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Preeclampsia is a pregnancy-specific hypertensive disorder
with multisystem involvement that occurs after 20 weeks of
gestation in previously normotensive pregnant women.1 Preg-
nantwomenwith risk factors, suchasobesity,historyofchronic
hypertension, history of preeclampsia, nulliparity, multiple
gestation, and diabetes, are considered to be at higher risk for

developing preeclampsia.2 Additionally, women affected by
preeclampsia have been shown to be at an increased risk for
cardiovascular issues later in life, possiblydueto thepersistence
ofendothelial dysfunction.3–5Previousstudieshaveshownthat
preeclampsia is associated with arterial dysfunction—particu-
larly increased arterial stiffness—during pregnancy,whichmay
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Abstract Objective This study evaluates the assessment of endothelial function and its
prediction for preeclampsia among women with high-risk factors.
Study Design A prospective cohort study of 107 pregnant women at 20 weeks or
greater gestation with risk factors for developing preeclampsia. Endothelial dysfunc-
tion was assessed using peripheral arterial tonometry by generating a reactive
hyperemia index (RHI) score. An index score of <1.67 was defined as endothelial
dysfunction. The primary outcome was preeclampsia. Logistic regression was used to
predict preeclampsia from RHI scores, body mass index, gestational age at RHI
evaluation, history of preeclampsia, history of pregestational diabetes mellitus,
chronic hypertension, and fetal number. A receiver operating characteristic plot was
constructed to predict preeclampsia from the RHI score.
Results Among 107 women, 99 had interpretable RHI scores. Among those with an
abnormal RHI (n¼ 61), 17 (28%) developed preeclampsia. Among women with a
normal score (n¼38), six (16%) developed preeclampsia (p¼0.166). After logistic
regression, there was no significant association. A receiver operating characteristic plot
also revealed no association between RHI score and preeclampsia.
Conclusion An abnormal RHI score using peripheral arterial tonometry indicating
endothelial dysfunction was not predictive of developing preeclampsia in this cohort.
Future studies are needed to further evaluate this relationship.
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also be responsible for the increased risk of long-term cardio-
vascular complications.4–6 Whether endothelial dysfunction is
causative or is merely an earlier manifestation of the disease
process, it is possible that earlymarkers of endothelial dysfunc-
tion can serve as predictors of preeclampsia during pregnan-
cies, especially in women with preexisting risk factors.

Noninvasive techniques for assessing endothelial dysfunc-
tion have been described; however, many are user dependent
and thus are not reliable.7 One of the most reproducible
techniques to assess endothelial function is peripheral arterial
tonometry. It is user independent and provides automatically
calculatedmeasurements ofendothelial function.Although this
methodhas beenusedextensively innonpregnant patients, few
studieshaveexamineditsutility inpredictingpreeclampsia.6,8,9

In one retrospective study, researchers measured postdelivery
endothelial function of womenwho experienced preeclampsia
to determine whether residual endothelial dysfunction may
contribute to future cardiovascular issues, and found that there
was persistent microcirculatory dysfunction in women with
previouspregnancies complicatedbypreeclampsia.4,5Whether
this technique can be used to predict preeclampsia in women
with high-risk factors, by detecting early signs of endothelial
dysfunction, is currently not known. Our objective was to
determine if there was a correlation between endothelial
dysfunction determined by peripheral arterial tonometry and
increased risk of developing preeclampsia in pregnant women.

Methods

We performed a prospective, single center, cohort study of
pregnant women at risk for preeclampsia. After approval by
the institutional review board at MaimonidesMedical Center,
a convenience sample of participants was recruited at the
perinatal testing center of the department of obstetrics and
gynecology. Inclusion criteria were 20 weeks of gestation or
morewithoneof the following risk factors: advancedmaternal
age, preexisting hypertension, prepregnancy obesity (defined
as body mass index of 30kg/m2 or greater), past personal
and/or family history of preeclampsia, nulliparity, multiple
pregnancy, pregestational andgestational diabetes, pregnancy
by in vitro fertilization, and history of antiphospholipid syn-
drome. Women at gestational age of less than 20 weeks,
women who had symptoms of preeclampsia, fetal distress,
HELLP syndrome, eclampsia, or other complications requiring
immediate intervention, were excluded from the study.4

Patients enrolled in the study had their blood pressure and
heart ratemeasured,andhadanendothelial functionevaluation
using the Endo-PAT 2000 device (Itamar Medical Ltd., Casarea,
Israel). Bloodpressureduringperinatalvisitswasassessedusing
a standard, calibrated electronic sphygmomanometer. The
device automatically inflated the cuff until over-systolic pres-
sures have been reached and then deflated gradually, recording
thebloodpressurebymeansofoscillometric technology.During
blood pressure measurements, the women were relaxed,
seated, back supported, and legs uncrossed. Their arms were
supported at the level of theheart, and blood pressure readings
were taken after 5minutes of quiet sitting. Afterward, in the
same quiet room, the Endo-PAT test commenced.

The Endo-PAT Test (Endothelial Function Assessment)
Endothelial vasodilation function was assessed using the
Endo-PAT 2000 device (ItamarMedical Ltd., Caesarea, Israel),
which records endothelium-mediated changes in the digital
pulse waveform known as the peripheral arterial tone (PAT)
signal. After a brief resting period on a chair inclined at an
angle of 45 degrees at room temperature, a blood pressure
cuff was placed on the nondominant upper arm (experimen-
tal arm) while the other arm served as control. The subject’s
hands were placed on armchair support with the palm side
down such that the fingers hung freely. A pair of plethysmo-
graphic probes was situated on the index finger of each hand
such that they did not touch any other finger or object. These
probes comprised a system of inflatable latex air cuffs
connected by pneumatic tubes to the Endo-PAT device and
controlled through a computer algorithm.

The probes were electronically inflated, and baseline
pulse amplitude was measured from each fingertip for
5minutes. Pulsatile volume changes in the distal digits
induced pressure alterations in the finger probes that were
sensed by pressure transducers and transmitted to the
EndoPAT-2000 device. A decrease in the arterial blood
volume in the distal fingertip caused a decrease in pulsatile
arterial volume change, andwas reflected as a decrease in the
measured PAT signal and vice versa.

After a baseline recording of 5minutes on each arm,
arterialflowwas then interrupted by rapidly occluding blood
flow through the brachial artery for 5minutes using an
inflatable cuff. The occlusion pressures were set to 200mm
Hg or 60mmHg plus systolic blood pressure (whichever was
higher) in the experimental hand. The PAT signal, which was
elicited by the downstream hyperemic response through
occlusion of blood flow, was continuously recorded on a
computer during the test. Occlusion of pulsatile arterial flow
was confirmed by the reduction of the PAT tracing to zero.

After 5minutes of occlusion, the cuff pressurewas rapidly
deflated, and postocclusion recording continued for another
5minutes in both arms. The response to reactive hyperemia,
which was induced by occluding the blood vessel, is calcu-
lated automatically by the system and a ratio is generated
using the postocclusion and preocclusion amplitude values.
The index of endothelial function is provided as a reactive
hyperemia index (RHI), the post to preocclusion PAT signal
ratio in the occluded side, normalized to the control side and
further corrected for baseline vascular tone. An RHI score
�1.67 is abnormal and correlates with endothelial dysfunc-
tion, and a score>1.67 reflects intact endothelial tone. It was
expected that women with a PAT score �1.67 were at
increased risk of developing preeclampsia. Typical examples
of normal and abnormal Endo-PAT traces are shown
in ►Fig. 1. Patients, whose Endo-PAT could not assess the
endothelial function, were excluded from the final analysis.

All endothelial function assessmentswere performed in the
same temperature-controlled exam room. Subjects were fol-
lowed throughout the gestation until 2 weeks of postpartum.
Data regarding demographics and clinical characteristics dur-
ing pregnancy were assessed from obstetric charts, including
clinic visits, emergency visits, and hospitalizations.
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The primary outcome of preeclampsia was defined as
the occurrence of new onset hypertension, defined as
blood pressure greater than or equal to 140mm Hg systolic
or 90mm Hg diastolic on two occasions at least 4 hours
apart after 20 weeks of gestation or greater than or equal
to 160mm Hg systolic or 110mm Hg diastolic confirmed
within a short interval, in a womanwith previously normal
blood pressure with proteinuria or other manifestations of
preeclampsia.1,2 Additionally, proteinuria was defined as
greater than or equal to 300mg per 24-hour urine collec-
tion or protein/creatinine ratio greater than or equal to
0.3 or urine dipstick reading of 1þ . In the absence of
proteinuria, preeclampsia was diagnosed as hypertension
in association with thrombocytopenia (platelet count less
than 100,000/µL), impaired liver function (elevated blood
levels of liver transaminases to twice the normal concen-
tration), new development of renal insufficiency (elevated
serum creatinine greater than 1.1mg/dL or the doubling of
serum creatinine in the absence of other renal disease),
pulmonary edema or new-onset cerebral or visual
disturbances.1,2

Statistical Analysis

Study Power Analysis
Women with high-risk factors at 20 weeks of gestation and
above were analyzed until delivery. We expected a
high degree of sensitivity and specificity from the Endo-
PAT determinationwith both being at least 85% and assumed
prevalence of endothelial dysfunction of 45%.10 A more
conservative estimate of 65% for both required a total sample
size of 82 patients for 80% power with α¼0.05 and 112 for
90% power. A larger sample will be required to allow for
exploration of additional factors, which may be associated
with preeclampsia.

Our independent variable or predictor was the RHI as
measured by Endo-PAT. The primary outcome is a diagnosis
of preeclampsia as defined above.

Result Analysis
Areceiveroperating characteristic (ROC)plotwas constructed,
predicting preeclampsia from RHI raw score. Logistic regres-
sion was used to predict preeclampsia from RHI raw score,

Fig. 1 Normal endothelial function (A) and endothelial dysfunction (B) measured by Endo-PAT. Baseline¼preocclusive phase and dilatation
¼postocclusive phase. The patient with normal endothelial function had an RHI score of 2.48, pulse of 102, and BP was 118/70. The patient with
endothelial dysfunction had an RHI score of 1.43, pulse of 98, and BP was 133/62. Signal amplitude in both the preocclusive phase (baseline) and
postocclusive phase (dilatation) was lower in the case of endothelial dysfunction (B). BP, blood pressure; PAT, peripheral arterial tone; RHI,
Reactive Hyperemia Index.
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body mass index score, gestational age at RHI evaluation,
history of preeclampsia, history of pregestational diabetes
mellitus, chronic hypertension, and fetal number. The utility
of polynomial terms in scored predictors was investigated; a
test of interaction between RHI and gestational age was
conducted. The Hosmer–Lemeshow test of goodness of fit
was applied. The c-statistic (which ranges from 0.5 to 1.0)
was used as a measure of quality of model fit. About 95%
confidence intervals were computed for area under the ROC
plot and for RHI odds ratios (ORs).

Results

A total of 107 pregnant women were enrolled. Eight of
those had undetectable RHI scores (the Endo-PAT could
not assess endothelial function), and were excluded from
the final analysis.

The demographics among women with and without
endothelial dysfunction are summarized in ►Table 1. There
were no differences seen between women with endothelial
dysfunction and women without endothelial dysfunction.

Table 1 Demographics among women with and without endothelial dysfunction

Patients with endothelial
dysfunction
n¼61

Patients without endothelial
dysfunction
n¼ 38

p-Value

Maternal age (y) 31.0� 7.1 32.6� 5.6 0.218

Nulliparity 10 (16.4) 5 (13.2) 0.662

Multigestation 12 (19.7) 4 (10.5) 0.229

IVF 7 (11.5) 0 0.03

Body mass index 32.2� 1.2 31.6� 1.1 0.736

Gestational age 29.0� 0.6 27.6� 0.8 0.190

History of smoking 3 (4.9) 3 (7.9) 0.546

History of preeclampsia 4 (6.6) 6 (15.8) 0.138

History of pregestational diabetes 12 (19.7) 10 (26.3) 0.439

History of gestational diabetes 10 (16.4) 2 (5.3) 0.099

Antidiabetic use 17 (27.9) 9 (23.7) 0.645

History of chronic HTN 11 (18.0) 10 (26.3) 0.327

Aspirin use 18 (29.5) 13 (34.2) 0.624

History of autoimmune disease 1 (1.6) 1 (2.6) 0.733

Abnormal uterine artery Doppler 1 (1.6) 1 (2.6) 0.733

Abnormal analytes 6 (9.8) 4 (10.5) 0.912

Abbreviations: HTN, hypertension; IVF, in vitro fertilization.
Data are n (%) or mean� standard deviation.

Table 2 Pregnancy outcomes among women with and without endothelial dysfunction

Patients with endothelial
dysfunction
n¼61

Patients without endothelial
dysfunction
n¼ 38

p-Value

Preeclampsia 28 (17) 16 (6) 0.166

Preeclampsia with severe features 29 (5/17) 17 (1/6) 0.541

Gestational age at delivery (wka) 37.3�2.4 36.8� 2.9 0.337

Mode of delivery

Spontaneous 36 20 0.110

Vacuum assisted 2 6 0.307

Cesarean 62 74 0.245

Birth weight (ga) 2,904.2� 709.4 2,861.4�777.6 0.788

Data are % (n), unless otherwise stated.
aData are mean� standard deviation.
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Delivery characteristics are summarized in ►Table 2. There
were no differences in gestational age at delivery, mode of
delivery, and birth weight between women with endothelial
dysfunction and women without endothelial dysfunction.
Among 21womenwith a history of chronic hypertension, ten
(47.6%) developed superimposed preeclampsia.

Among the remaining 99 patients, 23 (23%) eventually
developed preeclampsia. When RHI was dichotomized as
>1.67 versus �1.67, total 61 (62%) patients had abnormal
RHI scores and 38 (38%) had normal RHI scores. Among those
with abnormal RHI scores, 17 (28%) developed preeclampsia
and among those with normal RHI scores, 6 (16%) developed
preeclampsia (p¼0.166, unadjusted OR: 2.06, 95% confi-
dence interval [CI]: 0.73–5.81). In logistic regression, the
RHI term was nonsignificant (adjusted OR: 2.67, 95% CI:
0.79–9.07, p¼0.116). Comparing a model with the RHI
predictor to one without, the c-statistic increased from
0.767 to 0.770.

The bivariate ROC analysis gave no indication of associa-
tion between RHI score and preeclampsia. In logistic regres-
sion, no interaction between RHI score and gestational age
was detected. The RHI term was nonsignificant (estimated
OR: 0.58, 95% CI: 0.15–2.20, p¼0.419). Comparing a model
with the RHI predictor to one without, the c-statistic only
increased from to 0.767 to 0.768.

Discussion

We found that an abnormal RHI score was not predic-
tive of preeclampsia in women with risk factors for
developing preeclampsia. Our findings differ from the prior
literature.

Meeme et al tried to use the Endo-PAT 2000 to determine
the association between endothelial dysfunction and pre-
eclampsia in pregnant women in rural Africa. They reported
that women with preeclampsia show impaired endothelial
function (significantly low RHI scores [OR: 1.70, 95% CI:
1.04–3.61]) compared with normotensive pregnant women
(OR: 1.81, 95% CI: 1.18–4.62; p<0.05).8 Although these
results seemed to confirm endothelial dysfunction in pre-
eclampsiawomen, they only evaluatedwomen at the time of
diagnosis. They did not study the predictive ability of assess-
ments of endothelial dysfunction.

One study in the United Kingdom similar to ours looked at
the correlation between RHI scores and the subsequent
development of preeclampsia in women with at least two
risk factors.10 Those investigators measured RHI scores of
180 patients at 16 and 28 weeks of gestation and followed
them until postpartum. They reported no significant differ-
ences in RHI scores between women who eventually devel-
oped preeclampsia and those who had normotensive
pregnancies. Our study confirmed these findings and includ-
ed women with only one risk factor as well as those with
more.

This study has some limitations. Similar to previous
studies, we lack data on maternal endothelial health pre-
conception, so it is difficult to know whether the endothe-
lial abnormalities found in some high-risk individuals are

consequences of pregnancy or were present before concep-
tion. Additionally, our sample size was not large enough to
control for multiple risk factors. However, the size was
sufficient to evaluate our primary outcome. Finally, our
patient population breakdown by ethnicity was 70% Cauca-
sian, 15% African American, and 15% Asian. With this
sample size, wewere unable to calculate relative risk among
minority groups, though the demographic distribution is
similar to the distribution in most of the United States.

There are strengths in this study. This was a prospective
study of patients with risk factors without preeclampsia
allowing us to evaluate the predicative value of this technol-
ogy. The feasibility of evaluating for endothelial dysfunction
in an outpatient setting was demonstrated in this study, and
thus this technology could be used in other cohorts to
evaluate its utility in screening for patients at increased
risk of developing preeclampsia.

Conclusion

In conclusion, low RHI scores, which are indicative of
endothelial dysfunction, did not predict preeclampsia in
pregnant women with risk factors for developing pre-
eclampsia. Future studies could recruit a prospective cohort
of normotensive pregnant women in the first or
early second trimester and follow them until delivery to
determine whether RHI measurements could be used as a
predictor of preeclampsia in populations without preexist-
ing risk factors of preeclampsia. These studies should also
explore whether other biomarkers and/or symptoms can be
used in conjunction with the Endo-PAT to more accurately
predict the development of preeclampsia.
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