premature cardio-
vascular disease, there remains a knowledge gap re-
garding the temporality of these associations. Previous 
studies have suggested that women with underlying 
poor arterial health are predisposed to preeclamp-
sia.20,41 In this scenario, pregnancy would serve as a 
“natural stress test” leading to unmasking of underly-
ing vascular abnormalities and identification of women 
at high risk of cardiovascular disease. This proposition 
defines preeclampsia as a marker, rather than a cause, 
of suboptimal cardiovascular health. Conversely, 

Table 4.  Summary of Multivariable Linear Regression Models Comparing Arterial Hemodynamics Among Women With 
History of Preeclampsia With and Without Severe Features, and Controls

Variable
Nonsevere preeclampsia vs controls,  
aMD (95% CI)

Severe preeclampsia vs controls,  
aMD (95% CI)

Brachial blood pressure

SBP, mm Hg +4.2 (−3.7, 12.05), P=0.293 +9.1 (2.3, 15.9), P=0.010

DBP, mm Hg +6.2 (1.6–10.8), P=0.009 +7.9 (2.7–13.2), P=0.004

MAP, mm Hg +8.9 (2.7–13.6), P=0.004 +7.9 (1.7–14.2), P=0.014

Brachial PP, mm Hg +3.0 (−2.7, 8.6), P=0.295 +3.8 (−10.2, 2.7), P=0.249

Central blood pressure

Central SBP, mm Hg +8.5 (−0.7, 17.7), P=0.070 +11.2 (3.1–19.2), P=0.008

Central DBP, mm Hg +6.3 (1.6–11.0), P=0.010 +8.0 (2.7–13.3), P=0.004

Central PP, mm Hg +5.0 (−1.4, 11.2), P=0.121 +0.6 (−6.5, 7.6), P=0.882

Aortic stiffness

cfPWV m/s +0.19 (−0.26, 0.63), P=0.414 +0.78 (0.27–1.29), P=0.003

Steady arterial load

SVR, dyne×s/m5 +290.4 (111.5–469.2), P=0.002 +378.6 (178.0–579.4), P=0.0004

Pulsatile arterial load

Zc, dyne×s/m5 −1.67 (−29.53, 26.2), P=0.905 −2.05 (−33.31, 29.22), P=0.896

PAC, 10−6 cm4/dyne −0.23 (−1.80, 2.26), P=0.820 −1.20 (−3.47, 1.09), P=0.300

TAC, mL/mm Hg −0.09 (−0.35, 0.17), P=0.497 −0.17 (−0.47, 0.13), P=0.256

Pf, mm Hg +0.1 (−5.3, 5.6), P=0.964 −3.6 (−9.8, 2.5), P=0.240

Arterial wave reflections

Pb, mm Hg +2.7 (0.8–4.6), P=0.006 +0.6 (−1.3, 2.7), P=0.593

GRC +0.06 (0.03–0.09), P=0.0003 +0.04 (0.004–0.07), P=0.030

AIx, % +9.5 (4.9–14.2), P=0.001 +7.5 (2.3–12.7), P=0.006

Results are presented as the aMD for each hemodynamic measure between women with preeclampsia and controls, after adjustment for confounders in 
the multivariable model. The reported P value refers to the comparison of each hemodynamic measure between the 2 groups. AIx indicates augmentation 
index; aMD, adjusted mean difference; cfPWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; GRC, global reflection coefficient; MAP, 
mean arterial pressure; PAC, proximal aortic compliance; Pb, reflected pressure wave amplitude; Pf, forward pressure wave amplitude; PP, pulse pressure; SBP, 
systolic blood pressure; SVR, systemic vascular resistance; TAC, total arterial compliance; and Zc, aortic characteristic impedance.
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other studies have suggested that the oxidative stress 
caused by the ischemic placenta permanently impairs 
the mother’s arterial health,7,16,36 which in turn initi-
ates a series of arterial structural and functional insults 
that culminate in cardiovascular disease later in life. 
This proposition defines preeclampsia as a causative 
agent for cardiovascular disease in affected women. 
As a parallel observation, the same frameworks can 
be transposed to the realm of arterial hemodynamics 
and EVA: Are women with underlying EVA and worse 
arterial hemodynamics, who are perhaps predestined 
to have cardiovascular disease, more likely to develop 
preeclampsia when pregnant? Or do the toxemic ef-
fects of preeclampsia start a process of vascular dam-
age in previously healthy women, leading to worse 
arterial hemodynamics and EVA months to years later? 
Although our study significantly advances our under-
standing of arterial health and function after preec-
lampsia, its cross-sectional nature prevents us from 
unequivocally concluding the sequence of events. To 
definitively answer this question, longitudinal studies 
that compare arterial hemodynamics preconception, 

throughout pregnancy, and then postpartum are 
necessary.

Severe, Preterm, and Recurrent 
Preeclampsia: Greater Threats to the 
Arterial Health of Women
Our subgroup analyses revealed that women with se-
vere, preterm, and recurrent preeclampsia exhibited 
worse arterial hemodynamics than controls, translated 
into greater aortic stiffness, systemic vascular resist-
ance, and arterial wave reflections, and contributed 
to higher central and brachial BPs. Importantly, we 
found a dose–response gradient of arterial abnormali-
ties because women with severe, preterm, or recur-
rent preeclampsia had worse arterial hemodynamics 
than women with nonsevere, term, or nonrecurrent 
preeclampsia, who in turn had worse arterial health 
than women with previously normotensive pregnan-
cies. Furthermore, the greatest susceptibility to EVA 
was seen among women with severe forms of preec-
lampsia. Our findings are in concordance to those from 

Table 5.  Summary of Multivariable Linear Regression Models Comparing Arterial Hemodynamics Among Women With a 
History of Preterm Preeclampsia, Term Preeclampsia, and Controls

Variable
Term PE vs controls,  
aMD (95% CI)

Preterm PE vs controls, aMD 
(95% CI)

Brachial blood pressure

SBP, mm Hg +1.5 (−7.4 to 10.2), P=0.749 +10.1 (3.3 to 16.8), P=0.004

DBP , mm Hg +3.4 (−2.5 to 9.3), P=0.249 +8.6 (4.1 to 13.1), P=0.003

MAP, mm Hg +1.9 (−4.9 to 8.7), P=0.581 +11.1 (5.8 to 16.3), P<0.0001

Brachial PP, mm Hg −2.0 (−9.4 to 5.4), P=0.592 +1.6 (−4.2 to 7.3), P=0.599

Central blood pressure

Central SBP, mm Hg +0.7 (−10.318 to 9.043), P=0.896 +15.7 (8.03 to 23.3), P=0.0001

Central DBP, mm Hg +3.5 (−2.5 to 9.4), P=0.245 +8.8 (4.2 to 13.5), P=0.0003

Central PP, mm Hg −4.1 (−11.7 to 3.6), P=0.286 +6.9 (0.9 to 12.9), P=0.025

Aortic stiffness

cfPWV, m/s +0.17 (−0.42 to 0.76), P=0.574 +0.52 (0.08 to 0.10), P=0.023

Steady arterial load

SVR, dyne×s/m5 +237.42 (12.41 to 462.44), P=0.039 +372.75 (195.3 to 550.2), P<0.0001

Pulsatile arterial load

Zc, dyne×s/m5 +−32.27 (−65.93 to 1.34), P=0.060 +14.05 (−12.5 to 2.14), P=0.295

PAC, 10−6 cm4/dyne +2.0 (−0.45 to 4.45), P=0.108 −1.57 (−3.50 to 0.38), P=0.112

TAC, mL/mm Hg +0.16 (−0.16 to 0.48), P=0.320 −0.27 (−0.51 to −0.02), P=0.036

Pf, mm Hg −7.83 (−14.43 to − 1.23), P=0.021 +1.94 (−3.27 to 7.15), P=0.460

Arterial wave reflections

Pb, mm Hg +0.2 (−2.16 to 2.56), P=0.865 +2.66 (0.80 to 4.52), P=0.006

GRC +0.07 (0.03 to 0.11), P=0.001 +0.04 (0.01 to 0.07), P=0.008

AIx, % +9.73 (3.84 to 15.61), P=0.002 +8.15 (3.51 to 12.8), P=0.0008

Results are presented as the aMD for each hemodynamic measure between women with preeclampsia and controls, after adjustment for confounders in the 
multivariable model. The reported P value refers to the comparison of each hemodynamic measure between the 2 groups. AIx indicates augmentation index; 
aMD, adjusted mean difference; cfPWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; GRC, global reflection coefficient; MAP, mean 
arterial pressure; PAC, proximal aortic compliance; Pb, reflected pressure wave amplitude; Pf, forward pressure wave amplitude; PE, preeclampsia; PP, pulse 
pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance; TAC, total arterial compliance; and Zc, aortic characteristic impedance.
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Benschop et al, who defined EVA based on normative 
values for carotid intima-media thickness and dem-
onstrated that women with severe preeclampsia who 
had worse cardiovascular health scores also had older 
vascular age.42

Previous studies support that the longer women are 
exposed to preeclampsia (as observed in preterm and 
recurrent preeclampsia), the more pronounced are the 
hemodynamic insults to the arterial tree.5,17,36 In this 
context, it is plausible that greater magnitudes of car-
diovascular disruptions of more adverse subgroups of 
preeclampsia would translate into a more significant 
dysregulation of arterial health and dysfunction in the 
postpartum period.

These findings have important clinical implica-
tions, because although preeclampsia affects many 
pregnancies and increases risk of cardiovascu-
lar disease, most preeclamptic women do not de-
velop cardiovascular events. As such, public health 
policies mandating intense, annual cardiovascular 
risk stratification and screening of all reproductive-
age women with history of preeclampsia for many 

decades are likely unfeasible and potentially not 
cost-beneficial. Thus, it is of critical importance to 
identify subgroups of women with preeclampsia 
with the highest risk of future cardiovascular events, 
in order to focus screening and preventative ef-
forts on those who are most likely to benefit from 
them. Based on our findings, we identified women 
with severe, preterm, or recurrent preeclampsia 
as those exhibiting the greatest burden of arterial 
health abnormalities. Given the known associations 
of EVA and arterial hemodynamic alterations with fu-
ture cardiovascular events,8,14,15 these subgroups of 
women may represent focused targets for enhanced 
cardiovascular risk assessment and preventative 
strategies, which remains amenable to testing in fu-
ture longitudinal studies and clinical trials.

Strengths and Limitations
The main strengths of our study are the most ex-
tensive noninvasive arterial evaluation described to 
date in women with preeclampsia, and the ability to 

Table 6.  Summary of Multivariable Linear Regression Models Comparing Arterial Hemodynamics Among Women With 
History of Preeclampsia Recurrence, Single Preeclampsia, and Controls

Variable
1 pregnancy affected with preeclampsia vs controls, 
aMD (95% CI)

2 pregnancies affected with preeclampsia 
vs controls, aMD (95% CI)

Brachial blood pressure

SBP, mm Hg +5.9 (−0.6 to 12.6), P=0.074 +11.0 (1.3 to 20.7), P=0.027

DBP, mm Hg +4.8 (0.6 to 9.1), P=0.024 +13.0 (6.8 to 19.2) P<0.0001

MAP, mm Hg +5.9 (0.9 to 11.0), P=0.021 +14.3 (6.8 to 21.7), P=0.0003

Brachial PP, mm Hg +1.1 (−4.3 to 6.5), P=0.683 +2.0 (−10.1 to 6.1), P=0.623

Central blood pressure

Central SBP, mm Hg +8.2 (0.5 to 15.9), P=0.036 +15.6 (4.4 to 26.7), P=0.007

Central DBP, mm Hg +4.5 (0.5 to 9.2), P=0.027 +13.0 (6.8 to 19.3), P<0.0001

Central PP, mm Hg +3.4 (−2.7 to 9.2), P=0.273 +2.5 (−6.1 to 11.3), P=0.558

Aortic stiffness

cfPWV, m/s +0.36 (−0.08 to 0.79), P=0.101 +0.58 (−0.06 to 1.2), P=0.077

Steady arterial load

SVR, dyne×s/m5 +280.28 (112.49 to 448.1), P=0.001 +462.18 (217.65 to 706.71), P=0.0003

Pulsatile arterial load

Zc, dyne×s/m5 −1.65 (−27.94 to 24.85), P=0.908 +2.65 (−41.11 to 35.81), P=0.892

PAC, 10−6 cm4/dyne −0.06 (−1.99 to 1.87), P=0.949 +1.18 (−3.98 to 1.62), P=0.403

TAC, mL/mm Hg −0.07 (−0.31 to 0.17), P=0.550 −0.26 (−0.061 to 0.09), P=0.151

Pf, mm Hg −2.4 (−9.98 to 5.19), P=0.531 −1.07 (−6.28 to 4.13), P=0.682

Arterial wave reflections

Pb, mm Hg +1.84 (−0.8 to 4.5), P=0.168 +1.80 (−0.007 to 3.62), P=0.051

GRC +0.05 (0.02 to 0.08), P=0.001 +0.05 (0.01 to 0.09), P=0.016

AIx, % +8.42 (4.0 to 12.9), P=0.0003 +9.47 (3.03 to 15.92), P=0.005

Results are presented as the aMD for each hemodynamic measure between women with preeclampsia and controls, after adjustment for confounders in 
the multivariable model. The reported P value refers to the comparison of each hemodynamic measure between the 2 groups. AIx indicates augmentation 
index; aMD, adjusted mean difference; cfPWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; GRC, global reflection coefficient; MAP, 
mean arterial pressure; PAC, proximal aortic compliance; Pb, reflected pressure wave amplitude; Pf, forward pressure wave amplitude; PP, pulse pressure; SBP, 
systolic blood pressure; SVR, systemic vascular resistance; TAC, total arterial compliance; and Zc, aortic characteristic impedance.
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demonstrate a dose–response effect by compre-
hensively characterizing arterial health in subgroups 
of women with worsening features of preeclampsia. 
Furthermore, all participants were assessed 6 months 
postpartum or later, when the physiological hormonal 
and hemodynamic modifications of pregnancy are 
resolved.

Our study is not without limitations. First, inva-
sive measurement of arterial hemodynamics would 
be considered criterion standard. However, our 
noninvasive protocol has been previously validated 
and shown to correlate well with invasive mea-
sures,43 in addition to having high reproducibility.44,45 
Importantly, the noninvasive nature of the assess-
ment avoids the inherent risks of arterial catheter-
ization. We did not have information on advanced 
biochemical markers such as free fatty acids, which 
remains amenable to evaluation in future studies. 
Lastly, the cross-sectional nature of our analyses 
does not allow us to determine the causality or tem-
porality of the associations found.

Conclusions and Future Directions
Women with a history of preeclampsia display significant 
alterations in aortic stiffness, central BP, steady arterial 
load, and arterial wave reflections compared with 
age-matched women with previously normotensive 
pregnancies, confirming insults to arterial health 
that culminate in EVA in this population. In addition, 
we observed a dose–response effect, with worse 
alterations to arterial health observed among women 
with severe, preterm, or recurrent preeclampsia. The 
presence of preeclampsia alone added the equivalent 
of 6 additional years of vascular age to a woman, 
while early and recurrent preeclampsia added the 
equivalent of 7 to 8 years, and severe preeclampsia 
amounted to an additional 11 years of arterial age to 
affected women. These findings robustly confirm 
preeclampsia as an independent determinant of 
worse arterial health and EVA, and highlight women 
with early, recurrent, or severe preeclampsia as 
potentially higher risk individuals deserving focused 
scientific and clinical attention to mitigate their future 
risk of cardiovascular events. Our study serves as 
a solid foundation for future (1) longitudinal studies 
aimed at establishing the association of aortic 
stiffness and arterial hemodynamic measures with 
future incidence of cardiovascular events, (2) cross-
sectional studies to establish normative values for 
these measures in young women, and (3) randomized 
controlled trials using measures of aortic stiffness and 
arterial hemodynamics as therapeutic targets after 
preeclampsia. This ongoing investigation is necessary 
for incorporation of these hemodynamic measures in 
clinical practice after preeclampsia.
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Data S1. Supplemental Methods 
Non-Invasive Hemodynamic Assessment 

In summary, all participants were asked to withhold any vasoactive medications, 
alcohol, tobacco, and caffeine for 12 hours prior to the study. The study was performed by 
three trained cardiac sonographers with patients laying supine in a darkened room with 
controlled temperature. For assessment of carotid-femoral pulse wave velocity (cfPWV), transit 
distances were obtained from body surface measurements from the carotid tonometry site to 
the manubrium sternum and from the manubrium sternum to the femoral artery to estimate 
aortic path length (D) according to the subtraction method. This was followed by arterial 
tonometry of the femoral and carotid arteries, with simultaneous ECG recording. The time (t) 
between the onset of carotid and femoral waveforms was determined as the mean of at least 
10 consecutive cardiac cycles. cfPWV was calculated as D/t (m/s), where D is distance in meters 
and t is the time interval in seconds.  

For pressure-volume and wave separation analyses, blood pressure was measured 3 
times, 2 minutes apart, with an electronic sphygmomanometer using a cuff microphone over 
the right brachial artery to enhance fidelity. This was immediately followed by applanation 
tonometry of the right brachial artery. Average systolic and diastolic cuff pressures were used 
to calibrate the peak and trough of the signal-averaged brachial pressure waveform. Diastolic 
and integrated mean brachial pressures were then used to calibrate carotid, radial, and femoral 
pressure tracings obtained with arterial applanation tonometry. The carotid pressure waveform 
is used as a surrogate of the central aortic pressure waveform, given its immediate proximity to 
the aorta. To determine aortic flow, 2-dimensional Doppler echocardiography was used in left 
lateral decubitus to measure the left ventricular outflow tract (LVOT) diameter (parasternal 
long-axis view) and time velocity integral (apical long-axis view). Doppler audio was digitized 
online throughout these acquisitions. LVOT area was multiplied by LVOT velocity time integral 
to calculate aortic flow. This was immediately followed by repeat carotid tonometry in left 
lateral decubitus for estimation of central pressure nearly concurrently with estimation of 
aortic flow.  

From the calibrated carotid pressure waveform, central systolic blood pressure (cSBP), 
central diastolic blood pressure (cDBP), and central pulse pressure (cPP) were estimated. During 
pressure/ flow analyses, systemic vascular resistance (SVR, representing the steady resistive 
load imposed by peripheral arteries and arterioles) was calculated as the impedance at zero 
frequency (Z0). Aortic characteristic impedance (Zc) represents aortic opposition to pulsatile 
inflow from the contracting left ventricle. Zc was calculated in the time domain as the ratio of 
increase in central pressure to the corresponding increase in aortic flow in early systole. Total 
arterial compliance (TAC) was estimated using the diastolic area method in the last 2/3 of 
diastole as previously validated. We also estimated proximal aortic compliance (PAC), 
calculated from the Bramwell–Hill equation: PAC = VΔP/ρΔV, where V is aortic volume, P is 
aortic pressure, and ρ is blood density. Lastly, when aortic pressure and flow are known, 
forward (Pf) and reflected (Pb) pressure waves can be separated, and the amplitude (peak 
minus trough) of each wave is assessed. Overall, these methods have been shown to be highly 



correlated with invasive measures and to have high reproducibility, with intraclass correlation 
coefficients of 0.93-0.95.33,44

Power estimation 

Post-hoc power calculations were made for cfPWV, which is the established measure of arterial 
aging and the only parameter with published normative values in the population. The median 
cfPWV for individuals who are 35 years old (average age in our sample) is 6.29 m/s with SD of 
0.937 m/s for women33. Using a t-test assuming a 0.5 m/s difference in cfPWV between 
preeclampsia and controls, and a two-sided alpha of 0.05, our sample size of 40 participant per 
arm was predicted to have approximately 70% power to detect a difference in cfPWV between 
the two groups. 



 

Table S1. Results of multivariable linear regression models with increasing number of 
adjustment covariates, demonstrating the mean difference and 95% confidence interval for 
each hemodynamic variable between preeclampsia and control groups. 

Variable Model 1* 
aMD (95% CI) 

between PE and 
controls 

Model 2 † 
aMD (95% CI) 

between PE and 
controls 

Model 3 ‡ 
aMD (95% CI) 

between PE and 
controls 

Brachial blood pressure 
SBP (mmHg) +13.4 (7.4, 19.4) 

P<0.0001 
+8.2 (2.2, 14.2) 

P=0.008 
+7.2 (1.1, 13.3) 

P=0.021 
DBP (mmHg) +10.0 (6.1, 13.8) 

P<0.0001 
+7.5 (3.5, 11.4) 

P=0.003 
+6.9 (2.8, 10.9) 

P=0.001 
MAP (mmHg) +12.6 (8.0, 17.3) 

P<0.0001 
+8.8 (4.1, 13.5) 

P=0.0004 
+8.0 (3.2, 12.8) 

P=0.001 
Central blood pressure 
Brachial PP (mmHg) +3.5 (-1.2, 8.1) 

P=0.141 
+0.8 (-4.1, 5.6) 

P=0.755 
+0.4 (-4.7, 5.4) 

P=0.888 
Central SBP (mmHg) +17.2 (10.3, 24.1) 

P<0.0001 
+11.2 (4.3, 18.1) 

P=0.002 
+10.0 (3.0, 17.2) 

P=0.006 
Central DBP (mmHg) +10.2 (6.3, 14.1) 

P<0.0001 
+7.6 (3.6, 11.6) 

P=0.0003 
+7.0 (2.9, 11.01) 

P=0.001 
Central PP (mmHg) +7.0 (1.8, 12.2) 

P=0.0009 
+3.6 (-1.7, 8.9) 

P=0.179 
+3.2 (-2.4, 8.6) 

P=0.26 
Aortic stiffness 
cfPWV (m/s) +0.68 (0.30, 1.07) 

P=0.0006 
+0.46 (0.06, 0.86) 

P=0.026 
+0.42 (0.007, 0.82) 

P=0.047 
Steady arterial load 
SVR (dyne x s/m5) +351.1 (192.8, 509.4) 

P<0.0001 
+339.4 (154.1, 494.8) 

P<0.0001 
+326.4 (170.2, 482.6) 

P<0.0001 
Pulsatile arterial load 
Zc, (dyne x s/m5) +11.1 (-11.0, 33.1) 

P=0.320 
+0.49 (-22.9, 23.9) 

P=0.967 
-1.82 (-26.03, 22.39) 

P=0.881 
PAC (10-6 cm4/dyne) -1.54 (-3.14, 0.07) 

P=0.060 
-0.64 (-2.38, 1.10) 

P=0.467 
-0.35 (-2.13, 1.44) 

P=0.701 
TAC (mL/mmHg) -0.21 (-0.42, -0.0001) 

P=0.049 
-0.16 (-0.38, 0.06) 

P=0.157 
-0.12 (-0.35, 0.10) 

P=0.290 
Pf (mmHg) +2.2 (-2.2, 6.6) 

P=0.325 
-0.9 ( -5.5, 3.7) 

P=0.703 
-1.4 (-6.2, 3.4) 

P=0.558 
Peripheral wave reflections 
Pb (mmHg) +2.4 (0.7, 4.1) 

P=0.006 
+1.8 (0.2, 3.4) 

P=0.031 
+1.8 (0.2, 3.5) 

P=0.033 
GRC +0.04 (0.008, 0.064) +0.05 (0.02, 0.07) +0.05 (0.02, 0.08) 



 

P=0.014 P=0.001 P=0.0004 
AIx (%) +9.1 (+5.1, 13.1) 

P<0.0001 
+8.9 (4.9, 12.8) 

P<0.0001 
+8.7 (4.6, 12.8) 

P<.00001 

 

* Model 1 was adjusted for age only. 
† Model 2 was adjusted for age, body mass index, serum creatinine and history of hypertension. 
‡ Model 3 was adjusted for  the same variables as Model 2, plus gravidity, and history of 
hyperlipidemia, diabetes and smoking. 
 
AIx: augmentation index. aMD: adjusted mean difference. cfPWV: carotid-femoral pulse wave 
velocity. CI: confidence interval. DBP: diastolic blood pressure. GRC: global reflection 
coefficient. PAC: proximal aortic compliance. Pb: reflected pressure wave amplitude. PE: 
preeclampsia. Pf: forward pressure wave amplitude. SBP: systolic blood pressure. SVR: systemic 
vascular resistance. TAC: total arterial compliance. Zc: aortic characteristic impedance.



 

Figure S1. Unadjusted comparisons of arterial hemodynamics among women with history of severe preeclampsia, non-severe 
preeclampsia, and controls with previous normotensive pregnancies. 

 

Top row: measures of aortic stiffness and central blood pressure. Middle row: measures of steady arterial load and arterial wave 
reflections. Bottom row: measures of pulsatile arterial load. P-value for the ANOVA is indicated in each graphic. In addition, the 
brackets and * represent a significant pairwise comparison with P≤0.05. 



 

 
AIx: augmentation index. cfPWV: carotid-femoral pulse wave velocity. cDBP: central diastolic blood pressure. cSBP: central systolic 
blood pressure. Central PP: central pulse pressure. GRC: global reflection coefficient. PAC: proximal aortic compliance. Pb: reflected 
pressure wave amplitude. PE: preeclampsia. Pf: forward pressure wave amplitude. SVR: systemic vascular resistance. TAC: total arterial 
compliance. Zc: aortic characteristic impedance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S2. Unadjusted comparisons of arterial hemodynamics among women with preterm preeclampsia, term preeclampsia, and 
controls with previous normotensive pregnancies. 

 
Top row: measures of aortic stiffness and central blood pressure. Middle row: measures of steady arterial load and arterial wave 
reflections. Bottom row: measures of pulsatile arterial load. P-value for the ANOVA is indicated in each graphic. In addition, the 
brackets and * represent a significant pairwise comparison with P≤0.05.  
 



 

AIx: augmentation index. cfPWV: carotid-femoral pulse wave velocity. cDBP: central diastolic blood pressure. cSBP: central systolic 
blood pressure. Central PP: central pulse pressure. GRC: global reflection coefficient. PAC: proximal aortic compliance. Pb: reflected 
pressure wave amplitude. PE: preeclampsia. Pf: forward pressure wave amplitude. SVR: systemic vascular resistance. TAC: total arterial 
compliance. Zc: aortic characteristic impedance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S3. Unadjusted comparisons of arterial hemodynamics among women with preeclampsia, recurrent preeclampsia, and controls 
with previous normotensive pregnancies. 



 

Top row: measures of aortic stiffness and central blood pressure. Middle row: measures of steady arterial load and arterial wave 
reflections. Bottom row: measures of pulsatile arterial load. P-value for the ANOVA is indicated in each graphic. In addition, the 
brackets and * represent a significant pairwise comparison with P≤0.05.  
 
AIx: augmentation index. cfPWV: carotid-femoral pulse wave velocity. cDBP: central diastolic blood pressure. cSBP: central systolic 
blood pressure. Central PP: central pulse pressure. GRC: global reflection coefficient. PAC: proximal aortic compliance. Pb: reflected 
pressure wave amplitude. PE: preeclampsia. Pf: forward pressure wave amplitude. SVR: systemic vascular resistance. TAC: total arterial 
compliance. Zc: aortic characteristic impedance. 
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