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Abnormal pressure-wave reflection in pregnant women
with chronic hypertension: association with maternal
and fetal outcomes

Takuji Tomimatsu1, Mika Fujime2, Tomoko Kanayama2, Kazuya Mimura2, Shinsuke Koyama2,
Takeshi Kanagawa2, Masayuki Endo2, Koichiro Shimoya1 and Tadashi Kimura2

The current study tested the hypothesis that abnormal pressure-wave reflection may have an important role in identifying

pregnant women with chronic hypertension who might develop pre-eclampsia (PE) and/or fetal growth restriction. Pulse-wave

analyses were performed to assess maternal arterial stiffness during 26–32 weeks of gestation in 41 women with chronic

hypertension. We measured the central systolic pressure (CSP) and augmentation index (AIx) noninvasively using pulse

waveforms of the radial artery with an automated applanation tonometric system. In a multiple regression analysis that included

AIx-75 (AIx at a heart rate of 75 beats per minute), brachial systolic pressure, maternal height, smoking status, gestational age

at testing and the presence of antihypertensive treatment at testing as independent determinants, AIx-75 was the only

significant determinant of birth weight, whereas the brachial systolic pressure was not. In pregnant women with chronic

hypertension who subsequently developed both superimposed PE and fetal growth restriction, CSP, AIx, AIx-75, and the

brachial systolic and pulse pressures were all significantly higher than those who did not develop superimposed PE nor small

for gestational age. In contrast, AIx-75 was the only significantly elevated hemodynamic parameter in patients who developed

fetal growth restriction but not superimposed PE. In addition, CSP was the only significantly elevated hemodynamic parameter

in patients who developed superimposed PE but not fetal growth restriction. Abnormal pressure-wave reflection during 26–32

weeks of gestation showed a stronger correlation with birth weight than conventional brachial blood pressure. Our findings

might provide new insight into the pathophysiology of fetal growth restriction as well as superimposed PE in pregnancies

complicated with chronic hypertension.
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INTRODUCTION

The association between chronic hypertension during pregnancy and
increased maternal and neonatal mortality and morbidity is well
known. These adverse outcomes are dependent largely on the
development of superimposed pre-eclampsia (PE) and/or fetal growth
restriction. Although the incidence of superimposed PE and/or fetal
growth restriction apparently increases with the severity of hyper-
tension, mild hypertension does not necessarily indicate a better
outcome.1

Recently, noninvasive assessment of arterial stiffness by pulse
waveform analysis has been increasingly performed in clinical
settings.2–4 Several reports have established that arterial stiffness,
expressed as augmentation index (AIx) and central systolic pressure
(CSP), are more strongly and independently correlated with future
cardiovascular events than with conventional brachial blood
pressure.5–8

In pregnant women, we have reported that AIx and CSP showed
greater reduction than brachial blood pressure, and AIx is indepen-
dent of brachial blood pressure throughout pregnancy, suggesting that
measurement of AIx might provide distinct information on arterial
compliance during pregnancy.9 We also found a close association
between neonatal birth weight and arterial stiffness during the second
trimester in normotensive pregnant women, indicating that abnormal
pressure-wave reflection might affect fetal growth even in the absence
of hypertension.10 In addition, recent studies have reported increased
AIx and CSP in women with newly developed PE.11,12 Women who
develop PE reportedly show abnormal pressure-wave reflection from
the first trimester of pregnancy,13,14 and those with a history of
intrauterine growth restriction and/or early-onset PE show increased
AIx up to 6–24 postpartum months.15

Based on these findings, we hypothesized that abnormal pressure-
wave reflection may have an important role in identifying pregnant
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women with chronic hypertension who might develop PE and/or fetal
growth restriction.

METHODS

Study participants
A total of 41 singleton pregnancies presenting at Osaka University Medical

Hospital between May 2009 and April 2011 were included in this study.

Chronic hypertension was defined as a systolic blood pressure of X140 mm Hg

and/or a diastolic blood pressure of X90 mm Hg before 20 weeks of gestation,

documented hypertension before pregnancy, or persistent hypertension after

six postpartum weeks. Alpha methyldopa and Ca-channel blockers are the

preferred antihypertensive drugs used during pregnancy when therapy was

indicated. Diagnosis of superimposed PE required the presence of new-onset

proteinuria (X0.3 g of protein in 24-h urine collection or a dipstick test result

of X1þ , if 24-h urine collection was not performed) or worsening

hypertension in women with proteinuria at baseline.16 Neonatal birth weight

was expressed as the s.d. of the mean birth weight of Japanese population

matched for gestational age, sex and parity. Small for gestational age (SGA)

babies were defined as those with a birth weight less than the 10th percentile.17

In all the study participants, gestational age was confirmed by ultrasonography

before 12 weeks of gestation. Maternal characteristics, including age, parity and

gestational age at examination and birth were recorded. All women were

followed up until after delivery, and fetal and maternal outcomes were

obtained from the women’s medical records. All women who participated in

this study were of Asian origin. Exclusion criteria were renal disease, thyroid

disease, collagen vascular diseases, fetal congenital malformations and

chromosomal abnormalities. This study was approved by the Clinical

Investigation and Research Ethics Committees of the Faculty of Medicine at

Osaka University, and written informed consent was obtained from all

subjects.

Pulse-wave analysis
Pulse-wave analyses were performed during 26–32 weeks of gestation. Arterial

pulse waveforms of the right radial artery were measured noninvasively using

an automated applanation tonometric system (HEM-9000AI; Omron Health-

care, Kyoto, Japan). With this device, we measured various hemodynamic

parameters such as AIx, AIx-75 (AIx at a heart rate of 75 beats per minute) and

CSP. The measurement time was approximately 1 min, and the device enabled

measurement in the sitting position. The methodology for measuring radial

pulse waveforms by this device has been described in detail in previous

manuscripts.9,18–20 The coefficients of variation of intra- and inter-observer

measurements for AIx and CSP using this device were reported to be

approximately 2–4%,18,21 indicating good reproducibility. In addition, this

device reportedly shows a strong correlation with the AIx values measured with

a SphygmoCor system (AtCor Medical, Sydney, NSW, Australia).22

Brachial blood pressure was measured simultaneously in the opposite arm

with an oscillometric device incorporated in HEM-9000AI. Brachial systolic

and diastolic blood pressures were defined by the first and fifth Korotkoff

sound, respectively. Brachial pulse pressure, which is considered a surrogate

measure of arterial compliance,23 was calculated by subtracting the brachial

diastolic pressure from the brachial systolic pressure.

Statistical analysis
Results were expressed as means±s.d. and analyzed using one-way analysis of

variance, followed by Newman–Keuls post hoc test. Pearson’s correlation

coefficient (r) was used to determine the correlation between birth weight

and CSP, AIx, AIx-75 and the brachial systolic, diastolic and pulse pressures.

A multiple regression analysis was performed with birth weight, expressed as

s.d. of the mean Japanese birth weight, as the dependent variable and AIx-75,

brachial systolic pressure, maternal height, smoking status, gestational age at

testing and the presence of antihypertensive treatment at testing as the

independent variables to examine which variables independently associated

with birth weight. No adjustment for parity was applied in the regression

models, because the Japanese growth charts account for parity. Statistical

analyses were performed using SPSS 12.0.2 (SPSS, Chicago, IL, USA). A value

of Po0.05 was considered statistically significant.

RESULTS

During the study, the prevalence of chronic hypertension in pregnant
women was approximately 4% in our hospital. All women with
singleton pregnancies and chronic hypertension in our cohort, pulse-
wave analyses were successfully performed in the sitting position
within 60–90 s.

Table 1 shows the clinical characteristics and maternal and fetal
outcomes of the study populations. Maternal age, body mass index at
examination, height, parity and gestational age at examination are
shown. In our cohort, 27% of women took some antihypertensive
medicine at examinations. Superimposed PE occurred in 16 (39%)
patients, and 15 (37%) babies were SGA. Abruptio placentae occurred
in two (5%) patients. No eclampsia, fetal demise or HELLP syndrome
was noted in our cohort.

In the simple regression analyses between birth weight, expressed as
s.d. of the mean Japanese birth weight, and hemodynamic parameters
measured during 26–32 weeks of gestation, birth weight was
significantly correlated with CSP (r¼ �0.41, P¼ 0.009), AIx
(r¼ �0.51, Po0.001) and AIx-75 (r¼ �0.52, Po0.001). However,
the correlation was not statistically significant between birth weight
and brachial systolic (r¼ �0.29, P¼ 0.07), diastolic (r¼ �0.26,
P¼ 0.10) and pulse pressure (r¼ �0.13, P¼ 0.40).

To examine the association between birth weight, AIx and brachial
blood pressure in more detail, a multiple regression analysis was
performed with birth weight, expressed as s.d. of the mean Japanese
birth weight, as the dependent variable and AIx-75, brachial systolic
pressure, maternal height, smoking status, gestational age at testing
and the presence of antihypertensive treatment at testing as the
independent variables to examine which variables independently
associated with neonatal birth weight. As can be seen in Table 2,
AIx-75 was the only significant determinant of neonatal birth weight
among the indicated variables, whereas the brachial systolic pressure
was not.

Then we stratified the study cohort into four groups according to
the development of superimposed PE and/or SGA status, that is, PE
with SGA group, PE without SGA group, SGA without PE group and
control (neither PE nor SGA) group. Table 3 compares the hemody-
namic parameters of women with chronic hypertension who did or
did not develop superimposed PE and/or SGA, measured during 26–
32 weeks of gestation. In pregnant women with chronic hypertension
who subsequently developed both superimposed PE and SGA (PE

Table 1 Characteristics of all study populations

Clinical characteristics at examination

Age (years) 36.3±4.1

BMI at testing (kg m�2 ) 27.8±6.2

Height (meters) 1.58±0.05

Nulliparity (%) 37%

Gestational age at testing (week) 29.4±2.2

Any antihypertensive therapies at testing, n (%) 11 (27%)

Maternal and fetal outcomes

Development of superimposed pre-eclampsia, n (%) 16 (39%)

Development of abruptio placentae (%) 2 (5%)

Gestational age at birth (week) 37.1±2.7

Birth weight (g) 2402±708

SGA babies, n (%) 15 (37%)

s.d. of birth weight �0.83±0.95

Abbreviations: BMI, body mass index; SGA, small for gestational age.
Data are presented as mean±s.d. or %.
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with SGA group), CSP, AIx, AIx-75 and the brachial systolic and pulse
pressures were all significantly higher than those in the control group,
and CSP, AIx, and the brachial systolic and pulse pressures showed the
highest values among the groups. In contrast, AIx-75 was the only
significantly elevated hemodynamic parameter in patients who
developed SGA but not superimposed PE (SGA without PE group).
In addition, CSP was the only significantly elevated hemodynamic
parameter in patients who developed superimposed PE but not SGA
(PE without SGA group).

DISCUSSION

As mentioned above, adverse maternal and fetal outcomes in
pregnancies complicated with chronic hypertension have been asso-
ciated with the occurrence of superimposed PE and/or fetal growth
restriction. Therefore, identification of pregnant women with an
increased risk of these complications would result in more intensive
monitoring and early recognition before severe complications develop.
In this study, we have shown that abnormal pressure-wave reflection
might be involved in the pathogenesis of superimposed PE and/or
fetal growth restriction, and that abnormal pressure-wave reflection
has a role in identifying pregnant women who might develop these
complications. In addition, abnormal wave reflection is the only
independent predictor of low birth weight in pregnant women with
chronic hypertension when measured at 26–32 weeks of gestation.
Increased maternal peripheral resistance has been shown using
impedance cardiography in pregnancies complicated by severe fetal

growth restriction and/or PE.24 Our findings might also provide a new
insight into the pathophysiology of fetal growth restriction as well as
superimposed PE in pregnant women with chronic hypertension.

Brachial blood pressure measurement has long been an integral part
of antenatal care, as the diagnosis of both PE and chronic hypertension
is primarily based on the brachial blood pressure. In addition, several
studies suggest that adverse perinatal and maternal outcomes in
pregnancies complicated with chronic hypertension are related to the
severity of hypertension, that is, elevated brachial blood pressure.25 On
the other hand, it is widely known that elevated brachial blood pressure
is not necessarily related to serious adverse maternal and fetal outcomes
such as eclampsia, abruptio placentae, fetal demise and HELLP
syndrome, and that a significant proportion of women with PE can
carry a pregnancy nearly to term without complications.26 Therefore,
additional markers to establish or rule out imminent adverse outcomes,
which are more important than making a diagnosis of PE or chronic
hypertension, are needed for timely intervention.

Recently, generalized endothelial dysfunction caused by excess anti-
angiogenic and reduced pro-angiogenic factors from hypoxic placenta
has been shown to play a central role in the pathogenesis of PE.27–29

Furthermore, the severity of imbalance of these circulating angiogenic
factors assessed by the ratio of soluble fms-like tyrosine kinase and
placental growth factor, has been reported to predict adverse
outcomes better than the severity of elevated brachial blood
pressure.30 Even in normotensive pregnant women, endothelial
dysfunction has been shown to impair fetal growth,31 and the levels
of anti-angiogenic factors in maternal serum have been reported to
correlate with neonatal birth weight.32

Arterial stiffness (expressed as CSP and AIx) is determined by the
magnitude and timing of the reflected pulse waveform of both the
conduit and resistance arteries, and is thought to represent endothe-
lial function of the whole systemic arterial tree.33,34 It has been
reported that endothelial dysfunction is the first step toward
atherosclerosis in patients with chronic hypertension.35 In the
present study, abnormal pressure-wave reflection was the only
significant determinant of birth weight. Based on the present study,
abnormal pressure-wave reflection, which may reflect endothelial
dysfunction and relatively early changes associated with
atherosclerosis, might predict fetal outcome better than brachial
blood pressure in pregnant women with chronic hypertension. Even
in predicting the development of superimposed PE, which is
diagnosed mainly by the brachial blood pressure, CSP was the only
significantly elevated hemodynamic parameter.

Severe chronic hypertension must be treated even during preg-
nancy, although there is minimal evidence that maternal or neonatal
outcomes are improved by simply lowering brachial blood pressure
and that the incidence of superimposed PE is affected by antihyper-
tensive drugs.1,25 Alpha methyldopa, a central-acting adrenergic-
blocking agent, is frequently used to control severe chronic
hypertension in pregnancy because it is well known for its safe
maternal and fetal use. Recently, antihypertensive therapy with alpha
methyldopa was shown to not only maintain uteroplacental
circulation,36 but also improve arterial stiffness in women with
PE.12 On the other hand, the use of atenolol, a b-blocker has been
reportedly associated with a higher incidence of growth-restricted
neonates,37 and is not recommended for pregnant women with
chronic hypertension.38 Recently, the large-scale Anglo-Scandinavian
Cardiac Outcomes Trial-Conduit Artery Function Evaluation study
demonstrated that despite virtually identical reductions in brachial
blood pressure, those randomized to an atenolol-based regimen had a
higher CSP than those randomized to an amlodipine-based regimen,

Table 2 Multiple regression analysis with s.d. of the mean Japanese

birth weight as the dependent variable

Coefficient s.e.

Standard

coefficient P

Intercept �3.534 5.89 0.55

AIx-75 �0.380 0.01 �0.45 0.01

Maternal height 0.029 0.03 0.15 0.38

Smoking 0.282 0.44 0.10 0.53

Gestational age at testing 0.100 0.07 0.23 0.15

Any antihypertensive therapies at testing 0.211 0.32 0.10 0.52

Brachial systolic pressure �0.016 0.01 �0.26 0.12

Abbreviation: AIx-75, AIx at a heart rate of 75 beats per minute.

Table 3 Hemodynamic parameters of women with chronic

hypertension who did or did not develop PE and/or SGA, measured

during 26–32 weeks’ gestation

PE with SGA

(n¼9)

PE without

SGA (n¼7)

SGA without

PE (n¼6)

Control

(n¼19)

CSP (mm Hg) 151.2±12.4a 141.6±21.2a 137.3±11.6 124.8±14.9

AIx (%) 78.1±8.4a 71.1±3.3 76.3±14.6 65.4±13.1

AIx-75 (%) 79.3±9.0a 77.8±7.7 81.1±8.9a 68.0±12.0

Brachial systolic

pressure (mm Hg)

147.4±11.8a 138.7±22.3 133.5±8.5 126.3±12.5

Brachial diastolic

pressure (mm Hg)

94.0±12.0 94.9±16.7 91.3±8.2 81.9±11.2

Brachial pulse pres-

sure (mm Hg)

53.4±8.7a 43.9±10.8 42.2±6.1 44.4±6.4

Abbreviations: AIx, augmentation index; AIx-75, AIx at heart rate of 75 beats per minute; CSP,
central systolic pressure; PE, pre-eclampsia; SGA, Small for gestational age.
Data are presented as mean±s.d..
aSignificant difference from control (Po0.05).

Arterial stiffness with hypertension in pregnancy
T Tomimatsu et al

991

Hypertension Research



which might have contributed to the significantly increased total and
cardiovascular mortality in the atenolol group.5 These and the present
findings suggest that atenolol may be less effective for lowering
arterial stiffness, which may have an unfavorable effect on fetal growth
in patients with chronic hypertension.

In summary, we have demonstrated that abnormal pressure-wave
reflection assessed by pulse-wave analyses during 26–32 weeks of
gestation showed a stronger correlation with neonatal birth weight
than with conventional brachial blood pressure in patients with
chronic hypertension. Maternal cardiovascular impairment such as a
low output and high resistance circulatory state have been reported in
pregnancy complicated by severe fetal growth restriction.39 Although
the association between these maternal cardiovascular characteristics
and the abnormal wave reflection observed in the present study
remains unclear, these cardiovascular changes might be important in
terms of the relative increased long-term cardiovascular risk in
women with a history of fetal growth restriction.40 A larger study
combining pulse-wave analysis with the assessment of angiogenic
imbalance, which is assumed to have a close association to endothelial
dysfunction, might prove our hypothesis that the pathogenesis-
oriented parameters might better predict adverse maternal and fetal
outcomes in pregnancies complicated with chronic hypertension.
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