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Introduction

Preeclampsia is a major cause of maternal morbidity and mortality, perinatal death, pre-
term birth, and fetal growth restriction. It is a multisystem disorder of unknown cause. 
A common hypothesis is that inadequate remodelling of the uterine blood vessels that 
supply the placenta early in pregnancy, the spiral arteries, results in a systemic response 
that is associated with endothelial dysfunction and consequently increased systemic 
vascular resistance, enhanced platelet aggregation, and activation of the coagulation 
system. Preeclampsia presents as a maternal syndrome with a large variation in clini-
cal expression and severity of disease. Obligatory symptoms for the clinical diagnosis 
are hypertension and proteinuria while associated renal, hepatic, neurological and clot-
ting abnormalities can vary greatly in presence. Preterm preeclampsia is nearly always 
associated with placental dysfunction,  resulting in fetal malnutrition, growth restric-
tion, hypo-oxygenation, and acidosis. 1 2 Preeclampsia by definition is a disorder of the 
second half of pregnancy that resolves shortly after delivery. 3 Because the underlying 
pathogenisis is unclear, pre-eclampsia is at present unpredictable in onset and progres-
sion, and incurable except by termination of the pregnancy. 

Hemodynamic characteristics
Hemodynamic characteristics of patients suffering from preeclampsia and fetal growth 
restriction have been described. From the results of Swan-Ganz measurements in 
untreated preeclamptic patients we know now that the hemodynamic expression of 
severe disease is characterised by a low cardiac index and low stroke volume index, 
a high systemic vascular resistance index and a reduced plasma volume.4 Pregnancies 
complicated by fetal growth restriction are characterised at term by low cardiac output 
combined with increased vascular resistance. 5 However, the clinical expression usually 
does not become apparent before 32-36 weeks of gestational age, and could be preceded 
by a long latent phase. 

It is well known that the maternal cardiovascular system undergoes profound changes 
during pregnancy and that most of these changes occur already in the first trimester of 
pregnancy. Cardiac output increases, initially because of increased hart rate, soon fol-
lowed by an increased stroke volume. The largest increase from the non-pregnant state 
is already observed before 8 weeks of gestation.  Cardiac output continues to increase 
until midpregnancy, and remains stable thereafter. Blood pressure decreases, reach-
ing a minimum in midpregnancy. Peripheral vascular resistance is reduced throughout 
pregnancy and total circulating volume is supposed to increase to 40 % compared to 
non-pregnant subjects. 6 7

A number of observational studies point to hemodynamic differences, that may be pres-
ent before or in early pregnancy in women predisposed to develop preeclampsia or fetal 
growth restriction.7 8 9 10 11 However, results are conflicting between studies and the 
magnitude of such differences is not clear. 
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Sympathetic activity
Vascular tone is largely determined by the activity of the sympathetic nervous system. 
Schobel et al 12 were the first to measure postganglionic action potentials in sympa-
thetic-nerve fibers innervating blood vessels in the skeletal muscle in patients with 
preeclampsia. Mean sympathetic activity during rest appeared to be three times higher 
in preeclamptic women compared to healthy pregnant women, and two times higher 
compared to the hypertensive non-pregnant women. After delivery, the preeclamptic 
women showed an almost parallel decrease of mean arterial pressure and sympathet-
ic nerve activity. Although Schobel et al found a higher sympathetic nerve activity in 
preeclampsia, they observed no difference in hemodynamic and sympathetic nerve 
responses to Valsalva’s manoeuvre and cold pressure test. Data of Schobel et al were 
later confirmed by Greenwood et al 13, who performed a similar study in women with 
pregnancy induced hypertension. These data could indicate that the increase in systemic 
vascular resistance, at least partly, is mediated by a marked increase in sympathetic vaso-
constrictor activity in hypertensive pregnancies. 12,14 The increased sympathetic activity, 
observed in preeclampsia, may already be present before the clinical presentation of the 
disorder, before the blood pressure and vascular resistance start to rise.
The association between the development of hypertension in pregnancy and alterations 
in autonomic cardiovascular control was already investigated before the observations 
of Schobel et al and Greenwood et al were published. For a review of these studies see 
chapter 2. Different methods for the clinical assessment of  autonomic cardiovascular 
control in humans have been used. Most studies were performed with non-invasive 
methods.  There are basically two methods to test the function of the autonomic ner-
vous system non-invasively. Analysis of spontaneous heart rate and blood pressure 
variability by spectral analysis, from continuous recordings of heart rate and blood pres-
sure, or cardiovascular reflex tests, where blood-pressure and heart rate responses to a 
variety of physiological stresses are analysed. 15-19 20 These methods have the advantage 
of minimal risk for the mother and the conceptus and the possibility of repeated mea-
surements during pregnancy. 

Early prediction
Although numerous clinical, biophysical or biochemical tests have been proposed for 
the prediction and early detection of preeclampsia, their results have been inconsistent 
and contradictory. 
The most frequently applied methods are risk factor assessment, standard blood pressure 
measurement 1 and measurement of the Doppler wave form of the uterine artery 21 22 23 24

Presently, no predictive method exists with characteristics that make application for 
routine use in clinical practice feasible. 1 25 26 27 28
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Introduction

Aims of this thesis
The  main focus of this thesis was to investigate if by non-invasive strategies differ-
ences in hemodynamic and autonomic cardiovascular adaptation to pregnancy could be 
observed early in pregnancy, between women who eventually developed preeclampsia 
or fetal growth restriction and women with a healthy pregnancy. 
The intention was to develop a screening strategy, which could be applied to a large 
number of pregnant women.. 

Outline of this thesis
Part 1
An overview is presented of the literature regarding non-invasive tests of the function 
of the autonomic nervous system. (Chapter 2). Secondly, we performed a longitudinal 
study measuring patients before and in the first half of pregnancy, to evaluate if a dif-
ference could be detected in autonomic cardiovascular control between women with a 
normal development of pregnancy and women, who developed preeclampsia later in 
pregnancy, using non-invasive measurement techniques. (Chapter 3)

Part 2
Within the same cohort as described in chapter 3, we measured cardiovascular parameters 
like blood pressure, cardiac output en peripheral vascular resistance using finger pulse 
contour analysis with Portapres. We evaluated if differences were already present before 
or in early pregnancy between women with normal pregnancy and women who eventually 
developed preeclampsia or fetal growth restriction. Secondly, we combined our findings 
with those described in chapter 3 concerning autonomic control and analysed if this could 
enable selection of women at risk for the development of preeclampsia or fetal growth 
restriction, either solitary or in conjunction with uterine artery Doppler assessment. 
(Chapter 4)

Part 3
For the studies of chapter 3 and 4 we used the measurement of finger pulse wave by 
Portapres. This device offers the advantage of continuous non-invasive measurement 
and convenience of application. 
Although it has been validated extensively in non-pregnant subjects, this was not done 
in pregnant subjects. We therefore compared blood pressure registration by Portapres 
with standard sphygmomanometry in pregnant subjects (Chapter 5) and cardiac out-
put by finger arterial pressure waveform registration with Doppler echocardiography 
(Chapter 6).
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Abstract
Purpose  Preeclampsia is a major complication of pregnancy. Although the disorder 
usually becomes apparent only in the third trimester of pregnancy, evidence is available 
that underlying  pathophysiological abnormalities are already present early in preg-
nancy. The association between alterations in autonomic cardiovascular control and 
the development of hypertension in pregnancy has been investigated for some time. 
Non-invasive methods are especially of interest, since they have the advantage of mini-
mal risk for the mother and the conceptus and enable repeated measurements during 
pregnancy. If non-invasive tests for autonomic cardiovascular control could demon-
strate the increased sympathetic activity, as observed by microneurography than this 
method is a candidate for early identification of preeclampsia. Therefore, the literature 
on non-invasive testing of autonomic cardiovascular control in normal pregnancies and 
preeclampsia was summarized.

Data identification and selection  Medline was searched and 36 articles on auto-
nomic cardiovascular control in human pregnancy by non-invasive test methods were 
reviewed. For each test method, data of different studies were summarized to evaluate if 
the method could discriminate between healthy pregnancy and preeclampsia.

Conclusion  Although small differences have been observed between normal pregnan-
cy and preeclampsia in individual studies using non-invasive methods, the consistency 
in the available data is insufficient to discriminate between normal pregnancy and preec-
lampsia. The failure to demonstrate the increased sympathetic activity, as observed by 
direct microneurography, might be due to methodological factors of the non-invasive 
studies. Alternatively, sympathetic activity to resistance vessels in skeletal muscle may 
not be a proper reflection of autonomic cardiovascular control in pregnancy. Well-
designed longitudinal research could be useful to test these suppositions.

16



C
hapter 2

17

Autonomic cardiovascular control; review

Introduction
Preeclampsia, defined as hypertension associated with proteinuria, complicates up to 10 
% of all pregnancies. It is a major cause of maternal, fetal and neonatal morbidity and 
mortality. [1; 2] This common disease of pregnancy develops in the second half of preg-
nancy and resolves shortly after delivery. In this disease, the placenta plays an important 
role - only removal of the placenta cures the disorder. The clinical expression of the 
disease shows a large variability. Till now, there are no possibilities for prevention or 
treatment of this disorder and the underlying aetiology of preeclampsia is still unknown. 
Abundant studies are available concerning the pathophysiologic mechanisms of this 
disease. Although some dissimilarities exist between results, it is generally accepted that 
the disease is characterised by low circulating volume and high vascular resistance. [3; 
4] This is the opposite of the haemodynamic changes that occur in normal pregnancy 
(Table 1) . Haemodynamic changes in normal pregnancy show a decrease in mean arte-
rial pressure and systemic vascular resistance and an increase in circulating volume, 
heart rate and cardiac output. The largest changes occur early in pregnancy, already 
before 8 weeks of gestational age.[5-7] It is uncertain if haemodynamic changes early 
in pregnancy are different between women, who develop preeclampsia, and women 
with a normal pregnancy. Although the amount of data on the haemodynamic changes 
before the clinical presentation of preeclampsia is limited, a higher cardiac output was 
observed early in pregnancy in women, who developed preeclampsia later in pregnancy 
compared to healthy pregnant women. [8; 9] The higher cardiac output in these women 
was, partly, based on a significantly higher heart rate. This has been regarded as an early 
sign of increased sympathetic activity. Vascular tone is largely determined by the activ-
ity of the sympathetic nervous system and Schobel et al [10] were the first to measure 
postganglionic action potentials in sympathetic-nerve fibers innervating blood vessels in 
the skeletal muscle in patients with preeclampsia. Mean sympathetic activity during rest 
appeared to be three times higher in preeclamptic women compared to healthy pregnant 
women, and two times higher compared to the hypertensive non-pregnant women. After 
delivery, the preeclamptic women showed an almost parallel decrease of mean arterial 
pressure and sympathetic nerve activity. Although Schobel et al found a higher sym-
pathetic nerve activity in preeclampsia, they observed no difference in haemodynamic 
and sympathetic nerve responses to Valsalva’s manoeuvre and cold pressore test. Data 

Table 1. Haemodynamic characteristics of  normal pregnancy compared with non-pregnant women and of  preeclampsia 
compared with normal pregnancy.

BP CO HR SVR Circ.vol Symp

Normal pregnancy vs non-pregnant ¯   ¯  »

Preeclampsia vs normal pregnancy Ý ¯  Ý ¯ Ý

¯: decreased;: increased; Ý: strongly increased; »: not different; BP: blood pressure; CO: cardiac output; HR: heart rate; 
SVR: systemic vascular resistance; Circ.vol: circulating volume; Symp: sympathetic activity
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of Schobel et al were later confirmed by Greenwood et al [11], who performed a similar 
study in women with pregnancy induced hypertension. These data could indicate that the 
increase in systemic vascular resistance, at least partly, is mediated by a marked increase 
in sympathetic vasoconstrictor activity in hypertensive pregnancies. [12] 

Signs and symptoms of preeclampsia  become apparent in a relatively late stage of 
pregnancy, usually in the third trimester. However, there is some evidence, that the 
underlying pathophysiological mechanism is already present before the clinical pre-
sentation of  preeclampsia. [5; 8; 9] The increased sympathetic activity, observed in 
preeclampsia, may already be present before the clinical presentation of the disorder, 
before the blood pressure and vascular resistance start to rise.

Already a few decades before the observations of Schobel et al and Greenwood et al were 
published, the association between the development of hypertension in pregnancy and 
alterations in autonomic cardiovascular control was investigated. Different methods for 
the clinical assessment of  autonomic cardiovascular control in humans have been used. 
Most studies were performed with non-invasive methods, which have the advantage of 
minimal risk for the mother and the conceptus and the possibility of repeated measure-
ments during pregnancy. 
We wondered if non-invasive methods for autonomic cardiovascular testing could dem-
onstrate the increased sympathetic activity, as observed by microneurography. Secondly, 
we wondered if in early pregnancy one or more of these test methods could demonstrate 
differences in autonomic cardiovascular control between women, who would have a 
normal pregnancy and women, who would develop preeclampsia. Early detection of 
differences in autonomic cardiovascular control could give opportunities for screening. 
Therefore, in this review we summarize the literature, published on non-invasive testing 
of autonomic cardiovascular control in normal pregnancies and preeclampsia.

Cardiovascular reflex tests: What do they tell us.
There are basically two methods to test the function of the autonomic nervous system 
non-invasively. Analysis of spontaneous heart rate and blood pressure variability from 
continuous recordings of heart rate and blood pressure, or cardiovascular reflex tests, 
where blood-pressure and heart rate responses to a variety of physiological stresses are 
analysed.

Although non-invasive methods have the advantage in pregnancy of minimal risk for 
the mother and conceptus, the information they provide is limited due to the fact that 
autonomic regulation of blood pressure can be disturbed at several levels between the 
hypothalamus and the periphery. There are cortical, limbic, anterior, and posterior 
hypothalamic, midbrain and medullary centres, where the input from the carotid sinus 
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and other afferents can be integrated and where output by way of the vagus and sympa-
thetics to heart and blood vessels may be co-ordinated.

Most of the classic cardiovascular reflex tests provide information of the overall integri-
ty of the baroreflex arc. The autonomic nerves, as well as end-organ responsiveness and 
circulatory haemodynamics are involved and only indirect information about a complex 
cardiovascular reflex loop is obtained. ( Table 2) The overall integrity of the baroreflex  
arc can be assessed by analysing the heart rate and blood pressure responses to ortho-
static posture or Valsalva straining. Afferent and central integrity of the baroreflex arc 
can not be assessed directly. The common approach is to evaluate the integrity of the 
efferent pathways. If these are normal, the disturbance is supposed to be on the affer-
ent or central site of the arterial baroreflex arc. The integrity of the efferent sympathetic 
and/ or parasympathetic pathways can be assessed by evaluation of heart rate or blood 
pressure responses to stimulation of these pathways with afferent stimuli other than 
blood pressure. For example, placing the hand in ice water or exercise, such as sustained 
handgrip are selective physiological stressors to test the efferent sympathetic pathways. 
Selective evaluation of efferent cardiac vagal pathways can be performed by the forced 
breathing manoeuvre. [13-15] Another method is spectral analysis of the heart period 
(RR interval) and systolic arterial pressure variabilities. This method provides indices of 
efferent parasympathetic and sympathetic neural regulation, and of the balance between 
parasympathetic and sympathetic cardiovascular modulation. [16]

The most frequently used methods for investigating autonomic cardiovascular control 
in pregnant women are the orthostatic stress test, Valsalva’s manoeuvre, the cold pressor 
test, the isometric handgrip test, the deep breathing test and power spectrum analysis.

Methods 
First, Medline was searched, using the following keywords: pregnancy, preeclampsia, 
autonomic nervous system. Second, the reference lists of the retrieved articles were 
scanned for relevant articles, which had not been found by Medline. A total of 36 arti-
cles  concerning autonomic cardiovascular control in human pregnancy by non-invasive 
test methods, were found and reviewed. 

For each test method, the data from different studies was summarized. This was done 
for normal pregnancy and for preeclampsia. Then, per test-method, the consistency 
between data from different studies was considered. Results were defined inconsistent 
if less than 75 % of the studies had comparable results in direction and magnitude. 
Finally, based on the summary of results and the consistency it was evaluated if the test 
method could identify differences in autonomic cardiovascular control between healthy 



20

pregnant women and preeclamptic women and if the test method could be of any clini-
cal use, for example, as an early screening method.

In this review, we restrict ourselves to a description of the test methods that are sum-
marized in table 2. 

Table 2. Non-invasive test methods for autonomic function testing

Power spectrum analysis Overall baroreflex sensitivity 
Efferent sympathetic / parasympathetic control

Active standing (orthostatic stress test) Overall baroreflex integrity

Valsalva’s manoeuvre Overall baroreflex integrity

Cold pressor test Efferent sympathetic pathway

Isometric handgrip test Efferent sympathetic pathway

Deep breathing test Efferent vagal pathway

A description of the test method is given, followed by a summary of the results in 
uncomplicated and hypertensive pregnancy. With each test method, a summary of the 
results for normal pregnant women compared to non-pregnant women and for preec-
lamptic women compared to normal pregnant women, is given. In these tables each 
different response variable is indicated as increased(↑), decreased(↓), not different(») or 
undetermined(?), compared with non-pregnant or healthy pregnant values. The vari-
able is defined as undetermined if less than 75% consistency existed between data of 
different studies. It should be mentioned that between articles, a large variability in 
the definition of pregnancy induced hypertensive disorders was found. If necessary, 
corrections of the definitions according to standard ISSHP consensus were made [1]. 
Pregnancy induced hypertension was defined as an arterial blood pressure ≥ 140 mmHg 
systolic blood pressure and / or ≥ 90 mmHg diastolic blood pressure on two consecu-
tive readings  more than 4 h apart, after 20 weeks of gestational age, in women with 
a normal blood pressure before 20 weeks of gestational age. Preeclampsia was defined 
as pregnancy induced hypertension combined with proteinuria ≥ 300 mg/24h. Also, 
large variability in the definitions of low and high frequency oscillations of blood pres-
sure and heart rate were found and they were also adapted if necessary. We defined low 
frequency oscillations as oscillations between 0,04 – 0,15 Hz and high frequency oscil-
lations as oscillations between 0,15 – 0,40 Hz.

Testmethods
Power Spectrum analysis.
Cardiovascular fluctuations can be studied by  a computer-oriented technique applied 
to continuous recordings of arterial blood pressure and heart rate. The frequency domain 
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method, based on spectral analysis of the recorded signal, provides basic information 
on the distribution of power (variance) as a function of frequency by way of the Fourier 
transform. This is a mathematical tool to decompose a signal into a spectrum of sinu-
soids that, when added together, will reconstitute the signal. [15; 17-19] The spectrum of 
variation of heart rate and blood pressure can be divided into three peaks. One at very 
low frequencies (VLF; below 0,04 Hz or one period per 20 sec), one at low frequencies 
(LF; around 0,1 Hz (0,04 – 0,15 Hz)or 1 period in 10s) and one around the respiratory 
rate at high frequencies (HF; mostly 0,25 Hz (0,15 – 0,4 Hz)or 1 period in 4s). The 
respiratory (HF) peak is mainly due to vagus nerve activity since it nearly disappears 
following administration of high-dose atropine. [20, 21] The 0,1 Hz (LF) peak is due 
to low frequency oscillations of blood pressure mediated by sympathetic activity and 
low frequency oscillations of heart rate mediated by combined vagal and sympathetic 
activity impinging on the sinus node. [15] [22] Still slower (VLF) variations are due to 
various regulatory mechanisms, such as chemoreception and temperature regulation. 
LF and HF variability may also be measured in normalised units, which represents 
the relative value of each power component in proportion to the total power minus 
the VLF component. The normalisation procedure is helpful in allowing comparisons 
between subjects characterised by large differences in total power or VLF noise. [18] 
From simultaneous spectral analysis of heart rate (HRV) and blood pressure (BPV) 
variabilities, a quantitative assessment of the overall gain of the baroreceptor mecha-
nisms can be obtained. This gain can be represented by the index (α), which can be 
computed out of the square root of the ratio between the power of the heart period and 
the blood pressure power ( √ {RRI power / SBP power}) in correspondence to either LF or 
HF components. The amount of linear coupling between two signals in the frequency 
domain can be expressed by means of the coherence function. The index values become 
unreliable if the coherence is low and the coherence function has to be ≥ 0,5. [23, 24]  
Respiratory rate and a change in posture have a significant effect on measurements 
derived from spectral analysis of heart rate and blood pressure variability. Low respira-
tory frequencies (at or below 10 breaths/min) are associated with an increase in high 
frequency oscillations. A change from supine to upright position is accompanied by an 
increase in low frequency oscillations. [25] 

Results
Normal pregnant women show less high frequency heart rate variability in supine posi-
tion and less low frequency heart rate variability in standing position compared to 
non-pregnant women. Blood pressure variability showed no differences or consistency 
between data of different studies was less than 75 %. The baroreflex sensitivity index 
was found to be decreased in supine position in normal pregnancy.( Table 3)
Compared with healthy pregnant women, data of women with preeclampsia showed 
no differences or consistency between data of different studies was less than 75 %, for 
heart rate and blood pressure variability. The baroreflex sensitivity index was found to 
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be more decreased in supine position , although these data are derived from only one 
author. ( Table 4)

Orthostatic stress
After a total of 5-10 minutes of supine rest, the subject is instructed to stand up and 
remain in upright position for at least 2 min [40]. Short term adjustments to orthostatic 
stress can be distinguished in an initial reaction (first 30 s) and an early steady state 
response (after 1-2 min standing). Directly after standing up heart rate (HR) increases 
in 3 seconds due to a exercise reflex. The secondary, more gradual HR increase, within 
5 s, results from the dual effect of cardiac vagal inhibition and sympathetic activation. 
The subsequent rapid decrease in HR is associated with the recovery of arterial pressure 
and is due to rapid vagal inhibition mediated through the baroreflex. The arterial blood 
pressure shows, directly after standing up, an increase due to the muscular compression 
of the vessels of the legs and an increase in abdominal pressure, causing a shift of blood 
towards the heart. This causes a reflex release of vasoconstrictor tone and a fall in blood 
pressure. This drop in blood pressure induces sympathetically mediated vasoconstric-
tion, whereby blood pressure recovers and sometimes overshoots [41-44].
After around 1 min, circulatory readjustment has been reached [15; 40; 42; 44; 45].

Table 3. Power spectrum analysis in normal pregnancy compared with non-pregnant women.

LF HF LF/HF Author

HRV, supine ? ¯ ? [26-34]

[35-38]

HRV, standing ¯ ? ? [28; 30; 31; 35]

BPV, supine » » [28; 30; 32; 33; 35]

BPV, standing ? ? [28; 30; 35]

BRS, supine ¯ [28; 30; 35]

BRS, standing ? [28; 35; 39]

¯: lower; : higher; ?: undetermined , consistency between data < 75% ; »: no difference, LF, low frequency; HF, high 
frequency; LF/HF, low frequency-high frequency ratio, HRV, heart rate variability; BPV, blood pressure variability; BRS, 
baroreflex sensitivity.

Table 4. Power spectrum analysis in preeclampsia compared with normal pregnancy.

LF HF LF/HF author

HRV, supine ? ? ? [29; 32; 33; 35; 36; 38]

HRV, standing » » » [35]

BPV, supine ? ? [32; 33; 35]

BPV, standing » » [35]

BRS, supine ¯ [35]

BRS, standing » [35]

¯: lower; : higher; ?: undetermined, consistency between data < 75%  ; »: no difference
LF, low frequency; HF, high frequency; LF/HF, low frequency-high frequency ratio
HRV, heart rate variability; BPV, blood pressure variability; BRS, baroreflex sensitivity.
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The heart rate response to orthostatic stress during the initial reaction can be quantified 
by the initial heart rate increase ((∆ HRmax), determined from the difference between 
the maximum heart rate (HRmax) and control and by the relative bradycardia ( deter-
mined from the ratio between the maximum and minimum heart rate (HRmax/ HRmin)). 
The ∆ HRmax and HRmax/ HRmin ratio are mainly vagaly mediated and can be used as 
a measure of cardiac vagal integrity. Blood pressure maintenance after 1 and 2 min-
utes of standing (early steady state), depends predominantly on increased activity of the 
sympathetic system. The heart rate increase at that moment gives an indication of the 
decreased vagal and increased sympathetic efferens to the sinus node.[15; 40]

Results
In the initial phase, in normal pregnant women the bradycardic response is diminished, 
compared to non-pregnant women. Preeclamptic women showed no differences in heart 
rate and blood pressure response compared to healthy pregnancy. ( Table 5)

In the steady state, there is a higher diastolic blood pressure difference in normal 
pregnant women compared to non-pregnant women. Responses were similar for preec-
lamptic women compared to normal pregnant women. ( Table 6)

Table 6. Steady state to orthostatic stress in normal pregnancy to non-pregnant women and in preeclampsia compared with 
normal pregnancy.

Steady state ∆ SBP ∆ DBP ∆ HR author

Normal pregnancy vs. Non-pregnant ?  ? [46-48]

Preeclampsia vs. Normal pregnancy » » ? [48-50]

¯: lower; : higher; ?: undetermined, consistency between data < 75% ; »: no difference
∆ SBP, systolic blood pressure increase; ∆ DBP, diastolic blood pressure increase; ∆ HR, heart rate increase.

Table 5. Initial phase to orthostatic stress in normal pregnancy compared with non-pregnant women and preeclamptic 
women compared with normal pregnancy.

Initial phase HR max/min ∆HR max ∆ DBP ∆ SBP author

Normal pregnancy vs. Non-pregnant ¯ » ? ? [46-48]

Preeclampsia vs. Normal pregnancy ? » » » [48-50]

¯: lower; : higher; ?: undetermined, consistency between data < 75%; »: no difference
HR max/min, relative bradicardia;∆HR max, initial heart rate response; 
∆ DBP, initial diastolic blood pressure response; ∆ SBP, initial systolic blood pressure response.

Valsalva’s manoeuvre
In Valsalva’s  manoeuvre the intra thoracic and intra-abdominal pressures are increased 
abruptly by forced expiration against a resistance. By blowing through a mouthpiece 
with a small air leak, the subject maintains a prescribed airway pressure while closure 
of the glottis is prevented and pressure is transmitted to the chest. The increased intra-
thoracic pressure causes a decrease of venous return to the right atrium, which leads to 
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a fall in arterial pressure. A serious fall in arterial pressure is prevented by a baroreflex-
mediated vasoconstriction due to increased sympathetic activity. The heart rate shows 
an increase to preserve the cardiac output, which is mediated both by vagal withdrawal 
and increased sympathetic outflow to the sinus node. After the strain, the venous return 
increases abruptly and because the vascular bed is still constricted arterial pressure 
overshoots, causing a vagally mediated bradycardia [15; 51; 52]. The heart rate response 
caused by Valsalva’s manoeuvre can be quantified as the tachycardia ratio( expressed as 
the ratio between maximum heart rate during the strain and the mean heart rate 30-15 s 
before the strain) and the  Valsalva ratio ( expressed as the ratio between maximum heart 
rate and minimum heart rate) [51] [15] [46]. Arterial pressure elevations after release of 
Valsalva straining provide acceptable estimates of preceding sympathetic nerve respons-
es and the integrity of arterial baroreceptor- sympathetic control mechanisms [52].  The 
baroreflex sensitivity (BRS) can be estimated by the change in interbeat-interval per unit 
change in systolic blood pressure (ms/mmHg) during the overshoot of blood pressure 
after straining (phase 4 of Valsalva’s manoeuvre) [53].

Table 7. Valsalva’s manoeuvre in normal pregnancy compared with non-pregnant women and in preeclampsia compared 
with normal pregnancy.

Valsalva’s ratio Tachycardia ratio author

Normal pregnancy vs. Non-pregnancy ?  [46; 47]

Preeclampsia vs. Normal pregnancy » » [49; 50]

¯: lower; : higher; ?: undetermined, consistency between data < 75% ; »: no difference 

Results
The tachycardia ratio is higher in pregnancy compared to non-pregnant values but the 
heart rate response to Vasalva’s straining is not influenced by preeclampsia.( Table 7).

Isometric Handgrip
During the isometric handgrip test, the subject squeezes a pressure gauging device with 
the dominant hand for 3 min using 30% of the predetermined maximum voluntary 
force. During isometric exercise, systolic and diastolic blood pressure and heart rate 
gradually increase and immediately after cessation of exercise blood pressure and heart 
rate fall abruptly to their basal levels [54]. Two mechanisms are responsible for the car-
diovascular adjustments to static exercise. The increase in blood pressure occurs mainly 
via an increase in sympathetic activity to blood vessels due to activation of chemical-
ly sensitive muscle afferents (muscle metabo reflex). The increase in heart rate occurs 
mainly through a decrease in parasympathetic activity to the sinus node due to cen-
tral command, but also via sympathetic activation through the muscle metabo reflex 
[55-57]. 
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Results
The heart rate and blood pressure response to isometric exercise is not influenced by 
pregnancy or preeclampsia. ( Table 8)

Table 8. Isometric hand grip test in normal pregnancy compared with non-pregnant women and in preeclampsia compared 
with normal pregnancy.

∆ SBP ∆ DBP ∆ HR author

Normal pregnancy vs. Non-pregnant ? ? » [47; 49; 58; 59]

Preeclampsia vs. Normal pregnancy » » ? [46; 50; 59; 60]

¯: lower; : higher;  ? undetermined, consistency between data < 75% ; »: no difference 
∆ SBP, systolic blood pressure change; ∆ DBP, diastolic blood pressure change; ∆ HR, heart rate response.

Cold Pressor Test
The Cold Pressor test is performed by immersing the subject’s hand to the wrist in ice 
water (0-4 °C) for 2 min [61; 62]. This elicits an instantaneous local and generalised 
vasoconstriction in the skin and the skeletal muscle, which is not only due to a direct 
effect of cold on the local skin vessels, but also to pain activating spinal cord and hypo-
thalamic reflexes. The heart rate increases and shows a peak in the first 30 s and returns 
to control values during the second minute. Due to an increase in total peripheral resis-
tance, arterial pressure increases with a maximum in the second minute of the test. The 
pressor response has shown a strong correlation with the increase of muscle sympathet-
ic neural activity as measured by direct recordings of sympathetic neural activity. This 
indicates that activation of the sympathetic vasoconstrictor outflow to the skeletal mus-
cle is an important component of the pressor response to this test. The increased heart 
rate is mediated by sympathetic activation rather than by parasympathetic withdrawal, 
since the heart rate increase can be abolished by β-Adrenergic blockade [62; 63].

Results
In normal pregnant women less change in systolic blood pressure to cold exposure 
than non-pregnant women has been observed. For preeclamptic women, data of blood 
pressure response to cold exposure were inconsistent. The heart rate response was not 
influenced by pregnancy or preeclampsia. ( Table 9)

Table 9. Cold Pressor Test in normal pregnancy compared with non-pregnant women and in preeclampsia compared with 
normal pregnancy.

∆ SBP ∆ DBP ∆ HR author

Normal pregnancy vs. Non-pregnant ¯ » » [59]

Preeclampsia vs. Normal pregnancy ? ? » [59; 64]

¯: lower; : higher; ?: undetermined, consistency between data < 75% ; »: no difference
∆ SBP, systolic blood pressure change; ∆ DBP, diastolic blood pressure change;  ∆ HR, heart rate response.
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Deep Breathing Test
A subject is asked to breath deeply and evenly at 6 breaths/min. This produces maximum 
variation in heart rate. Respiratory fluctuations in heart rate are likely to be mediated 
primarily by parasympathetic efferent pathways. The respiratory sinus arrhythmia can 
thus be used as a measure of cardiac vagal modulation [19; 65; 66]. The maximum and 
minimum heart rates during each breathing cycle are measured and the mean of the dif-
ferences between the maximum and minimum instantaneous heart rates is calculated as 
the deep breathing difference.

Results
Deep breathing difference was not influenced by pregnancy or preeclampsia. 
( Table 10)

Table 10. Deep breathing test in normal pregnancy compared with non-pregnant women and in preeclampsia compared with 
normal pregnancy.

Deep Breathing Difference author

Normal pregnancy vs. Non-pregnant » [31; 33; 46; 47; 49; 50; 67]

Preeclampsia vs. Normal pregnancy » [33; 49; 50]
»: no difference

Conclusion
Most information regarding autonomic cardiovascular control in normal pregnancy and 
preeclampsia has been obtained by non-invasive methods. Although small differences 
were observed between normal pregnancy and preeclampsia in individual studies, the 
consistency between data was insufficient to discriminate between normal pregnancy 
and preeclampsia. Only two studies could demonstrate an increased resting sympathetic 
activity in preeclampsia, using direct neurography [10; 11].  Remarkably, in this same 
study population, they did not observe any differences in haemodynamic and sympa-
thetic activity response to isometric exercise, cold pressor test or Valsalva’s manoeuvre 
between normal pregnant and preeclamptic women [10; 11].

This discrepancy of results could be due to methodological factors of the non-invasive 
studies. Data in literature are not easy to compare due to the differences in defini-
tion of disease, study design and performance of the test methods. Most studies are 
cross-sectional or, if longitudinal, compare data in pregnancy with post-partum values. 
Only few studies performed measurements before the onset of disease and none did 
so before pregnancy. The performance of the different cardiovascular tests is not uni-
form and standardised. An important factor could be the difference in blood pressure 
measurement methods. Most studies used the occlusive upper arm technique. With this 
discontinuous method, peak changes in blood pressure could easily be missed. For prop-
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er analysis of the heart rate and blood pressure response to different stimuli, continuous 
blood pressure and heart rate recordings should be used. The method of continuous fin-
ger pressure waveform registration by Finapres provides opportunities for non-invasive 
beat-to-beat blood pressure registration [68]. The large inter-individual variability of 
non-invasive test methods might be an other explanation for the discrepancy between 
results of non-invasive and invasive methods. This implies that in transversal studies, 
the variation within subgroups may be so large that differences between groups may 
not be detected. The non-invasive test methods, that have been evaluated, may seem to 
be directed purely at efferent pathways, but they involve reflex arcs and hence central 
and afferent connections are involved as well. The similar test results between healthy 
and preeclamptic pregnant women does presume an intact reflex response and efferent 
pathway. The increased resting sympathetic activity demonstrated by microneurography 
in preeclampsia might be caused by a disturbance of central control, or a change off 
afferent sensitivity. 

Afferent sensitivity could be changed due to a resetting of the baroreceptor sensitivity. 
A decreased baroreflex sensitivity in preeclamptic women compared to healthy preg-
nant women has been observed when using spectral analysis [35]. This is in accordance 
with the earlier findings of Wasserstrum et al [69], who calculated baroreflex sensitivity 
in women with preeclampsia from the heart rate increase in response to a hydralazine-
induced fall in blood pressure. Essential hypertension in humans is also known to be 
characterized by increased sympathetic activity and a decreased baroreflex sensitivity. In 
all hypertensive conditions, the baroreflex is reset towards the elevated blood pressure. 
This implies that, rather than opposing the blood pressure elevation, this mechanism 
acts to maintain it. This reflex mechanism may participate in the sympathetic activation 
characterizing hypertension [70].

Finally, it should be mentioned that it could be disputed if the increased sympathetic 
activity, which was observed by microneurography, truly represents an overall increase 
of sympathetic activity in preeclamptic women. Microneurography measures the sym-
pathetic outflow to the skeletal muscle. The sympathetic activity in the skeletal muscle 
may not reflect the sympathetic activity in other organs, such as the heart or the kid-
ney’s. Unfortunately, measurement of the overall sympathetic activity, for example by 
measuring arterial catecholamines, is also known to be of limited value [71] [72]. Arte-
rial plasma noradrenaline levels were demonstrated to be similar between preeclamptic 
and healthy pregnant women [73].

Furthermore, the observed increased sympathetic activity seems to be purely an increase 
in vasomotor tone. None of the authors observed a difference in heart rate between 
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healthy pregnant women and preeclamptic women. Increased sympathetic activity does 
not seem to act on the heart, were perhaps it is masked by vagal tone [74]. 

If the increased sympathetic activity, as observed by microneurography in preeclampsia, 
is not representative for the overall sympathetic vasomotor tone or is due to disturbed 
central command, then we may be conclude that non-invasive methods will not contrib-
ute to discriminate preeclampsia from normal pregnancy. On the other hand, if only 
methodological confounders explain the discrepancy between results, then these could 
be avoided by a longitudinal study design, starting before pregnancy, using a standard-
ized protocol for test methods and continuous registration of blood-pressure and heart 
rate. Analysis of changes in baroreflex sensitivity serially in pregnancy by using non-
invasive methods could be a field of interest that should be further explored.
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Abstract
Purpose To evaluate whether differences in autonomic cardiovascular control between 
normal pregnant women and women who develop pre-eclampsia later in pregnancy can 
be detected even before or early in pregnancy.

Design We studied 42 women, 21 multigravid with a history of pre-eclampsia and 21 
primigravid, before pregnancy, at 6, 8, 12, 16, 20 and 32 weeks gestation and 15 weeks 
after delivery.

Methods The outcome of pregnancy was classified after delivery as normal pregnancy 
(NP group) or pre-eclampsia (PE group). Continuous heart rate and blood pressure were 
recorded by Portapres (TNO, Amsterdam, The Netherlands) during orthostatic stress, 
during rest in a supine and sitting position, and during paced breathing for periods of 
1 minute at breathing frequencies of 6, 10 and 15 breaths / min. Baroreflex gain from 
heart rate and blood pressure variability and the phase angle between both signals at 
low (~0.1 Hz) and high frequency (respiratory rate) were analysed by spectral analysis. 

Results Eight women were diagnosed with pre-eclampsia. Subgroups did not differ 
in age, weight or height. The PE group showed a significantly higher mean arterial 
pressure before and during pregnancy [analysis of viriance(ANOVA), P = 0,001], a sig-
nificantly larger initial blood pressure drop to orthostatic stress before and in the first 
half of pregnancy (ANOVA, P = 0,002) and a significantly larger negative phase differ-
ence during supine rest at low frequency from 8 weeks onward (ANOVA P = 0,003).

Conclusions These findings are compatible with increased resting sympathetic activ-
ity and decreased circulating volume, already present before and early in pregnancy, in 
women who will later develop preeclampsia. 
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Introduction
Pre-eclampsia, defined as hypertension associated with proteinuria during pregnancy, 
is a multisystem disorder with unknown etiology.  Hemodynamics of pre-eclampsia are 
characterized by low circulating volume and high vascular resistance [1; 2]. Normally, 
vascular tone is largely determined by the sympathetic nervous system, and increased 
sympathetic nerve activity has indeed been demonstrated in women with pre-eclamp-
sia and pregnancy-induced hypertension by direct microneurography of post-synaptic 
sympathetic nerve fibers [3; 4]. These findings suggest that elevated blood pressure in 
pre-eclampsia may be partially mediated by increased sympathetic activity. 

The association between the pathophysiology of pre-eclampsia and the autonomic ner-
vous system has been made earlier. Many investigators have used a number of clinical 
non-invasive methods ( i.e. isometric hand grip, cold pressor, orthostatic stress, Val-
salva’s maneuver, deep breathing and spectral analysis of blood pressure and heart rate 
variability) in attempting to differentiate autonomic cardiovascular control in uncom-
plicated pregnancy from that in pre-eclampsia. Although small differences have been 
observed between normal pregnancy and pre-eclampsia in individual studies, on review-
ing the results of these methods we demonstrated that the consistency between data is 
insufficient to discriminate between normal pregnancy and pre-eclampsia. The failure 
to demonstrate increased sympathetic activity, as observed by direct microneurography, 
might be due to methodological factors of the non-invasive studies. Most studies are 
cross-sectional or, if longitudinal, compare data in pregnancy with post-partum values. 
Only few studies performed measurements before the onset of disease and none did so 
before pregnancy. Moreover, most non-invasive test methods show large inter-individ-
ual variability [5]. 

Furthermore, most studies using spectral analysis were only applied to heart rate variabil-
ity, since continuous blood pressure recordings were unavailable. Heart rate variability 
is, for the most part, the reflection of underlying blood pressure variability operating 
by way of the baroreflex [6]. Therefore, combined analysis of heart rate and blood pres-
sure variability enables more detailed evaluation of the autonomic nervous system. It 
also provides the possibility for non-invasive assessment of the overall arterial pressure 
to heart rate baroreflex gain (BRS, index α) and the phase spectrum. The phase angle 
between heart rate and blood pressure at specific frequency provides information on the 
time delay involved in sympathetic or parasympathetic activation through the barore-
flex. When the phase angle is negative, the variation in blood pressure leads the variation 
in heart rate at the same frequency. This phase angle expresses the required time delay 
from blood pressure change to the ensuing change in heart rate where sympathetic 
contributions induce more delay (up to seconds), while vagal contributions are within 
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the same, or at most the next, heart beat [6; 7]. To our knowledge, the phase spectrum 
has never been investigated in pregnancy or pre-eclampsia. Presently, continuous heart 
rate and blood pressure measurements can be derived non-invasively by arterial pressure 
recordings at the finger. The aim of our study was to evaluate whether in a longitudinal 
study design before or early in pregnancy a difference could be detected in autonomic 
cardiovascular control between normal pregnant women and women, who develop pre-
eclampsia later in pregnancy, by non-invasive measurement techniques.

Methods 
Participants were recruited before they were pregnant by advertisement or from the 
outpatient clinic. Women with a history of preeclampsia before 34 weeks in their previ-
ous pregnancy or women who had never been pregnant were eligible. All women had 
a normal blood pressure at enrollment,  when measured by conventional sphygmoma-
nometry (diastolic blood pressure ≤ 90 mmHg). They all had a regular menstrual cycle 
and none of them was taking oral contraceptives. After written informed consent, all 
subjects underwent identical study protocols. The study was approved by the Medical 
Ethical Committee of our hospital. 

Measurements were started before pregnancy during the first half (days 5 – 10) and 
second  half (days 18 - 25) half of the menstrual cycle. Further measurements were 
performed at the gestational age of 6 , 8 , 12 , 16 , 20 and 32 weeks, with a maximum 
deviation of 4 days. Gestational age was confirmed by ultrasound measurement of the 
crown-rump length in the first trimester. All women had singleton pregnancies. Fifteen 
weeks (± 4) after delivery one final measurement was performed. According to pregnan-
cy outcome women were stratified after delivery in two groups (i.e. normal pregnancy 
or pre-eclampsia). Preeclampsia was defined according to the definition of the ISSHP 
[8] by a diastolic blood pressure ≥90 mmHg after 20 weeks of gestation and proteinuria 
≥0.3 g/24 h. Normal pregnancy was defined by a diastolic blood pressure less than 90 
mmHg throughout pregnancy and a newborn weight ≥ 10th percentile, adjusted for 
maternal parity, weight, length and race [9].

For each subject, visits were scheduled on the same time of day. Studies took place in a 
quiet room with an ambient temperature between 20 and 22 °C. Subjects were advised 
to abstain from coffee or smoking from the night before the measurement. They were 
informed about the procedures involved and were instructed to empty their bladder 
prior to the start of testing. The actual protocol was begun after a test run to train the 
subject to perform the test maneuvers correctly.
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Continuous heart rate and blood pressure registration
Non-invasive finger arterial pressure waveform registration by Portapres, Model 2 
(TNO/BMI, Amsterdam, the Netherlands) was used for monitoring continuous heart 
rate and blood pressure. Portapres is a device for the measurement of finger arterial 
pressure on a beat-to-beat basis, according to the volume clamp method of Penaz [10; 
11].  The use of continuous recordings of finger arterial blood pressure by this method 
has been validated for spectral analysis and for the orthostatic stress test [12; 13]. Blood 
pressure measurement by this method has been validated in pregnant women against 
conventional sphygmomanometry, following the AAMI and BHS protocol [14]. An 
appropriate size finger cuff was applied at the middle finger of the left hand and the 
cuffed finger was kept at heart level during the procedure by a sling, to avoid hydro-
static pressure influences. At a stable signal the pressure registration was corrected for 
the pressure decay over the arm by the Return to Flow method [15; 16]. The physiocal, 
a dynamic servo setpoint adjuster, was switched off during the transient phases of the 
maneuvers to ascertain a continuous recording, but was switched on between maneu-
vers. Data collection was started after a stable signal had been reached for 5 minutes 
during supine rest.

Cardiovascular reflex tests
There are basically two methods to test the function of the autonomic nervous sys-
tem non-invasively. By analysis of spontaneous heart rate and blood pressure variability 
from continuous recordings of heart rate and blood pressure, or by cardiovascular reflex 
tests, where blood-pressure and heart rate responses to a variety of physiological stresses 
are analysed. We chose to use the orthostatic stress test and spectral analysis during rest 
and paced breathing, both in supine and sitting position.

Short-term adjustments to orthostatic stress can be distinguished in an initial reaction 
(first 30 s) and an early steady-state response (after 1-2 min standing). The orthostatic 
stress test provides information on the overall integrity of the baroreflex arc.  The initial 
heart rate response is mainly vagally mediated and can be used as a measure of cardiac 
vagal integrity. Blood pressure maintenance in the early steady state depends predomi-
nantly on increased activity of the sympathetic system. The heart rate increase at that 
moment gives an indication of the decreased vagal and increased sympathetic eference 
to the sinus node [17-19].

Spectral analysis techniques were used to differentiate between low frequency ( LF) 
(around 0.1 Hz) and high frequency ( HF) (or respiratory, at 0.15 – 0.4 Hz) oscillations 
of heart rate and blood pressure, and to analyse the overall baroreflex sensitivity index 
and the phase spectrum at LF and HF. 
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The HF or respiratory oscillations are mainly due to vagus nerve activity since they 
nearly disappear following administration of high-dose atropine[6; 20; 21]. LF oscilla-
tions are due to LF oscillations of the blood pressure mediated by sympathetic activity 
and LF oscillations of heart rate mediated by combined vagal and sympathetic activity 
impinging on the sinus node[6; 7; 17].  From simultaneous spectral analysis of heart 
rate and blood pressure variabilities, a quantitative assessment of the overall gain of the 
baroreceptor mechanism can be obtained. This gain can be represented by the index (α), 
which can be computed as the square root of the ratio between the powers of the heart 
period and blood pressure (α = √ {RRI power / SBP power}) in correspondence to either 
LF or HF components. The amount of linear coupling between two signals in the fre-
quency domain can be expressed by means of the coherence function. The index values 
become unreliable if the coherence is low. In the spectral smoothing that we used the 
coherence function had to be greater or equal to 0.5. The phase can be derived out of 
the angle difference between the two signals at the same frequency. Also the phase rela-
tionship only makes sense if coherence is sufficiently high ( ≥ 0.5) [6]. Respiratory rate 
and a change of posture have significant effects on measurements derived from spectral 
analysis of heart rate and blood pressure variability. Low respiratory frequencies (at or 
below 10 breaths/min) are associated with increases in HF variability. A change from 
supine to upright position is accompanied by an increase in LF variability[22; 23]. 

Study protocol
We recorded data for spectral analysis during rest in supine (10 min) and sitting (2 min) 
position at spontanuous breathing frequencies and during paced breathing for periods 
of 1 min at breathing frequencies of 6, 10 and 15 breaths/min, in both supine and sitting 
position [22; 23]. During paced breathing subjects were instructed not to force their 
breathing to prevent hyperventilation. The required frequencies were made audible and 
visible by a computer for guidance of the subject. 
For the orthostatic stress test data were collected during 10 minutes supine rest, after 
which the subject was asked to rise in ~3 s and remain standing for 2 min [18].
The supine posture at gestational ages of 20 and 32 weeks was changed to 30° left lateral 
tilt for all subjects. 

Data Analysis
Two-hundred hertz digitized pulswave blood pressure data were read out of the mem-
ory of the Portapres. These data were analyzed by the Beatfast program (TNO/BMI, 
Amsterdam, the Netherlands). From the orthostatic response the initial (during the first 
30 s after standing up) and the steady-state response (reached after 1 min of standing) 
of the mean arterial pressure and heart rate were analyzed. The average estimates during 
10 min supine rest prior to standing up were used as control values. The initial heart 
rate response was quantified by the initial heart rate increase (∆ HRmax) determined 
from the difference between the maximum heart rate (HRmax) and control. The initial 
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blood pressure response was quantified as the lowest blood pressure value (minimum 
mean arterial pressure, ∆ MAPmin ) immediately after standing up compared to control. 
The early steady-state heart rate and blood pressure were determined by the difference 
between values after 1 and 2 minutes standing and control. [17; 17-19]

For spectral analysis systolic blood pressure values and interbeat intervals  were identi-
fied for each cardiac cycle. The pulse-interval  signal and the systolic blood pressure 
signal were transformed to the frequency domain by the Fast Fourier transform algo-
rithm. For each maneuver powers in the LF (0.04-0.15 Hz) and HF (0.15-0.40Hz) bands 
were computed for systolic blood pressure and pulse interval [17; 20; 21; 24; 25]. From 
the simultaneous analysis of systolic blood pressure and pulse interval variabilities, the 
baroreflex sensitivity index was derived as the square root of the ratios of the spectral 
powers of the pulse interval and systolic blood pressure in the LF and HF bandwidths. 
The phase was derived out of the angle difference between the two signals at LF and 
HF. The amount of linear coupling between the two signals in their frequency domain 
was expressed by means of the coherence function [7; 26]. 

Statistics
For each variable at each maneuver a repeated-measures analysis of viriance (ANOVA) 
was performed to determine differences over time between subgroups. A paired t test 
was performed to determine differences between subgroups at different periods. 

We estimated that 20% of the study population would develop pre-eclampsia, result-
ing in a case–control ratio of 1:4. Forty women (eight cases, 32 controls) would enable 
the detection of a difference of over 10% of a parameter with a standard deviation of 
10% at alpha 0.05 and beta 0.8 when tested one-sided. We assumed that 50% of the 
women who were recruited would become pregnant within 1 year and would complete 
all examinations.

Results
General data
Eighty-two women were enrolled before pregnancy. Forty-seven became pregnant 
within 1 year. Five experienced a miscarriage before 12 weeks gestational age. For-
ty-two women completed the study, 21 with a history of early preeclampsia and 21 
during their first pregnancy.  Of the 42 women participating in the study, four had preg-
nancies complicated by intra uterine growth retardation, but did not develop elevated 
blood pressure. Their data were excluded from the analysis. Eight women developed 
pre-eclampsia. In all the diagnosis was made after 32 weeks of gestation and all had 
mild pre-eclampsia (diastolic blood pressure < 110 mmHg). The women with normal 
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Fig1. Heart rate (HR) serially in women with 
uncomplicated pregnancies (NP group) and 
women with pregnancies complicated by pre-
eclampsia (PE group). Vertical bars represent 
0.95 confidence limits. Measurements were 
performed in the first half  of  a normal 
menstrual cycle (PC1), in de second half  of  a 
normal menstrual cycle (PC2), at a gestational 
age of  6, 8, 12, 16, 20 and 32 weeks, and 3 
months after delivery (PP).

Fig2. Mean arterial pressure (MAP) serially 
in women with uncomplicated pregnancies 
(NP group) and women with pregnancies 
complicated by pre-eclampsia (PE group). 
Vertical bars represent 0.95 confidence limits. 
Measurements were performed in the first half  
of  a normal menstrual cycle (PC1), in de second 
half  of  a normal menstrual cycle (PC2), at a 
gestational age of  6, 8, 12, 16, 20 and 32 weeks, 
and 3 months after delivery (PP). * Statistically 
significant difference at P < 0.05.

Fig 3. Initial blood pressure response ( 
MAPmin) to orthostatic stress serially in women 
with uncomplicated pregnancies (NP goup) 
and women who developed pre-eclampsia (PE 
group). Vertical bars represent 0.95 confidence 
limits. Measurements were performed in the 
first half  of  a normal menstrual cycle (PC1), 
in de second half  of  a normal menstrual cycle 
(PC2), at a gestational age of  6, 8, 12, 16, 20 and 
32 weeks, and 3 months after delivery (PP). * 
Statistically significant difference at P < 0.05.
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pregnancy (NP group) and the women, who developed pre-eclampsia (PE group) were 
similar regarding age, weight and body height (Table 1). Gestational age at delivery and 
neonatal birth weight in the PE group was significantly lower compared with the NP 
group ( P = 0.007). Resting heart rate was not different between subgroups (Fig. 1) . 
The resting mean arterial pressure was significantly higher in PE group compared with 
the NP group , already before pregnancy (ANOVA, P = 0.001) (Fig. 2).

Table 1 Study group characteristics specified for women with an uneventful pregnancy and women who developed pre-
eclampsia 

Normal Pregnancy
(n = 30)

Pre-eclampsia
(n = 8)

At intake, before pregnancy

Age (years) 29.9 (4.0) 28.6 (2.3)

Primigravid (no) 17 (57) 2 (25)

Smoking (no) 1 (3) 1 (13)

Weight (kg) 69.6 (15) 72.3 (11.3)

Body length (cm) 169.8 (8) 166.6 (6.3)

BSA (m2) 1.8  (0.2) 1.8 (0.1)

SBP (mmHg) 116 (8) 121 (10)

DBP (mmHg) 76 (7) 82 (5) *

After delivery

Neonatal weight (g) 3456 (464) 2861 (710) *

GA delivery (weeks) 40 (1) 37 (2) *
Blood pressure measured by conventional sphygmomanometry. Diastolic blood pressure at Korotkov V.  Values are presented 
as mean (standard deviation) or number (%). * Statistically significant difference at P < 0.05.

Orthostatic response
Heart rate and blood pressure response on orthostatic stress in normal pregnancy 
showed no changes when compared to the non-pregnant state. Heart rate response in 
the initial and steady state was not different in the PE group compared with the NP 
group. Before pregnancy and in early pregnancy, and at 16 and 20 weeks, ∆ MAPmin was 
significantly larger in the PE group compared with the NP group (ANOVA, P =0.002) 
(Fig. 3). The mean arterial pressure increase after 1 and 2 min of standing showed no 
differences between the NP and PE groups.

Spectral analysis 
The total heart rate and blood pressure variability and heart rate and blood pressure 
variability at LF or HF during rest in the supine or sitting position or at paced breath-
ing in the supine and sitting position was not influenced by pregnancy and showed 
no differences between subgroups. Baroreflex sensitivity index α showed a significant 
decrease towards 32 weeks gestation, compared to the pre-pregnant state, during supine 
rest (ANOVA, P = 0.000). This was similar for both subgroups. During rest in the 
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sitting position or at paced breathing in the supine or sitting position, baroreflex sen-
sitivity index α was not influenced by pregnancy or pre-eclampsia. At supine rest the 
negative phase difference at the LF band was larger in the PE group compared with 
the NP group, with a gradual increase towards the third trimester of pregnancy. This 
difference was statistically significant at 8, 12, 20 and 32 weeks of gestation, but not at 
16 weeks ( ANOVA, P = 0.003) (Fig. 4).  The exact data of the phase difference at rest 
are presented in Table 2.  In the sitting position or during paced breathing at different 
frequencies the phase difference was comparable between the PE and NP groups.

Fig 4. Phase difference in supine position at 
low frequency (~0.1 Hz) serially in women with 
uncomplicated pregnancies (NP group) and 
women with pregnancies complicated by pre-
eclampsia (PE group). Vertical bars represent 
0.95 confidence limits. Measurements were 
performed in the first half  of  a normal menstrual 
cycle (PC1), in de second half  of  a normal 
menstrual cycle (PC2), at a gestational age of  6, 
8, 12, 16, 20 and 32 weeks, and 3 months after 
delivery (PP). * Statistically significant difference 
at P < 0.05.

Table 2 Phase difference in the supine position at low frequency in women with uncomplicated pregnancies (NP group) and 
women with pregnancies complicated by pre-eclampsia (PE group), measured in the first half  of  a normal menstrual cycle 
(PC1), the second half  of  a normal menstrual cycle (PC2), during gestation at 6, 8, 12, 16, 20 and 32 weeks, and 3 months 
postpartum 

GA (weeks) NP
Phase (deg)

PE
Phase (deg)

p-value

Pc. 1 -59 (15) -65 (20) 0.4

Pc. 2 -60 (15) -61 (22) 0.6

6 -63 (16) -66 (19) 0.2

8 -64 (15) -77 (18) < 0.04*

12 -61 (19) -77 (22) < 0.01*

16 -56 (22) -62 (18) 0.9

20 -63 (30) -79 (37) <0.004*

32 -68 (41) -92 (27) < 0.03*

pp -59 (15) -61 (17) 0.8
Data presented as mean (standard deviation), and P values of  paired t test (analysis of  variance, P = 0.003). 
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Discussion
Pre-eclampsia is a disease of unknown etiology, and early detection and prevention of 
the development of pre-eclampsia is not possible. Early prediction of women at high risk 
for pre-eclampsia could offer the opportunity to target care at those most likely to benefit 
and to evaluate or design preventive strategies more effectively.

We earlier reviewed non-invasive assessment of autonomic cardiovascular control in 
normal pregnancy and pre-eclampsia, and found that we mentioned that heart rate and 
blood pressure variability in women with pre-eclampsia, compared to healthy pregnant 
women, showed no differences or were inconsistent. A possible explanation was the 
cross-sectional study design of most non-invasive studies[5].  The present study refutes 
this explanation because, although we performed our study longitudinally, we could 
not demonstrate  differences in heart rate and blood pressure variability with spectral 
analysis at different positions or breathing frequencies between pregnant and non-preg-
nant women, nor between NP and PE. The baroreflex sensitivity index α showed a 
small but statistically significant decrease towards the end of pregnancy compared to 
the pre-pregnant state, which is consistent with previous published data [27-29]. This 
change in the baroreflex sensitivity index α was similar in both groups. Molino et al. 
[28] observed a lower baroreflex sensitivity index α in pre-eclamptic women compared 
to healthy pregnant women. Our measurements were performed during the pre-clinical 
phase of pre-eclampsia, whereas Molino et al. examined women after the diagnosis of 
pre-eclampsia was made. This may explain differences in results, since in hypertensive 
conditions the baroreflex sensitivity is reset towards the elevated blood pressure[30]. 

To our knowledge, phase differences between heart rate and blood pressure have 
never been investigated before in pregnancy or pre-eclampsia. During supine rest, we 
observed a tendency to a larger negative phase difference at the LF band in the pre-
eclamptic group compared to the normal pregnant group, with a gradual increase of 
difference towards the third trimester of pregnancy. These findings suggest a higher 
sympathetic activity during rest, increasing as pregnancy further develops. Vagal modu-
lation acts much faster than sympathetic modulation[17].  At high frequency the phase 
difference between systolic pressure variability and pulse interval variability is around 
zero because for these frequencies the slow sympathetic system is not effective and only 
the vagal part of the baroreflex arc matters[7].  At low frequency, around 0.1 Hz, systolic 
blood pressure variability and pulse interval variability are due to the combined effect of 
the vagal and sympathetic baroreflex regulation of the cycle length. The negative phase 
difference at 0.1 Hz indicates that systolic blood pressure changes occur before the heart 
period changes. A larger phase difference indicates a larger influence of the slower sym-
pathetic system[6; 7].  At 0.1 Hz, the blood pressure precedes the heart period by ~60 ° 



46

in normal pregnant women at all test moments. This represents one-sixth of the cycle of 
10 s, or 1.7 s. Such time delay is compatible with a baroreflex action, now mainly acting 
through the sympathetic nervous system. The time delay from the sympathetic nerve 
activation to the ensuing change in heart rate is known to take ~1-2 s [6] . In the PE 
group at ~8, 12 and 20 weeks gestational age, the larger phase difference is ~80° and at 
32 weeks ~90°. This represents a time delay of more than 2 s (~2.2s and ~2.5s), the time 
needed for the sympathetic system.  This larger phase difference in the PE group thus 
represents a larger contribution of the sympathetic system, which increases its activity 
towards the third trimester. We observed a larger phase difference at rest, but not during 
stimulation by the sitting position. Although resting sympathetic activity seems to be 
increased in PE, the sympathetic response to stimuli is similar compared with normal 
pregnancy. This is in accordance with the findings of Schobel et al and Greenwood et al 
[3; 4], who observed an increased sympathetic activity at rest in pre-eclamptic women 
by microneurography, but also did not observe a difference in sympathetic response 
on stimuli compared with normal pregnant women. A remarkable observation, which 
we cannot just discard as a chance finding, is that phase difference and mean arterial 
pressure were comparable between the NP and PE groups at 16 weeks, while before 
and after this time a statistically significant difference was observed.  We have no ready 
explanation of this finding. 

Our findings by spectral analysis agree with our observations on orthostatic stress. On 
orthostatic stress, we observed a larger initial blood pressure response in the first half 
of pregnancy in women who developed pre-eclampsia compared with normal pregnant 
women. Although control blood pressure values were higher in those preeclamptic 
women, this cannot entirely explain the larger initial blood pressure response. In the 
first 3 s after standing up, arterial blood pressure shows an increase due to the muscular 
compression of the vessels of the legs and an increase in abdominal pressure, causing 
a shift of blood towards the heart. This causes a reflex release of vasoconstrictor tone 
and a fall in blood pressure, followed by a sympathetically mediated vasoconstriction 
whereby blood pressure recovers and sometimes overshoots[31-33].  During the fall 
in blood pressure, mean arterial pressure is mainly preserved due to the pooled blood 
volume in the lungs [34]. When resting sympathetic activity is higher, the sensitivity 
to a decrease in vasoconstrictor tone will be increased. This increased sensitivity com-
bined with a lower pooled blood volume might explain the larger blood pressure drop 
observed in women who developed pre-eclampsia. Pre-eclampsia is known to be char-
acterized by a decreased cardiac output and circulating volume in the clinical phase of 
the disease. Our findings are compatible with a decreased circulating volume prior to 
the clinical onset of disease, as found by Spaanderman et al. [35] On the contrary, when 
circulating volume is decreased in the pre-clinical phase of pre-eclampsia, we would 
expect total blood pressure variability to be increased. We observed no difference in 
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total blood pressure variability between subgroups. The observation that at 32 weeks, 
shortly before the clinical presentation of pre-eclampsia, the initial orthostatic blood 
pressure drop did not differ between the NP and PE groups seems also contradictory to 
the underfill hypothesis.  It should be realized in this respect that a pregnant woman at 
32 weeks is not able to rise quickly from the lying position and that therefore  standing 
up takes more time. The blood volume shift, normally seen in the first 3 s, is there-
fore less pronounced and extends over a longer period. Therefore the reflex decrease of 
vasomotor tone will be less. 

The initial blood pressure drop on standing has not been investigated previously in 
pregnant women. All studies of the orthostatic test investigated the blood pressure 
change after 30 s of standing, representing the blood pressure overshoot that showed 
no differences between normal pregnancy and pre-eclampsia [36; 37].
 
Our study provides evidence for an increased resting sympathetic activity and decreased 
circulating volume, already present in early pregnancy, in women who will develop pre-
eclampsia compared to women who will have a normal pregnancy. In normal pregnancy 
blood pressure was decreased from the onset on with a second drop at the beginning 
of the second trimester, when secondary trophoblast invasion takes place and the resis-
tance of the uterine-placental circulation diminishes [38; 39]. In women, who developed 
pre-eclampsia, this drop in blood pressure was only temporary at 16 weeks, when both 
the NP and PE groups had comparable blood pressure and resting sympathetic activ-
ity. Thereafter blood pressure and resting sympathetic activity increased again from 20 
weeks of gestation onwards. 

Since these differences were already present in early pregnancy, they might be useful for 
early identification of women at risk for pre-eclampsia. 
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growth restriction



Abstract
Objective: The study hypothesis was that hemodynamic measurements in conjunction 
with uterine artery Doppler could enable selection of women at risk for the develop-
ment of preeclampsia or fetal growth restriction.

Study design: Systolic (SBP) and diastolic blood pressure (DBP), heart rate (RR), car-
diac output (CO), total peripheral resistance (TPR), phase difference of SBP and RR 
interval were measured serially before, during and after pregnancy. At 20 weeks uterine 
artery Doppler measurement was performed. Outcome was classified as preeclampsia 
(PE) or gestational hypertension (GH) with or without fetal growth restriction (FGR), 
FGR without PE or GH, and normal pregnancy (NP). Differences between these groups 
were assessed by 1-way analysis of viriance and discriminant analysis.

Results: In early pregnancy, in comparison to NP (n=28), PE/GH had a higher SBP and 
phase difference of SBP-RR interval. CO was higher in PE/GH without FGR (n=5), but 
not in PE/GH with FGR (n=5). FGR, either with or without PE/GH (n=4), was associ-
ated with higher TPR. Conjunction with uterine Doppler allowed selection of 93% of 
women with an abnormal outcome with a specificity of 100%.

Conclusion: The study supports our hypothesis that in early pregnancy hemodynamic 
parameters differ from normal in women predisposed to develop preeclampsia or fetal 
growth restriction.
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Introduction

Preeclampsia and intra uterine fetal growth restriction are common complications of 
pregnancy. Hemodynamic characteristics of these disorders have been described during 
the clinical phase.1-4 However, this clinical expression usually does not become apparent 
before 32-36 weeks of gestational age, and is preceded by a long latent phase. 
A number of observational studies point to hemodynamic differences that may be pres-
ent before or in early pregnancy in women predisposed to develop preeclampsia or fetal 
growth restriction.5-9 However, results were conflicting between studies and the magni-
tude of such differences is not clear. We therefore performed a prospective longitudinal 
study beginning before pregnancy to evaluate whether cardiovascular differences are 
present in the pre-clinical phase in women who eventually develop preeclampsia or fetal 
growth restriction, compared to women with uncomplicated pregnancies.
In a previous study, we provided evidence for an increased resting sympathetic activ-
ity and found indications of a  decreased circulating volume, already present in early 
pregnancy, in women who will develop preeclampsia, compared with women who will 
have a normal pregnancy.10 The objective in the present analysis of the same cohort was 
to evaluate if measurement of cardiovascular parameters by continuous finger arterial 
pressure waveform analysis could enable selection of women at risk for the development 
of preeclampsia or fetal growth restriction, either solitary or in conjunction with uterine 
artery Doppler assessment.

Materials and Methods
Women who intended to become pregnant were recruited from the outpatient clinic 
and by advertisement. Women with a history of preeclampsia before 34 weeks in a pre-
vious pregnancy or women, who had never been pregnant, were eligible. All women had 
a normal blood pressure at time of enrollment, by conventional sphygmomanometry 
(diastolic blood pressure less than 90 mmHg, systolic blood pressure (SBP) less than 140 
mmHg). All women had a regular menstrual cycle and none of them was taking oral 
contraceptives or other medication. 
After written informed consent, all participants underwent identical study protocols. 
The study was approved by the Medical Ethical Committee of our hospital.
Measurements were started before pregnancy in the first (day 5 – 10) and second (day 
18 - 25) half of the menstrual cycle. Not all participants completed two measurements 
before pregnancy. Because hemodynamic parameters are similar between first and sec-
ond half of menstrual cycle, we either averaged both measurements or used the available 
single 1.11 In 7 women the second measurement before pregnancy could not be per-
formed because of the onset of pregnancy. Once pregnant, further measurements were 
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performed at the gestational age of 6, 8, 12, 16, 20 and 32 weeks, with a maximum 
deviation of 4 days. Gestational age was confirmed by ultrasound measurement of the 
crown-rump length in the first trimester. All women had singleton pregnancies. Fifteen 
(range 11-19) weeks after delivery, 1 final measurement was performed. 
For each participant, visits were scheduled on the same time of day. Studies took place 
in a quiet room with an ambient temperature between 20 and 22°C. Participants were 
advised to refrain from caffeine or smoking from the night before the measurement. 
They were informed about all procedures and instructed to empty their bladder before 
the start of testing. They were asked not to move or speak during the procedure. Before 
the actual protocol was started, a test run was performed to accustom the participant to 
the procedure. 

Continuous finger arterial pressure waveform registration
Non-invasive finger arterial pressure waveform registration by Portapres (TNO-TPD, 
Finapres Medical Systems, Amsterdam, The Netherlands) was used for continuous 
monitoring of heart rate, blood pressure, cardiac stroke volume, cardiac output and 
peripheral vascular resistance. 
Portapres is a device for the continuous measurement of the finger arterial pressure, 
based on the volume clamp method of Penaz.12;13 Aortic pressure is estimated for each 
heart beat from the integral of the finger arterial pressure wave. Aortic input flow can 
be calculated by a model that combines the continuous aortic pressure estimates with 
estimation of aortic compliance and diameter. These 2 parameters have been derived 
from 45 human aortas in vitro and depend on sex and age.14 This approach is called the 
Modelflow method.15

The accuracy of the device for blood pressure measurement has been validated for 
non-pregnant as well as pregnant subjects. By application of appropriate filtering of the 
signal and upper arm return-to-flow calibration the method meets the criteria set by the 
Association for the Advancement of Medical Instrumentation.16;17

Stroke volume measurement has been validated extensively in non-pregnant subjects.18-22 
We performed a longitudinal comparison of this method with stroke volume analysis 
by Doppler echocardiography during pregnancy and after delivery.23 Both methods 
showed a similar random variation of approximately 30%.23 
The registration was performed with an appropriate size finger cuff applied at the middle 
finger of the left hand. The cuffed finger was kept at heart level during the procedure by 
a sling to avoid hydrostatic pressure influences. At a stable signal, the pressure registra-
tion was corrected by the return-to-flow method.24;25 The physiocal, a dynamic servo set 
point adjuster, was switched off during the period of data collection to ascertain a con-
tinuous recording.26 Data collection was performed over a period of 10 minutes supine 
rest after a stable signal had been reached for at least 5 minutes. At gestational ages of 20 
and 32 weeks, supine posture was changed to 30 ° left lateral tilt for all participants.
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Full-wave arterial pulse pressure signal was stored at a frequency of 200 Hz. Off-line 
beat-to-beat SBP, diastolic (DBP), mean arterial pressure and heart rate were extracted 
by Beatfast software (TNO/BMI). From the blood pressure waveform, stroke volume, 
cardiac output, and total peripheral vascular resistance were estimated by Modelflow 
software (TNO/BMI). Measurements were averaged over a stable period of 10 minutes 
in supine position.
The phase difference of systolic blood pressure and pulse interval was calculated by the 
Fast Fourier transform algorithm at the low frequency band (0.04–0.15 Hz). These values 
were presented in our previous study of this cohort regarding autonomic cardiovascular 
control.10 A more negative value of this parameter is associated with a dominance of the 
sympathetic system.27;28 Because our earlier analysis demonstrated that a more negative 
value in the first trimester was associated with later development of preeclampsia, we 
included this parameter in our present study. 

Uterine artery Doppler
At 20 weeks uterine artery flow velocity waveforms were obtained using an ATL 3000 
ultrasound machine (Phillips, Best, The Netherlands) with a 3.5/5-MHz curvilinear 
array. The transducer was placed in the lower lateral quadrant of the abdomen angled 
medially. Color flow pulsed Doppler imaging was used to identify the uterine artery at 
the point at which it crossed the external iliac artery. The range gate was placed over 
the entire diameter of the uterine artery approximately 1 cm distal to the crossover 
point. The quality of the flow velocity waveforms was maximized by using the smallest 
possible angle of insonation (range 15–50o) and accepting only those waveforms with a 
clear outline. Uterine artery waveforms were obtained from both sides in all the women 
studied. The pulsatility index (PI) was calculated from three identical consecutive wave-
forms using in-built software, and the average of both arteries was used for analysis. 
The presence or absence of a notch was noted in each of the waveforms in both uterine 
arteries. A notch was considered to be present when there was a clearly defined upturn 
of the flow velocity waveform at the beginning of diastole in all three waveforms in 
both arteries. One operator (S.R.) performed the majority of measurements.

Statistics
Classification of the women was based on the development of gestational hypertension 
(GH), preeclampsia (PE), or fetal growth restriction (FGR). GH was defined by a SBP 
higher than 140 mmHg or a DBP higher than 90 mmHg, measured at least twice with an 
interval of more than 6 hours after 20 weeks’ gestational age in women with normal blood 
pressure before 20 weeks. PE was defined by GH with proteinuria more than 0.3 mg per 
24 hours, according to the International Society for the Study of Hypertension in Preg-
nancy recommendation.29 FGR was defined as a newborn weight below the 10th percentile 
of its gestational age, adjusted for infant sex, maternal length, weight, parity and ethnic 
origin.30 The study group was stratified after delivery into 4 groups: women with PE or 
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GH without FGR, women with PE or GH with FGR and women with FGR without PE 
or GH. The remaining women were classified as having a normal pregnancy (NP). 
Data were analyzed by 1-way analysis of viriance (ANOVA) to determine differences 
between measurement periods and outcome groups. Multiple post hoc comparisons 
were performed by Bonferroni t-test. Discriminant analysis, using systolic blood pres-
sure, cardiac output, low frequency phase difference of SBP and pulse interval at each 
measurement session before or at 20 weeks, was used to classify participants to the out-
come groups. Body mass index, calculated by body weight and length obtained before 
pregnancy, was added to the analysis because this allowed adjustment of cardiac out-
put to body size. The efficacy of the test at the measurement sessions before or at 20 
weeks was expressed by the percentage of women allocated to the correct outcome 
group and by sensitivity and specificity for discriminating the normal outcome group 
from the abnormal outcome groups. This enabled detection at which gestational age 
(before or at 20 weeks) the classification was most effective. Measurements at that ges-
tational age were then used for selection of women with a predicted abnormal outcome. 
These women entered a second discriminant analysis using the probability for normal 
outcome in the first analysis and the average uterine artery Doppler pulsatility index, 
bilateral notch, and auscultatory SBP at 20 weeks. 
Statistical calculations were performed with SPSS 12.0.2 (SPSS Inc.,Chicago, IL) The 
value of P ≤ .05 was considered statistically significant. 
We estimated that 20% of the study population would develop preeclampsia or intra-
uterine growth restriction, resulting in a case-control ratio of 1:4. Forty women ( 8 cases 
; 32 controls) would enable the detection of a difference of over 10% of a parameter 
with a standard deviation of 10% at alpha 0,05 and a power of 80% (beta 0,2) when test-
ed two-sided. We assumed that 50% of the women, who were recruited, would become 
pregnant within one year and would complete all examinations. The study was designed 
as a pilot study to determine if hemodynamic parameters could have predictive value 
in conjunction with uterine artery Doppler and at which gestational age prediction was 
most effective.

Results
Eighty-two women were enrolled before pregnancy. Forty-seven became pregnant with-
in 1 year. Five had a miscarriage before 12 weeks’ gestational age. Forty-two women 
completed the study, 21 with a history of preeclampsia and 21 during their first preg-
nancy. 
Of the 42 women participating in the study, 5 were diagnosed with PE (n=2) or GH 
(n=3) without FGR, five with PE (n=4) or GH (n=1) with FGR and 4 with FGR without 
PE or GH (Table 1) . Groups did not differ significantly regarding age and body mass 
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index. All women were Caucasian, except two (1 was of South-East Asian ethnicity, 1 
West-African ethnicity). 
Gestational age at delivery in the PE/GH with FGR group was significantly lower com-
pared to NP (P = 0.005). Birth weight was significantly lower in both groups with FGR 
(with or without PE/GH) than in the PE/GH group without FGR or the normal group.
(P=.012 and P=.002)  Seventeen of the 21 nulliparous women (81%) and 11 of the 21 
multiparous women (52%) had a normal outcome. 
The cardiovascular measurement data for the normal outcome group (n=28) are pre-
sented by box-plots in Figure 1. Whereas systolic blood pressure was unchanged during 
the first trimester and decreased thereafter with a minimum at 32 weeks, diastolic blood 
pressure decreased form the beginning of pregnancy and stabilized after 16 weeks. 
Heart rate, total peripheral resistance and stroke volume showed a statistically signifi-
cant change already at 6 weeks’ gestational age. Whereas heart rate increased gradually 
until 32 weeks, stroke volume decreased slightly after 20 weeks. These changes resulted 
in a higher cardiac output during pregnancy, due to an increase of stroke volume in the 
first half and an increase in heart rate in the second half of pregnancy. Phase difference 
was only slightly larger at 32 weeks, compared to all other periods. Fifteen weeks after 
delivery systolic blood pressure, diastolic blood pressure and total peripheral resistance 
were significantly lower than before pregnancy, whereas stroke volume was significantly 
higher than before pregnancy. 

Table 1. Study group characteristics specified for women with an uneventful pregnancy (normal), women who developed 
preeclampsia (PE) or gestational hypertension (GH) without fetal growth restriction (FGR), women with PE or GH with 
FGR, and women with a pregnancy complicated by FGR without PE or GH. 

Normal
(n = 28)

PE/GH, no FGR
(n = 5)

PE/GH and FGR
(n = 5)

FGR, no PE/GH
(n=4)

At intake

Age (years) 30  (24-39) 30  (26-30) 30  (24-34) 26 (22-32)

Primigravid 17 (61) 1 (25) 3 (38) 0 (--)

Race Caucasian 28 (100) 5 (100) 4 (80) 3 (75)

Smoking 1 (4) 0 (--) 1 (20) 2 (50)

SBP (mmHg) 114 (102-138) 120 (112-136) 122 (110-124) 109 (106-124)

DBP (mmHg) 76 (60-88) 84 (78-86) 80 (72-88) 75 (70-80)

Body Mass Index (kg/m2) 24  (19-39) 25  (21-31) 27  (20-32) 21 (16-28)

At 20 weeks

Uterine artery Doppler PI 0.8 (0.6-1.1) 0.9 (0.7-1.3) 1.1 (0.7-1.8)* 1.1 (1.0-2.2)*

Uterine artery Doppler notch 0 (---) 0 (---) 4 (80)* 3 (75)*

At delivery

Neonatal weight (g) 3460 2970 2090 2615

(2550-4500) (2695-4000) (750-3010)* (1250-2875)*

GA delivery (weeks) 40  (36-42) 38  (36-40) 38  (28-41)* 39 (34-41)
Blood pressure measured by conventional sphygmomanometry (diastolic blood pressure at Korotkoff  V) at intake before 
pregnancy. Values are presented as median with range between brackets or number with percentage between brackets. 
DBP, diastolic blood pressure; GA, gestational age. * P<.05, compared with normal
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Figure 2 presents the means with SE for all parameters in the 4 outcome groups. Differ-
ences between outcome groups were statistically significant (1-way ANOVA) for systolic 
blood pressure at 20 and 32 weeks, for diastolic blood pressure at 20 and 32 weeks, total 
peripheral resistance at 32 weeks, and phase difference at 8 and 12 weeks. 
In early pregnancy differences could be observed between the groups. Women in the 
PE-group (with or without FGR) had higher blood pressure values, compared with NP 
and FGR groups. Cardiac output was highest in the PE/GH without FGR group and 
lowest in the groups with FGR. Total peripheral resistance was higher in the FGR groups 
either with or without PE/GH. Phase difference was larger in the PE/GH groups with 
or without FGR than in the NP or FGR without PE/GH groups. 
The values of systolic blood pressure, cardiac output and phase difference, which were 
used in discriminant analysis A, in the 4 outcome groups, are presented in Table 2 
(means with SD).
Results of discriminant analysis at the measurement periods before or at 20 weeks are 
presented in Table 3. The highest percentage of correct classification was observed at 8 
weeks gestation. Therefore this classification result was used for the second discrimi-

Figure 1. Box plot of  SBP, diastolic blood pressure (DBP), cardiac output (CO), total peripheral resistance (TPR), low 
frequency phase difference of  blood pressure, and heart beat interval (phase) of  the normal outcome group. Measurements 
were performed by Portapres before pregnancy (PG), at a gestational age of  6, 8, 12, 16, 20 and 32 weeks and 15 weeks after 
delivery (PP)



C
hapter 4

59

Serial hemodynamic measurements

Figure 2. Means with SE of  systolic blood pressure (SBP), diastolic blood pressure (DBP), cardiac output (CO), total 
peripheral resistance (TPR), low frequency phase difference of  blood pressure, and heart beat interval (phase) in women 
with normal pregnancy outcome (normal), women who developed preeclampsia (PE) or gestational hypertension (GH) 
without fetal growth restriction (FGR), women with PE or GH with FGR, and women with a pregnancy complicated by 
FGR without PE or GH. Measurements were performed before pregnancy (PG), at a gestational age of  6, 8, 12, 16, 20 and 
32 weeks and 15 weeks after delivery (PP)
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nant analysis, including all participants with an abnormal result in the first discriminant 
analysis. The scatter plot of the first 2 discriminant functions for all outcome groups is 
presented in Figure 3. Table 4 demonstrates the classification results of first and second 
steps of the analysis. The overall sensitivity of the 2-step procedure for any abnormal 
outcome was 93% and specificity 100%, with an estimated 95% lower confidence limit 
of 65% and 87%. One woman with FGR (gestational age at delivery 39 weeks, birth 
weight 2875 grams) was classified as normal outcome.

Comment
Our data confirm the presence of hemodynamic changes shortly after the beginning 
of pregnancy. Second, our hypothesis that these changes are different in women whose 
pregnancies eventually are complicated by preeclampsia, gestational hypertension or 

Table 2 Mean of  SBP, cardiac output(CO), and low frequency phase difference of  blood pressure and heart beat interval 
(phase) in women with normal pregnancy outcome (normal), women who developed preeclampsia (PE) or gestational 
hypertension (GH) without fetal growth restriction (FGR), women with PE or GH with FGR, and women with a pregnancy 
complicated by FGR without PE or GH.

PG 6 w. 8 w. 12 w. 16 w. 20 w. 32 w. PP

SBP Normal 111(9) 111 (8) 109 (8) 111 (9) 105 (9) 103 (8) 99 (9) 105 (11)

PE/GH, no FGR 115 (6) 116 (2) 112 (10) 112 (8) 109 (13) 112 (11) 113 (11) 119 (4)

PE/GH, and FGR 109 (11) 114 (11) 112 (13) 114 (13) 107 (16) 113 (12) 121 (25) 105 (18)

FGR, no PE/GH 110 (10) 111 (12) 108 (10) 113 (11) 111 (12) 103 (10) 101 (9) 112 (11)

CO Normal 6.0 (1.4) 7.5 (1.8) 7.5 (1.9) 7.9 (1.9) 7.9 (1.6) 7.3 (1.5) 7.1 (1.3) 6.6 (1.3)

PE/GH, no FGR 6.6 (1.4) 9.1 (1.8) 8.2 (2.0) 8.8 (2.1) 8.3 (1.8) 8.6 (1.7) 8.4 (1.6) 6.9 (1.4)

PE/GH, and FGR 5.6 (0.9) 7.0 (0.5) 6.7 (0.9) 7.0 (1.3) 7.0 (0.9) 7.7 (1.3) 7.0 (1.6) 5.2 (0.7)

FGR, no PE/GH 5.2 (1.0) 6.8 (1.6) 7.1 (1.0) 7.1 (1.3) 7.8 (1.1) 7.2 (0.9) 7.0 (1.3) 5.4 (0.9)

Phase Normal -60 (14) -60 (17) -64 (16) -61 (20) -58 (20) -65 (29) -76 (18) -64 (26)

PE/GH, no FGR -59 (22) -68 (20) -83 (21) -86 (23) -65 (28) -95 (34) -87 (14) -61 (17)

PE/GH, and FGR -70 (  8) -66 (15 -73 (10) -70 (14) -69 (29) -66 (29) -92 (39) -64 (19)

FGR, no PE/GH -66 (  7) -67 (10) -60 (  4) -76 (12) -63 (21) -56 (29) -79 (31) -58 (11)

Measurements were performed before pregnancy (PG) and at a gestational age of 6, 8, 12, 16, 20 and 32 weeks and 4 
months after delivery (PP)

Table 3 Classification by discriminant analysis using systolic arterial pressure, cardiac output, and low frequency blood 
pressure – heart beat interval phase difference registered by Portapres and body mass index (calculated by prepregnancy 
values) at a gestational age of  6, 8, 12, 16 and 20 weeks.

Gestational age Classified correctly,% Sensitivity Specificity

Before pregnancy 67 93 57

6 weeks 72 100 64

8 weeks 72 100 64

12 weeks 62 100 50

16 weeks 52 86 39

20 weeks 43 76 46

Sensitivity and specificity calculated for normal outcome vs other groups
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intra uterine growth retardation was supported. These observations may provide an 
opportunity for early identification of pregnancies at risk of developing preeclampsia, 
gestational hypertension or intra uterine growth retardation, although confirmation in 

Figure 3. All-group scatter plots of  discriminant functions at 8 weeks, using systolic arterial pressure, cardiac output, 
phase difference of  blood pressure and heart beat interval registered by Portapres, and body mass index, and at 20 weeks, 
using probability for normal outcome at 8 weeks, mean uterine artery pulsatility index, bilateral uterine artery notch, and 
auscultatory systolic blood pressure.

Table 4 Combined classification results of  the discriminant analysis at 8 and 20 weeks, differentiating between normal 
outcome, PE or GH without FGR, PE or GH with FGR and FGR without PE or GH. 

Observed outcome Predicted Group Membership Total

Normal PE/GH, 
no FGR

PE/GH 
and FGR 

FGR, 
no PE/GH

8 weeks discriminant analysis 

Normal 18 (64) 3 (11) 4 (14) 3 (11) 28

PE/GH no FGR 0 4 (80) 0 1 (20) 5

PE/GH and FGR 0 1 (20) 4 (80) 0 5

FGR, no PE/GH 0 0 0 4 (100) 4

20 weeks discriminant analysis 

Normal 10 (100) 0 0 0 10

PE/GH, no FGR 0 5 (100) 0 0 5

PE/GH and FGR 0 1 (20) 3 (60) 1 (20) 5

FGR, no PE/GH 1(25) 0 0 3 (75) 4

The 8 week discriminant analysis included all participants, using systolic arterial pressure, cardiac output, and low 
frequency blood pressure – heart beat interval phase difference registered by Portapres and body mass index (72% of 
participants correctly classified). The 20 week discriminant analysis included all nonnormal participants according to 
the 8 week discriminant analysis (n=24), using probability for normal outcome in the 8 week discriminant analysis, 
mean uterine artery pulsatility index, bilateral uterine artery notch, auscultatory SBP (83% of participants and 100% 
of normal outcome correctly classified).
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a larger population is necessary. Early selection could be useful for targeting health care 
resources at a high risk group and future research regarding methods for prevention.
Our end-point selection was based on the observation that GH and PE share common 
risk factors31 and the assumption that they are variations in severity of a similar compli-
cation of pregnancy. A common hypothesis is that abnormal placentation is at the origin 
of these conditions. The observation that birth weight in early preterm preeclampsia 
is associated with severity of maternal disease is in accordance with this hypothesis.32 
However, in PE at term, FGR is often absent.33 Because FGR appears to be associated 
with the expression of PE/GH and because it has impact on perinatal outcome and on 
later infant health, we decided to divide women with PE/GH in a group with and a 
group without FGR. Based on earlier observations that FGR could be associated with 
a lower cardiac output,34 we assumed differences in cardiovascular measurement results 
between these groups.
Women who developed PE or GH without FGR had a higher systolic arterial pressure 
in early pregnancy than women with uneventful pregnancies, although in both groups 
blood pressure was normal by traditional standards. Similar observations have been 
made by Easterling et al.5 and Spaanderman et al.8, although these studies did not dif-
ferentiate for FGR. 
Earlier studies described a significantly higher cardiac output and slightly lower or 
normal peripheral resistance in the preclinical phase of preeclampsia, compared with 
healthy pregnancy.5;7 Bosio et al described a lowering of cardiac output and an increase 
of peripheral resistance when the clinical signs of preeclampsia appeared. This is in 
accordance with other studies that observed high systemic vascular resistance and low 
cardiac index by invasive measurements in women with severe preeclampsia.1;2   In 
our study, the PE/GH without FGR group was more comparable to the preeclampsia 
group in the study by Easterling et al, in which birth weight was not statistical different 
between the control and the preeclampsia group. In the study by Bosio et al, women 
with gestational hypertension had a larger cardiac output in the first half of pregnan-
cy than women with preeclampsia. The gestational hypertension group had a normal 
birthweight, whereas birthweight was lower in the preeclampsia group. The associa-
tion of cardiac output and birthweight was not explored in this study. Our data seem 
to indicate that in women with PE/GH without FGR blood pressure increase is more 
mediated by an increase of cardiac output, whereas in those with FGR, this is by an 
increase of peripheral resistance. Because none of the participating women developed 
preeclampsia before the last measurement at 32 weeks, we could not confirm a change 
of cardiovascular parameters thereafter. Table 5 summarizes the observed changes in 
pregnancy in the studies by Easterling et al, Bosio et al, and our study.
In women, whose pregnancies eventually were complicated by intrauterine growth 
restriction, either with or without PE/GH, we observed lower cardiac output combined 
with higher vascular resistance early in pregnancy, compared to normal pregnancy. For-
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merly published data demonstrated low nonpregnant plasma volume to be associated 
with recurrent fetal growth restriction 9;35 or preeclampsia.34 One study observed an 
association of high peripheral resistance with FGR in women with normal blood pres-
sure.36 Also at term, low cardiac output combined with increased vascular resistance has 
been observed in pregnancies complicated by intra uterine fetal growth restriction.3;4

All formerly discussed longitudinal studies used Doppler echocardiography for assess-
ment of stroke volume and cardiac output. In our study stroke volume was assessed by 
the analysis of the finger arterial pulse wave by Modelflow. Stroke volume estimation by 
Modelflow has been investigated extensively in a variety of situations in non-pregnant 
subjects.15;18-20 In an earlier longitudinal study, we compared estimation of cardiac output 
analyzed out of finger arterial pulse wave by Modelflow with Doppler echocardiography 
during and after pregnancy. We observed an underestimation of approximately 10% by 
the former method during pregnancy because of changes in vascular characteristics in 
pregnancy.23 After adjustment with an algorithm using systolic blood pressure, heart rat 
and pulse wave velocity, average measurement results were similar between both mea-
surement techniques, and both methods showed a similar random variation.23 
We decided against adjustment in the present study because the observed systematic 
difference did not change during pregnancy, was proportionally small, and adjustment 
would not increase the efficacy of the discriminant analysis. 
We did not use cardiac index instead of cardiac output for presentation of our data 
because use of this measure in pregnancy is controversial.37 However, because ventricu-
lar ejection fraction is related to body mass index, we included this measure in our 
prediction model.38 Body mass index was calculated by pre-gestational data to eliminate 
the effect of pregnancy on body weight.
A number of studies described an increase sympathetic activity in women with preec-
lampsia.39;40 In an earlier report regarding the present study population, we provided 
evidence for an increased resting sympathetic activity and decreased circulating volume, 
already present in early pregnancy, in women who will develop preeclampsia, compared 
with women who will have a normal pregnancy.10 A larger phase difference between 
systolic blood pressure and pulse interval at the low frequency appeared to be associated 

Table 5. Outcome of different studies of mean arterial pressure (MAP), heart rate (HR), stroke volume (SV), 
cardiac output (CO), and total preripheral vascular resistance (TPR) during the preclinical phase of preeclampsia or 
gestational hypertension, compared to women with uncomplicated pregnancies.

MAP HR SV CO TPR

Easterling et al, 1990 5   =  ā

Bosio et al, 1999 7 ---- ---- ----  =

Rang, et al, with FGR  = ¯ ¯  

without FGR  =   =

Arrows indicate the difference, compared with findings in uncomplicated pregnancies. Equal sign indicates no difference, 
compared to uncomplicated pregnancies; upward arrow denotes an increase; downward arrow denotes a decrease; dash 
denotes not applicable. a Statistical significance only at 23 weeks and postpartum
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with later development of preeclampsia. Therefore we decided to include this parameter 
in the present study. 
We observed in women with a normal outcome of pregnancy that blood pressure and 
total peripheral resistance decreased in the first half of pregnancy in 2 steps, with a first 
drop before 6 weeks and a second one at 16-20 weeks of gestation. (Figure 1) These 
changes could coincide with changes in uterine vascular resistance due to trophoblast 
invasion in the first half of pregnancy. This phenomenon develops in 2 stages. In the 
first trimester, the spiral arteries of the decidua are invaded, and in the second trimester, 
this invasion extends to the spiral arteries of the myometrium. This causes an increase 
in diameter of the spiral arteries and a decrease in local resistance.41;42 Because the spiral 
arteries do not open earlier than 12 weeks of gestation, this decrease in vascular resis-
tance might be causally related with the second drop of vascular resistance and blood 
pressure that we observed in our data. A similar pattern was observed in the different 
subgroups, although at different levels.
Uterine artery Doppler at 18-24 weeks has been extensively researched for prediction 
of preeclampsia or fetal growth restriction.43 In general, predictive values are consid-
ered insufficient for use in routine antenatal care. Some studies demonstrate that in a 
high risk population positive and negative predicting values could be useful for clinical 
management.44;45 Combination of systolic blood pressure, cardiac output, and phase 
difference at 8 weeks enabled a fairly effective prediction of normal outcome of preg-
nancy with regard to fetal growth or maternal elevated blood pressure (sensitivity 100%, 
specificity 64%). The high false positive rate in the first discriminant analysis could be 
reduced by a 2-step model using uterine artery Doppler at 20 weeks in those women 
who had a prediction of abnormal outcome in the first analysis. 
Our results depended to a large extent on the high rate of abnormal outcomes in the 
multiparous group with previous complications, whereas the power in the nulliparous 
group was limited. It is clear that our method should be evaluated in a larger population 
consisting of nulliparous women because differences between primiparous and mul-
tiparous women can not be excluded, and nulliparous women could benefit more from 
an effective screening strategy than multiparous women.

Conclusion
The study supports our hypothesis that hemodynamic differences are present in early 
pregnancy in women predisposed to develop preeclampsia or fetal growth restriction. 
These differences might be associated with the underlying cause for the development 
of these disorders and could be effective for selection of high-risk women early in preg-
nancy.



C
hapter 4

65

Serial hemodynamic measurements

References
 1.  Groenendijk R, Trimbos JB, Wallenburg HC. Hemodynamic measurements in preeclampsia: preliminary observa-

tions. Am.J.Obstet.Gynecol. 1984;150:232-36.

 2.  Visser W, Wallenburg HC. Central hemodynamic observations in untreated preeclamptic patients. Hypertension 
1991;17:1072-77.

 3.  Rosso P, Donoso E, Braun S, Espinoza R, Fernandez C, Salas SP. Maternal hemodynamic adjustments in idio-
pathic fetal growth retardation. Gynecol.Obstet.Invest. 1993;35:162-65.

 4.  Salas SP, Rosso P, Espinoza R, Robert JA, Valdes G, Donoso E. Maternal plasma volume expansion and hormonal 
changes in women with idiopathic fetal growth retardation. [see comments.]. Obstet.Gynecol. 1993;81:1029-33.

 5.  Easterling TR, Benedetti TJ, Schmucker BC, Millard SP. Maternal hemodynamics in normal and preeclamptic 
pregnancies: a longitudinal study. Obstet.Gynecol. 1990;76:1061-69.

 6.  Duvekot JJ, Cheriex EC, Pieters FA, Peeters LL. Severely impaired fetal growth is preceded by maternal hemody-
namic maladaptation in very early pregnancy. Acta Obstet.Gynecol.Scand. 1995;74:693-97.

 7.  Bosio PM, McKenna PJ, Conroy R, O’Herlihy C. Maternal central hemodynamics in hypertensive disorders of  
pregnancy. Obstet.Gynecol. 1999;94:978-84.

 8.  Spaanderman ME, Aardenburg R, Ekhart TH, van Eyndhoven HW, van der Heijden OW, van Eyck J et al. Non-
pregnant circulatory volume status predicts subsequent pregnancy outcome in normotensive thrombophilic 
formerly preeclamptic women. Eur.J.Obstet.Gynecol.Reprod.Biol. 2001;95:218-21.

 9.  Spaanderman ME, Willekes C, Hoeks AP, Ekhart TH, Aardenburg R, Courtar DA et al. Maternal nonpregnant 
vascular function correlates with subsequent fetal growth. Am.J Obstet.Gynecol. 2005;192:504-12.

 10.  Rang S, Wolf  H, van Montfrans GA, Karemaker JM. Serial assessment of  cardiovascular control shows early signs 
of  developing pre-eclampsia. J.Hypertens. 2004;22:369-76.

 11.  Vollebregt KC, Seesing L, Rang S, Boer K, Wolf  H. Sensitivity of  spontaneous baroreflex control of  the heart and 
hemodynamic parameters are not influenced by the menstrual cycle. Hypertens.Pregnancy. 2006;25:159-67.

 12.  Penaz J, Voigt A, Teichmann W. Contribution to the continuous indirect blood pressure measurement. Z.Gesamte 
Inn.Med. 1976;31:1030-33.

 13.  Wesseling KH, Wit de B., Settels JJ, Klawer W.H. On the indirect registration of  finger blood pressure after Penaz. 
Funkt.Biol.Med. 1982;1:245-50.

 14.  Langewouters GJ, Wesseling KH, Goedhard WJ. The static elastic properties of  45 human thoracic and 20 abdom-
inal aortas in vitro and the parameters of  a new model. J Biomech. 1984;17:425-35.

 15.  Wesseling KH, Jansen JR, Settels JJ, Schreuder JJ. Computation of  aortic flow from pressure in humans using a 
nonlinear, three-element model. Journal of  Applied Physiology 1993;74:2566-73.

 16.  Imholz BP, Wieling W, van Montfrans GA, Wesseling KH. Fifteen years experience with finger arterial pressure 
monitoring: assessment of  the technology. [Review] [86 refs]. Cardiovascular Research 1998;38:605-16.

 17.  Hehenkamp WJ, Rang S, van Goudoever J, Bos WJ, Wolf  H, van der Post JA. Comparison of  Portapres with stan-
dard sphygmomanometry in pregnancy. Hypertension in Pregnancy 2002;21:65-76.

 18.  Wesseling KH, Wit de B., Weber J.A.P., Smith N.Ty. A simple device for the continuous measurement of  cardiac 
output. Its model basis and experimental verification. Adv.Cardiol.Phys. 1983;5:16-52.

 19.  Jansen JR, Wesseling KH, Settels JJ, Schreuder JJ. Continuous cardiac output monitoring by pulse contour during 
cardiac surgery. European Heart Journal 1990;11 Suppl I:26-32.

 20.  Jellema WT, Wesseling KH, Groeneveld AB, Stoutenbeek CP, Thijs LG, van Lieshout JJ. Continuous cardiac 
output in septic shock by simulating a model of  the aortic input impedance: a comparison with bolus injection 
thermodilution. Anesthesiology 1999;90:1317-28.

 21.  van Lieshout JJ, Wesseling KH. Continuous cardiac output by pulse contour analysis? Br.J Anaesth. 
2001;86:467-69.

 22.  Bogert LW, van Lieshout JJ. Non-invasive pulsatile arterial pressure and stroke volume changes from the human 
finger. Exp.Physiol 2005;90:437-46.

 23.  Rang S, de Pablo LB, van Montfrans GA, Bouma BJ, Wesseling KH, Wolf  H. Modelflow: a new method for nonin-
vasive assessment of  cardiac output in pregnant women. Am.J Obstet.Gynecol. 2007;196:235-38.



66

 24.  Wesseling KH. A century of  noninvasive arterial pressure measurement: from Marey to Penaz and Finapres. 
Homeostasis 1995;36:49-66.

 25.  Bos WJ, van Goudoever J, van Montfrans GA, van den Meiracker AH, Wesseling KH. Reconstruction of  brachial 
Artery pressure from Noninvasive Finger pressure Measurement. Circulation 1996;94:1870-75.

 26.  Wesseling KH, Wit de B., Hoeven van der G.M.A., Goudoever van J., Settels JJ. Physiocal, calibrating finger vascu-
lar physiology for finapres. Homeostasis 1995;36:67-82.

 27.  deBoer RW, Karemaker JM, Strackee J. Hemodynamic fluctuations and baroreflex sensitivity in humans: a beat-to-
beat model. Am.J.Physiol. 1987;253:H680-H689.

 28.  Karemaker JM. Analysis of  blood pressure and heart rate variability. Theoretical considerations. In: Phillip A.Low 
MD, editor. Clinical Autonomic Disorders. Evaluation and management. Philadelphia: Lippincott-Raven Publish-
ers; 1997. p. 309-22.

 29.  Brown MA, Lindheimer MD, de SM, Van AA, Moutquin JM. The classification and diagnosis of  the hypertensive 
disorders of  pregnancy: statement from the International Society for the Study of  Hypertension in Pregnancy 
(ISSHP). Hypertens.Pregnancy. 2001;20:IX-XIV.

 30.  de Jong CLD, Gardosi J, Dekker GA, Colenbrander GJ, van Geijn HP. Application of  a customised birthweight 
standard in the assesment of  perinatal outcome in a high risk population. Br J Obstet Gynaecol 1998;105:531-35.

 31.  Villar J, Carroli G, Wojdyla D, Abalos E, Giordano D, Ba’aqeel H et al. Preeclampsia, gestational hypertension and 
intrauterine growth restriction, related or independent conditions? Am.J Obstet.Gynecol. 2006;194:921-31.

 32.  Ganzevoort W, Rep A, de Vries JI, Bonsel GJ, Wolf  H. Prediction of  maternal complications and adverse infant 
outcome at admission for temporizing management of  early-onset severe hypertensive disorders of  pregnancy. 
Am.J Obstet.Gynecol. 2006;195:495-503.

 33.  Rasmussen S, Irgens LM. Fetal growth and body proportion in preeclampsia. Obstet.Gynecol. 2003;101:575-83.

 34.  Aardenburg R, Spaanderman ME, Van Eijndhoven HW, de Leeuw PW, Peeters LL. A low plasma volume in 
formerly preeclamptic women predisposes to the recurrence of  hypertensive complications in the next pregnancy. 
J Soc.Gynecol.Investig. 2006;13:598-603.

 35.  Croall J, Sherrif  S, Matthews J. Non-pregnant maternal plasma volume and fetal growth retardation. Br.J.Obstet.
Gynaecol. 1978;85:90-95.

 36.  Bamfo JE, Kametas NA, Turan O, Khaw A, Nicolaides KH. Maternal cardiac function in fetal growth restriction. 
BJOG. 2006;113:784-91.

 37.  van Oppen AC, van dT, I, Duvekot JJ, Bruinse HW. Use of  cardiac index in pregnancy: is it justified? Am.J Obstet.
Gynecol. 1995;173:923-28.

 38.  Dorbala S, Crugnale S, Yang D, Di Carli MF. Effect of  body mass index on left ventricular cavity size and ejection 
fraction. Am.J Cardiol. 2006;97:725-29.

 39.  Greenwood JP, Stoker JB, Walker JJ, Mary DA. Sympathetic nerve discharge in normal pregnancy and pregnancy-
induced hypertension. J.Hypertens. 1998;16:617-24.

 40.  Schobel H. Autonomic function in normal pregnancy: the role of  studying heart rate variability [comment]. Clin.
Sci.(Colch.) 2000;98:241-42.

 41.  Carbillon L, Challier JC, Alouini S, Uzan M, Uzan S. Uteroplacental circulation development: Doppler assessment 
and clinical importance. Placenta 2001;22:795-99.

 42.  Lyall F. Priming and remodelling of  human placental bed spiral arteries during pregnancy--a review. Placenta 
2005;26 Suppl A:S31-S36.

 43.  Chien PF, Arnott N, Gordon A, Owen P, Khan KS. How useful is uterine artery Doppler flow velocimetry in 
the prediction of  pre-eclampsia, intrauterine growth retardation and perinatal death? An overview. BJOG. 
2000;107:196-208.

 44.  Frusca T, Soregaroli M, Zanelli S, Danti L, Guandalini F, Valcamonico A. Role of  uterine artery Doppler investiga-
tion in pregnant women with chronic hypertension. Eur.J.Obstet.Gynecol.Reprod.Biol. 1998;79:47-50.

 45.  Harrington K, Fayyad A, Thakur V, Aquilina J. The value of  uterine artery Doppler in the prediction of  uteropla-
cental complications in multiparous women. Ultrasound Obstet.Gynecol. 2004;23:50-55.



c h a p t e r

5
Wouter JK Hehenkamp1

Saskia Rang1,2

Jeroen van Goudoever2

Willem JW Bos3

Hans Wolf1

Joris AM van der Post1

Departments of Obstetrics (1), TNO/BMI (2) Inter-
nal Medicine (3) 
Academic Medical Center, P.O.Box 22660, 1100 DD, 
Amsterdam, The Netherlands

Hypertension in Pregnancy, 21 (1), 65-76 (2002) 

Comparison of Portapres® with Standard 
Sphygmomanometry in Pregnancy



Abstract
Background: Continuous beat-to-beat noninvasive blood pressure (BP) measurement 
is possible with Portapres®. It constructs finger arterial waveforms beat-to-beat. Dedi-
cated software is used to analyzse the arterial waveforms. A new technique has been 
developed to reconstruct brachial intraarterial pressure that uses return to flow (RTF). 
This method has been validated against invasive intraarterial measurements in nonpreg-
nant individuals.

Objectives: To validate Portapres in normal and preeclamptic pregnant women against  
standard anaeroid sphygmomanometry according to Riva-Rocci-Korotkoff (RRK). 

Methods: In 30 normotensive (10 in each trimester) and 20 preeclamptic women, 
two trained observers blinded from each other’s results took BP measurements with 
a standard sphygmomanometer. These measurements were compared with sequential 
same-arm averaged measurements obtained during 30 sec by Portapres, following pro-
tocols from the Association for the advancement of Medical Instrumentation (AAMI, 
mean accepted difference ≤5 mmHg, SD ≤8) and British Hypertension Society (BHS, 
gradings A down to D).

Results: A total of 150 measurement pairs were analyzed. Cumulative percentages of 
absolute pressure differences for all women (BHS) and mean pressure differences (SD) 
for different trimesters and preeclampsia (AAMI) between sphygnomanometry and 
Portapres were calculated. Overall, mean difference (SD) for systolic BP was 5(SD 8) 
and for diastolic BP was –3(SD 8), although analysis of variance revealed a significant 
effect for preeclampsia on diastolic differences between the two methods of BP mea-
surement (p<0.001). 

Conclusions: Portapres with RTF, developed to equal intraarterial brachial pressure, 
compares reasonably well to RRK and overall meets the criteria set by the AAMI. 
According to the BHS, Portapres receives a B-grading for diastolic BP and a C-grading 
for systolic BP. As Portapres measures BP and calculates cardiac output continuously 
and noninvasively, it would appear worthwhile to further evaluate this device in patho-
logical pregnancies.
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Portapres vs. sphygmomanometer

Introduction
Intraarterial blood pressure (BP) measurement is considered to be the most accurate 
way to measure BP continuously. Because of its invasiveness and risk for embolism and 
infection, it is less suitable for repeated use during clinical practice in pregnancy. How-
ever, beat-to-beat BP measurement is possible with Portapres®, which estimates BP on a 
continuous and noninvasive basis at the finger. Portapres [1,2] is the portable version of 
Finapres [3]. Additional algorithms have been developed to calculate cardiac output on 
the basis of the finger arterial waveform. 
Portapres has been validated against invasive measurements in previous studies with 
nonpregnant individuals. The BP obtained from the finger corresponded closely to 
brachial intraarterial measurements [4-8]. Although Portapres has been shown to per-
form accurately during different physiological circumstances, Portapres should not be 
applied to pregnant women without proper validation. In situations of high flow, like 
normal pregnancy or narrow peripheral arteries, as in preeclampsia, the pressure gradi-
ent between brachial artery and finger artery, which is normally negligible, might be 
considerably altered [9-11]. 
Measuring BP by standard Riva-Rocci-Korotkoff (RRK), sphygmomanometry is a rou-
tine of physical examination during pregnancy and crucial for obstetrical decision making 
[12]. However, RRK measurements have their shortcomings, related to intra-observer 
variability and limitations in numbers of measurements that can be taken convenient-
ly[13-17]. Although independent associations between automated BP measurement and 
birthweight, as well as adverse maternal outcome, have been documented [18,19], most 
literature on obstetrical outcome is based on RRK. Therefore, measurements record-
ed with automated BP monitors, such as the Oxford ABPM, the Dinamap 1846SX 
and Spacelabs 90207 [20], have been compared with RRK measurements. However, 
although some automated monitors perform adequately in comparison with standard 
sphygmomanometry [20], they still determine BP on an intermittent base. We therefore 
evaluated Portapres against the clinical gold standard (i.e., RRK measurements). As a 
first step in this process, this study was designed to determine differences in BP levels 
at rest between Portapres and standard sphygmomanometry during different stages of 
(physiological and pathological) pregnancy using both the British Hypertension Society 
(BHS) and the Association for the Advancement of Medical Instrumentation (AAMI) 
protocols for the validation of BP measuring devices.
Since possible pressure differences between brachial artery and finger artery can be 
corrected with return to flow (RTF) correction  (see METHODS), we compared the 
reconstructed brachial artery pressure (Portapres with RTF) from finger arterial pres-
sure as well as the nonreconstructed (Portapres) with RRK (see METHODS) [8]. 
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Methods
Patients
Portapres was studied in a group of 50 pregnant women according to the device valida-
tion protocol of the BHS [21] and the recommendations of AAM I [22]. Following these 
protocols at least 30 subjects should be included into a study to obtain a heterogeneous 
populati on and to reach sufficient statistical power. Therefore, 30 pregnant women were 
asked to participate in the study, of whom 10 women were in their first (until 13 weeks 
gestation), 10 in their second trimester (13 - 23 weeks gestation), and 10 in their third 
trimester of pregnancy.  Additionally, 20 women suffering from preeclampsia (diastolic 
BP ≥ 90 mmHg, proteinuria ≥ 0,3 g/24hr) were selected for the study.  Age, weight, 
height, upper arm circumference, and BP range were recorded from all participants. All 
patients were recruited from the Department of Obstetrics in the Academical Medical 
Centre, Amsterdam, The Netherlands. Approval for the use of Portapres in preeclamptic 
and normal pregnancy was obtained from the Medical Ethics Committee and informed 
consent was obtained from all subjects. 

Study device. 
Portapres (model 2) is the portable version of Finapres (FINger Arterial PRESsure), 
developed by the TNO-group Bio-Medical Instrumentation (BMI) in the Academical 
Medical Centre in Amsterdam, The Netherlands.
Portapres uses the methodology of Penaz [23] and the physiocal criteria of Wesseling 
[24] to measure BP continuously and noninvasively. This technique depends on cir-
cumferential pressure applied by a finger cuff that is varied to maintain constant digital 
arterial size. Digital arterial size is determined photoplethysmographycally. Under these 
conditions, the external cuff pressure equals the internal arterial pressure. A rapidly 
responding servomechanism constantly adjusts finger cuff pressure to maintain zero 
transmural arterial pressure. Heart rate and systolic, mean, and diastolic arterial pres-
sures are derived from the stored pressure trace [25]. The exact principle of the device has 
been described elsewhere [5,23,24]. Pulse wave distortion is corrected with a generalised 
waveform filter [26]. Of importance for this study is that possible pressure gradients are 
corrected with RTF measurements. Every time an upper arm cuff is inflated above bra-
chial arterial systolic pressure and subsequently is slowly deflated, RTF detects systolic 
BP by registering the upper arm cuff pressure at the moment that the first BP pulsation 
is detected in the finger cuff [8]. In this way, individual level correction is made.

Study Protocol.
The AAMI recommendations and the BHS protocol were not designed to compare 
devices that measure indirect intraarterial BP values on a continuous beat-to-beat basis 
with intermittent auscultatory indirect sphygmomanometry. We therefore chose to take 
the average of 30 sec of a stable signal obtained by Portapres as the BP level to com-
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pare with the preceding and following (BHS) or following (AAMI) RRK measurement. 
In that way, we could follow the guidelines of AAMI and BHS as closely as possible. 
Training of observers was done before the study was started according to the BHS 
protocol. Auscultatory RRK measurements with a standard sphygmomanometer (Maxi 
Stabil 3, Speidel & Keller, Germany) were used as the standard. We did not use the 
mercury standard because this is no longer used in clinical practice in Holland. During 
the measurements, the observers recorded the Korotkoff  Sound I for systolic BP and 
the Korotkoff sound V for diastolic BP. The sphygmomanometer used in this study 
was calibrated before and after the study and there was no correction necessary. The 
measurements were performed in a comfortable (23°C) and quiet room. Cuffs in the 
appropriate size for both the finger and the arm were selected. The finger cuff was 
attached to the third digit of the left hand. Portapres registration and the RRK measure-
ment were performed on the same arm. Finger BP and upper arm cuff pressure were 
digitized at 100 Hz and stored. Since Portapres measures continuously and the signal is 
interrupted when an upper arm cuff is inflated, sequential measurements were obliga-
tory. Patients were measured in the supine position and were asked neither to speak nor 
move during the procedure. Women in their third trimester of pregnancy were put in 
left lateral tilt to avoid aortic-caval compression. After a resting period of at least 5 min, 
Portapres was connected to the subject and BP was determined after a stable signal was 
found. The cuff was inflated up to 20 mmHg above systolic pressure and during manual 
deflating (speed: 2-3 mmHg/heartbeat) of the cuff, RTF detected the systolic BP. The 
patient was labelled for analysis either normotensive or hypertensive (diastolic BP ≥ 
90 mm Hg) on basis of clinically taken auscultatory BP measurements with a standard 
sphygmomanometer. All hypertensive women had significant proteinuria (≥ 0,3 g /24 
hr or 2+ on dipstick) and were therefore preeclamptic according to ISSHP criteria.
The first two trained observers performed an RRK measurement, then Portapres reg-
istered BP for approximately 2 min, and subsequently, the observers (who were blinded 
for each other and from the Portapres device) determined BP by sphygmomanometry. 
Then, Portapres registered again for 2 min and so on. In total, the observers as well as 
Portapres measured six times. RTF registrated systolic BP every time the arm cuff was 
inflated.

Statistics.
Two seperate analyses were performed according to either the AAMI or the BHS. 

Association for the Advancement of Medical Instrumentation
The last three of the six recordings from both Portapres and the observers were used 
for data analysis. Each single measurement taken by both observers was averaged to 
render three  RRK values for systolic, diastolic, and mean arterial pressure for each sin-
gle patient. Each Portapres reading was the average of a measurement period of 30 sec 
before inflating  the arm cuff to measure BP by the RRK method. Then, the three RRK 
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values were averaged and compared to the averaged values of three Portapres readings.  
The mean difference and standard deviation of the mean difference between observers 
and Portapres was calculated. Bland-Altman plots [27] were constructed for the total 
of the 150 readings, separately for systolic and diastolic pressures (Figure 1A-D). The 
observers were compared similarly in the BHS and AAMI analysis.

British Hypertension Society
Analysis was done separately for observer 1 and 2, giving a total of 150 pairs of readings 
for each observer. Differences were calculated for both the RRK measurement preced-
ing the Portapres reading and the RRK measurement after the Portapres registration. 
The BHS protocol recommends selection of results with the smallest differences. The 
study device was then graded from A down to D based on the cumulative percentage 
of all individual differences ≤ 5, ≤ 10, and ≤ 15 mmHg. The results are documented in 
Table 2. For the final grading, the results between Portapres and the observer rendering 
the smallest difference were selected for both diastolic and systolic pressure.

Table 1. Baseline Characteristics for All 50 Subjects

Range Mean (SD)

Age (years) 15–43 29 (6)

Weight 50–103 68 (13)

Height 150–179 168 (7)

Arm circumference (cm) 21–39 28 (4)

Blood pressurea (mm Hg)

1st Tri (n = 10) Sys 103–149 117 (12)

Dias 62–82 71 (6)

2nd Tri (n = 10) Sys 92–129 110 (13)

Dias 55–82 67 (8)

3rd Tri (n = 10) Sys 92–128 112 (11)

Dias 51–89 74 (12)

Hypertensive (n = 20) Sys 122–181 145 (16)

Dias 77–113 97 (10)

All women (n = 50) Sys 92–181 126 (21)

Dias 51–113 81 (16)

SD = standard deviation 
aMeasured by RRK, average of two observers

Results
The baseline characteristics of all 50 patients are listed in Table 1. Of the preeclamptic 
patients, 16 women used antihypertensive medication: α-methyl-DOPA (13), labetolol 
(2), nifedipine (3) , Ketensin i.v. (1) or combination (3). Portapres produced technically 
acceptable registrations during all measurements.
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Observer agreement
For systolic pressure, the observers agreed within 5 mmHg for 99% and within 10 
mmHg for 100% of their simultaneous auscultations. For diastolic pressure, these per-
centages were 98% and 100%, respectively (see Table 2). These values fulfill the criteria 
of the AAMI and the BHS.

Table 2. BHS Grading of  Portapres With and Without RTF in 50 pregnant women, Based on Cumulative Percentages of  
Absolute Pressure Differences ≤ 5, ≤ 10, and ≤ 15 mmHg Between Sphygmomanometry and Portapres (AAMI criteria in 
last column)

Grade <5 <10 <15 Mean(SD),
mmHg

Mean(SD) of 
Differences

mmHg

BHS criteria A 60% 85% 95% AAMI <5 (8)

B 50% 75% 90%

C 40% 65% 85%

D Worse than C

PORTAPRES + RTF

Observer 1

SBP C 50% 73% 91% 125(21) 5 (8)

DBP C 48% 78% 95% 81(16) -3 (8)

Observer 2

SBP C 49% 69% 92% 125(22) 5 (8)

DBP B 50% 80% 95% 81(16) -3 (8)

Final grading

SBP C 50% 73% 91% 125(21) 5 (8)

DBP B 50% 80% 95% 81(16) -3 (8)

Observer comparison

SBP A 99% 100% 100% 0 (2)

DBP A 98% 100% 100% 0 (2)

PORTAPRES - RTF

Observer 1

SBP D 35% 62% 85% 125(21) -1 (11)

DBP D 23% 51% 81% 81(16) -9 (8)

Observer 2

SBP D 34% 65% 86% 125(22) -1 (11)

DBP D 21% 57% 81% 81(16) -9 (8)

Final grading

SBP D 34% 65% 86% 125(22) -1 (11)

DBP D 23% 51% 81% 81(16) -9 (8)

Observer comparison

SBP A 99% 100% 100% 0 (2)

DBP A 98% 100% 100% 0 (2)
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Differences Portapres® vs. Standard Sphygmomanometry
Cumulative percentages of pressure differences ≤ 5, ≤ 10, and  ≤15 mmHg between 
observers and Portapres are presented in Table 2. The grading criteria of the BHS are 
shown in the upper part of Table 2. According to these criteria, Portapres with RTF 
achieved a B-grading for the comparison of diastolic measurements and a C-grading 
for the comparison of systolic measurements. Portapres achieved a D-grading for the 
comparison of systolic and diastolic measurements without RTF.  
The last colomn in Table 2 presents mean pressure differences and SD between Por-
tapres and observers. The AAMI criteria (mean pressure difference no more than 5 
mmHg, and SD no more than 8mmHg) were reached for both diastolic and systolic 
pressure measurements with RTF.
Mean pressure differences (+SD) were also calculated for first, second, and third trimes-
ter of pregnancy separately as well as for hypertensive pregnancy. The results are shown 
in Table 3.
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Figure1. Bland-Altman plots of  pressure difference (Portapres minus Observers) against observed mean  pressure (observers 
plus Portapres, divided by two) in 50 pregnant women. Lines are drawn for mean pressure and +/- 2 SD. Plots are constructed 
for Systole (A/B) Diastole (C/D) seperately for readings with RTF (A/C) and without RTF (B/D).
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Figure 1 shows the Bland-Altman plots of the pressure differences (device minus 
observers) against the mean of the observer and Portapres readings for both systolic 
and diastolic pressures with and without RTF.
Bland-Altman plots suggest an effect of average BP on the BP differences. There-
fore, we additionally performed an analysis of variance and multiple comparison tests 
(Scheffe) to reveal factors influencing the measured differences.  A significant effect 
for preeclampsia on diastolic differences (p<0.001) was found. If the patient’s average 
diastolic BP was entered in the analysis as a covariate, the effect of preeclampsia could 
be explained by BP alone (p< 0.001). Trimester (i.e. gestational age) unexpectedly influ-
enced systolic BP differences (p=0.004) independent of average systolic or diastolic BP. 
The order of the different BP readings had no effect on systolic or diastolic differences 
in repeated measurement analysis.

Table 3. Mean Pressure Differences (SD) in mm Hg Between Two Observers by Sphygmomanometry and Portapres ( ± 
RTF) in First Trimester, Second Trimester, Third Trimester and Hypertensive Women

1st
Trimester

(n=10)

2nd
Trimester

(n=10)

3rd
Trimester

(n=10)
Hypertensive

(n=20)
All women

(n=50)

Systolic pressure

Portapres +RTF 11 (8) 9 (6) 2 (6) 3 (8) 5 (8)

Portapres-RTF 6 (13) 0,5 (9) -7 (7) -4 (11) -1 (7)

Diastolic pressure

Portapres + RTF 1 (7) 2 (7) -1 (7) -8 (6) -3 (8)

Portapres-RTF -3 (5) -6 (8) -10 (6) -15 (7) -9 (8)

Mean arterial pressure

Portapres + RTF 8 (5) 6 (5) 2 (5) 0,6 (5) 4 (6)

Portapres-RTF 4 (6) -1 (6) -7 (5) -7 (8) -3 (8)

Discussion
As far as we are aware, this is the first study comparing noninvasively measured beat-
to-beat finger BP readings with indirect standard sphygmomanometry in normal and 
preeclamptic pregnant women. We realize that comparison of Portapres with direct 
intraarterial pressure measurements is to be prefered over indirect measurements. How-
ever, if Portapres is to be used in clinical practice, it must be compared to the clinical 
gold standard (i.e., standard sphygmomanometry). A next step in the validation pro-
cess should be comparison with intraarterial readings. Wilkes et al.[28] and Porter et 
al.[29] compared a Finapres (an earlier version of Portapres without RTF) with intraar-
terial pressure in pregnant women during labor or caesarean section. Both found that 
Finapres underestimates intraarterial systolic BP. Only Wilkes et al. found Finapres  to 
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underestimate diastolic BP. However, most data on BP in pregnant women refer to 
standard sphygmomanometry. In a previous study by Brown et al. [30], standard sphyg-
momanometry was compared to direct brachial intraarterial BP. In this study, it was 
shown that standard sphygmomanometry underestimates brachial arterial systolic BP 
by an average of 11 mmHg and overestimates diastolic pressure by 4 mmHg. Since 
Portapres with RTF aimes to reflect brachial intraarterial pressure [8], one would expect 
it to overestimate systolic pressure and underestimate diastolic pressure measured by 
standard sphygmomanometry. In our hands, Portapres with RTF indeed overestimates 
systolic pressure (by 5 mmHg, SD 7) and underestimates diastolic pressure (by 3 mmHg, 
SD 8) as measured by standard sphygmomanometry. This is in line with the results of 
Brown et al.[30] and suggests that BP determined by Portapres with RTF might be 
more comparable to direct intraarterial BP than standard sphygmomanometry. So, Por-
tapres appears to give an accurate estimation of intraarterial brachial BP in pregnancy, 
although direct evidence for this must be obtained in future studies. 
We prefered sequential same-arm measurements over simultaneous measurements at 
the opposite arm with the inherent BP difference between the right and left arm. Due 
to analysis of RTF, we were forced to inflate an arm cuff at the same arm (see METH-
ODS). We would have had to double the number of inflations if we had chosen for 
opposite-arm measurements. This we considered to be too inconvenient for the patients 
under study.
The BP differences between both observers fulfilled amply both the AAMI and BHS 
criteria and could therefore be used in comparison with the study device. 
According to the AAMI criteria, Portapres in combination with RTF estimates brachial 
artery BP with sufficient accuracy (maximal difference 5 mmHg, SD 8).  For diastolic 
BP, Portapres with RTF obtained a BHS B-grading and for systolic pressure, a C-grad-
ing. Portapres, in combination with RTF, measures diastolic BP most accurately and 
compares favorably to other automated ABP-monitors [20]. However, this holds for 
overall performance taken all pregnant women. In different trimesters or preeclamptics 
alone, performance differs and does not always meet criteria set by the AAMI (see Table 
1). This can be suspected when looking at the Bland-Altman plots. Analysis of vari-
ance indeed showed differences in device comparison between first  trimester women 
compared to the third trimester women for systolic BP and between first and second 
trimester women compared to preeclamptic women for diastolic BP (Scheffe multiple 
comparison). This could be due to the aforementioned dynamic changes throughout 
pregnancy in blood flow and/or vascular resistance. In preeclampsia, vascular resis-
tance and blood flow are seriously affected. In addition, antihypertensive medication 
influences both parameters. The balance of all these effects on the measurements with 
Portapres can only be estimated by the reported differences. Further evaluation is man-
datory because of the small separate groups for each trimester. We are not aware of 
studies comparing direct with indirect methods in different trimesters of pregnancy. We 
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did not perform a separate analysis for differences between preeclamptic women with or 
without medication in view of the small number of women without antihypertensives. 
In conclusion, Portapres with RTF gives an accurate estimation of diastolic BP in preg-
nancy measured by standard sphygmomanometry.  Portapres alone does not fulfill the 
criteria; however, after RTF correction, the performance improved to levels acceptable 
according to AAMI criteria. The BHS criteria were met for diastolic BP. Although Por-
tapres almost received a B-grading, failing only 2% on the differences of < 10 mmHg 
(Table 2), a C-grading was achieved for systolic BP. Strictly speaking, the BHS pre-
scribes that it is therefore not recommended for clinical use.
Further evaluation is needed to explain differences in various trimesters of pregnancy 
and preeclampsia. Whether other features of this device (e.g., cardiac output estimation) 
can be used in pregnancy also needs speaking evaluation in future research.
As to a possible conflict of interest, we would like to stress that Portapres needed to 
be validated independently. This was why this validation was not performed by the 
TNO/BMI staff. Neither the first author or the corresponding author were involved 
in (or commercially linked to) TNO/BMI. The Portapres device was the property of 
the department of obstetrics. Only one of the authors ( Jeroen van Goudoever) is an 
employee of TNO/BMI. He offered free technical advice and could not influence data 
obtained during the study. Data were not discussed until all statistical analyses were 
completed. All data were analyzed by the first author and the corresponding author.
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Modelflow: a new method for noninvasive 
assessment of cardiac output in pregnant 
women



Abstract
Objective: Estimation of cardiac output by continuous finger arterial pressure wave-
form analysis with Modelflow is a noninvasive technique for beat-to-beat hemodynamic 
assessment.  The purpose of this study was to compare this method in pregnant women 
with the more commonly used Doppler echocardiography. 

Study design: In 16 primigravid women, stroke volume was measured serially in 
first, second and third trimester and after pregnancy by the Modelflow method and by 
Doppler echocardiography. Aortic diameter and compliance were assessed serially by 
echocardiography and pulse wave velocity measurements.

Results: Aortic compliance was increased significantly in pregnancy compared to non 
pregnant values, but aortic diameter did not change. After adjustment for pregnancy-
related changes in pulse wave velocity, blood pressure and heart rate, Modelflow stroke 
volume measurements gave comparable results to Doppler echocardiography during 
and after pregnancy. The observed variation was similar to reported comparisons of 
Doppler echocardiography with thermodilution.

Conclusion: After adjustment for pregnancy the Modelflow method is a useful research 
tool for assessment of stroke volume in pregnant women and offers the advantage of 
continuous measurement and convenience of application.
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Introduction
Measurement of cardiovascular function is important for the understanding and treat-
ment of hypertensive complications of pregnancy 1;2. Most studies on cardiovascular 
function in pregnancy use Doppler echocardiography, because this technique is non-
invasive and considered sufficiently accurate 3. However, Doppler echocardiography is 
demanding technically, and the upward shift of the diaphragm late in pregnancy may 
interfere with the method. Continuous finger arterial pressure waveform registration 
by Portapres (TNO-TPD, Finapres Medical Systems, Amsterdam, the Netherlands) is 
a non-invasive technique for beat-to-beat hemodynamic assessment. This method is 
based on the volume-clamp method of Peñáz4 and the individual calibration technique 
(physiocal) of Wesseling et al. 5-7 It has been established as a reliable tool for noninva-
sive beat-to-beat blood pressure signal recordings in nonpregnant 8 and in pregnant9 
women. Besides blood pressure, this technique allows estimation of stroke volume 
(SV) on a beat-to-beat basis by arterial waveform analysis.10-13 Modelflow could offer 
great opportunities for obstetric research on hemodynamics in physiologic and patho-
logic pregnancies. However, the method has never been validated in pregnant women. 
There are indications that the aorta characteristic elements, aorta diameter and aorta 
compliance, which are incorporated in the Modelflow method, change under influence 
of pregnancy. 14-16 An increase of aorta compliance during pregnancy might cause an 
underestimation of SV.
We therefore compared the Modelflow method for SV assessment in pregnancy with 
the more commonly used Doppler echocardiography technique to see whether changes 
in aorta characteristics during pregnancy influence the Modelflow estimation of SV. At 
the same time, we measured aorta diameter and aorta compliance, because these param-
eters might be useful for the adjustment of Modelflow during pregnancy.

Methods
Subjects
Twenty-one healthy, normotensive primigravid women with a singleton pregnancy and 
a gestational age of < 12 weeks were selected at the outpatient clinic of our hospital. 
Gestational age was confirmed by crown-rump measurement during the first trimester. 
They had no medical history of cardiovascular disease, and no subject had vaso-active 
medication. All had a normal blood pressure at inclusion (systolic ≤120 mmHg; dia-
stolic, ≤80 mmHg) that was measured by sphygmomanometer.
The Medical Ethical Committee of our hospital approved the study, and all participants 
gave informed consent. 
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Measurements
All women underwent identical study protocols. Data were collected serially at 4 times: 
end of first trimester (12-14 weeks), second trimester (21-23 weeks), third trimester 
(32-34weeks), and approximately 5 months after delivery (16-26 weeks). 
At each visit, data were acquired for the estimation of aortic characteristics and for SV 
estimation. Measurements were performed after a period of at least 10 minutes of rest 
and in a 30-degree left lateral tilt position to avoid vena cava compression. Participants 
were asked to refrain from caffeine and smoking on the day of study and were instructed 
not to move or speak during the procedure. All echocardiographic measurements were 
performed by an experienced cardio-sonographer, according to the recommendations 
of the American Society of Cardiology. 17 Measurements were performed online with 
an ultrasound system (Philips / ATL HDI 3000; Eindhoven, The netherlands) with 
a 3,0 MHz transducer and were recorded on videotape. Off-line, a second researcher 
reviewed all measurements.

Aortic characteristics
Aortic input impedance is reflected by aortic distensibility or compliance. The speed 
of the pressure pulse, generated by ventricular ejection, is determined by the elastic 

and geometric properties of the arterial wall and the blood density. Because blood is 
incompressible, the material properties of the arterial wall and its thickness, elasticity, 
and lumen diameter become the major determinants of pulse wave velocity (PWV). 
Measurement of PWV is a simple method for estimating aorta compliance. PWV can be 
calculated from the pulse transit time and the distance traveled by the pulse. 18;19 For the 
estimation of PWV, pressure waves of the common carotid artery and the femoral artery 
were registered by applanation tonometry. Transducers were positioned simultaneously 
at the base of the neck and at the femoral fold. Because respiration influences the PWV, 
pulse waves were registered over a period of 60 seconds. After each procedure, the linear 
distance between the carotid and femoral site was measured with a marking gauge. The 
recorded arterial pulse signal was analyzed offline on a computer by dedicated software 
written in Delphi 4.0 (Velowaves; TNO, Amsterdam, The netherlands; Figure 1). For 
each pulse wave, the upstroke was determined, and the time difference between carotid 
and femoral pulse waves was calculated. PWV was calculated from the average time 
difference of all recorded pulses and the distance that was measured. This distance was 
adjusted by subtraction of the distance between the supra-sternal notch to the carotic 
artery measurement site from the total distance between both measurement sites. 20;21

Aortic diameter was measured by echocardiography at the aortic sinus, the ascending 
aorta and the left ventricular outflow tract at systole and diastole of the cardiac cycle 
from images made in the parasternal long axis plane. Measurements were performed 3 
times at each session. The average of 3 measurements was used for analysis.
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Stroke volume
SV was estimated by 2 techniques: Doppler echocardiography and continuous finger 
arterial pulse wave registration.
With Doppler echocardiography, the velocity in the left ventricular outflow tract was 
measured in the apical 5-chamber view. The velocity integral in the left ventricular 
outflow tract was recorded, and the mean was calculated from 5 consecutive ejections. 
The SV was calculated by multiplication of the left ventricular outflow tract area by the 
time velocity intergral. The cardiac output (CO) was obtained by multiplication of the 
SV with the heart rate (HR).
Continuous finger arterial pulse wave registration was performed by Portapres (TNO-
TPD, Finapres Medical Systems, Amsterdam, the Netherlands). An appropriate size 
finger cuff was applied at the middle finger of the woman’s left hand, and the cuffed fin-
ger was kept at heart level during the procedure by a sling to avoid hydrostatic pressure 
influences. This inflatable cuff comprises an infrared sensor that is connected to a small 
box that is attached to the wrist that encloses a fast servo-controlled pressure system for 
continuous adjustment of cuff pressure according to changes in the output of the infra-
red sensor. Thereby, cuff pressure is related directly to arterial pulse pressure. The cuff 
and wrist-box are connected to a main unit that holds the air pump, electronics, and a 

Figure 1 Measurement of  the distance between the upstroke of  the carotic and femoral pulse wave by velowaves

C, carotic; F, femoral
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computer. Modelflow analyzed SV and CO over a period of 30 seconds of finger arterial 
pulse waves registration that was recorded simultaneously with the echocardiography 
measurements. 
Left ventricular contraction causes inflow of blood into the arterial system, but this 
inflow is opposed by arterial counter pressure and aortic and peripheral arterial input 
impedance. The Modelflow method simulates this behavior. The computation of flow 
from pressure by Modelflow is based on the 3 major properties of the aorta and arte-
rial system: aortic characteristic impedance (Z0), a dynamic property of the aorta that 
impedes pulsatile outflow from the ventricle; windkessel or buffer compliance (Cw), the 
ability of the aorta and arterial system to store elastically the cardiac stroke output from 
the left ventricle; and peripheral resistance (Rp), the Poiseuille resistance of all vascular 
beds together.22;23 The value of total peripheral resistance in the model is the sum of Z0 
and Rp. Given input pressure, aortic systolic inflow is determined principally by the time 
constant Z0Cw. Z0 and Cw can be calculated for any pressure if the aorta wall pressure 
and distension characteristics are known. These characteristics were estimated form 
45 human aortas in vitro.24 Aortic wall distensibility was dependent on gender and age 
and can be calculated reliably with these parameters. However, maximum aorta area at 
the lower thoracic level had a scatter of approximately 20% in the in vitro study. This 
uncertainty affects reliability of the calculations and exact measurement could improve 
estimations. Aortic pressure is estimated for each heart beat form the integral of the 
finger arterial pressure wave. Flow, finally, is computed by simulation of the behavior 
of the model under the applied arterial pressure pulsation. The values for windkessel 
compliance and characteristic impedance, as a function of instantaneous pressure, are 
inserted in the model. Simulation is done digitally, and model computations are repeat-
ed for each new pressure sample that is taken. Left ventricular SV is computed by the  
integration of model flow during systole; CO is computed by multiplication of SV with 
instantaneous HR. The systolic duration and the heartbeat interval are derived from the 
pressure waveform. This approach was called the Modelflow method.10

SV estimation by this method has been investigated extensively in a variety of situ-
ations, although never during pregnancy.10-13 A measurement error of approximately 
20% was described when compared to thermodilution. After calibration, however, the 
measurement error remained <10%. 10;25

During the whole study protocol, blood pressure was recorded continuously by Por-
tapres. Pressure registration was corrected for the pressure decay over the arm by the 
return to flow method.26 Blood pressure was analyzed by Beatscope (TNO, Amster-
dam, The Netherlands). The pressure levels for each beat were recognized after digital 
low pass filtering of 24.5 Hz at 200 Hz sampling frequency. 
Before commencement of the procedure, blood pressure was measured with a standard 
calibrated aneroid sphygmomanometer.
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Statistics
For each parameter, a 1-way repeated measures analysis of viriance was used to com-
pare data gathered at various periods. Correlations between HR and PWV and between 
mean arterial pressure and PWV were analyzed. If significant, 1-way repeated measures 
analysis of covariance, to compare PWV data gathered at various periods, was per-
formed after correction for this parameter. Data that were obtained at different periods 
were compared by post-hoc analysis (Bonferoni). A probability value ≤ .05 was consid-
ered statistically significant. Relation between blood pressure and aortic diameter was 
analyzed from the difference between diastolic and systolic diameter. 
The amount of agreement between both methods for SV measurement was analyzed as 
the ratio of the difference and the average of both measurements at each session, accord-
ing to the method of Bland and Altman, 27 and made visual by a Bland-Altman plot. If 
a difference would be observed, we intended to calculate an algorithm for adjustment 
of Modelflow for pregnancy, assuming that Doppler echocardiography was independent 
of pregnancy. Nonlinear regression was performed with BMDP 9R (BMDP Statistical 
Software, Cork, Ireland) with systolic blood pressure, HR, PWV and a design param-
eter “pregnancy” (1=pregnant, 0=postpartum period) and a number of mathematic 
combinations of these parameters. Selection for the best subset was based on the lowest 
Mallow’s Cp, which accounts for number of cases and number of parameters. 
All other statistical calculations were performed with SPSS software (version12.02; SPSS 
Inc, Chicago, IL). We estimated that a study population of 16 women would enable the 
detection of a difference of 10% between the 2 methods of measurement of a parameter 
with a SD of 10% at alpha 0.05 and beta 0.8 with a 2-sided test.

Results
Twenty-one women were included, but 5 women did not complete all measurements. 
Four women resigned from participation after the first measurement and 1 woman was 
hospitalized for preterm uterus contractions.
Results of 16 women who completed all measurements were used for the analysis. Char-
acteristics are presented in Table 1. The pregnancies were uneventful and all women 
were delivered at term of healthy babies with a birth weight of > 10th percentile.28 
Data on aorta characteristics (PWV and aorta diameter) are presented in Table 2. 
PWV was significantly lower during pregnancy, when compared with the nonpregnant 
state 5 months after delivery. Within pregnancy, no significant change was observed 
between the 3 trimesters (Figure 2). HR was higher, and mean arterial pressure lower 
during pregnancy when compared to measurements at 5 months after delivery (Table 3). 
The difference between third trimester and postpartum measurements reached statisti-
cal significance. HR and blood pressure are related generally to PWV. In our data, only 
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mean arterial pressure had a significant inverse correlation with PWV (P= .046). After 
correction for mean arterial pressure, PWV was still significantly lower in all trimesters, 
when compared with postpartum values. Among trimesters, no statistically significant 
change was observed. 

Table I. Patient characteristics (n = 16)

Characteristic Measurement

Age (y) 28.6 ± 4.7

First trimester weight (kg) 58.8 ± 11.3

Height (cm) 167 ± 8

Body surface area ( kg / m2) 1.7 ± 0.2

Gestational age at delivery (wk) 40 ± 1.1

Newborn infant birthweight (g) 3394.4 ± 387.8

Data are presented as mean ± SD

Table 2 Characteristics of aorta measurement 

Characteristic Trimester of gestation Postpartum
period

P value*

First Second Third

PWV (m/sec) 5.8 ± 0.9† 5.3 ± 0.6† 5.3 ± 0.6† 6.6 ± 0.9 <.01

Aortic sinus diastolic diameter (mm) 27.4 ± 2.3 27.4 ± 3.1 27.7 ± 2.4 28.6 ± 2.9    .53

Aortic sinus systolic diameter (mm) 29.1 ± 2.3 28.9 ± 3.2 29.4 ± 2.7 30.2 ± 3.2    .61

Aortic sinus systolic/diastolic difference ‡ 1.7 ± 0.9 1.5 ± 0.8 1.7 ± 1.1 1.6 ± 1.3    .83

Ascending aorta diastolic diameter (mm) 25.0 ± 2.5 25.3 ± 2.7 26.0 ± 2.0 25.4 ± 2.1    .66

Ascending aorta systolic diameter (mm) 27.0 ± 2.9 26.9 ± 2 27.7 ± 2 27.0 ± 2.2    .75

Ascending aorta systolic/diastolic difference ‡ 2.1 ± 1.5 1.6 ± 1.2 1.7 ± 1.3 1.5 ± 1.2    .66

Left ventricular outflow tract diameter (mm) 20.7 ± 1.5 20.8 ± 1.2 20.8 ± 1.4 21.1 ± 1.6    .90

*P < .05 denotes that differences exist accros the 4 period measurement.
 † Statistically significant difference with postpartum value. 
 ‡ Difference between measurement in systolic and diastolic phase.

Figure 2 PWV at 1st, 2nd, and 3rd trimester and at 
postpartum evaluation are plotted for each subject.
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We did not observe statistically significant changes in diastolic or systolic aortic diam-
eter during pregnancy. Measurement of aortic diameter five months postpartum was 
comparable to measurements during pregnancy. 
Data on SV and CO that were measured by Doppler echocardiography and data that 
were analyzed by Modelflow are presented in Table 3.
For analysis of the agreement between both methods, the difference between the echo-
Doppler and the Modelflow SV measurements was plotted against the average of both 
measurements (Bland-Altman plot) (Figure 3). For SV, the mean ratio of the differ-
ence and the average of echocardiography and Modelflow measurement was 0.082 ± 
0.19 (SD) for the measurements during pregnancy and -0.082 ± 0.19 after delivery. The 
difference between pregnant and non-pregnant values was statistically significant (P= 

Table 3 Measurements by echocardiography and Modelflow

Variable Trimester of gestation Postpartum 
period

P value*

First Second Third

Echocardiography

SV (mL) 81 ± 12 80 ± 15 75 ± 16 76 ± 15 .47

HR (beats/min) 70 ± 10 76 ± 8 78 ± 10 † 67 ± 8 <.01

CO (L/min) 5.6 ± 1.1 6.1 ± 1.2 5.7 ± 1.0 5.2 ± 1.0 .18

Modelflow

SV (mL) 74 ± 21 77 ± 17 70 ± 14 84 ± 20 .23

HR (beats/min) 73 ± 9 76 ± 8 83 ± 9 † 68 ± 9 < .01

CO (L/min) 5.3 ± 1.6 5.8 ± 1.3 5.7 ± 1.3 5.6 ± 1.2 .79

Total peripheral vascular resistance (μm) 0.96 ± 0.34 0.81 ± 0.24 0.81 ± 0.24 0.93 ± 0.23 .28

SV adjusted (mL) 81  ± 10 80  ±  8 76  ±  10 78  ± 14 .51

CO (L/min) 6.0 ± 1.1 6.1 ± 1.0 6.3 ± 1.1 † 5.3 ± 1.1 .05

Systolic blood pressure (mmHg) 112 ± 9 107 ± 9 100 ± 12 † 113 ± 9 < .01

Diastolic blood pressure (mmHg) 62 ± 7 58 ± 7 58 ± 7 62 ± 7 .21

Mean arterial pressure (mmHg) 79 ± 7 74 ± 6 72 ± 8 † 79 ± 7 .02

Data presented as mean ± SD
* P < .05 denotes that differences exist across the 4 periods of  measurement.
† Statistically significant difference with postpartum measurement (post-hoc Bonferroni analysis)

Figure 3 Bland-Altman plot

Comparison between SV measurement by Doppler 
echocardiography and Modelflow. Continuous line denotes 
the mean of  measurements during pregnancy; the dotted 
line denotes the mean of  the measurements at postpartum 
evaluation; the interrupted line denotes the 95% CI of  all 
measurements. The dots represent measurements during 
pregnancy; the asterisks represent measurement after 
pregnancy.
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.004) and provides evidence of an underestimation of SV by Modelflow during preg-
nancy and overestimation after pregnancy. For CO, the mean ratio’s were, respectively, 
0.041 ± 0.19 and -0.078 ± 0.16, a statistically significant difference (P= .026). These 
ratios did not differ significantly between trimesters. 
Modelflow measurements were adjusted for pregnancy by nonlinear regression analysis, 
with Doppler echocardiography as reference.  The following algorithm was calculated: 
Adjusted MF = -264.53 + 5.951 x SBP – 0.029932 x SBP^2 + 0.00010725 x HR x SBP x 
MF – 0.0328138 x MF^2 x (HR/[PWV x SBP]) + 0.0018650 x MF^(SBP/HR) + 11.5868 
x P, where MF is the Modelflow measurement, SBP is systolic blood pressure, HR is heart 
rate,  PWV is pulse wave velocity, and P is 1 when pregnant and 0 when not. All param-
eters had statistical significance (2 sided analysis; P< .05) and Mallows’Cp was 0.05.

Table 4 Summary of  serial studies on the change in HR, cardiac SV, and CO in pregnancy; the highest pregnant data are 
compared with nonpregnant data (preconceptional or postpartum period)

Author N Measurements Method SV change (%) HR change (%) CO change (%)
Robson et al39 13 Serially, preconceptional 

and from 8 wk
Doppler 
ultrasonography

66 ®84(27) 75 ®87(16) 4.9 ®7.2(48)

Mabieet al 40 18 Serially from 8-11 wk 
and postpartum period

Doppler 
ultrasonography

84 ®99(18) 66 ®87(32) 5.7 ® 8.7(52)

Duvekot et al 37 10 Serially from 5 wk and 
postpartum period

Doppler 
ultrasonography

73 ®72(-1) 66 ®87(32) 4.8 ®6.5(35)

Lucini et al 41 14 Before 6 wk / late stage Doppler 
ultrasonography

75 ®77(3) 73 ®84 (15) 5.5 ®6.5(18)

Desai et al 30 35 Serially from 14 wk and 
postpartum period

Doppler 
ultrasonography

70 ®80(14) 69 ®81(17) 4.8 ®6.4(35)

Rang et al
(current study)

16 Serially from 12 wk and 
postpartum period

Doppler 
ultrasonography

76 ®81(7) 67 ®78(16) 5.2 ®6.1(17)

Modelflow 78 ®81*(4) 68 ®83(22) 5.3 ®6.3*(19)
* Adjusted values according to description in the Results section.

The dots represent measurements during pregnancy; the 
asterisks represent measurement after pregnancy (R = 0.71; 
P < .001).

Figure 4 Line of  agreement of  SV measurement by Doppler 
echocardiography and Modelflow after adjustment. 

Figure 5 CO measured by Doppler echocardiography 
and Modelflow after adjustment in the 1st, 2nd , and 3rd 
trimester and at the postpartum evaluation.

Data are given as mean ± 2 SD
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Figure 4 shows a comparison of SV that was measured by Doppler echocardiography 
and by Modelflow after adjustment. A trend for lower Modelflow values at higher Dop-
pler SV values was observed. The mean ratio of the difference and average of both 
measurements was 0.01 ± 0.14. CO that was measured by Doppler echocardiography 
and by Modelflow after adjustment is shown in Figure 5. With both techniques, the CO 
during pregnancy was approximately 18% higher than after pregnancy. This difference 
was not statistically significant (Table 3).

Comment
Our results indicate that, as expected, Modelflow underestimates SV in pregnant 
women. We observed that PWV was lower; therefore, aorta compliance was higher dur-
ing pregnancy than in the nonpregnant state after delivery. However, values at the 3 
measurement periods during pregnancy were similar. Our observations on the change 
in aortic compliance are in accordance with the observations of Poppas et al14  and 

Slangen et al.15 Assuming that postpartum values were comparable with values before 
pregnancy, the decrease of PWV must have occurred early in pregnancy before 12 weeks 
of gestation. It is not known when this decrease of PWV commences and at which 
speed this change developes.
Literature regarding the change in aorta diameter during pregnancy is conflicting. 
Some studies confirmed our finding that aorta diameter did not change significantly 
during pregnancy.15;29 However, other studies described an increase of aorta diameter 
during pregnancy.14;16;30 Poppas et al14 demonstrated a statistically significant difference 
between early pregnancy and late pregnancy. However, the absolute difference was only 
5%, which is below the measurement error of echocardiography. Hart et al16 observed 
an increase of the aortic cross area of > 30%, with a range between 15% in primiparous 
to 36% in multiparous women. Area was calculated by πD2/4. When aorta diameter 
is recalculated from the data for primiparous women, which were presented in their 
article, the difference between postpartum and pregnant values was only 1.4 mm (7%). 
The accuracy of CO measurement by Modelflow for further measurements in the same 
patient, has been demonstrated after calibration by Swan-Ganz catheter thermodilu-
tion.13;25;31 We did not calibrate our measurements with thermodilution; therefore, 
absolute measurement values may have a considerable error. However, CO was obtained 
longitudinally within the same patient; changes during pregnancy should be tracked 
with precision as long as the basic parameters of the algorithm do not change.
Modelflow uses an estimation of descending aorta diameter and aorta distensibility for 
the calculation of SV from the finger arterial pulse wave registration. These values are 
applied from a built-in database with subject age and gender as input and based on data 
that are obtained from human aortas.24 Although we did not observe an increase in 
diameter of the ascending aorta, this cannot exclude a possible increase of lower tho-
racic part of the descending aorta. PWV and systolic blood pressure are both related 
to aorta compliance, and a difference between pregnancy and postpartum period was 
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observed. We entered these parameters for adjustment of Modelflow. Without adjust-
ment, the average ratio between difference and average of both measurements for SV 
was 0.082 ± 0.19; after adjustment, this value was 0.010 ± 0.14, which accounted for 
a reduction of measurement error from approximately 40% to 30% (2 SD). Similar 
variations have been described for Doppler echocardiography when compared with 
thermodilution.32-34 One study measured CO simultaneously by thermodilution, arte-
rial pulse contour, and Doppler echocardiography and reported a similar measurement 
error of 40-50% of the pulse contour and Doppler methods in comparison with ther-
modilution.35 Apparently both methods have a similar variation, which is substantiated 
by the results of this study.
Most data on CO in pregnancy describe an increase that varies by 18% – 50%. 30;36-40 
Table 4 summarizes the outcome of studies that serially measured HR, SV, and CO 
in normal pregnancy. The largest change occurred in early pregnancy, between 5 and 
8 weeks of gestational age. 37;39 This increase initially is due to an increase in HR and 
subsequently by an increase in SV.37;38 Desai et al30, Robson et al39, and Mabie et al40 
observed an increase in CO, partially due to an increase in SV; whereas the increase in 
CO observed by Duvekot et al37 and Lucini et al41 was based mainly on an increase in 
HR. We observed a 17% difference of CO by Doppler echocardiography and a 19% 
difference by adjusted Modelflow between pregnancy and postpartum measurements. 
This difference was in the lower range of the values presented by literature (Table 4). 
The increase was mainly due to an increase in HR and reached borderline statistical 
significance (P= .05). 
All measurements were performed under stable conditions in a quiet environment after 
at least 10 minutes of rest. Because the Portapres was connected, we could observe 
blood pressure and HR continuously, which enabled us to observe the effect of resting 
before the start of the measurement procedure. The selection of patients and the pos-
sibility to obtain truly resting signals mayhave caused part of the difference between 
studies concerning CO. 
Aorta characteristics (compliance and diameter) that were incorporated in Modelflow 
were constant during pregnancy. However, compliance was lower 5 months after preg-
nancy. After adjustment for pregnancy-related change of cardiovascular parameters, the 
measurement of CO by analysis of the finger arterial pulse wave by Modelflow gives 
results that are comparable with Doppler echocardiography during and after preg-
nancy, although a random variation of approximately 30% between both methods was 
observed, which is comparable with reported differences between Doppler echocar-
diography and thermodilution. Because of these measurement errors, neither Doppler 
echocardiography nor Modelflow is useful for routine clinical care, but both should be 
considered as useful research instruments. The advantage of Modelflow over Doppler 
echocardiography is the capability of continuous measurement, the reliability for longi-
tudinal measurements, and the convenience of application. 
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Preeclampsia is a syndrome occurring by definition in the second half of pregnancy and 
resolves shortly after delivery. Two clinical symptoms, hypertension and proteinuria 
define the disorder1 It is a major cause of maternal and fetal morbidity and mortality. 
The exact underlying pathogenesis is unclear and preeclampsia is at present unpredict-
able in onset and progression and incurable except by termination of the pregnancy. It is 
often associated with fetal growth restriction, although fetal growth restriction can also 
occur without maternal hypertension. Prevention of preeclampsia would have signifi-
cant impact on maternal and prenatal outcome worldwide. Prevention not only requires 
knowledge of pathophysiologic mechanisms of the disease, but also availability of meth-
ods of early detection, and means for intervention and correction of pathofysiologic 
changes. Signs and symptoms of preeclampsia mostly become apparent at a relatively 
late stage in pregnancy i.e.the late second, or third trimester. However, the origin of the 
underlying cause of the pathophysiologic mechanisms is thought to occur much earlier 
in pregnancy. For that reason, it seems logical to search for indicators of this disorder 
present in the first trimester of pregnancy. 2 3 4 5

Invasive measurements in untreated preeclamptic patients gave beter insight in the 
hemodynamic expression of severe disease. 6 7 Through extensive research in normal 
pregnancy, a better understanding of the profound changes in  the maternal cardiovas-
cular system has been obtained. Most of these changes occur already in early pregnancy, 
around 5-8 weeks of gestation. 8 9 There is a large difference in hemodynamic charac-
teristics between preeclamptic and normotensive pregnant women. Also pregnancies 
complicated by intra uterine fetal growth restriction showed differences in hemody-
namic characteristics compared to healthy pregnant women at term.

Knowledge about cardiovascular changes before the development of preeclampsia or 
fetal growth restriction is only fragmentary. Studies show that hemodynamics differ 
from normal early in pregnancies that will become complicated, although there is no 
consensus regarding the exact nature and quantity of these differences.10 9 11 

Vascular resistance is observed to be increased in preeclampsia. Vascular tone is largely 
determined by the activity of the sympathetic nervous. By direct microneurography 
sympathetic activity has been studied in preeclamptic patients. It is found to be higher 
in preeclampsia, and returnes to normal after delivery.12 13 In early pregnancy measure-
ment of sympathetic activity by direct microneurography has not been performed. The 
increased sympathetic activity, observed in preeclampsia, may already be present before 
the clinical presentation of the disorder, before the blood pressure and vascular resis-
tance start to rise.
There are two methods to test the function of the autonomic nervous system non-
invasively. Analysis of spontaneous heart rate and blood pressure variability by spectral 
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analysis, from continuous recordings of heart rate and blood pressure, or cardiovascular 
reflex tests, where blood-pressure and heart rate responses to a variety of physiological 
stresses are analysed. 14 15 16 17 18  19 These test methods give information about the para-
sympathetic and/or sympathetic nervous system. 15 20 21 16 22

The  main focus of this thesis was to investigate if differences in hemodynamic adapta-
tion to pregnancy could be observed in the first half of pregnancy between women who 
eventually developed preeclampsia or fetal growth restriction and women with a healthy 
pregnancy. We restricted our study to non-invasive measurement techniques since this 
would enable large scale use of tests. The intention was to develop a screening strategy, 
which could be applied to a large number of pregnant women. 

Our first aim was to evaluate if differences in autonomic cardiovascular control could 
be observed in early pregnancy between women who develop preeclampsia and women 
with a healthy pregnancy and if non-invasive cardiovascular reflex tests or spectral anal-
ysis could be used for detection of such differences.. 

In Chapter 2 we present an overview of the literature regarding non-invasive tests for 
autonomic cardiovascular control in women with normal pregnancy and women with 
preeclampsia.

Medline was searched, using the following keywords: pregnancy, preeclampsia, auto-
nomic nervous system. The reference lists of the retrieved articles were scanned for 
relevant articles, which had not been found by Medline. A total of 36 articles concerning 
autonomic cardiovascular control in human pregnancy by non-invasive test methods, 
were found and reviewed. 
The test methods reviewed were fast fourier power spectrum analysis, orthostatic 
stress test, Valsalva’s maneuver, isometric handgrip test, cold pressor test and the deep 
breathing test. These tests give information on different parts or the integrity of the 
pathway for autonomic cardiovascular control. Each test method is described and a 
summary of test results is presented in women with healthy pregnancy and women 
with preeclampsia. Per test-method, the consistency between data from different stud-
ies was considered. Results were defined inconsistent if less than 75 % of the studies 
had comparable results in direction and magnitude. Small differences were observed 
between normal pregnancy and preeclampsia by individual studies using non-invasive 
methods but the consistency between available data was insufficient to discriminate 
between normal pregnancy and preeclampsia. Elevated sympathetic activity in women 
with preeclampsia in comparison with normal pregnancy was only demonstrated by two 
studies using direct microneurography. Nevertheless, these studies also did not observe 
a difference in hemodynamic and sympathetic activity response to isometric exercise, 
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cold pressor test or Valsalva’s manouevre between normal pregnant and preeclamptic 
women.12 13 This difference in outcome might be caused by a variety of methodological 
factors of the non-invasive studies. First, most studies are cross-sectional or, if longitu-
dinal, compare data in pregnancy with post-partum values. Only few studies performed 
measurements before the onset of disease and none did so before pregnancy. Second, 
the non-invasive studies are not easy to compare due to differences in definition of dis-
ease and performance of test methods. Third, the evaluated non-invasive tests involve 
the complete baro-reflex arc with afferent, central and efferent pathways, and not only 
the efferent pathway as neurography does.  The observed increased resting sympathetic 
activity by direct microneurography 12 13 might be caused by a disturbance of central 
control or a change in afferent sensitivity, resulting in a higher efferent activity.  The 
lack of differences in non-invasive tests between preeclampsia and normal pregnancy 
might presume an intact reflex response and efferent pathway, whereas within the sys-
tem set points could have been altered. Alternatively, sympathetic activity to resistance 
vessels in skeletal muscle may not be a proper reflection of autonomic cardiovascular 
control in pregnancy. 
If the increased efferent sympathetic activity, as observed by microneurography in 
preeclampsia, is not representative for the overall sympathetic vasomotor tone or is due 
to disturbed central command, then it could be concluded that non-invasive methods 
will not contribute to dis criminate preeclampsia from normal pregnancy let alone pre-
dict preeclampsia. 
We speculated that methodological confounders could explain the discrepancy between 
results, and consequently a longitudinal study design, with a very rigorous measurement 
protocol and sensitive measurement technique starting before pregnancy, might dem-
onstrate differences between women with normal pregnancy or preeclampsia. Based on 
this hypothesis we performed the longitudinal study, which is described in Chapter 3.

In Chapter 3, we performed a longitudinal study that was designed to demonstrate 
differences in autonomic cardiovascular control between normal pregnant women and 
women who eventually develop preeclampsia by using non-invasive techniques.  Mul-
tigravid women with a history of preeclampsia and primigravid women were studied 
serially. Measurements were performed before, during and after pregnancy. Measure-
ments during pregnancy were performed at 6, 8, 10, 12, 16, 20 and 32 weeks. Outcome 
of pregnancy was classified after delivery as normal pregnancy or preeclampsia. Preec-
lampsia was defined according to the definition of the ISSHP. 1 No women developed 
preeclampsia before the last registration during pregnancy. Heart rate and blood pres-
sure were recorded from continuous finger pulse wave registation by Portapres (TNO, 
Amsterdam). There are basically two methods to test the function of the autonomic 
nervous system non-invasively. By analysis of spontaneous heart rate and blood pres-
sure variability from continuous recordings of heart rate and blood pressure, or by 
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cardiovascular reflex tests, where blood-pressure and heart rate responses to a variety of 
physiological stresses are analysed. 14  15  16  17  18 After a short pilot study we selected two 
cardiovascular reflex tests, the orthostatic stress test (standing up from sitting popstion) 
and spectral analysis during rest and paced breathing, both in supine and sitting posi-
tion. Other tests (head-up tilting table, hand-grip test, ice water immersion) appeared 
too large a burden for the study participants to be used repeatedly. 
There was no difference in heart rate and blood pressure variability with spectral analysis 
at different positions or breathing frequencies between the pregnant and the pre-preg-
nant state, nor between normal pregnant women and women who later developed 
preeclampsia. Baroreflex sensitivity decreased towards the end of pregnancy compared 
to the pre-pregnant state but there was no difference between healthy pregnant women 
and women who developed preeclampsia. Mean arterial pressure was significantly 
higher before and during pregnancy (ANOVA, p = 0,001) in women who developed 
preeclampsia. These women also showed a significantly larger negative phase difference 
during supine rest at low frequency from 8 weeks onward (ANOVA p = 0,003).
The negative phase difference at 0.1 Hz indicates that systolic blood pressure changes 
occur before the heart period changes. A larger phase difference indicates a larger influ-
ence of the slower sympathetic system. 23 22 This larger phase difference in preeclampsia 
thus represents a larger contribution of the sympathetic system, which increases its 
activity towards the 3rd trimester. We observed a larger phase difference at rest, but not 
during stimulation by the sitting position. Although resting sympathetic activity seems 
to be increased in preeclampsia, the sympathetic response to stimuli is similar compared 
to normal pregnancy. Women who developed preeclampsia were observed to have a 
significantly larger initial blood pressure drop to orthostatic stress before and in the 
first half of pregnancy (ANOVA, p = 0,002). Although control blood pressure values 
were higher in the preeclamptic women, this can not entirely explain the larger initial 
blood pressure response. In the first 3 seconds after standing up, arterial blood pressure 
shows an increase due to the muscular compression of the vessels of the legs and an 
increase in abdominal pressure, causing a shift of blood towards the heart. This causes 
a reflex release of vasoconstrictor tone and a fall in blood pressure, followed by a sym-
pathetically mediated vasoconstriction whereby blood pressure recovers and sometimes 
overshoots. 24 25 26  During the fall in blood pressure, mean arterial pressure is mainly 
preserved due to the pooled blood volume in the lungs. 27 When resting sympathetic 
activity is higher, the sensitivity to a decrease in vasoconstrictor tone will be increased. 
This increased sensitivity combined with a lower pooled blood volume, might explain 
the larger blood pressure drop, observed in women, who developed preeclampsia.
Our findings provide evidence for an increased resting sympathetic activity and 
decreased circulating volume, already present before and early in pregnancy, in women 
who will later develop preeclampsia. 
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Our second aim was to evaluate if cardiovascular parameters, either solitary or in con-
junction with uterine artery Doppler assessment, could enable early selection of women 
at risk for the development of preeclampsia or fetal growth restriction.

In Chapter 4 we descibe data from the same cohort as presented in chapter 3. Systolic 
and diastolic blood pressure, heart rate, cardiac output, total peripheral resistance, phase 
difference of systolic blood pressure and beat-to-beat interval were measured serially 
before, during and after pregnancy. At 20 weeks uterine artery Doppler measurements 
were performed. Outcome was classified as preeclampsia or gestational hypertension 
with or without fetal growth restriction, fetal growth restriction without preeclamp-
sia or gestational hypertension and normal pregnancy. The study was designed as a 
pilot study to determine if hemodynamic parameters in conjunction with uterine artery 
Doppler could have predictive value and at which gestational age prediction was most 
accurate.
We observed differences for systolic blood pressure, cardiac output, phase difference 
and total periferal vascular resistance, in early pregnancy, between groups. We per-
formed a two-step discriminant analysis. The values of systolic blood pressure, cardiac 
output, phase difference and body mass index in the four outcome groups in the first 
trimester were used in the first discriminant anlysis. In the second step the probability 
of normal group classification from the first step was used in conjunction with uterine 
Doppler (Pulsatility index and bilateral notch) and systolic blood pressure at 20 weeks 
gestational age. This second step procedure allowed selection of 93% of women with 
an abnormal outcome, while specificity was 100%. The estimated 95% lower confidence 
limit, based on study cohort number, was 65% for sensitivity and 87% for specificity.
With our data we confirmed the presence of hemodynamic changes shortly after the 
beginning of pregnancy. The study supports our hypothesis that hemodynamic changes 
differ from normal pregnancy in women whose pregnancies eventually are complicated 
by preeclampsia, gestational hypertension or fetal growth restriction. Although con-
firmation in a larger population is necessary, early selection of women at risk seems 
possible with our non-invasive tests. 

For the above mentioned studies we used a non-invasive measurement device, the Por-
tapres (TNO, Amsterdam). This device registers the arterial pulse waveform beat-to-beat 
at the finger. Out of this waveform, cardiovascular parameters can be analyzed by dedi-
cated software (Beatfast, Modelflow). The method is based on the methodology of Penaz 
and the physiocal criteria of Wesseling and enables continuous, non-invasive measurement 
of heart rate, blood pressure, cardiac output and systemic resistance.28  29  30 The possible 
pressure gradients over the arm are corrected by the return to flow method. 31 This meth-
od has been validated extensively in non-pregnant subjects, but not in pregnant women. 
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We therefore performed two studies for validation of this device during pregnancy, one 
regarding blood pressure and one regarding cardiac stroke volume and cardiac output.

In Chapter 5 we describe a cross-sectional study where we compare Portapres with 
and without return to flow correction, against standard anaeroid sphygmomanometry 
according to Riva-Rocci-Korotkoff , in normal pregnant women, at each trimester, and 
preeclamptic pregnant women. Study protocol followed protocols from the Association 
for the Advancement of Medical Instrumentation (AAMI) and British Hypertension 
Society (BHS) and data were analyzed according to their recommendations. According 
to the grading criteria of the British Hypertension Society, Portapres with Return to 
flow correction achieved a B grading for comparison of diastolic blood pressure and a C 
grading for the comparison of systolic blood pressure. Portapres without return to flow 
correction achieved a D grading for both diastolic and systolic blood pressure compari-
son. The criteria of the Association for the Advancement of Medical Instrumentation 
(mean pressure difference no more than 5 mmHg, and SD no more than 8 mmHg) 
were reached for both diastolic and systolic blood pressure measurements with Return 
to Flow. However, these results represent the overall performance taken all pregnant 
women. In different trimesters or preeclamptics alone, performance differs and does 
not always meet the criteria set by the Association for the Advancement of Medical 
Instrumentation. Further evaluation is mandatory because of the small separate groups 
for each trimester.

In Chapter 6 we compared cardiac output estimation, analysed by Modelflow, out of 
continuous finger arterial pressure waveform with the commonly used Doppler echocar-
diography. There are indications that aorta characteristic elements as aortic compliance 
and diameter, which are incorporated in the algorithm of Modelflow, change under 
influence of pregnancy. An increase in aorta compliance in pregnancy might cause an 
underestimation of stroke volume measured by Modelflow. Therefore, measurements 
of these aorta characteristics were incorporated in the study protocol. In primigravid 
women estimation of stroke volume and aortic characteristics were performed serially 
during first, second and thirth trimester of pregnancy and after delivery. Stroke volume 
was assessed by Doppler echocardiography and continues finger pulse wave registra-
tion. Aortic compliance was estimated by Pulse wave velocity and aortic diameter by 
echocardiography. Pulse wave velocity was significantly lower during pregnancy, com-
pared to the non pregnant state 5 months after delivery, indicating an increased aortic 
compliance during pregnancy. There was no significant change of compliance during 
pregnancy, between trimesters. The differences between pulse wave velocity during 
pregnancy, compared to non pregnant values remained after correction for differences 
in mean arterial pressure. Aortic diameter, either systolic or diastolic showed no differ-
ences during and after pregnancy. Results on stroke volume measurements revealed, as 
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expected, an underestimation of stroke volume during pregnancy and an overestimation 
after pregnancy. Pulse wave velocity and systolic blood pressure are related to aortic 
compliance and for both differences between pregnant and non pregnant state were 
observed. These parameters were entered in the algorithm for adjustment of Modelflow. 
Comparison of echocardiography and modelflow resulted in a measurement error for 
30-40%. Similar variations have been described for Doppler echocardiography com-
pared to thermodilution. 32  33  34 Because of these measurement errors, neither Doppler 
echocardiography nor Modelflow, is useful for routine clinical care, but both could 
be considered useful research instruments. Advantage of Modelflow above echocar-
diography is it capability for continuous measurements, the reliability for longitudinal 
measurements and the convenience of application.

General discussion
We confirmed our hypothesis that early in pregnancy hemodynamic and cardiovascular 
adaptation differences can be detected by non-invasive measurement methods between 
women who will have a normal pregnancy and women whose pregnancy eventually 
becomes complicated by preeclampsia or fetal growth restriction. We observed these 
differences already in early pregnancy. By combining different hemodynamic param-
eters with patient characteristics, selection of 93% of women with an abnormal outcome 
with a specificity of 100% was possible within our study population. Our measurements 
were performed by Portapres, a non-invasive device convenient to apply, that provides 
continues beat-to-beat measurements. In comparison to the commonly used measure-
ment devices in clinical practice, Portapres showed similar variance in measurements in 
pregnant women. 

Our findings give opportunities for early identification of women at risk for preec-
lampsia or fetal growth restriction. Much research has been performed in order to find 
a diagnostic test for preeclampsia. Many biochemical markers have been proposed to 
predict women likely to develop preeclampsia. Markers were chosen on the basis of 
specific patho-physiological abnormalities to be associated with preeclampsia, like those 
of placental dysfunction, endothelial and coagulation activation, and systemic inflam-
mation. However, data show that predictive accuracy of these markers are inconsistent 
and insufficient for routine clinical practice. 35  36 Systolic blood pressure, diastolic blood 
pressure or an increase in systolic- or diastolic blood pressure predicted poorly for preec-
lampsia. Mean arterial pressure in the second trimester of 90 mmHG or more showed 
a positive likelihood ratio of 3.5 (95% CI 2.0 to 5.0) and a negitive likelihood ratio of 
0.46 (0.16-0.75). In a high risk population a diastolic blood pressure of 75 mmHg or 
more best predicted preeclampsia. 36 Abnormal uterine artery Doppler findings in the 
second trimester are associated with a six fold increase rate of preeclampsia. Neverthe-
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less, out of a review of 27 studies, uterine artery Doppler assessment showed to be of 
limited value as a screening test for preeclampsia 37 Of the different Doppler indices, an 
increased pulsatility index with notching in the second trimester best predicted overall 
preeclampsia in low-risk and high-risk patients. An increased pulsatility index or bilat-
eral notching best predicted severe preeclampsia. An increased pulsatility index alone 
or in combination with notching best predicted severe fetal growth restriction in low 
risk patients, whereas in high risk patients the best predictor was an increased resis-
tance index. 38 Other Doppler indices showed low to moderate predictive value. Both 
preeclampsia and intrauterine fetal growth restriction have relatively low prevalence. 
Therefore, a clinically useful test should have a high positive likelihood ratio (>10) and 
a low negative likelihood ratio (< 0.1). In predicting preeclampsia , an increased pulsatil-
ity index combined with notching showed a positive likelihood ratio of 21.0 (95% CI 
5.5-80.5) and a negative likelihood ratio of 0.82 (0.72-0.93) among high risk patients 
and a positive likelihood ratio of 7.5 (5.4-10.2) and negative likelihood ratio 0.59 (0.47 
-0.71) among low risk patients. For predicting overall fetal growth restriction a positive 
likelihood ratio of 9.1 (5.0-16.7) with a negative likelihood ratio of 0.89 (0.85-0.93) was 
found. For predicting severe fetal growth restriction positive likelihood ratio was 14.6 
(7.8-26.3) with a negative likelihood ratio of 0.78 (0.68-0.87) among low risk patients. 
This relatively high negative likelihood ratio makes this test unreliable for common  
clinical practice.38 Different physiological tests, like the roll–over-test, that have been 
evaluated for prediction of preeclampsia had test characteristics that were insufficient 
for clinical use. 3 

In our model we used a combination of cardiovascular and patient characteristics in 
conjunction with uterine artery Doppler measurement. Due to the two step model, 
false positive rate could be reduced. We are aware that our results depend to a large 
extend on the high rate of abnormal outcome in the multiparous group with previous 
complications. The power in the primiparous group was limited. Differences between 
nulliparous and multiparous women can not be excluded. Because in multiparous 
women the obstetric history is an effective risk selection parameter and the incidence of 
preeclampsia and fetal growth retriction is higher in nulliparous women, these women 
will benefit most from an effective screening strategy. Therefore, it is clear that our 
method should be evaluated in a larger population of nulliparous women.

No cure exists for fetal growth restriction and the only effective treatment of preeclamp-
sia is termination of pregnancy. Prevention would have significant impact on maternal 
and prenatal outcome worldwide. The development of preventive strategies not only 
requires knowledge of pathophysiologic mechanisms of the disease, but also availability 
of methods of early detection, and means for intervention and correction of pathophysi-
ologic changes. 2-5  However, presently the only strategies with some effect are low dose 
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aspirin in high risk women and calcium suppletion in women with low calcium intake.5 

39 40  Next to the application of preventive strategies, early prediction could also be use-
full for targeting obstetric care at those most likely to benefit. 

Differences between healthy pregnant women and women, who will develop preec-
lampsia, were observed early in pregnancy, long before the clinical onset of disease. 
This implicates that interventions aimed at prevention of preeclampsia should start 
early in pregnancy. Our test method is non-invasive and application is easy. This makes 
further evaluation feasible and could make the test method suitable for screening if the 
test characteristics can be reproduced in a larger study. 
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Preeclampsie is een syndroom dat wordt gekenmerkt door twee klinische symptomen, 
hoge bloeddruk en eiwitverlies in de urine. Het treedt op in de tweede helft van de 
zwangerschap en verdwijnt kort na de bevalling. Het is een belangrijke oorzaak 
van moederlijke en foetale morbiditeit en mortaliteit. Het exacte onderliggende 
pathofysiologische mechanisme is onduidelijk en preeclampsie is tot nu toe 
onvoorspelbaar in zijn ontstaan. Er bestaat geen behandeling voor preeclampsie 
behoudens het beëindigen van de zwangerschap. Vaak gaat preeclampsie gepaard met 
groeiachterstand van het kind, hoewel het ook kan bestaan zonder de aanwezigheid van 
hoge bloeddruk. Preventie van preeclampsie zou wereldwijd een belangrijke bijdrage 
leveren aan de moederlijke en perinatale uitkomst. Voor preventie zijn naast kennis van 
het onderliggende pathosfysiologische mechanisme, methoden voor vroege detectie 
nodig. De klinische symptomen van preeclampsie worden meestal pas zichtbaar in een 
laat stadium van de zwangerschap, namelijk eind tweede of in het derde trimester. Er 
bestaan echter aanwijzingen dat het begin van het onderliggende pathosfysiologische 
mechanisme veel eerder in de zwangerschap optreedt. Daarom lijkt het zoeken naar 
indicatoren van deze aandoening in het eerste trimester van de zwangerschap zinvol.
Het moederlijke cardiovasculaire systeem ondergaat tijdens de zwangerschap grote 
veranderingen, welke voor het merendeel al rond de vijf – acht weken zwangerschapsduur 
optreden. Daarnaast weten we dat zwangeren met preeclampsie grote verschillen laten 
zien in hemodynamiek ten opzichte van gezonde zwangeren. Dit verschil bestaat tevens 
bij zwangeren waarvan de zwangerschap wordt gecompliceerd door groeiachterstand 
van de foetus. 

Nu bestaat er dus de verdenking dat deze verschillen al vroeg in de zwangerschap 
optreden, tot weken voor de klinische expressie van het ziektebeeld. Er is echter geen 
eenduidigheid in de bestaande gegevens hierover.
 
Bij preeclampsie is er sprake van een verhoogde vaatweerstand. Vaatweerstand wordt 
in  belangrijke mate beïnvloed door de activiteit van het sympathische zenuwstelsel. Uit 
onderzoek door middel van directe microneurografie is gebleken dat de sympathische 
activiteit bij zwangeren met preeclampsie hoger is ten opzichten van gezonde zwangeren. 
Na de zwangerschap verdween dit verschil weer. Over de sympathische activiteit 
gemeten met directe microneurografie in de vroege zwangerschap zijn geen gegevens. 
Mogelijk zou de sympathische activiteit al vroeg in de zwangerschap verhoogd kunnen 
zijn, vooruitlopend op het stijgen van de bloeddruk en vaatweerstand.

Naast microneurografie bestaan er ook niet invasieve methoden om informatie 
te krijgen over het functioneren van het sympathische en / of parasympathische 
zenuwstelsel. Er zijn twee methoden, spectraal analyse en cardiovasculaire reflextesten. 
Bij spectraal analyse wordt uit slag-op-slag hartslag en bloeddrukregistratie de spontane 
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variabiliteit geanalyseerd. Bij cardiovasculaire reflextesten analyseert men de bloeddruk 
en hartslagrespons op een aantal fysiologische manoeuvres zoals gaan staan. 

In dit proefschrift hebben wij gekeken of er in de eerste helft van de zwangerschap 
verschillen waarneembaar zijn in hemodynamische adaptatie aan de zwangerschap 
tussen vrouwen die uiteindelijk preeclampsie of foetale groeivertraging ontwikkelden 
en vrouwen met een gezonde zwangerschap. Wij hebben ons beperkt tot niet invasieve 
meetmethoden, daar deze mogelijkheden bieden voor gebruik op grote schaal. Ons 
uiteindelijke doel was het ontwikkelen van een screenende test, toepasbaar voor een 
grote groep zwangere vrouwen.

In hoofdstuk 2 wordt een overzicht gegeven van de literatuur over non-invasieve 
testmethoden voor de evaluatie van cardiovasculaire autoregulatie bij gezonde 
zwangeren en zwangeren met preeclampsie. Spectraal analyse, orthostatische stress test, 
Valsalva manoeuvre, isometric hand grip, cold pressor test en de deep breathing test 
worden beschreven. Deze testen geven informatie over de integriteit en verschillende 
delen van de cardiovasculaire reflexboog. Van de verschillende studies voegden we, 
per testmethode, de resultaten samen en analyseerden ze op consistentie. Ondanks het 
feit dat tussen zwangeren met preeclampsie en gezonde zwangeren kleine verschillen 
worden beschreven door individuele studies, was er onvoldoende consistentie tussen 
data van verschillende studies. Als mogelijke verklaring zouden methodologische 
factoren zoals studieopzet, verschil in definitie van ziekte en uitvoering van de testen, 
hieraan ten grondslag kunnen liggen.  Daarnaast geven deze non-invasieve testmethoden 
informatie over de gehele baroreflexboog en niet alleen over zijn efferente deel zoals 
het geval bij microneurografie. De verhoogde sympathische activiteit waargenomen met 
microneurografie zou het gevolg kunnen zijn van een verstoring in centrale regulatie 
of afferente sensitiviteit, resulterend in een verhoogde efferente activiteit. Het gebrek 
aan waarneembare verschillen door middel van niet invasieve testen tussen gezonde 
zwangeren en zwangeren met preeclampsie doet een intacte reflexboog en intact efferent 
pad vermoeden, waarbij verandering heeft plaats gevonden van de set-point binnen het 
systeem. Een andere verklaring zou kunnen zijn dat de sympathische activiteit zoals 
gemeten door microneurografie, gemeten bij vaten van de skeletspieren, geen goede 
afspiegeling is van de algehele sympathische activiteit.  Wanneer er sprake is van een van 
de laatste verklaringen, dan zullen non-invasieve testmethoden geen bijdrage leveren 
aan de predictie van preeclampsie. Echter, wij speculeerden dat meest waarschijnlijk 
methodologische confounders ten grondslag lagen aan de discrepantie tussen resultaten 
en dat deze door middel van een longitudinale studieopzet te ondervangen zouden zijn. 
Deze studie beschrijven we in hoofdstuk 3.
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Hoofdstuk 3 geeft een beschrijving van een longitudinale studie waarin we hebben 
gekeken of  met non-invasieve testmethoden verschillen in cardiovasculaire autonome 
regulatie waarneembaar zijn tussen gezonde zwangeren en zwangeren die uiteindelijk 
preeclampsie ontwikkelen. Hiervoor hebben wij serieel, voor, tijdens en na de 
zwangerschap metingen verricht bij vrouwen met preeclampsie in de vorige zwangerschap 
en vrouwen die voor de eerste keer zwanger waren. De zwangerschapsuitkomst werd 
na de zwangerschap geclassificeerd. Als testmethoden maakten we gebruik van de 
orthostatische stresstest en spectraal analyse tijdens rust en tijdens paced breathing 
in zittende en liggende positie.  Hartslag en bloeddruk werden continue geregistreerd 
met behulp van de Portapres. Met spectraal analyse vonden we een groter negatief 
faseverschil tussen systolische bloeddruk en hartfrequentie tijdens liggende rust in het 
lage frequentiespectrum. Dit verschil was aanwezig vanaf 8 weken zwangerschapsduur 
en nam toe met het vorderen van de zwangerschap. In het lage frequentiespectrum, rond 
0,1 Hz, wordt systolische bloeddruk en hartslagvariabiliteit veroorzaakt door zowel de 
parasympathische als sympathische baroreflex regulatie. Een negatief faseverschil bij 0,1 
Hz is het gevolg van het trager werkende sympathische systeem waarbij de systolische 
bloeddruk veranderingen voor de hartslag veranderingen optreden. De grootte van het 
verschil wordt bepaald door de mate van invloed van het sympathische systeem. Wij 
vonden dus al vroeg in de zwangerschap een toenemende grotere sympathische activiteit 
tijdens rust bij vrouwen die uiteindelijk preeclampsie ontwikkelden. Daarnaast vonden 
wij bij deze vrouwen een grotere initiële bloeddrukdaling op orthostatische stress voor 
en in de eerste helft van de zwangerschap. Deze bevinding zou mogelijk kunnen wijzen 
op een lager circulerend volume. 

In hoofdstuk 4 onderzochten we of door de combinatie van de hemodynamische 
parameters, -serieel gemeten voor en in de zwangerschap, en Doppler metingen van de 
arteria uterina - een model kan worden ontwikkeld dat het mogelijk maakt te voorspellen 
wie preeclampsie of zwangerschapshypertensie met of zonder foetale groeivertraging 
gaat ontwikkelen. Ook keken we bij welke zwangerschapsduur we de beste voorspelling 
kregen. We voerden een discriminant analyse uit in twee stappen. De eerste stap 
voerden we uit in het eerste trimester. Daarbij maakten we gebruik van systolische 
bloeddruk, cardiac output, faseverschil en body mass index. Bij de tweede stap werd de 
kans op classificatie tot de normale groep gecombineerd met Doppler metingen van de 
arteria uterina en systolische bloeddruk gemeten bij 20 weken zwangerschapsduur. Met 
deze tweestappenprocedure was een selectie van 93% mogelijk van vrouwen waarbij 
uiteindelijk complicaties zouden optreden, met een specificiteit van 100% bij de door 
ons onderzochte groep vrouwen.

Voor de eerder beschreven studies hebben we gebruik gemaakt van een non-invasief 
meetinstrument, namelijk de Portapres. Dit apparaat meet aan de vinger slag-op-slag de 
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arteriële drukgolf. Uit deze drukgolf kunnen verschillende cardiovasculaire parameters 
worden geanalyseerd, zoals bloeddruk en cardiac output. Deze methode is uitgebreid 
gevalideerd bij niet zwangere personen, maar niet bij zwangeren. Daarom hebben wij 
deze methode gevalideerd voor de zwangerschap voor het meten van bloeddruk en 
cardiac output.

Hoofdstuk 5 beschrijft een cross-sectionele studie waarin wij bloeddrukbepalingen 
met behulp van de Portapres met en zonder Return-to-Flow correctie, vergelijken met 
de standaard methode, anaeroide sphygmomanometry volgens Riva-Rocci-Korotkoff. 
Deze vergelijking verrichtten wij bij gezonde zwangeren in de drie trimesters van de 
zwangerschap en bij zwangeren met preeclampsie. Voor de validatie maakten wij gebruik 
van de aanbevelingen van the Advancement of Medical Instrumentation (AAMI) en de 
British Hypertension Society (BHS). Volgens het graderingsysteem van de BHS kreeg de 
Portapres met Return to Flow correctie een B-gradering voor diastolische bloeddruk en 
een C-gradering voor systolische bloeddruk. De criteria van de AAMI werden bereikt 
voor zowel de diastolische als de systolische bloeddruk gemeten met de Portapres met 
Return to Flow correctie.

In hoofdstuk 6 vergelijken we de bepaling van cardiac output geanalyseerd uit de 
vinger arteriële drukgolf door Modelflow met de meest gangbare methode, Doppler 
echocardiografie. Deze vergelijking liet een meetfout van 30-40% tussen beide methoden 
zien. Een soortgelijke meetfout is ook beschreven bij de vergelijking van echocardiografie 
met thermodilutie. Het voordeel van de Portapres boven echocardiografie is de 
mogelijkheid van continue registratie en de gemakkelijke toepasbaarheid. 
In het algoritme van Modelflow zitten verscheidene aortakarakteristieken die mogelijk 
zouden veranderen in de zwangerschap. Daarom hebben wij in deze studie in de 
zwangerschap, seriële metingen van aortacompliantie en aortadiameter verricht. Wij 
vonden inderdaad een toename van de aortacompliantie in de zwangerschap, maar geen 
verandering in aortadiameter.

Conclusie
Bij vrouwen, bij wie de zwangerschap later gecompliceerd wordt door preeclampsie, 
zwangerschapshypertensie of foetale groeivertraging, blijken de hemodynamische 
veranderingen aan de zwangerschap en de autonome cardiovasculaire regulatie anders 
te verlopen dan bij vrouwen met een ongestoorde zwangerschap. Deze verschillen zijn al 
vroeg in de zwangerschap waarneembaar en detecteerbaar met behulp van non-invasieve 
meetmethoden. Door deze bevindingen met Doppler metingen van de arteria uterina te 
combineren was vroege selectie van vrouwen met een verhoogd risico op preeclampsie 
of foetale groeivertraging met ons model mogelijk. Wij vonden in onze groep vrouwen 
een sensitiviteit van 93% en een specificiteit van 100 % bij 20 weken zwangerschapsduur. 
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Uit vervolgonderzoek zal moeten blijken of de resultaten van ons model reproduceerbaar 
zijn.  Indien dit het geval is hebben we een testmethode ontwikkeld die we op grote 
schaal kunnen toepassen. Daarnaast zou dit model mogelijkheden kunnen bieden voor 
het opzetten van preventiestudies, gericht op die vrouwen die ook daadwerkelijk een 
verhoogd risico hebben.
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betekent dat we je moeten missen als naaste collega. 

Mijn Paranimfen
Lieve Alet, de basis van onze vriendschap stamt uit de tijd van “de Marco Polo”. Wij 
hebben nooit zoveel woorden nodig. Het is er gewoon en daardoor heel speciaal. Ik vind 
het geweldig dat jij deze dag met mij gaat beleven als paranimf.
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Dankwoord

Lieve Judith, wij stonden voor het eerst naast elkaar op de kraamafdeling. Daarna 
hebben we nog heel wat spannende en leuke momenten gehad, niet alleen binnen de 
ziekenhuis muren.Ik was jou paranimf en wist altijd al zeker dat jij mijn paranimf moest 
zijn. Nu is het dan eindelijk zover. Je bent niet alleen een geweldige collega maar ook 
een super vriendin.  

Mijn ouders
Lieve papa en mama. Mijn basis ligt bij jullie. Ik dank jullie voor jullie onophoudelijke 
vertrouwen in mij. Ach…..eigenlijk wisten jullie het altijd al:’die redt zich wel”.

En natuurlijk:
Lieve Marc, jij bent mijn steun en toeverlaat. Ik ben blij dat je hebt gewacht. Met jou 
durf ik het avontuur wel aan. Lieve Sophie en Mattan, jullie zijn goud met diamantjes, 
dat zegt genoeg. We gaan we nog vele dromen waarmaken. 
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 1. De sympathische activiteit is al vroeg in de zwangerschap hoger bij vrouwen die 
uiteindelijk preeclampsie ontwikkelen dan bij gezonde zwangeren; dit kan met niet 
invasieve metingen worden vastgesteld. (dit proefschrift)

 2. De vroege hemodynamische veranderingen in de zwangerschap verlopen anders bij 
zwangeren waarbij de zwangerschap later gecompliceerd wordt door preeclampsie, 
zwangerschapshypertensie of  foetale groeivertraging dan bij welke de zwangerschap 
normaal verloopt. (dit proefschrift)

 3. Deze vroege hemodynamische verschillen, gecombineerd met Doppler metingen 
van de arteria uterina, bieden mogelijkheden tot vroege selectie van vrouwen at 
risk. (dit proefschrift)

 4. Bloeddruk registratie met de Portapres tijdens de zwangerschap voldoet aan de 
kwaliteitscriteria opgesteld door de BHS en AAMI maar heeft als voordeel boven 
de methode van Riva-Rocci-Korotkoff  de continue registratie. (dit proefschrift)

 5. De aorta compliantie neemt toe als gevolg van de zwangerschap, de aorta diameter 
blijft  onveranderd. ( dit proefschrift)

 6. Een golf  is eindeloos te analyseren.

 7. Levensgeluk wordt beïnvloed door 3 factoren: het gevoel van competentie, gevoel 
van waardering en het uitzicht op perspectief.

 8. Wakker worden door de wekker is een mooie herinnering voor mensen met jonge 
kinderen.

 9. De ophef  binnen de politiek over lingerie bilboards zou zich beter kunnen richten 
op het massaal dragen van Crocs.

 10. Don’t ask yourself  if  it’s a long road. Ask yourself  if  it’s a good journey. (Sidney 
Poitier)
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