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ABSTRACT

Objective 
To study the association of the augmentation index (AIx), augmentation pressure (AP) at 

8 0/7-11 0/7 weeks of pregnancy with the later onset of preeclampsia. And if combination 

with MAP improves this association.

Study Design 

235 nulliparous and 42 former preeclamptic women were included with an incidence 

of preeclampsia of 4.3% and 16.6%. AIx, AP and MAP obtained from finger arterial 

waveform registration were analysed using logistic regression.

Results 

After adjustment for previous preeclampsia the AIx and AP were associated with later 

preeclampsia (OR 1.84 (95% CI 1.10-3.0) and 1.90 (1.31-2.76) respectively). AP in 

combination with MAP and previous preeclampsia had an area under the ROCcurve of 

0.82 (0.66-0.97) compared to 0.74 (0.61-0.87), 0.78 (0.65-0.91) and 0.79 (0.64-

0.93) for the single parameters.

Conclusion 

The combination of MAP and AP had a higher association with later preeclampsia 

compared to single parameters, but the additive effect of AP was small. 
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INTRODUCTION

Preeclampsia affects 2-8% of all pregnancies and remains a leading cause of maternal 

and perinatal morbidity and mortality.1;2 Women who had a pregnancy complicated 

by preeclampsia are at increased risk for cardiovascular disease in later live and 

preeclampsia and cardiovascular disease share similar risk factors.3;4

Increased arterial stiffness is an independent predictor of adverse outcome in 

cardiovascular disease.5 Several studies showed an elevated arterial stiffness in women 

with preeclampsia.6-9 One research group recently observed an increased arterial 

stiffness, measured by applanation tonometry and calculation of the augmentation 

index (AIx) at 11-13 weeks of pregnancy, in women who developed preeclampsia later 

compared to women with normal pregnancy.10;11

It is not known if this difference in AIx only occurs in the beginning of pregnancy or if it is pre-

existing. Thus the increased risk of cardiovascular disease in former preeclamptic women 

could result from persisting abnormalities in cardiovascular control after preeclampsia 

or from pre-existing abnormalities which are associated with both conditions. At present, 

literature is not helpful to answer this question. Studies report conflicting results about 

arterial stiffness in former preeclamptic women compared to women with uncomplicated 

pregnancies.7;8;12

Women predisposed to develop preeclampsia already have a higher blood pressure 

early in pregnancy, long before clinical symptoms arise, compared to women with an 

uncomplicated pregnancy. Although they have no hypertension yet their blood pressure 

measured in the beginning of pregnancy could be used to predict preeclampsia.13;14 

A systematic review concluded that mean arterial pressure was the blood pressure 

parameter with the highest association with preeclampsia.15 Blood pressure and arterial 

stiffness are not independent parameters and it is not well described if combined use of 

these parameters improves the association with later preeclampsia.16

The primary aim of this study is to test the hypothesis that the association between early 

pregnancy arterial stiffness, measured by augmentation index or augmentation pressure, 

is improved if combined with mean arterial blood pressure. Our second hypothesis is that 

these parameters differ between nulliparous women with an uncomplicated pregnancy 

and women with a previous preeclampsia, which could indicate the presence of pre-

existing differences that might contribute to the elevated risk for cardiovascular disease in 

women with previous preeclampsia. 
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METHODS

Subjects
This study is part of a prospective study which investigated cardiovascular parameters in the 

beginning of pregnancy for the prediction of preeclampsia.17 Healthy nulliparous women 

and healthy parous women with a previous pregnancy complicated by preeclampsia 

were included between April 2004 and June 2006. Women with multiple pregnancy, 

and women with diabetes, chronic hypertension, antihypertensive medication or renal 

disease were not eligible. Women with an infant with major congenital malformations 

were excluded. All women had normal blood pressure (<140 / 90 mmHg, measured 

by conventional sphygmomanometry) at their first visit. Preventive use of acetylsalicylic 

acid in women with a previous preeclampsia was allowed. Participants were recruited 

by advertisements in local newspapers, flyers at midwife practices near our hospital and 

from our outpatient clinic. The Medical Ethical Committee of the Academical Medical 

Center approved the study. After written informed consent, all participants underwent 

identical study protocols. 

Study protocol

At 8 0/7-11 0/7 weeks of pregnancy gestational age was confirmed by ultrasound. 

All measurements were scheduled between 7 AM and 12 noon and took place in a 

quiet room with a temperature between 20 and 22 ºC. Subjects were asked to refrain 

from coffee from the night before the measurements. They were informed about the 

procedures and instructed to empty their bladder before the start of the measurements. 

The measurements were performed in supine position at the non-dominant arm after at 

least 15 minutes of rest.

Blood pressure and hemodynamic parameters were measured continuously for 10 

minutes using non-invasive finger arterial waveform recording by FinometerTM (FMS, 

Amsterdam, the Netherlands). 

Measurement of finger arterial pressure is based on the volume clamp method of 

Peňáz and the ‘Physiocal’ criteria of Wesseling.18;19 20 The brachial arterial pressure is 

reconstructed from the finger pulse wave.21 This device is validated in pregnancy and 

passed the Association for the Advancement of Medical Instrumentation (AAMI) criteria. 

According to the British Hypertension Society (BHS) criteria, the device was graded a B for 

diastolic and a C for systolic blood pressure.22 In pregnancy stroke volume measurement 

is comparable with Doppler echocardiography.23 An appropriate cuff was placed at the 

middle finger of the non-dominant hand with the arm along the body. Hydrostatic height 

correction was used to correct for the position of the hand with respect to heart level. 
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When a stable signal was attained, the pressure signal was corrected by the return-to-

flow method.24 Data from the FinometerTM were sampled at 200 Hz and analyzed by 

Beatscope software (TNO Biomedical Instrumentation, Amsterdam, the Netherlands). 

The average of the systolic blood pressure (SBP), diastolic blood pressure (DBP), mean 

arterial pressure (MAP) and heart rate (HR) of ten minutes were used for comparisons.

As a measure of arterial stiffness the augmentation index (AIx) was calculated. For the AIx, 

a period of 60 seconds, with a stable signal, was selected from the Finometer recording. 

The finger arterial waveform of this period was filtered to an aortic waveform by the 

Beatscope software. In Mathematica (Wolfram Research, Inc., Mathematica, Version 4.0, 

Champaign, IL) the filtered pressure was further analyzed to determine the augmentation 

index. 20 Beats were selected and the averaged wave form of these 20 beats was used. 

The inflection point was determined with the use of the fourth derivate of the aortic 

pressure wave.25 If the inflection point was found before the first pressure peak, A-type 

augmentation index was calculated. If the inflection point lay after the first pressure peak 

B-type augmentation index was calculated. B-type augmentation index is expressed as 

a negative index. AIx was calculated as augmenting pressure (AP, determined by the 

inflection point and SBP) divided by pulse pressure (SBP-DBP).26 DAIx was calculated as 

AIx postpartum-AIx first trimester.

Outcome

Gestational hypertension was defined as a systolic blood pressure ≥ 140 and/ or a 

diastolic blood pressure ≥ 90 mmHg after 20 weeks in a previously normotensive 

woman, measured twice with an interval of at least 6 hours. Preeclampsia was defined by 

the combination of gestational hypertension and proteinuria ≥ 0,3 g/ 24 h or dipstick ≥ 

++ after 20 weeks gestation according to the ISSHP guidelines.27 

Statistics

To assess normality of the distribution of the numerical data the Kolmogorov-Smirnov test 

was used. Normally distributed data are presented as mean ± standard deviation (SD), 

not normally distributed data as median (range). 

(Paired) Student t-tests, Mann-Whitney U tests and chi-square tests were used when 

appropriate. 

Logistic regression analysis was used to determine the association of AIx, AP and MAP 

in the beginning of pregnancy with later preeclampsia. The continuous variables of 

AIx, AP and MAP were categorized per 10 %, 3 and 5 mmHg respectively. Because 

the two inclusion groups had highly different a priori risks for preeclampsia, previous 

preeclampsia (nulliparous versus parous women with previous preeclampsia) was entered 

for adjustment in all models. The probability for entry was set at 0.05, for removal at 
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0.1. For comparison between the models the discriminative capacity was assessed with 

Receiver Operating Characteristics (ROC) analysis. The statistical software package SPSS 

18 (SPSS Inc, Chicago, IL) was used for all analyses. A p value < 0.05 was considered 

statistically significant.

RESULTS

Baseline characteristics
283 women participated in the study. After inclusion we excluded 3 women from analysis 

because of severe lethal congenital malformations of their infants, 2 women who delivered 

an infant with Down syndrome and one woman was lost to follow-up. Thus, 277 women 

were available for analysis in the first trimester and 225 of them returned postpartum. 

5 of the 42 parous women with previous preeclampsia used prophylactic acetylsalicylic 

acid. The mean gestational age at measurement in the first trimester was 9 2/7±0.7 

weeks and the mean interval post partum was 28 5/7±7 weeks. Seventeen (6.1 %) 

women developed preeclampsia and 16 (5.8 %) other women gestational hypertension. 

The women who developed gestational hypertension were allocated to the control group. 

Maternal characteristics and pregnancy outcome are described in Table 1. 

Women with preeclampsia delivered earlier and their babies had a lower birth weight 

compared to women with unaffected pregnancies. Nulliparous women with preeclampsia 

were younger compared to the nulliparous unaffected women. There were no differences 

between parous women with or without preeclampsia in maternal characteristics. 

Hemodynamics

All women who developed preeclampsia (nulliparous and parous women with previous 

preeclampsia) had a higher blood pressure at 8-11 weeks and 29 weeks postpartum 

Table 1. Baseline characteristics at first visit and pregnancy outcome of the study population. 
Nulliparous women(n=235) Parous women with previous 

preeclampsia(n=42)

No preeclampsia
n=225

Preeclampsia
n=10 (4.4%)

No preeclampsia
n=35

Preeclampsia
n=7 (16.7%)

Age (y) 30.0 ± 4.2 26.0 ± 3.0‡ 30.7 ± 4.0 33.8 ± 2.2

Caucasian (%) 295 (86.7) 7 (70) 30 (85.7) 5 (71.4)

BMI (m2/kg) 23.3 (17.6-41.8) 24.3 (20.6-31.6) 23.9 (18.8-37.5) 28.5 (19.6-32.2)

Smoking (%) 25 (11.1) 1 (10.0) 3 (8.6) 1 (14.3)

Gestational age at delivery(d) 278 (207-297) 255 (209-286) ‡ 272 (243-289) 224 (200-273) ‡
Birth weight (gr) 3475(1170-4585) 2031(870-3232)‡ 3165 (1620-4132) 1300(1000-3025)‡

Data are presented as mean (±standard deviation) or median (range) ‡P<0.01 vs no preeclampsia
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Figure 1. Percentage of preeclampsia for 
augmentation index (AIx) classes, augmentation 
pressure (AP) classes, and mean arterial 
pressure (MAP) classes with group size above 
each column. 
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compared to unaffected women, although the postpartum difference did not reach 

statistical significance in parous women. Blood pressure in nulliparous and in parous 

women with a previous preeclampsia, who did not develop preeclampsia, was similar at 

8-11 weeks and 29 weeks postpartum (Table 2). 

All women who developed preeclampsia had a higher AIx and AP in the first trimester 

compared to women who did not. This difference was not statistically significant in parous 

women (Table 2). First trimester values were lower than values 29 weeks postpartum 

in women with uncomplicated pregnancy. In women who developed preeclampsia first 

Table 2. Hemodynamic measurements at 8-11 weeks gestational age and at 29 weeks postpartum. 
Nulliparous women (n=235) Multiparous women with previous preeclampsia (n=42)

Outcome No preeclampsia Preeclampsia No preeclampsia Preeclampsia
8-11 w 29 w PP 8-11 w 29 w PP 8-11 w 29 w PP 8-11 w 29 w PP

n=225 N=172 n=10 N=7 n=35 n=25 N=7 N=5

Heart rate (b/m) 70±8 66±9* 69±6 69±6 70±8 69±13 71±6 70±11

SBP (mmHg) 121±8 119±11* 129±15† 132±16V 119±8 122±13 129±5† 125±10

DBP (mmHg) 67±6 69±8* 71±9† 73±9 68±7 74±9* 76±5† 75±8

MAP (mmHg) 87±6 89±9* 96±12† 97±12† 89±8 95±8* 98±5† 97±8

AIx (%) 17 (-11-47) 24 (3-45)* 26 (9-36) † 25 (20-38) 17 (-3-39) 26 (11-48)* 23 (17-33) 27 (18-29)

AP (mmHg) 6.5 (0.9-22.5) 9.4 (1.3-22.2)* 12.3(2.7-19.2) † 11.1 (9.0-25.7) 7.1 (1.1-20.1) 9.5 (3.7-31.3)* 9.8 (6.5-16.1) 10.1(7.4-14.1)
DAIx - 7.5±10.9 - 2.2±12.4 - 6.7±10.5 - 0.25±10.5

Data are presented as mean (± standard deviation) or median (range) *P<0.05 vs first 
trimester,†P<0.05 vs. no preeclampsia, PP: postpartum, SBP: systolic blood pressure, DBP : 
diastolic blood pressure, MAP: mean arterial pressure, AIx : augmentation index, AP : augmentation 
pressure

Table 3. Results of the logistic regression analyses to assess the association between different 
parameters and preeclampsia later in pregnancy, with adjustment for previous preeclampsia.
Entry parameters Last step parameters OR (95% CI) Area under the ROCcurve (95% CI)

AIx and parity AIx 1.84 (1.10-3.00) 0.74 (0.61-0.87)*
previous preeclampsia 4.02(1.41-11.50)

AP and parity AP 1.90 (1.31-2.76) 0.78 (0.65-0.91) *

previous preeclampsia 4.29 (1.47-12.58)

MAP and parity MAP 2.26 (1.36-3.78) 0.79 (0.64-0.93) *

previous preeclampsia 3.35 (1.13-9.95)

AIx, MAP and parity AIx 1.63 (0.93-2.86) 0.80 (0.65-0.95) *

MAP 2.10 (1.25-3.51)

previous preeclampsia 3.02 (0.99-9.22)

AP, MAP and parity AP 1.72 (1.06-2.56) 0.82 (0.66-0.97)*

MAP 1.94 (1.15-3.27)
previous preeclampsia 3.27(1.06-10.15)

AIx: augmentation index, AP: augmentation pressure, MAP: mean arterial pressure * Area 
significantly different from 0.5
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Table 2. Hemodynamic measurements at 8-11 weeks gestational age and at 29 weeks postpartum. 
Nulliparous women (n=235) Multiparous women with previous preeclampsia (n=42)

Outcome No preeclampsia Preeclampsia No preeclampsia Preeclampsia
8-11 w 29 w PP 8-11 w 29 w PP 8-11 w 29 w PP 8-11 w 29 w PP

n=225 N=172 n=10 N=7 n=35 n=25 N=7 N=5

Heart rate (b/m) 70±8 66±9* 69±6 69±6 70±8 69±13 71±6 70±11

SBP (mmHg) 121±8 119±11* 129±15† 132±16V 119±8 122±13 129±5† 125±10

DBP (mmHg) 67±6 69±8* 71±9† 73±9 68±7 74±9* 76±5† 75±8

MAP (mmHg) 87±6 89±9* 96±12† 97±12† 89±8 95±8* 98±5† 97±8

AIx (%) 17 (-11-47) 24 (3-45)* 26 (9-36) † 25 (20-38) 17 (-3-39) 26 (11-48)* 23 (17-33) 27 (18-29)

AP (mmHg) 6.5 (0.9-22.5) 9.4 (1.3-22.2)* 12.3(2.7-19.2) † 11.1 (9.0-25.7) 7.1 (1.1-20.1) 9.5 (3.7-31.3)* 9.8 (6.5-16.1) 10.1(7.4-14.1)
DAIx - 7.5±10.9 - 2.2±12.4 - 6.7±10.5 - 0.25±10.5

Data are presented as mean (± standard deviation) or median (range) *P<0.05 vs first 
trimester,†P<0.05 vs. no preeclampsia, PP: postpartum, SBP: systolic blood pressure, DBP : 
diastolic blood pressure, MAP: mean arterial pressure, AIx : augmentation index, AP : augmentation 
pressure

trimester and 29 weeks postpartum values were comparable. Nulliparous and parous 

women with a previous preeclampsia were similar in this respect. DAIx was higher in 

women with normal pregnancy compared to women who developed preeclampsia, 

although this difference did not reach statistical significance.

Figure 1 shows bar plots of the incidence of preeclampsia for different classes of AIx, AP 

and MAP, for the complete population of nulliparous and parous women with previous 

preeclampsia. All plots had statistical significance by chi-square analysis except for AIx. 

Within the time window of 8-11 weeks, gestational age was not correlated with AIx, AP 

or MAP (Pearson correlation coefficient < 0.1).

Table 3 shows the results of the planned logistic regression analyses. AIx, AP and MAP at 

8-11 weeks gestational age were significantly associated with later preeclampsia when 

adjusted for parity. When entered in combination with MAP AIx and AP remained in the 

model. The model with the highest area under the curve of the ROC curve used AP, MAP 

and parity. 

DISCUSSION

In this prospective cohort of women with normal blood pressure we found positive 

associations between higher AIx, AP and mean arterial pressure at 8-11 weeks gestational 

age and later development of preeclampsia. Within the gestational age window of 

the study these parameters were not affected by gestational age. Although all indices 

generally demonstrated similar associations and measures of model fit, the combination 

of augmentation pressure, previous preeclampsia and mean arterial pressure showed 



94

the strongest association and best model fit. The additive effect of AIx or AP to MAP and 

parity was small. 

Based on our data we conclude that differences in early pregnancy hemodynamic 

measurements between women, who develop preeclampsia later and women who do not, 

are not pre-existing and only due to early pregnancy adaptation. We found no differences 

between nulliparous women and parous women with previous preeclampsia both in 

the first trimester as well as 29 weeks postpartum. Both subgroups had a significantly 

lower blood pressure, AIx and AP in the first trimester compared to postpartum values 

when pregnancy developed normally, reflecting early pregnancy adaption. Women who 

developed preeclampsia, irrespective of parity, had similar values in the first trimester 

as 29 weeks postpartum. Postpartum values of AIx and AP were comparable between 

women who had an uncomplicated pregnancy and women who had preeclampsia. Blood 

pressure was higher 29 weeks postpartum in nulliparous women with preeclampsia; 

this seems to contradict our previous statement unless a longer interval is needed for 

normalization of blood pressure. A longer recovery interval for blood pressure is supported 

by our observation of similar first trimester blood pressure values in nulliparous women 

and in parous women with a previous preeclampsia with an uncomplicated pregnancy. 

One of the limitations of our study is our limited sample size; we cannot rule out small 

differences between the subgroups. Because of the limited sample size we could not 

adjust for other known confounders like age and body mass index. We excluded parous 

women with previous preeclampsia who had chronic hypertension because the use of 

antihypertensive medication could influence arterial stiffness. In addition, these women 

were not included because the elevated risk of these conditions for preeclampsia or 

pregnancy induced hypertension precludes the usefulness of further risk assessment.28 

Despite not selecting this high risk group, the incidence of preeclampsia was high in the 

remaining women with previous preeclampsia (4.3 % vs. 16.7%)

We could not confirm the high association of the AIx and AP with later preeclampsia as 

found by Khalil et al.10;11 In two studies (one cohort, one case-control) using applanation 

tonometry for calculation of AIx, AIx-75 and AP at 110/7-13 6/7 weeks of pregnancy this 

group observed an area under the ROC curve of approximately 0.9 for AIx, AIx-75 

and AP using univariate analysis. Their first study population was specified as low-

risk, with 43% nulliparous women, but with an incidence of preeclampsia of 6.7% (of 

which 50% developed preeclampsia <34 weeks). This is a high incidence of severe 

preeclampsia in a low risk population and cannot be compared with our nulliparous 

women. The second population was specified as high risk with 10.3 % preeclampsia. A 

second difference is that in our study early pregnancy blood pressure differed between 

women who developed preeclampsia and women who did not, with a comparable level 
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of association as described by Cnossen et al15, while in both studies by Khalil et al no 

difference in blood pressure was observed between women who developed preeclampsia 

and women who did not. Thirdly, their population contained a high percentage of Afro-

Caribbean women (37%), while our population was predominantly Caucasian. These 

differences in study population could explain the difference in level of association of AIx 

and AP with our study.

Because a negative linear correlation exists between heart rate and AIx some advocate 

to standardise AIx calculation for a heart rate of 75 beats per minute. However, studies 

regarding arterial stiffness and changing heart rates report conflicting results. Studies 

using pacing have different results compared to studies with other methods to adjust 

for heart rate.29;30 This makes it impossible to use standard formula’s to adjust the AIx 

to heart rate and these formulas are not validated in pregnancy. We therefore decided 

not to use a standardised AIx. In our study population heart rate was similar between 

subgroups and thus standardisation would not have changed our findings.

We used finger arterial waveform registration for calculation of AIx and AP while most 

studies use Sphygmocor® or other applanation tonometry devices. One of the advantages 

of finger arterial waveform registration is that it uses a cuff around the finger instead of 

a transducer which has to be hold in place. This easier application allows for a sufficient 

rest period and stabilization of the signal in advance of the measurement window. 

All these devices have in common that the aortic pressure used for calculating AIx and 

AP is not measured but reconstructed from a peripheral pulse wave registration. Invasive 

methods are not widely useful in populations for screening purposes. This approach has 

been validated in a wide variety of healthy and patient populations.31 

CONCLUSION

Combined use of MAP and AP at 8-11 weeks in a model had the highest level of association 

with later preeclampsia although the differences between the models were small. Our 

results do not support the addition of AIx or AP to blood pressure measurement, which is 

far easier to apply, for the assessment of risk for preeclampsia.

The differences in blood pressure, AIx or AP in the first trimester between women who will 

develop preeclampsia and women whose pregnancy will develop normally seem to be 

pregnancy related and not pre-existing. These differences could reflect an inadequate 

hemodynamic adaption to pregnancy.
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