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Central aortic blood pressure and augmentation index
during normal pregnancy
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The current study tested the hypothesis that pregnancy-related changes are more pronounced in central hemodynamics, and

both central aortic systolic blood pressure (cSBP) and augmentation index (AIx) are independent from brachial systolic blood

pressure (bSBP) in normal pregnant subjects. In 830 healthy pregnant women from 12 to 36 weeks gestation, we measured

cSBP and AIx-75 (AIx at heart rate of 75 beats per minute) non-invasively by pulse waveforms of the radial artery using an

automated applanation tonometric system. In 69 pregnant women, we recorded these data longitudinally. cSBP and AIx-75

significantly declined during pregnancy, reaching its nadir in mid-pregnancy and rising towards term. Pregnancy-related changes

were more pronounced in AIx-75 compared with cSBP, but less evident in bSBP. AIx-75, but not cSBP, was independent from

bSBP throughout pregnancy. cSBP and AIx-75, but not bSBP, were significantly increased in healthy pregnant women older than

35 years. This study established normal values for pulse wave analysis parameters throughout pregnancy, and indicated that

pulse wave analysis might offer additional and independent information about maternal arterial compliance to conventional

brachial blood pressure measurements. These data may be used as the basis for further investigation into the role of pulse wave

analysis in the assessment, management and prediction of disorders, which might interfere with pregnancy-related

cardiovascular adaptations.
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INTRODUCTION

The measurement of brachial blood pressure has long been an integral
part of antenatal care, and elevated brachial blood pressure has been
considered to be the hallmark for diagnosis of preeclampsia. However,
it has been widely recognized that hypertension itself is not necessarily
related to adverse maternal and fetal outcomes except for an increased
risk of maternal intracranial hemorrhage, and additional markers to
establish or rule out imminent adverse outcomes has been really
needed for timely intervention.1

Although it has been firmly established that brachial blood pressure
predicts future cardiovascular disease in the non-pregnant population,
recent accumulative evidence has indicated that arterial stiffness,
expressed as central aortic systolic blood pressure (cSBP) or augmen-
tation index (AIx), is more closely or independently correlated with
future cardiovascular events.2–5 Using applanation tonometry, cSBP
and AIx can be assessed non-invasively and accurately by pulse wave
analysis of peripheral arteries (such as the radial artery), and these
markers have been increasingly incorporated into clinical practice of
cardiovascular as well as other areas of medicine.6–11

In pregnant women, recent studies have reported increased arterial
stiffness in women with preeclampsia.12–16 It has also been suggested
that AIx measured at 11–14 weeks can predict subsequent develop-

ment of preeclampsia.17 In addition, women with a history of early-
onset preeclampsia and intrauterine growth restriction were reported
to exhibit increased AIx even 6 to 24 months postpartum.18 Although
two recent studies addressed normal values of cSBP and AIx through-
out pregnancy showing its nadir in mid-pregnancy,19,20 their physio-
logical aspects in healthy pregnant individuals, such as their
relationships to brachial blood pressure, are currently unknown.
In this study, we hypothesized that pregnancy-related changes are

more pronounced in central hemodynamics, and both cSBP and AIx
are independent from brachial blood pressure during pregnancy. In
the largest cohort of healthy pregnant individuals, the aim of this
study is to test this hypothesis, to provide reference values for cSBP
and AIx, and to explore their physiological meanings using a user-
friendly, operator-independent and automated device.

METHODS

Subjects
We conducted a cross sectional study involving 830 Asian women in normal

singleton pregnancies from 12 to 36 weeks gestation, at Osaka University

medical hospital and Taniguchi hospital from January 2009 to May 2010.

Among the women who had more than one measurement during our study

period, one measurement from each woman was randomly selected for analysis.
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Of 830 healthy pregnant women, 255 were recruited in the first trimester (12–

14 weeks), 230 in the second trimester (17–20 weeks), 218 in the late second

trimester (23–27 weeks) and 127 in the third trimester (34–36 weeks). In 69

pregnant women, we recorded data of cSBP and AIx longitudinally in the first

(12–14 weeks), the late second (23–27 weeks) and the third (34–36 weeks)

trimesters, at a few days after delivery and 4 weeks postpartum.

Maternal characteristics, including age, parity and gestational age were

recorded. In all pregnant women in this study, gestational age was confirmed

by ultrasonographic examination before 12 weeks gestation. In this study, we

only examined pregnant women who had uncomplicated pregnancies. The

subjects with a history of chronic hypertension, diabetes mellitus, any previous

or concomitant cardiovascular disease, cardiac arrhythmias, multiple preg-

nancy, preeclampsia, Basedow’s disease, renal disorder and immune disorders

were excluded from the study.

The study had official approval from the Institutional Ethics Committee of

Osaka University, and written informed consent was also obtained from all subjects.

Pulse wave analysis
Arterial pulse waveforms of the right radial artery were measured non-

invasively by an automated applanation tonometric system (HEM-9000AI;

Omron Healthcare, Kyoto, Japan). Using this device, we could measure various

hemodynamic parameters such as cSBP, AIx and AIx-75 (AIx at heart rate of 75

beats per minute). The measurement time was about 1min, and the device was

capable of taking measurements in the sitting position. So, it was adapted for all

pregnant women without any difficulties. The methodology for measuring

radial pulse waveform by this device has been described in detail in previous

manuscripts.21–23 In brief, when the tonometry sensor unit with 40 micro-

transducer elements is placed on the subject’s wrist, and one of these elements is

automatically selected to obtain optimal radial arterial pressure waveform. As

shown in Figure 1, the systolic part of the radial arterial waveform was

characterized by two pressure peaks, the early systolic peak pressure (P1) and

the late systolic peak pressure (P2). As P2 is generated by an interaction

between the incident pulse wave and the reflected pulse wave, P2 is thought to

represent the systemic arterial elasticity, that is, arterial stiffness. The software

program incorporated into the HEM-9000AI identifies P2 automatically from

the second maximum of the fourth derivative of the pulse waveform. The radial

AIx was defined as the ratio of the height of P2 to that of P1: AI¼(P2/P1)�100

(%) (Figure 1). As there is a linear relationship between the heart rate and AIx,

the AIx is usually standardized to a heart rate of 75 b.p.m. (AIx-75). The

pressure pulse waveform at the aorta is markedly different from that at

peripheral arteries such as radial and brachial arteries. As shown in Figure 1,

maximal aortic systolic pressure usually coincides with the second systolic peak,

but in the peripheral arteries it usually coincides with the first systolic peak.

Therefore, it has been thought that the cSBP reflects systemic arterial stiffness as

well as left ventricular ejection, whereas peripheral systolic blood pressure

mainly reflects left ventricular ejection. The cSBP was estimated by the value of
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Figure 1 Central aortic systolic blood pressure (cSBP) and definition of the

augmentation index (AIx). P1 indicates the amplitude of the early systolic
peak pressure, P2 the amplitude of the late systolic peak pressure. As P2 is

generated by an interaction between the incident pulse wave and the

reflected pulse wave, P2 is thought to represent the systemic arterial

elasticity, which is arterial stiffness. The radial AIx is defined as the ratio of

P2 to P1. As there is a linear relationship between heart rate and AIx, the

AIx is standardized to a heart rate of 75b.p.m. (AIx-75). The pressure pulse

waveform at the aorta (a) is markedly different from that at the radial artery

(b). cSBP was estimated by the value of P2, which has been reported to

show a close linear correlation (r¼0.95) with the invasively measured intra-

aortic systolic pressure.22

Figure 2 The trends and values of brachial systolic blood pressure (bSBP)

(a), central aortic systolic blood pressure (cSBP) (b) and augmentation

index at heart rate of 75 b.p.m. (AIx-75) (c). With gestation in 830 normal

healthy pregnancies are shown. Each panel shows the regression line

and the 95% prediction bands for mean and individual raw values of the

AIxes. bSBP¼109.8�0.6342�GA+0.01742�GA2. cSBP¼129.0�2.640�
GA+0.05659�GA2. AIx-75 (%) ¼108.9�4.298�GA+0.09013�GA2.
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P2, which has been reported to show a close linear correlation (r¼0.95) with

the invasively measured intra-aortic systolic pressure.22 Radial AIx has been

reported to show a close correlation with aortic AIx (r¼0.81 to 0.96), thus

suggesting a similar physiological significance between aortic and radial AI.22–26

Continuous steady-state 15-sec data were recorded for each subject, and the

mean values for all pulses were used in the analysis. The coefficients of variation

of intra- and inter-observer measurements for AIx and cSBP using this device

were reported to be around 2 to 4%,21,25 indicating good reproducibility. As we

first applied this system to the pregnant women in this study, its validity in

pregnant individuals had not yet been demonstrated.

Brachial blood pressure was measured simultaneously in the opposite arm

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

blood pressure (bSBP) was defined by the first Korotkoff sound.

Statistical analysis
Data were expressed as mean±s.d. or as median with 95th percentile values.

The effect of gestational age on bSBP and pulse wave analysis parameters (cSBP

and AIx-75) was examined using regression analysis for continuous variables.

Means of bSBP, cSBP and AIx-75 were analyzed throughout pregnancy with the

use of one-way analysis of variance with the Bonferroni’s post hoc test. Pearson’s

correlation coefficient (r) was used to determine the correlation between bSBP

and cSBP, or between bSBP and AIx-75, and between maternal height, body-

mass index and bSBP, cSBP and AIx-75. For the longitudinal data, one-way

analysis of variance with repeated measures, followed by the Bonferroni’s

post hoc test was used. Values of Po0.05 were considered to be statistically

significant. All data were analyzed using GraphPad Prism 5 (GraphPad,

San Diego, CA, USA).

RESULTS

In our cohort of 830 women in normal singleton pregnancy, record-
ings were successfully carried out without any difficulties. The mean
maternal age was 31.0±5.0 years, and nulliparity was 47.8%. The
mean maternal height, pre-pregnancy weight and pre-pregnancy body-
mass index were 158.1±5.6 cm, 52.9±10.0 kg and 21.1±3.6 kgm�2,
respectively. In our cohort, current smokers and pregnant women who
quit smoking after their last menstrual period were 9.1 and 12.2%,
respectively. Smoking status was not associated with bSBP, cSBP and
AIx-75 levels. Maternal height showed negative association with cSBP
(r¼�0.15, P¼0.046) and AIx-75 (r¼�0.26, Po0.001), but not with
bSBP (r¼�0.05, P¼0.52). In addition, maternal pre-pregnancy body-
mass index showed positive association with bSBP (r¼0.29, Po0.001),
cSBP (r¼0.31, Po0.001) and AIx-75 (r¼0.20, P¼0.01).
The changes in bSBP, cSBP and AIx-75 according to gestational

weeks are presented in Figure 2. bSBP did not change from first to
second trimesters, and tended to increase toward term. In contrast,
cSBP and AIx-75 showed similar changes; they reached nadir around
midpregnancy, and increased to first-trimester levels toward term. The
median and 95th percentile values for bSBP, cSBP and AIx-75 in each
trimester are given in Table 1.

Table 1 The median and 95th percentile values for bSBP, cSBP and

AIx-75 in each trimester

bSBP (mmHg) cSBP (mmHg) AIx-75 (%)

GA n Median 95 %ile Median 95 %ile Median 95 %ile

12–14 255 104 121 103 123 69.0 89.0

17–20 230 104 118 99* 118 57.0* 79.5

23–27 218 105 120 99* 117 61.0* 79.0

34–36 127 108* 124 105 122 67.0 86.6

Abbreviations: AIx, augmentation index; bSBP, brachial systolic blood pressure; cSBP, central
aortic systolic blood pressure; GA, gestational age.
The median and 95th percentile (%ile) values for bSBP, cSBP and AIx-75 in each trimester.
*Significant difference from first trimester (12–14 weeks gestation) values (Po0.05).

Figure 3 Relationships between brachial systolic blood pressure (bSBP) and central aortic systolic blood pressure (cSBP) (a–c) and augmentation index at

heart rate of 75 b.p.m. (AIx-75) (d–f) values in the first trimester (12 to 14 weeks: a, d), in the late second trimester (23 to 27 weeks; b, e) and in the third

trimester (35 to 37 weeks; c, f). There were significant positive correlations between bSBP and cSBP in each trimester (a; r¼0.78, Po0.0001), (b; r¼0.74,

Po0.0001), (c; r¼0.76, Po0.0001). In contrast, there were no correlations between bSBP and AIx-75 in each trimester in normal healthy pregnancies

(d; r¼�0.0078, P¼0.90), (e; r¼0.082, P¼0.23), (f; r¼�0.030, P¼0.74).
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The relationships between bSBP and cSBP, and AIx-75 in the first
trimester (12 to 14 weeks), in the late second trimester (23 to 27
weeks) and in the third trimester (34 to 36 weeks) are shown in
Figure 3. In contrast to cSBP, which was revealed to have significant
correlations with bSBP throughout pregnancy (Figures 3a-c), AIx-75
did not show any correlations with bSBP in any trimesters in normal
healthy pregnancies (Figures 3d-f).
Next, we examined the effects of maternal aging on bSBP, cSBP and

AIx-75 in pregnant women less than 35 years old (n¼604; mean age:
28.8±3.9) and more than 35 years old (n¼220; mean age: 37.0±2.0).
(Figure 4). The age of 35 years was arbitrarily chosen, as this age has
been frequently referred to the ‘threshold’ of advanced maternal age.
In contrast to bSBP, which shows similar values and trends among
groups, pregnant women more than 35 years old showed significantly
higher cSBP and AIx-75 values compared with pregnant women less
than 35 years old throughout pregnancy.
Figure 5 shows the longitudinal data of bSBP, cSBP and AIx-75 for

the 69 normal pregnant women who had measurements taken at 12 to
14, 23 to 27 and 34 to 36 weeks gestation, at a few days after delivery
and at 4 weeks postpartum. In contrast to bSBP, the fall in both cSBP
and AIx-75 in the second trimester and the rise in both parameters
after delivery were evident.

DISCUSSION

With the largest cohort of normal pregnancies, we showed that normal
pregnancy is associated with a significant reduction in cSBP and AIx-
75, reaching its nadir in mid-pregnancy and rising towards term. Our
findings support two recent studies, which addressed normal values of
cSBP and AIx throughout pregnancy.19,20 Furthermore, we found that
AIx-75, but not cSBP, was independent of bSBP throughout preg-
nancy. Our present data suggested that measurement of cSBP and AIx
might offer additional information about maternal arterial compli-
ance, which might be impaired in various obstetric complications such
as preeclampsia. These parameters also allowed detection of significant
age-related differences in maternal arterial compliance in healthy
pregnant women.
Pulse wave analysis using applanation tonometry has been increas-

ingly used for the non-invasive assessment of central blood pressure
and arterial stiffness,6–11 and several studies have confirmed that cSBP
and AIx obtained from pulse wave analysis of peripheral arteries, such
as the radial artery, are closely correlated with invasively measured
cSBP and AIx.22–26 In addition, AIx has been reported to correlate
with an endothelial function in healthy27 and cardiovascular compro-
mised subjects.28

In a clinical setting, these parameters have been reported to be
superior to traditional brachial artery blood pressure measurements in
predicting future cardiovascular events, and in evaluating the response
to drug treatment.2–5,29

During pregnancy, the maternal circulation undergoes remarkable
physiological adaptations. Normal pregnancy is associated with
increased cardiac output, intravascular volume and a marked decrease
in vascular resistance.30–33 It has been reported that in pregnant
women bSBP is a little below the non-pregnant level, rising in late
pregnancy.34,35 On the basis of our findings, both cSBP and AIx-75
might be more suitable parameters than bSBP for assessing preg-
nancy-related changes in arterial compliance. Although both cSBP and
AIx-75 showed similar changes during pregnancy and postpartum,
they appeared to have different physiological meanings based on their
completely different correlations with bSBP during pregnancy. The
absence of correlation between AIx-75 and bSBP in our study is
consistent with a previous study in healthy subjects,36 suggesting that

both cSBP and AIx-75 represent different aspects of arterial compli-
ance in healthy pregnant women as well.
Recently, several studies have increasingly reported impaired arterial

compliance not only in pregnant women with preeclampsia, but also
in gestational diabetes mellitus and type 2 diabetes, showing signifi-
cantly increased cSBP and AIx in these population compared with
normoglycemic controls.37 In addition, magnesium sulfate (MgSO4)
was recently reported to decrease AIx in women with preeclampsia,
suggesting its possible mechanisms toward seizure prophylaxis.38

Although they did not mentioned cSBP values after magnesium
sulfate administration, it might be possible that decreasing cSBP,
which is a direct blood pressure to the brain, also contributes to
seizure prophylaxis.
It has been reported that the age-related changes in cSBP and AIx

are more prominent in younger individuals, whereas bSBP and pulse
wave velocity increased significantly only after the age of B50 years,

Figure 4 The trends and values of brachial systolic blood pressure (bSBP)

(a), central aortic systolic blood pressure (cSBP) (b) and augmentation index
at heart rate of 75 b.p.m. (AIx-75) (c) in pregnant women less than 35 years

old (solid line, n¼604: mean age: 28.8±3.9) and more than 35 years old

(dashed line, n¼220: mean age: 37.0±2.0). In contrast to bSBP, which

shows similar values and trends among groups, pregnant women more than

35 years old (dashed line) showed higher cSBP and AIx-75 value compared

with pregnant women less than 35 years old throughout pregnancy.

*Significant difference among groups in each gestational week group

(Po0.05). ns, no significant difference among groups in each gestational

week group.
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indicating that cSBP and AIx are earlier and more sensitive markers of
aging especially in younger individuals.39 This report seems to support
our finding of a significant increase in cSBP and AIx, but not bSBP, in
pregnant women older than 35 years, and also seems to support
incorporating these parameter into clinical practice as almost every
pregnant woman is under 50 years. Pregnancy after age 35 is
associated with an increased risk for maternal as well as neonatal
complications, such as fetal growth disorders, maternal hypertensive
disorders and gestational diabetes.40 Our finding of increased cSBP
and AIx-75 in healthy pregnant women after age 35 might reflect one
of the aspects of increased maternal and fetal adverse outcomes among
these pregnancies.
In conclusion, this study established normal values for pulse wave

analysis parameters in all three trimesters with gestation in the largest
cohort of normal pregnancies, and indicated that pulse wave analysis
might offer additional and independent information to conventional
brachial blood pressure measurement. We hope that these data may be
used as the basis for further investigation into the role of pulse wave
analysis in the assessment, management and prediction of disorders,
which might interfere with pregnancy-related cardiovascular adaptations.
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