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Congenital heart diseases are the most common birth defects occurring in 

approximately 1% of all live births and this number globally continues to increase.1,2 

Due to the extensive advancement of both surgical and medical treatment, many 

women with congenital heart disease (CHD) reach child bearing age and pursue 

pregnancy. The presence of maternal heart disease has an adverse effect on 

pregnancy outcome resulting in increased risk of pregnancy complications for both 

mother and child.3 Large observational studies and registries of pregnancy outcomes 

have increased our knowledge and improved the management of pregnancy in 

women with CHD.4-9 However, many questions still remain unanswered, especially 

regarding the pathophysiological mechanism whereby a congenital heart disease 

affects placental function in pregnancy. Further research on this topic is therefore 

needed.

Cardiac and placental adaptation during pregnancy
The maternal cardiovascular system needs profound adaptations during pregnancy 

in order to accommodate to the increased metabolic demands of both mother and 

fetus. Plasma volume, and as a result, cardiac output (CO) increases by approximately 

50% during pregnancy. The rise in CO is accomplished by an increase in stroke volume 

and heart rate and a decrease in systemic vascular resistance.10 In normal pregnancy, 

several adaptations of the heart occur because of the protracted volume overload. 

Atrial and ventricular diameters increase and progressive left ventricular remodeling 

occurs while ventricular function is preserved.11-14

In pregnant women with CHD, cardiac adaptation can be suboptimal. Depending 

on the underlying heart disease, pregnancy can be associated with deterioration 

of ventricular and valvular function.15-18 Worsening of ventricular systolic function, 

progressive diastolic dysfunction and deterioration of valvular function are described, 

suggesting that the volume overload of pregnancy is not always well tolerated. 

Fatigue, decreased exercise tolerance and edema of the legs are symptoms present 

during normal pregnancy. In pregnant women with CHD however, arrhythmias and 

heart failure are observed more often than outside pregnancy, probably related to 

the hemodynamic burden imposed by pregnancy. In addition, persisting cardiac 

remodeling and deteriorated ventricular function are found after pregnancy and can 

be long lasting or even permanent in these women.19-22

All the hemodynamic changes happen for a reason, namely to facilitate proper 
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fetal-placental function during pregnancy. The placenta is a unique vascular organ 

with two circulatory systems, one of the mother and the other of the fetus: the 

maternal-placental (uteroplacental) circulation and the fetal-placental (fetoplacental) 

circulation, as shown in Figure 1. These separate circulations have a unique way 

of exchanging nutrients and oxygen. Maternal blood enters the placenta through 

uterine spiral arteries and returns via uterine veins. Focusing on the fetoplacental 

circulation, umbilical arteries carry fetal blood from the fetus to the placenta and the 

umbilical vein carries oxygenated and nutrient-rich blood towards the fetus.23 For 

normal placental function, a high-flow and low-pressure circulation is needed. This 

requires vascular remodeling of the uteroplacental circulation.

Figure 1. Schematic graphical presentation of the placenta with maternal and fetal circulation. 
A; artery, V; vein. Adapted from Servier Medical Art licensed under CC BY 3.0

This remodeling is characterized by drastic transformation of the uterine circulation, 

mediated by trophoblast invasion, increased shear stress and angiogenic and 

humoral factors.24 The high-flow and low-pressure state guarantees sufficient blood 

flow throughout pregnancy when cardiac function is preserved. So what happens 

when this is not the case?
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Uteroplacental circulation can be measured with a relatively simple technique 

using Doppler ultrasound to provide insight into placental function. Abnormalities 

in placentation result in elevated uteroplacental vascular resistance (uterine and/or 

umbilical arteries), which is reflected by abnormal uteroplacental Doppler flow (UDF) 

patterns. These abnormal UDF patterns are, in turn, associated with worse pregnancy 

outcome.25,26 In women with CHD, uteroplacental circulation is impaired compared to 

healthy women as indicated by a higher incidence of abnormal UDF.27,28

Pregnancy in women with congenital heart disease
In total, 18 years of ZAHARA (Zwangerschap bij Aangeboren HARtAfwijkingen, 

pregnancy in congenital heart disease) research has been performed in multiple 

centers in the Netherlands, initiated and directed by dr. P.G. Pieper from the 

University Medical Center Groningen. In this period we have acquired valuable insight 

in pregnancy outcomes and predictors of pregnancy complications in this patients 

population. This had also led to the proposition of possible pathophysiological 

mechanisms linking heart and placental function in pregnant women with CHD.

This research line started with the ZAHARA I study (conducted between 2002 – 2007), 

which focused on epidemiological aspects and showed that pregnant women with 

CHD have an increased risk of cardiovascular, obstetric and neonatal complications.29 

Furthermore, neonatal complications appeared to be related to maternal cardiac 

function, while placenta-related complications (i.e. pregnancy related hypertensive 

disorders and fetal growth restriction) were more frequently observed in women with 

CHD.5,29 This resulted in the first thesis based on ZAHARA data, defended by Wim 

Drenthen (02-07-2007). Based on these findings, an underlying pathophysiological 

mechanism was suggested linking cardiac function, placental function and pregnancy 

outcome and formed the basis of the ZAHARA II study design (conducted between 

2008 – 2011). The ZAHARA II study addressed the longitudinal changes in the 

relationship between cardiovascular parameters and UDF patterns during pregnancy 

in this group of women.30 UDF measurements were frequently abnormal in pregnant 

women with CHD and were associated with impaired maternal cardiovascular function 

as well as with neonatal outcome.28 Besides the first exploration of the suggested 

underlying mechanism linking the heart, the placenta and pregnancy outcome, the 

ZAHARA II study also provided the opportunity to validate existing prediction models 

for pregnant women with CHD. 31 These findings were described in the thesis of Ali 

Balci (05-09-2012). Furthermore, the ZAHARA II study enabled assessment of the 
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impact of pregnancy on maternal cardiac function and the identification of predictors 

for cardiovascular complications in women with CHD.16,22 Increased N-terminal pro-

B-type natriuretic peptide (NT-proBNP) levels at 20 weeks gestation appeared to be 

able to predict cardiovascular complications later during pregnancy.32 This biomarker 

is now included as a risk predictor in the current guidelines for the management 

of cardiovascular diseases during pregnancy.3 These findings were described in the 

thesis of Marlies Kampman (16-03-2016). From a broader perspective, possibilities for 

improvement of pregnancy care in women with severe cardiovascular pathology were 

studied and resulted in a thesis defended by Heleen Lameijer (12-11-2018). These 

previous major studies have contributed to a better understanding of pregnancy 

outcome in women with CHD and to the current guidelines for the management of 

cardiovascular diseases during pregnancy3, and formed the basis for new research 

questions for future projects.

Increased recognition of the role of the right ventricle
Notable were the findings of right ventricular (RV) function in the ZAHARA studies, 

which were fundamental for the design of the current thesis. In pregnant women 

with right-sided CHD, the evolution of RV function was different compared to healthy 

women, suggesting that, although absolute levels of RV systolic function in pregnant 

women with CHD were in the low-normal range, this might not be sufficient to meet 

the increased demands of pregnancy.16 Further studies showed that RV dysfunction 

before pregnancy is an independent predictor for cardiovascular complications during 

pregnancy and the RV tends to dilate in women with cardiovascular complications 

during pregnancy.22,32

Since evidence is increasing that maternal cardiac dysfunction affects placental 

function and thus pregnancy outcome, further studies addressing the underlying 

pathophysiological mechanism in women with CHD are needed as this may have 

important implications for pregnancy counseling, monitoring, institution of therapeutic 

strategies and pregnancy outcome. Moreover, because of our remarkable previous 

findings, we believe that RV function deserves further investigation to define the role 

of RV function in the cardio-placental interaction and further delineate the possible 

role of RV dysfunction as a predisposing factor for adverse pregnancy outcome. We 

believe that early identification of women at increased risk for complications may 

be crucial. However, early prediction of these risks remain challenging and therefore 
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more research to early risk predictors is needed. The ZAHARA III study (conducted 

between 2011-2015), allows us to further explore these gaps in knowledge.

Aims of the thesis
In this thesis we aim to:

• Improve risk stratification in pregnant women with CHD based on further 

exploring the possible underlying pathophysiological mechanisms between the 

heart and placenta

• To identify clinical factors related to increased risk of pregnancy complications

This will be done in both heterogeneous and homogenous populations of pregnant 

women with CHD in which we will investigate the association between maternal 

cardiac function and uteroplacental circulation (Chapter 2 – 5). Furthermore, we 

will set up a pilot study to investigate maternal venous hemodynamics (hepatic and 

renal venous flow) in pregnant women with Tetralogy of Fallot (Chapter 6). We will 

also perform a review of the literature on placental function in women with various 

types of cardiovascular dysfunction, thereby aiming to provide more insight into the 

possible underlying mechanisms of placental malfunction (Chapter 7). To further 

identify pregnancies with increased complication risk, we will study the predictive 

value of first trimester NT-proBNP for cardiovascular complications and its association 

with ventricular function (Chapter 8). Also, we will describe the (normal) course 

of echocardiography parameters used for the evaluation of valvular heart disease 

during pregnancy (Chapter 9). The common denominator of these studies is the 

search for possibilities to improve risk assessment in pregnant women with CHD and 

to explore the role of RV function during pregnancy.
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PART I 

PATHOPHYSIOLOGICAL MECHANISMS
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Abstract
Objective
Pregnancy in women with surgically corrected tetralogy of Fallot (ToF) is associated 

with cardiac, obstetric and neonatal complications. We compared uteroplacental 

Doppler flow (UDF) measurements and pregnancy outcome in women with ToF and 

in healthy women and aimed to assess whether a relationship exists between cardiac 

function and UDF in women with ToF.

Methods
We evaluated prospectively pregnant women with ToF and healthy pregnant women 

from the ZAHARA studies. Clinical evaluation, standardized echocardiography and 

UDF measurements were performed at 20 and 32 weeks’ gestation.

Results
We included 62 women with ToF and 69 healthy controls. Cardiac complications, 

mostly arrhythmia,occurred in 8.1% of women with ToF. There was a higher incidence 

of small-for-gestational age (21.0% vs 4.4%, P=0.004) and low birth weight (16.1% vs 

2.9%, P=0.009) in the group of women with ToF than in healthy controls. In women with 

ToF, early diastolic notching of uterine artery waveform at 20 and 32weeks occurred 

more frequently (9.8% vs 1.5%, P=0.034 and 7.0% vs 0%, P=0.025, respectively) and 

the umbilical artery pulsatility index at 32 weeks was higher (1.02 ± 0.20 vs 0.94 

± 0.17, P=0.015) than in healthy controls. Right ventricular function parameters 

prepregnancy and at 20 weeks’ gestation were significantly associated with abnormal 

UDF. UDF parameters were associated with adverse neonatal outcome.

Conclusion
The majority of women with surgically corrected ToF tolerate pregnancy well. However, 

UDF indices are more frequently abnormal in these women, suggesting impaired 

placentation. The association of impaired right ventricular function parameters with 

abnormal UDF suggests that cardiac dysfunction contributes to defective placentation 

or placental perfusion mismatch and may explain the increased incidence of obstetric 

and neonatal complications.
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Introduction
Tetralogy of Fallot (ToF) is the most common cyanotic heart defect, accounting for 

approximately 10% of all congenital heart defects (CHD).1 After corrective surgery, 

prognosis is excellent and the majority of cases reach reproductive age.2 Pregnancy in 

women with surgically corrected ToF is associated with an increased rate of maternal 

and neonatal complications.3–5 Cardiac complication rates differ largely between 

studies (ranging from 0 to 17.5%) and obstetric and neonatal complications are 

described inconsistently. 

Impaired uteroplacental circulation plays a central role in the pathogenesis of both 

obstetric and neonatal complications in the general population.6 Previous studies 

on pregnancy in women with CHD showed that maternal cardiac complications and 

neonatal complications are related and share similar predictors.7,8 We therefore 

hypothesized that maternal cardiac dysfunction may be associated with placental 

dysfunction and thus with obstetric and neonatal complications in women with CHD. 

Indeed, in the ZAHARA II (Zwangerschap bij Aangeboren HARtAfwijkingen, pregnancy 

in congenital heart disease) study, we reported abnormal uteroplacental Doppler flow 

parameters in women with CHD compared with healthy pregnant women9,10 and, in 

women with CHD, an association was found between prepregnancy right ventricular 

function and high umbilical artery resistance indices (which are indicative of abnormal 

placentation), while the abnormal uteroplacental flow was associated with adverse 

neonatal outcome.10 In this previous report, we described a mixed population with 

various types of CHD. 

The aim of this prospective study was to investigate the prevalence of cardiac, 

obstetric and neonatal complications in pregnant women with ToF and in healthy 

pregnant women. Subsequently, we compared uteroplacental Doppler flow patterns 

in both groups of women and, in order to explore further the association between 

uteroplacental circulation and cardiac function, we related cardiac function to 

uteroplacental Doppler flow patterns in women with ToF.

Methods
The ZAHARA II study was a prospective multicenter observational cohort study 

conducted between March 2008 and August 2011. For the current study, we 

prospectively extended the cohort of pregnant women with ToF included in the 

ZAHARA II study with consecutive pregnant women with ToF between October 2011 
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and June 2015 (ZAHARA III). Pregnant women with surgically corrected ToF, aged ≥ 

18 years with a gestational age < 20 weeks who presented in one of the participating 

centers were eligible for enrollment. The healthy controls included in ZAHARA II 

were recruited from low-risk midwife practices in Groningen and Rotterdam in The 

Netherlands. The study design and primary results of ZAHARA II have been reported 

before.9,10 Data of 40 women with ToF from ZAHARA II are incorporated in previously 

published reports.10–13 The study protocol was approved by the Research Ethics 

Committee of the participating centers and all participating women gave written 

informed consent.

Baseline data and follow-up
Prepregnancy baseline data were collected during the first antenatal visit using 

medical records. Baseline data that were obtained included maternal age, additional 

CHDs, prior cardiovascular interventions, previous cardiac events, cardiac medication 

use, New York Heart Association (NYHA) functional class, modified WHO risk class 

before pregnancy14, 12-lead electrocardiogram, laboratory results, echocardiographic 

recordings (including parameters concerning ventricular function (left ventricular 

ejection fraction, tricuspid annular plane systolic excursion (TAPSE), systolic tissue 

velocities (S’) and valve regurgitation or valve stenosis) smoking prior to pregnancy 

and obstetric history. All women visited the cardiac outpatient clinic at 20 and 32 

weeks’ gestation for clinical evaluation (including NYHA class assessment) and 

standardized transthoracic echocardiography. Standardized uteroplacental Doppler 

flow measurements (pulsatility (PI) and resistance (RI) indices of the umbilical and 

left and right uterine arteries and the presence of early diastolic notching) were 

performed at the prenatal care outpatient clinic at 20 and 32 weeks’ gestation. 

All transthoracic echocardiographic recordings were evaluated offline by four 

experienced cardiologists, blinded to the endpoints. Assessment of systolic and 

diastolic ventricular function, chamberquantification and valvular function were 

performed according to the current guidelines, as described before.9

Cardiac, obstetric and neonatal outcome
Primary maternal cardiovascular events were recorded during pregnancy and up 

to 6 months postpartum and included any of the following: need for an urgent 

invasive cardiovascular procedure, heart failure (according to the guidelines of the 

European Society of Cardiology and documented by the attending physician15), 

new onset or symptomatic tachy- or bradyarrhythmia requiring new or extended 
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treatment, thromboembolic events, myocardial infarction, cardiac arrest, cardiac 

death, endocarditis and aortic dissection.9 Primary obstetric events were defined 

as instrumental vaginal delivery (vacuum or forceps), Cesarean section (planned or 

emergency), pregnancy-induced hypertension (systolic blood pressure ≥ 140mmHg 

or diastolic blood pressure ≥ 90 mmHg, in the absence of proteinuria, measured on 

two different occasions with a minimal interval of 4 h, occurring ≥ 20 weeks’ gestation), 

pre-eclampsia (pregnancy-induced hypertension with ≥ 0.3 g/24 h proteinuria)16, 

eclampsia (pre-eclampsia with grand mal seizures)16, HELLP (hemolysis, elevated liver 

enzymes, low platelet) syndrome, gestational diabetes mellitus (fasting blood glucose 

≥ 6.1 mmol/L and ≥ 7.8 mmol/L after 75-g oral glucose tolerance testing), non-cardiac 

death, placental abruption, postpartum hemorrhage (> 1000 mL blood loss), preterm 

labor (spontaneous onset of labor < 37 weeks of gestation) and preterm prelabor 

rupture of membranes (spontaneous rupture of membranes before the onset of 

uterine contractions and <37 weeks’ gestation).9

Neonatal events were fetal death (stillbirth ≥ 20 weeks’ gestation), perinatal death 

(stillbirth ≥ 20 weeks’ gestation plus death in the first 28 days following delivery), 

preterm birth (spontaneous premature birth < 37 weeks’ gestation, occurring after 

preterm labor or preterm prelabor rupture of membranes (PPROM) or indicated 

preterm birth (induced for fetal or maternal reasons, such as pregnancy-induced 

hypertension, pre-eclampsia or intrauterine growth restriction)), intraventricular 

hemorrhage (any grade)17, neonatal respiratory distress syndrome (any grade), 

occurrence of CHD, small-for-gestational age (< 10th birth-weight percentile, adjusted 

for gestational age and based on population values in The Netherlands) and low birth 

weight (< 2500 g).9 The PI of the uterine or umbilical artery was considered abnormal 

if the value exceeded the 95th percentile reference values according to gestational age 

in a low-risk patient population.18,19 Data from the literature were compared with our 

current data. A search was performed on PubMed, using the search terms ‘congenital 

heart disease AND pregnancy’. No limits or time restrictions for publication date 

were used. Relevant reports were selected after reading titles and abstracts. Eligible 

reports were retrieved and reviewed carefully. Maternal and neonatal outcomes were 

registered as defined above and tabulated using Microsoft Excel for Windows. Data 

from the literature were not subjected to statistical testing.

Statistical analysis
For continuous data, depending on their distribution, means and standard deviations 
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(SD) or medians with interquartile range (IQR) were calculated. Absolute numbers and 

percentages were calculated for categorical data. Student’s t-test, the Mann–Whitney 

U-test, the chi-square test or Fisher’s exact test was used for intergroup comparison, 

as appropriate. Univariate linear regression analysis was used to assess associations 

between cardiac function and uteroplacental Doppler flow parameters. Multivariate 

linear regression was omitted since missing data from prepregnancy echocardiograms 

resulted in a patient cohort that was too small to perform a meaningful analysis. 

The following predefined prepregnancy parameters were assessed: maternal age, 

NYHA functional class, WHO pregnancy risk class, use of cardiac medication, right 

ventricular diastolic diameter, right ventricular function parameters (TAPSE and 

right ventricular systolic tissue velocity (S’)), left ventricular ejection fraction, mean 

left ventricular S’(septal-lateral), mean left ventricular early diastolic tissue velocity 

(E’) (septal-lateral) and the presence of valve regurgitation/stenosis. The following 

variables were assessed at 20 weeks’ gestation: high N-terminal pro b-type natriuretic 

peptide (NT-proBNP; > 128 pg/mL), right ventricular function parameters (TAPSE and 

right ventricular S’), left ventricular ejection fraction. Statistical analysis was performed 

using the STATA software package (version 11, StataCorp LP, College Station, TX, USA). 

A two-tailed P-value < 0.05 was considered significant.
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Results
A total of 62 pregnant women with ToF were eligible for inclusion, of which 64.5% 

were from the primary ZAHARA II cohort. A total of 71 healthy pregnant women were 

selected from the participating midwives practices. Two women were excluded (one 

with a previously undetected atrial septal defect Type II and one who was lost to 

follow-up), resulting in 69 healthy controls.

Baseline and pregnancy outcome
Table 1 provides the baseline characteristics of women with ToF and healthy pregnant 

women. The two groups did not differ for mean age and parity, and the majority of 

women were nulliparous. All women with ToF had undergone complete repair and 

moderate or severe pulmonary valve regurgitation was present in 60.3%, while 17.9% 

had moderate or severe pulmonary valve stenosis. Right ventricular dysfunction 

was present in 21.5% and left ventricular dysfunction in 8.2% of women with ToF. 

Pregnancy complications in women with ToF and in healthy controls are shown in 

Table 2 and Figure 1. No maternal deaths occurred. Cardiac complications were 

seen in 8.1% of ToF pregnancies, mostly supraventricular arrhythmia. No statistically 

significant differences in obstetric complications occurred; however, there was a 

trend towards a higher incidence of pre-eclampsia in women with ToF than in healthy 

controls (8.1% vs 1.5%, P=0.071). Gestational age at delivery in women with ToF and in 

healthy controls was 38.4 ± 2.9 and 39.8 ± 1.5 weeks (P=0.0012), respectively. Results 

were comparable after excluding women with a planned Cesarean section. There 

was no significant trend of higher perinatal mortality rates in neonates of women 

with ToF. In one case, pregnancy was terminated because of severe CHD in the fetus. 

One neonate died due to prematurity-related complications 27 weeks after delivery 

following PPROM at 20 weeks’ gestation. A significantly higher proportion of neonates 

of women with ToF had low birth weight and were more often small for gestational 

age (Table 2). This difference persisted after exclusion of women who were treated 

with beta-blockers.
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Table 1 Baseline characteristics of 62 pregnant women with tetralogy of Fallot (ToF) and 69 
healthy pregnant women (controls)

Characteristic Women with ToF  
(n=62)

Controls  
(n=69)

P

Maternal age (years) 31.1 ± 4.6 30.6 ± 4.3 0.49
Parity 0.83

0 38 (61.3) 44 (63.8)
1 18 (29.0) 17 (24.6)
≥2 6 (9.7) 8 (11.6)

Smoking prior to pregnancy 14 (22.6) 23 (33.3) 0.17
NYHA class

I 44 (71.0)
II 18 (29.0)

Modified WHO class*

II 60 (96.8)
III 2 (3.2)

Complete ToF repair
Infundibular resection ± valvu-
lotomy 19 (30.6)
RV outflowtract patch ± valvu-
lotomy 18 (29.0)
Transannular patch ± valvulo-
tomy 23 (37.1)
Pulmonary valve replacement 20 (32.3)
Biological valve prosthesis 19 (30.7)
Mechanical valve prosthesis 1 (1.6)

Medical history
History of congestive heart 
failure 1 (1.6)
History of arrhythmia (requiring 
treatment) 3 (4.8)
Pacemaker 3 (4.8)
Medication prior to pregnancy 6 (9.7)
Betablocker 5 (8.1)

Echocardiographic parameters†
Tricuspid valve regurgitation‡ 3 (5.3)

Pulmonary valve stenosis§ 10 (17.9)
Pulmonary valve regurgitation‡ 35 (60.3)
Left ventricular systolic  
dysfunction¶ 4 (8.2)
Right ventricular systolic  
dysfunction** 12 (21.5)  

Data are given as mean ± SD or n (%). *Modified World Health Organization class according 
to ESC guidelines.14 †Missing data excluded from analysis; ‡Moderate or severe regurgitation; 
§Peak gradient ≥ 36 mmHg; ¶ Ejection fraction < 45%; **TAPSE < 16 mm.
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Table 2 Pregnancy outcome in 62 pregnant women with tetralogy of Fallot (ToF), in 69 healthy 
pregnant women (controls) and in women with ToF reported in the literature

Outcome Literature Women with 
ToF (n=62)

Controls (n=69) P*

Cardiac complication 40/562 (7.1)‡ 5 (8.1)‡ 0 (0.0)‡ 0.016
Heart failure 14 (2.5) 1 (1.6) 0 (0.0) 0.29
Arrhythmia 19 (3.4) 3 (4.8) 0 (0.0) 0.065
Tromboembolic event 2 (0.36) 1 (16.) 0 (0.0) 0.29

Obstetric complication 82/462 (18.8)‡ 35 (56.5)‡ 30 (43.5)‡ 0.14
Instrumental vaginal  
 delivery†

NR 23 (37.1) 24 (34.8) 0.78

Cesarean section 68/323 (21.1%) 10 (16.2) 9 (13.1)
Planned  IR 5 (8.1) 1 (1.5) 0.071
Emergency IR 5 (8.1) 8 (11.6) 0.50
Gestational diabetes  
Mellitus

1 (0.2) 2 (3.2) 0 (0.0) 0.13

HELLP syndrome NR 1 (1.6) 0 (0.0) 0.29
Post-partum haemor-
rhage 29 (6.3) 2 (3.2) 4 (5.8) 0.48
Pre-eclampsia 8 (1.7) 5 (8.1) 1 (1.5) 0.071
Pregnancy-induced  
 hypertension 17 (3.7) 5 (8.1) 7 (10.1) 0.68
Preterm labour 17 (3.7) 5 (8.1) 3 (4.4) 0.38
PPROM 9 (1.9) 5 (8.1) 2 (2.9) 0.19

Neonatal complication
109/515 
(21.1)‡ 21 (33.9)‡ 8 (11.6)‡ 0.002

Fetal death NR 1 (1.6) 0 (0.0) 0.29
Intraventricular hem-
orrhage NR 0 (0.0) 1 (1.5) 0.34
Low birth weight 
(<2500 g) NR 10 (16.1) 2 (2.9) 0.009
Perinatal death 9 (1.7) 2 (3.2) 0 (0.0) 0.13
Neonatal RDS not reported 4 (6.5) 1 (1.5) 0.14
Fetal CHD 18 (3.5) 3 (4.9) 0 (0.0) 0.064
Preterm birth 38 (7.4) 7 (11.5) 4 (5.8) 0.25

Spontaneous  IR 5 (8.2) 2 (2.9) 0.18
Indicated  IR 2 (3.3) 2 (2.9) 0.90

SGA (< 10th percentile) 45 (8.7) 13 (21.0) 3 (4.4) 0.004
Data are given as n (%). *Comparison of women with ToF in this study with controls. †Vac-
uum or forceps. ‡Incorporates only reported complications. CHD, congenital heart disease; 
HELLP, hemolysis, elevated liver enzymes, low platelet count; IR, inconsistently reported; 
NR, not reported; PPROM, preterm prelabor rupture of membranes; RDS, respiratory dis-
tress syndrome; SGA, small-for-gestational age.
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Figure 1. Number of cardiovascular (a), obstetric (b) and neonatal (c) complications in pregnant 
women with tetralogy of Fallot (ToF) reported in the literature (red), in pregnant women with ToF 
in current study (blue) and in healthy controls (green). *P<0.05 compared with healthy controls. 
‘Total’ represents total percentage of complications mentioned in the figure only. Abruption, 
placental abruption; CHD, occurrence of congenital heart disease in the fetus; GDM, gestational 
diabetes mellitus; PB, preterm birth; PE, pre-eclampsia; PIH, pregnancy-induced hypertension; 
PL, preterm labor; PPH, postpartum hemorrhage; PPROM, preterm prelabor rupture of 
membranes; SGA, small-for-gestational age

Uteroplacental Doppler flow measurements
At 32 weeks’ gestation, the umbilical artery PI was significantly higher in fetuses 

of women with ToF than in healthy controls (1.02 ± 0.20 vs 0.94 ± 0.17, P=0.015; 

Table 3). However, the incidence of abnormal umbilical artery PI at 32 weeks did 

not significantly differ between the groups (5.6% vs 3.1%, P=0.50). No differences 

were found between women with ToF and healthy women for uterine artery PI or RI 

at 20 or at 32weeks’ gestation (Table 3). There was no difference in the proportion 

of women with abnormal uterine artery PI at 20 and 32 weeks’ gestation between 

those with ToF and healthy controls (7.7% vs 3.3%, P=0.29 and 13.4% vs 6.2%, P=0.21, 

respectively). Results were comparable after exclusion of pregnancies with CHD in 

the fetus. The only difference observed between the two groups was that women 
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with ToF more often had a persisting early diastolic notch (EDN) in the uterine artery 

at 20 and at 32 weeks than healthy women (9.8% vs 1.5%, P=0.034 and 7.0% vs 0%, 

P=0.025, respectively). In women with ToF, EDN in the uterine artery waveform at 20 

weeks was associated with low birth weight (odds ratio (OR), 7.2 (95% CI, 1.2 – 44.0), 

P=0.033). No associations were found between uterine artery PI and RI and neonatal 

outcome.

Similarly to our previous report on uteroplacental flow and cardiac function, we chose 

to report on uterine artery RI at 20 weeks’ gestation for the regression analysis.10 

Results were comparable for uterine artery RI and PI. For the umbilical artery we used 

PI, since this was available in 85% of all patients at 32 weeks’ gestation. Results of 

univariable regression are displayed in Table 4. Right ventricular function parameters 

prepregnancy and at 20 weeks’ gestation showed a correlation with uteroplacental 

Doppler flow parameters (Figure 2).

Table 3 Uteroplacental Doppler flow measurements in women with Tetralogy of Fallot and 
healthy women

Doppler measurement Women with 
ToF

Controls P

20 weeks
 Uterine artery pulsatility index 0.96 ± 0.37 0.90 ± 0.29 0.33
 Uterine artery resistance index 0.56 ± 0.11 0.55 ± 0.10 0.64
 Presence of early diastolic notch 
in uterine artery 6 (9.8) 1 (1.5) 0.034
 Umbilical artery pulsatility index 1.18 ± 0.20 1.21 ± 0.18 0.38
32 weeks
 Uterine artery pulsatility index 0.76 ± 0.22 0.72 ± 0.19 0.33
 Uterine artery resistance index 0.50 ± 0.12 0.47 ± 0.078 0.19
 Presence of early diastolic notch 
in uterine artery 4 (7.0) 0 (0.0) 0.025
 Umbilical artery pulsatility index 1.02 ± 0.20 0.94 ± 0.17 0.015

Data are given as mean ± SD or n (%).
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Table 4 Univariable regression analysis of uteroplacental Doppler flow parameters and cardiac 
variables before pregnancy and at 20 and 32 weeks’ gestation in pregnant women with tetralogy 
of Fallot

N Beta (95% CI) P
Uterine artery RI at 20 weeks

Prepregnancy variables
Modified WHO risk class (ref-
erence: WHO II) 52 0.18 (0.029 – 0.33) 0.0021
NYHA functional class (refer-
ence: NYHA I) 52 0.063 (-0.0095 – 0.13) 0.087
Right ventricular systolic 
tissue velocity (S′) 30 -0.023 (-0.046 – 0.0058) 0.045
Right ventricular function 
(TAPSE) 46 -0.0033 (-0.011 – 0.0047) 0.40
Left ventricular ejection frac-
tion (%) 40 -0.0022 (-0.0067 – 0.0026) 0.32
Pulmonary valve regurgitation 49 -0.019 (-0.045 – 0.0083) 0.17
Pulmonary valve stenosis 49 -0.019 (-0.0045 – 0.083) 0.17
Tricuspid valve regurgitation 48 0.030 (-0.025 – 0.085) 0.27
Variables at 20 weeks 
Right ventricular systolic 
tissue velocity (S′) 38 -0.015 (-0.030 – -0.0014) 0.032
Right ventricular function 
(TAPSE) 47 -0.0040 (-0.012 – 0.0043) 0.34
Left ventricular ejection frac-
tion (%) 44 -0.0004 (-0.0055 – 0.0047) 0.87
NTproBNP > 128 pg/mL 36 0.015 (-0.070 – 0.10) 0.72

Umbilical artery PI at 32 weeks
Prepregnancy variables
Modified WHO risk class(refer-
ence: WHO II) 54 -0.052 (-0.46 – 0.35) 0.79
NYHA functional class (refer-
ence: NYHA I) 54 0.0060 (-0.11 – 0.13) 0.92
Right ventricular systolic 
tissue velocity (S′) 32 -0.028 (-0.050 – -0.0065) 0.012
Right ventricular function 
(TAPSE) 47 -0.019 (-0.031 – -0.0069) 0.003
Left ventricular ejection frac-
tion (%) 43 -0.0029 (-0.0089 – 0.0030) 0.32
Pulmonary valve regurgitation 50 -0.011 (-0.056 – 0.034) 0.63
Pulmonary valve stenosis 48 0.062 (-0.010 – 0.13) 0.089
Tricuspid valve regurgitation 49 0.031 (-0.067 – 0.13) 0.75

Variables at 20 weeks
Right ventricular systolic 
tissue velocity (S′) 42 -0.022 (-0.042 – -0.0015) 0.036
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N Beta (95% CI) P
Right ventricular function 
(TAPSE) 48 -0.0037 (-0.016 – 0.0095) 0.58
Left ventricular ejection 
fraction 47 -0.0061 (-0.012 – -0.00011) 0.054
NTproBNP > 128 pg/mL 35 0.056 (-0.078 – 0.19) 0.40

 Variables at 32 weeks
Right ventricular systolic 
tissue velocity (S′) 40 -0.020 (-0.040 – -0.000079) 0.049
Right ventricular function 
(TAPSE) 46 0.00059 (-0.013 – 0.015) 0.93
Left ventricular ejection 
fraction 39 -0.0053 (-0.013 – 0.0023) 0.17
NTproBNP > 128 pg/mL 35 0.065 (-0.12 – 0.25) 0.48

NT-proBNP, N-terminal pro b-type natriuretic peptide; NYHA, New York Heart Association; 
TAPSE, tricuspid annular plane systolic excursion; WHO, World Health Organization.

Figure 2. Scatterplot of (a) prepregnancy tricuspid annular plane systolic excursion (TAPSE), (b) 
prepregnancy right ventricular (RV) systolic tissue velocity, and (c) RV systolic tissue velocity at 
20 weeks’ gestation, according to umbilical artery pulsatility index (PI) at 32 weeks’ gestation in 
women with tetralogy of Fallot
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Discussion
This is the first study comparing pregnancy outcome and uteroplacental Doppler 

flow parameters in women with ToF and in healthy controls. We found that women 

with ToF experience more cardiovascular complications (in particular arrhythmia) and 

more neonatal complications, in particular low birth weight and small-for-gestational 

age. Women with ToF more often had abnormal UDF indices, indicative of defective 

placentation. Right ventricular function parameters were found to be associated with 

UDF parameters in these women. UDF parameters were associated with neonatal 

outcomes. As can be seen in Figure 1 and Table 2, the cardiac complication rate in 

our study was slightly higher (8.1%) than the overall complication rate found in the 

literature (7.1% cardiac complications during 562 pregnancies in women with ToF)3–

5,8,20–30, with more arrhythmia and less heart failure, but rates do differ largely between 

studies. Differences in study design and patient cohort probably account for these 

differences.

The obstetric complication rate was not significantly different in women with ToF 

compared with healthy women, although a trend towards a higher prevalence 

of hypertensive disorders of pregnancy (pregnancy-induced hypertension, pre-

eclampsia, HELLP syndrome) and preterm birth was observed in women with ToF. 

The obstetric and neonatal complication rates in this study are higher than the 

incidences found in the literature, but rates differ greatly between studies owing to 

differences in definitions and, more importantly, underreporting. In this study we 

found an association between right ventricular parameters (lower prepregnancy 

TAPSE and lower S’, prepregnancy and at 20 and 32 weeks’ gestation) and impaired 

uteroplacental Doppler flow parameters. These findings are in line with our previous 

study in a larger population with mixed types of CHD, in which lower prepregnancy 

TAPSE was associated with increased umbilical artery RI.10

There is increasing evidence of a relationship between cardiac function and poor 

placentation or placental function, and a role of right ventricular dysfunction in the 

pathophysiological mechanism has been suggested.31 A recent systematic review by 

our group suggested a link between pre-existent subclinical cardiac dysfunction and 

poor placentation, reflected by high resistance in the uteroplacental circulation.31 In 

addition, Wald et al. recently found the decline in cardiac output during pregnancy in 

women with heart disease to be independently predictive for neonatal complications.32 

There is also evidence that in previously healthy women with high uteroplacental 

resistance and poor pregnancy outcome there is an increased prevalence of systolic 
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and diastolic left ventricular dysfunction. Additionally, right ventricular systolic 

and diastolic dysfunction have been described in healthy women with early pre-

eclampsia.33 Melchiorre and colleagues described a higher prevalence of previously 

unknown functionally significant cardiac defects in women with increased uterine 

artery Doppler indices.34 Interestingly, most of these cardiac defects had right-sided 
sequelae. The underlying pathophysiological mechanism responsible for these 
observations might be analogous to what is known in patients with congestive heart 
failure, in which dysfunction of other organs, including the kidneys and liver, is related 
to under-perfusion due to left ventricular systolic dysfunction but also to elevated 

central venous pressure.35,36 The placenta may be regarded as a temporary extra 

organ and may be affected by cardiac dysfunction in a similar way.

The normal placental bed arteries are low-resistance vessels due to remodeling of 

the spiral artery walls by trophoblast invasion, leaving the autoregulatory capacity of 

the uteroplacental circulation limited.37,38 Therefore, the uteroplacental circulation is 

dependent directly on maternal cardiac performance. A recent report from Verlohren 

et al. suggested that placental hypoxia, either as a result of poor trophoblast 

development or from the inability of the maternal heart to meet the demands of 

the fetoplacental unit, forms the basis for placenta-related complications.39 Wald et 

al. found a decline in cardiac output during pregnancy in women with heart disease 

predictive for neonatal complications.32 This might suggest that cardiac reserve in 

women with heart disease is not sufficient to meet the increased demand of the 

growing fetus and the near-term placenta, leading to adverse neonatal outcome. 

Right ventricular dysfunction influences left ventricular function through ventriculo-

ventricular interdependence, which can lead to decreased cardiac output and 

therefore insufficient capacity to meet the increased hemodynamic demands of 

pregnancy. However, right ventricular dysfunction can lead to increased central venous 

pressure and subsequent venous congestion. Gyselaers et al. postulated that venous 

hemodynamic dysfunction (i.e. increased venular pressure) may lead to increased 

pressure in the intervillous space, causing damage to the trophoblast and resulting 

in defective trophoblastic remodeling of the spiral arteries.40 Especially the second 

wave of trophoblastic invasion of the spiral arteries, occurring when intervillous space 

circulation is established, may be hampered. This may explain the finding of more 

early diastolic notching at 20 and 32 weeks of gestation and increased resistance in 

the uterine artery waveforms at 32 weeks in ToF patients. Both hypotheses might 

be essential parts of the explanation as to why ventricular function parameters are 

increasingly being found to be associated with altered uteroplacental Doppler flow 
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indices. Further experimental and clinical research with histological examination of 

the placenta is warranted to explore this association.

Strengths and limitations
This is the first study that investigates uteroplacental circulation during pregnancy 

in women with ToF and compares pregnancy outcome in these women with that in 

healthy controls. In addition, the prospective nature of the study makes the results 

more valuable. Because of the study design, prepregnancy data were collected 

retrospectively and therefore missing data were inevitable.

In addition, the study population was relatively small. As a consequence, multivariate 

linear regression analysis of the uteroplacental flow indices was not feasible and 

some of the observed differences in obstetric and neonatal outcomes between 

women with ToF and controls might not have reached statistical significance. A formal 

power analysis was not performed since the current study concerns a secondary 

analysis. Despite a standardized protocol for echocardiograms, availability of cardiac 

output data was insufficient to incorporate these in the regression analyses. These 

limitations should be borne in mind and the results interpreted with caution
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Conclusion
Most women with surgically corrected ToF tolerate pregnancy well. However, 

cardiovascular complications, mainly arrhythmia, are common, and neonatal 

complications are more frequently observed in women with ToF compared with 

healthy controls. EDN of the uterine artery waveform occurs more often in women 

with ToF, which is indicative of disturbed placentation. In addition, umbilical artery PI is 

higher at 32 weeks’ gestation in these women. Right ventricular function parameters, 

prepregnancy and during pregnancy, are negatively associated with resistance in 

the uteroplacental circulation. The findings of this study add to the evidence that 

cardiac dysfunction might play an important role in the placentation process and 

the occurrence of placenta-related complications in women with CHD. Further 

fundamental research is required for a better understanding of the underlying 

pathophysiological mechanism.
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Abstract
Objective
Women with repaired coarctation of the aorta (rCoA) are at risk of hypertensive 

disorders and other complications during pregnancy. Hypertensive disorders in 

pregnant women are associated with inadequate uteroplacental flow, which is related 

to adverse offspring outcome. The aim of this study was to investigate the relationship 

of maternal cardiac function, placental function and pregnancy complications in 

women with rCoA.

Methods
We included 49 pregnant women with rCoA and 69 controls from the prospective 

ZAHARA-studies (Zwangerschap bij Aangeboren HARtAfwijkingen, pregnancy in 

congenital heart disease). Clinical evaluation, echocardiography and uteroplacental 

Doppler flow (UDF) measurements were performed at 20 and 32 weeks gestation. 

Univariable regression analysis was performed.

Results
Comparison of rCoA and healthy women. In women with rCoA, tricuspid annular 

plane systolic excursion (TAPSE) decreased during pregnancy (25.7 mm to 22.8 mm, 

P=0.006). UDF indices and pregnancy complication rates were similar in both groups. 

Offspring of rCoA women had lower birth weight (3233 g versus 3578 g, P=0.001), 

which was associated with β-blocker use during pregnancy (β= −418.0, P=0.01).

Association of cardiac function and UDF. Right ventricular (RV) function before 

pregnancy (TAPSE) and at 20weeks gestation (TAPSE and RV fractional area change) 

were associated with impaired UDF indices (umbilical artery pulsatility index at 20 

weeks β= −0.02, P=0.01, resistance index at 20 and 32 weeks β= −0.01, P=0.02 and β= 

−0.02, P=0.01 and uterine artery pulsatility and resistance index at 20 weeks gestation 

β= −0.02, P=0.05 and β= −0.01, P=0.02).

Conclusions
Women with rCoA tolerate pregnancy well. However, RV function is altered and is 

associated with impaired placentation.
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Introduction
Women with a repaired coarctation of the aorta (rCoA), have a relatively low risk of 

maternal cardiac complications during pregnancy compared to women with other 

congenital heart diseases (CHD), but hypertensive disorders during pregnancy in 

these patients are common.1,2 Hypertensive disorders in pregnant women in the 

general population are known to be associated with adverse offspring outcome, 

including preterm delivery, fetal growth restriction and abruptio placentae.3 In these 

women who do not have medical disorders before pregnancy, both hypertensive 

disorders and offspring complications are related to inadequate uteroplacental flow.4,5 

In the ZAHARA II study (Zwangerschap bij Aangeboren HARtAfwijkingen, pregnancy in 

congenital heart disease) we demonstrated that in women with CHD, uteroplacental 

Doppler flow(UDF) parameters were impaired and were associated with maternal 

cardiac function before pregnancy.6,7 In view of these data and the known relation of 

hypertensive disorders and uteroplacental flow in the general pregnant population, 

we assessed the relation of cardiac function before pregnancy, UDF and maternal 

and offspring outcome in women with repaired coarctation of the aorta.

Methods
This cohort study comprised all pregnant women with rCoA and healthy pregnant 

women included in the ZAHARA II and ZAHARA III studies.6-8 These studies are both 

prospective multicenter observational cohort studies and follow pregnant women 

with CHD according to identical protocols. Women aged ≥ 18 years with a history of 

repaired aortic coarctation who presented in one of the participating centers with 

a pregnancy duration of < 20 weeks and who provided written informed consent 

were eligible for this study. The healthy controls included in ZAHARA II were recruited 

from low risk midwife practices in Groningen and Rotterdam. The ZAHARA II and 

III studies are conducted according to the principles outlined in the Declaration of 

Helsinki; the study protocols have been approved by the medical ethical committee 

of all participating hospitals. The complete study design and results of the ZAHARA II 

study have been reported previously.6-8

Baseline data and follow up
The pre-pregnancy baseline data of all pregnant women were collected during 

the first ante-partum visit using medical records. Baseline data included diagnosis 
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of CHD, prior cardiovascular interventions, recoarctation, previous cardiac 

events, obstetric history, maternal age, medication use, blood pressure, history of 

hypertension (defined as present if reported in the patients records), New York 

Heart Association (NYHA) functional class, modified WHO risk class formaternal 

risk of cardiovascular complications according to ESC guidelines9, ECG, laboratory 

results and echocardiographic recordings. All included pregnant women visited the 

outpatient clinic at 20 and 32 weeks of gestation and at 1 year postpartum for clinical 

evaluation (including NYHA class assessment), standardized echocardiogram, ECG 

and NT-proBNP measurement. UDF registrations (pulsatility and resistance indices of 

the umbilical and uterine arteries and the presence of early diastolic notching) were 

performed at the prenatal care outpatient clinic at 20 and 32 weeks of gestation. 

UDF measurements were evaluated according to the guidelines of the International 

Perinatal Doppler Society.10,11 All echocardiograms were performed according to 

disease specific protocols and evaluated off-line in the University Medical Center 

Groningen, the Netherlands. Assessment of diastolic and systolic ventricular function, 

chamber quantification and valvular function were performed according to the 

current guidelines.12-14

Cardiac, obstetric and neonatal outcome
During pregnancy and up to 6 months post-partum, cardiovascular, obstetric and 

offspring events in all included women were evaluated. Primary cardiovascular events 

were defined as: need for an urgent invasive cardiovascular procedure, heart failure 

(according to the guidelines of the European Society of Cardiology and documented 

by the attending physician15), new onset or symptomatic tachy- or bradyarrhythmia 

requiring new or extended treatment, thromboembolic events, myocardial 

infarction, cardiac arrest, cardiac death, endocarditis and aortic dissection.6,7  

Primary obstetric events included: instrumental vaginal delivery (vacuum or 

forcipal-extraction), Cesarean section (planned or emergency), pregnancy induced 

hypertension (PIH), pre-eclampsia (PIH combined with proteinuria), eclampsia (pre-

eclampsia with grand mal seizures), gestational Diabetes Mellitus, HELLP syndrome 

(haemolysis, elevated liver enzymes, low platelet syndrome), hyperemesis, gravidarum, 

non-cardiac death, placental abruption, postpartum hemorrhage, preterm labour 

and preterm premature rupture of membranes (before 37 weeks gestation).6  

Offspring events were fetal death (intra-uterine death ≥ 20 weeks gestation), perinatal 

death (number of stillbirths from 20 weeks gestation and death up to 28 days post-

partum), intra-ventricular hemorrhage, neonatal respiratory distress syndrome, 
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preterm birth (before 37 weeks gestation), occurrence of congenital heart disease, 

small for gestational age (birth weight < 10th percentile) and low birth weight (< 2500 

g).6,7

Statistical analysis
We used SPSS (IBM SPSS Statistics, version 23.0, IBM SPSS Statistics, IBM corporation 

Armonk, NY) for statistical analysis. Continuous variables with normal distribution are 

presented as mean with standard deviation(±SD), nonnormally distributed variables 

as median with interquartile ranges, and dichotomous variables are presented as 

absolute numbers with percentages. Comparison of continuous variables between 

groups was performed with the Student t-test or Mann-Whitney U test, depending 

on distribution. Longitudinal comparison of continuous variables within CHD and 

healthy pregnancy groups at 2 time points (20 and 32 weeks) was performed by 

using the paired t-test. For the comparison of dichotomous variables, we used the 

χ2 test or Fisher exact test, as appropriate. Univariable linear regression was used 

to assess associations between cardiac function parameters and UDF parameters. 

The following predefined preconception parameters were assessed: maternal age at 

conception, parity, recoarctation, open-heart surgery, left ventricular ejection fraction 

(LVEF), right ventricular (RV) function (tricuspid annular plane systolic excursion 

(TAPSE) and RV fractional area change (RVFAC)) and aortic stenosis (peak gradient 

≥ 36mmHg); and the following parameters at 20 weeks of gestation: left ventricular 

ejection fraction, TAPSE, RVFAC, aortic stenosis, high NT-proBNP (> 95th percentile 

of the NT-proBNP values at 20-week and 32-week gestation in healthy women) and 

β-blocker use.16 Interaction terms were constructed and added to the model to test 

for confounding variables. Multivariable linear regression analysis was not performed, 

due to the relative small number of patients. Instead, multivariable Lasso regression 

with penalized selection of variables was performed to identify the most parsimonious 

model and to confirm results of the univariable analyses. Logistic regression analysis 

was used to assess associations between cardiac, obstetric, offspring complications 

and UDF. A P value of <0.05 was considered statistically significant and all P values 

are 2-sided.
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Results
Baseline characteristics
During the study period 49 pregnant women with rCoA and 69 healthy pregnant 

controls were included. Baseline characteristics are shown in Table 1. No significant 

differences were found between women with rCoA and healthy controls regarding age 

at conception and parity. Significantly more healthy women smoked prior to pregnancy 

than women with rCoA (33.3% versus 16.7%, P=0.04). History of hypertension was 

only reported in women with CoA and 50% of these women used antihypertensive 

medication < 6 months before pregnancy. A diastolic ‘run-off’ pattern had been 

noticed before pregnancy in the descending aorta in one rCoA woman and in the 

abdominal aorta in five rCoA women. Only one of these women had hypertension 

before pregnancy. However, neither hypertension nor a diastolic run-off pattern were 

present during pregnancy in these women.

Table 1 Baseline characteristics (prior to pregnancy) of rCoA (N = 49) and healthy women  
(controls) (N = 69).

rCoA (N (%)) Controls (N (%))
Maternal age at conception (years ±SD) 28.5 ± 4.4 29.6 ± 4.5
BMI (kg/m2 ±SD) 23.5 ± 3.1 23.2 ± 4.0
Parity
0
1
≥2

24 (49.0)
20 (40.8)
4 (8.1)

44 (63.8) 
17 (24.6) 
8 (11.6)

Smoking* 8 (16.7) 23 (33.3)
History of miscarriages 8 (16.7) 16 (23.2)
NYHA class
I
II

44 (89.8)
4 (8.2)

Modified WHO class 
II
III

40 (81.6)
9 (18.4)

Past medical history
 Arrhythmias (brady- or tachyarrhythmia) 2 (4.1)
 Heart failure 1 (2.0)
 History of hypertension* 14 (28.6) 0 (0)
Uncorrected associated lesions
 Bicuspid aortic valve 15 (30.6)
 VSD 2 (4.1)
 ASD 1 (2.0)
 Hypoplastic aortic arch 2 (4.1)
Primary interventions 49 (100)
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rCoA (N (%)) Controls (N (%))
 End-to-end anastomosis 30 (61.2)
 Subclavian flap aortoplasty 9 (18.4)
 Patch repair 5 (10.2)
 Interposition graft 3 (6.1)
 Unknown surgical intervention 1 (2.0)
 Stent 1 (2.0)
Reintervention coarctation 14 (28.6)
 Surgical repair 3 (21.4)
 Balloon dilatation 7 (50.0)
 Stent 4 (28.6)
Open-heart surgery 9 (19.1)
Age of primary intervention (years ±SD 
[range])

5.2 ± 6.9 [0.0 – 24.0]

Medication use prior to pregnancy
Any medication* 12 (24.5) 0 (0)
 ACE-inhibitor 0 (0)
 Angiotensin-II antagonist 0 (0)
 Anticoagulants 2 (4.1)
 Beta-blocker 7 (14.3)
 Calcium-channel blocker 3 (6.1)
 Platelet inhibitor 1 (2.0)
 Statin 3 (6.1)
Echocardiographic parameters
 Aortic valve regurgitationa 2 (4.7)
 Aortic valve stenosisb 5 (11.9)
 Tricuspidal valve regurgitationa 1 (2.3)
 Left ventricular diastolic dysfunctionc 4 (18.2)
 Left ventricular systolic dysfunctiond 2 (5.3)
 Left ventricular hypertrophye 4 (10.8)
 Right ventricular systolic dysfunctionf 2 (5.1)

ASD, atrial septum defect; BMI, body mass index; rCoA, repaired coarctation of the aorta; 
ESC, European Society of Cardiology; NYHA, New York Heart Association functional class; 
VSD, ventricular septum defect; and WHO,World Health Organization class. * P value < 0.05. 
a Moderate or severe regurgitation.13 b Peak gradient ≥ 36 mm Hg.12 c The presence of at least 
two abnormal measurements: decreased e′ (<8 cm/s septal, <10 cm/s lateral, or <9 cm/s 
average), E/e′ ratio > 15 or E/A ratio < 1 or >2.15 d Ejection fraction < 45%.14 e Left ventricular 
mass/BSA > 95 g/m2.14 f TAPSE < 17 mm.14

Pregnancy outcome
Data regarding cardiovascular, obstetric and offspring events were available in all 

pregnancies. One woman with rCoA developed non-sustained ventricular tachycardia 

during pregnancy for which hospital admission and metoprolol therapy was needed. 
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Only in women with rCoA (N=4) NYHA functional class deterioration (≥ 2 classes) 

was observed (P=0.024). NT-proBNP levels were higher in women with rCoA than in 

healthy women at 20 and 32 weeks gestation (125 ± 134 ng/L versus 53 ± 36 ng/L, 

P=0.001 and 111 ± 90 ng/L versus 43 ± 25 ng/L, P<0.001). Women with rCoA had 

significantly higher mean arterial pressure (MAP) than healthy women (85.0 ± 9.5 mm 

Figure 1. Number of obstetric events (A) and offspring events (B) in women with rCoA (black) 
and healthy controls (grey). *P value < 0.05. rCoA, repaired coarctation of the aorta; GDM, 
gestational diabetes mellitus; IUGR, intra uterine growth restriction; IVH, intra-ventricular 
hemorrhage; NRDS, neonatal respiratory distress syndrome; NYHA, New York Heart Association 
functional class; PE, pre-eclampsia; PIH, pregnancy induced hypertension; PL, premature labour; 
PCR; prolongation of cervix ripening, Prolongation 2nd, prolongation 2nd stage of delivery; PPH, 
postpartum hemorrhage; PPROM, preterm premature rupture of membranes and SGA, small 
for gestational age. α Excluded induction of labour, β Section primary and secondary, and γ Fetal 
and Neonatal death.
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Hg vs. 77.8 ± 7.9 mm Hg, P < 0.001 at 20 weeks and 85.0 ± 7.0 mm Hg vs. 79.7 ± 7.2 

mm Hg, P < 0.001 at 32 weeks gestation). 

Only rCoA women needed antihypertensive medication (22.4% versus 0%, P<0.001 

at 20 weeks and 28.6% versus 0%, P<0.001 at 32 weeks gestation). Obstetric and 

offspring events are presented in Fig. 1. The overall obstetric event rate was not 

statistically different between women with rCoA and healthy women (P=0.62). Women 

with rCoA received more often assistance during delivery (P=0.023) and had shorter 

gestational age at delivery (38.7 ± 1.8 versus 39.8 ± 1.5 weeks, P=0.001). In women 

with rCoA, PIH was associated with a history of hypertension before pregnancy (β= 

1.748, P=0.034). Offspring events occurred in 14.3% of women with rCoA compared 

to 11.5% of healthy women (P=0.67). 

In women with rCoA, there was one perinatal death 4 days after birth due to perinatal 

asphyxia. Offspring of women with rCoA had lower APGAR scores after 1 and 10 min 

than offspring of healthy women (P=0.023 and P=0.066). Birth weight of offspring 

of rCoA women was lower compared to offspring of healthy women (3232 ± 522 g 

versus 3578 ± 553, P=0.001) and was associated with β-blocker use during pregnancy 

(β= −418.0, P=0.012). Offspring of women with rCoA who used β-blocker during 

pregnancy (26.5%) had significant lower birth weight than offspring of women with 

rCoA who did not use β-blocker (2925 ± 634 g versus 3343 ± 433, P=0.012). Birth 

weight of offspring of women with rCoA, both with and without β-blocker use during 

pregnancy, differed from birth weight of offspring of healthy women (2925 ± 634 

g versus 3578 ± 553, P < 0.001; and 3343 ± 433 g versus 3578 ± 553, P=0.029). In 

women with rCoA, regression analysis of UDF and pregnancy complications revealed 

that pulsatility index of the umbilical artery at 32 weeks of gestation was associated 

with offspring events (β= 0.270, P=0.018) and resistance index of the umbilical artery 

at 32 weeks of gestation was associated with pregnancy induced hypertension (β= 

0.122, P<0.001).

Uteroplacental Doppler flow measurements and cardiac function
No significant differences were observed between patients and healthy controls 

in pulsatility and resistance indices of the umbilical and uterine arteries or in the 

presence of early diastolic notching at 20 and 32 weeks. Associations of umbilical 

artery pulsatility and resistance indices at 20 weeks of pregnancy and cardiovascular 

maternal parameters of rCoA women are reported in Table 2. TAPSE at 20 weeks 
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of pregnancy was associated with umbilical artery pulsatility and resistance indices 

and TAPSE preconception was associated with umbilical artery resistance index at 32 

weeks gestation (β= −0.016, P=0.010). Additionally, RVFAC at 20 weeks gestation was 

associated with uterine artery pulsatility and resistance indices at 20 weeks (β= −0.016, 

P=0.050 and β= −0.005, P=0.030). Lasso regression analysis including all parameters 

(as mentioned in methods section) at 20 weeks selected TAPSE and RVFAC at 20 

weeks gestation in the aforementioned models. In women with rCoA, mean TAPSE 

preconception was 23.2 ± 4.6 mm and 20.5% had an absolute value below 20 mm. 

Fig. 2 presents changes in left and right ventricle function parameters of rCoA women 

during pregnancy. A significant decrease in TAPSE from 20 to 32 weeks gestation 

was only noticed in women with rCoA (25.7 mm to 22.8 mm, P=0.006). At 32 weeks 

gestation, TAPSE was significantly lower in women with rCoA compared to healthy 

women (23.4 ± 5.3 mm versus 25.3 ± 3.8 mm, P=0.036) and more women with rCoA 

had an absolute value of TAPSE below 20 mm compared to healthy women at 32 

weeks gestation (31.7% versus 3.0%, P<0.001). LVEF was also significantly lower in 

rCoA women compared to healthy women during pregnancy (57.9 ± 6.0% versus 61.1 

± 6.0%, P=0.006 at 20 weeks and 57.2 ± 6.3% versus 60.0 ± 6.2%, P=0.025 at 32 weeks 

gestation). Changes in LVEF and RVFAC during pregnancy were not significant. Open-

heart surgery was associated with TAPSE preconception and at 20 weeks gestation 

(β= −4.237, P=0.020 and β= −4.246, P=0.020). A history of open heart surgery did not 

affect the association between TAPSE and UDF parameters. LVEF, β-blocker use and 

open-heart surgery were not associated with higher pulsatility or resistance indices.
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Table 2 Univariable regression analysis UDF at 20 weeks gestation and cardiovascular 
parameters in women with rCoA

N Beta 95% CI P-value
Pulsatility index: Umbilical artery
Preconception variables
 Age at conception 40 -0.013 -0.029 – 0.003 0.106
 Parity 39 0.011 -0.134 – 0.157 0.875
 Recoarctation 40 0.086 -0.076 – 0.248 0.288
 LVEF (%) 29 0.002 -0.008 – 0.012 0.720
 TAPSE (mm) 31 -0.006 -0.024 – 0.012 0.485
 Aortic valve stenosisa 33 0.095 -0.187 – 0.376 0.498
Variables at 20 weeks gestation
 LVEF (%) 34 -0.007 -0.020 – 0.005 0.247
 TAPSE (mm) 34 -0.020 -0.036 – -0.005 0.013
 RVFAC (%) 25 -0.001 -0.012 – 0.011 0.896
 Aortic valve stenosisa 38 0.105 -0.230 – 0.440 0.528
 High NT-proBNP (ng/L)b 29 0.002 -0.207 – 0.210 0.988
 Β-blocker use 40 0.047 -0.131 – 0.224 0.599
Resistance index: Umbilical artery
Preconception variables
 Age at conception 15 -0.012 -0.023 – -0.001 0.032
 Parity 15 -0.046 -0.154 – 0.062 0.374
 Recoarctation 15 -0.061 -0.217 – 0.096 0.417
 LVEF (%) 11 0.003 -0.008 – 0.014 0.598
 TAPSE (mm) 11 -0.007 -0.019 – 0.006 0.250
Variables at 20 weeks gestation
 LVEF (%) 14 -0.006 -0.017 – 0.004 0.206
 TAPSE (mm) 14 -0.014 -0.024 – -0.003 0.015
 RVFAC (%) 11 0.001 -0.008 – 0.009 0.893
 Aortic valve stenosisa 12 -0.063 -0.236 – 0.110 0.436
 High NT-proBNP (ng/L)b 14 -0.003 -0.124 – 0.119 0.960
 Β-blocker use 15 -0.049 -0.207 – 0.109 0.513

LVEF, left ventricle ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 
rCoA, repaired coarctation of the aorta; RVFAC, right ventricular fractional area change; 
TAPSE, tricuspid annular plane systolic excursion and UDF, uteroplacental Doppler flow. a 

Peak gradient ≥ 36 mm Hg.12 b NT-proBNP > 95th percentile of the NT-proBNP values at 20-
week and 32-week gestation in healthy women (128 ng/L and 81 ng/L).



 Chapter 3

54

Figure 2. Serial changes (means with 95% confidence interval) in left and right ventricular 
function parameters of rCoA women prior to pregnancy and during pregnancy (A, Tricuspid 
annular plane systolic excursion (TAPSE (mm) (n= 29)); and B, Left ventricle ejection fraction 
(LVEF (%) (n= 33)). NS, not significant.

Discussion
The main novel finding of our study is that in pregnant women with rCoA, which is a left 

sided heart defect, right ventricular function is altered and is associated with impaired 

UDF indices. This was found in a rCoA population with a very low incidence rate of 

cardiac complications during pregnancy. Furthermore, offspring and obstetric events 

and mean values of UDF parameters did not statistically differ from healthy pregnant 

women. Of all women with rCoA, only one woman had a primary cardiovascular event 

(ventricular arrhythmia). This low event rate is in line with the literature review of 

Drenthen et al., who found 1% heart failure and 0.3% of other cardiovascular events 

in women with rCoA during pregnancy.1 However, Krieger et al. conducted a large 

population-based study and found a higher rate of cardiovascular events in women 

with rCoA (4.8%). The latter authors also found a high rate of pre-eclampsia (4.3%) 

in pregnancy in women with rCoA.17 It has been demonstrated that pre-eclampsia in 

women with cardiovascular disease is strongly associated with heart failure during 
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pregnancy.18 Therefore the high cardiac event rate in the study of Krieger et al. may 

be related to their high rate of pre-eclampsia. Even though our cardiac event rate 

was low, it must be underlined that it is important to carefully monitor women with 

rCoA and preeclampsia for development of heart failure. Most authors report that 

hypertensive complications are common in pregnant women with rCoA.1,2,7,17 Although 

in our study the incidence of hypertensive complications did not differ significantly 

between women with rCoA and healthy controls, absolute percentages were higher 

in women with rCoA and similar to the literature.1,17 The lack of significance is likely 

due to our relatively small number of women with rCoA. Nevertheless in our study, 

PIH is associated with a history of hypertension and with impaired UDF in women with 

rCoA. This indicates that monitoring of blood pressure is important in women with 

rCoA during pregnancy. 

The rate of offspring complications was low compared to other CHD1,which is in line 

with previous studies of rCoA women.1,2 Furthermore, the incidence rate of offspring 

complications in rCoA women did not differ from healthy women in our study which 

demonstrate a good neonatal outcome in women with rCoA. However, offspring of 

rCoA women had lower birthweight than offspring of healthy women. An association 

with β-blocker use was found, which is consistent with other Studies.7,19 Offspring of 

women with rCoA who used β-blocker during pregnancy had statistically lower birth 

weight than offspring of women who did not use β-blocker, with a mean difference 

of 418 g. This difference is even higher than found by the ROPAC investigators and 

may well be of clinical importance.20 Moreover, offspring of rCoA women who did not 

use β-blocker during pregnancy still had lower birth weight than offspring of healthy 

women. This indicates that β-blockers are not the only negative influence on birth 

weight in rCoA women, but the use of β-blocker appears to have an additional negative 

effect on fetal growth. Our previous research indicated that Cardiac medication, 

mainly β-blockers, negatively affects uteroplacental flow, and thus affects offspring 

outcome.20,21 However, in our rCoA population we could not confirm an association 

between β-blocker use and impaired UDF parameters. Although no differences were 

found in neonatal event rate between offspring of rCoA and healthy women, there 

is an association between obstetric and offspring complications and impaired UDF, 

which is in line with other literature.7.22.23

Interestingly, in this rather small population the only maternal cardiac parameters that 

showed a fairly consistent association with abnormal UDF parameters at different time 
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points were RV function parameters (TAPSE and RVFAC). Recent evidence suggests that 

in women with congenital heart disease pre-pregnancy cardiac dysfunction is related 

to impaired placentation, reflected by UDF abnormalities.7,22,24 Increased prevalence 

of left and right ventricular dysfunction has been demonstrated in healthy women 

who developed high uteroplacental resistance and had poor pregnancy outcome.24 

Ventricular dysfunction limits cardiac output resulting in suboptimal uterine perfusion 

and defective placentation.23 It is of interest that in our rCoA population parameters 

for RV function were associated with impaired UDF parameters instead of the 

expected left ventricular (LV) function parameters. 

Evidence that RV dysfunction plays a prominent role in placental development 

and uteroplacental flow regulation is increasing. We previously demonstrated 

the association of RV function and UDF parameters even more significant in a 

heterogeneous population of women with CHD and in women with a right-sided 

heart disease.7,22 The observation of the same association in a population with left 

sided disease further reinforces the importance of the right ventricle in uterine flow 

and in placental development. It is known that left and right ventricular functions 

are related. In conditions associated with left sided heart defects or systemic 

hypertension, impairment of RV function has been reported.25,26 This has also been 

demonstrated in patients with rCoA where RV systolic and diastolic mechanics were 

impaired.27 Our database only allowed analysis of TAPSE and RVFAC as RV function 

parameters. We found a significant lower value of TAPSE at 32 weeks gestation in 

women with rCoA compared to healthy pregnant women, and a significant decrease 

in TAPSE from 20 to 32 weeks in rCoA women, which seems to indicate subclinical 

RV dysfunction, even though absolute values were still in the normal range. Possibly 

this subtle, subclinical RV dysfunction is already present earlier in pregnancy or even 

before pregnancy but other, more sensitive RV parameters may be needed to prove 

this.25-27 Our study confirms that indeed also in a left sided heart defect (i.e. repaired 

CoA) pregnancy complications are associated with RV subclinical dysfunction. The 

underlying mechanisms of RV function impairment in patients with rCoA remains 

uncertain. It has been demonstrated that despite successful repair of coarctation of 

the aorta, late after repair increased LV mass and LV afterload persist.27,28 Possibly, 

these LV abnormalities affect RV function through LV-RV interaction.

It has been suggested that TAPSE may not be valid for RV function after open-heart 

surgery since longitudinal contraction may be impaired with preserved global RV 

function.29,30 In our study, TAPSE remained correlated with worse UDF indices even 
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after correction for open-heart surgery. In contrast to our previous studies on UDF in 

CHD women, no significant differences were observed between UDF parameters in 

rCoA and healthy women.7,22 However, these studies reported more cardiac function 

abnormalities in pregnant women with CHD than in this study on women with rCoA, 

which may explain the different results, in combination with the relatively small size 

of the study population.

Strengths and limitations
Our study is the first to compare uteroplacental flow parameters of women with 

rCoA to healthy women and our results add to existing evidence that cardiac function 

before and during pregnancy is related to uteroplacental flow and offspring outcome. 

Due to the study protocol, pre-pregnancy data collection was retrospective. For this 

reason, missing data were unavoidable. Furthermore, the study population was 

relatively small, hampering multivariate linear regression analyses. However, Lasso 

regression confirmed our findings from the univariable analyses.
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Conclusion
In pregnant women with repaired aortic coarctation, it appears that right ventricular 

function is altered compared to healthy women and might affect uteroplacental 

flow and fetal growth. Furthermore, blood pressure regulation is important during 

pregnancy. Birth weight in offspring of women with rCoA is lower than in offspring of 

healthy women, which is partly explained by the use of β-blockers. However, in most 

women pregnancy outcome is favourable and the risk of defective placentation and 

adverse pregnancy outcome is not significantly increased. This study indicates again 

the importance of further exploration of the relationship between cardiac function 

and uteroplacental flow and its relation to pregnancy outcome.
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Abstract
Objective 
Pregnant women with congenital heart disease (CHD) have an increased risk of 

abnormal uteroplacental flow, measured from the second trimester onwards, which 

is associated with pregnancy complications affecting the mother and the fetus. 

Maternal right ventricular (RV) dysfunction has been suggested as a predisposing 

factor for impaired uteroplacental flow in these women. The aim of this study was to 

investigate the association of first-trimester uteroplacental flow measurements with 

prepregnancy maternal cardiac function and pregnancy complications in women with 

CHD, with particular focus on the potential role of RV (dys)function.

Methods 
This study included 138 pregnant women with CHD from the prospective ZAHARAIII 

study (Zwangerschap bij Aangeboren HARtAfwijkingen; Pregnancy and CHD). 

Prepregnancy clinical and echocardiographic data were collected. Clinical evaluation, 

echocardiography (focused on RV function, as assessed by tricuspid annular plane 

systolic excursion (TAPSE)) and uterine artery (UtA) pulsatility index (PI) measurements 

were performed at 12, 20 and 32 weeks of gestation. Univariable and multivariable 

regression analyses were performed to assess the association between prepregnancy 

variables and UtA-PI during pregnancy. The association between UtA-PI at 12 weeks 

and cardiovascular, obstetric and neonatal complications was also assessed.

Results 
On multivariable regression analysis, prepregnancy TAPSE was associated negatively 

with UtA-PI at 12 weeks of gestation (β= −0.026; P=0.036). Women with lower 

prepregnancy TAPSE (≤ 20 mm vs > 20 mm) had higher UtA-PI at 12 weeks (1.5 ± 0.5 

vs 1.2 ± 0.6; P=0.047). Increased UtA-PI at 12 weeks was associated with obstetric 

complications (P=0.003), particularly hypertensive disorders (pregnancy-induced 

hypertension and pre-eclampsia, P=0.019 and P=0.026, respectively).

Conclusions
In women with CHD, RV dysfunction before pregnancy seems to impact placentation, 

resulting in increased resistance in UtA flow, which is detectable as early as in the 

first trimester. This, in turn, is associated with pregnancy complications. Early 

monitoring of uteroplacental flow might be of value in women with CHD with pre-

existing subclinical RV dysfunction to identify pregnancies that would benefit from 

close obstetric surveillance.
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Introduction
Pregnant women with congenital heart disease (CHD) have a higher rate of impaired 

uteroplacental circulation compared with that in healthy pregnant women.1 This, in 

turn, is associated with maternal and neonatal complications.2 It has been suggested 

that maternal cardiac function may negatively influence remodeling of the spiral 

arteries by trophoblastic invasion of the myometrial portion of these vessels under 

the placental bed.3–5 We have reported previously an association between maternal 

cardiac dysfunction (particularly right ventricular (RV) and valvular dysfunction), 

before and during pregnancy, and impaired uteroplacental circulation in a cohort 

of women with CHD1, and in those with a specific type of CHD, such as tetralogy of 

Fallot and repaired aortic coarctation.6,7 In the latter groups, RV-function parameters 

were associated with abnormal uteroplacental flow measured in the second and 

third trimesters of pregnancy. This was also found in women with repaired aortic 

coarctation, which is a left-sided heart disease. We hypothesized that possible 

mechanisms for the negative influence of RV dysfunction on placentation may be 

venous congestion or right-to-left ventricular interaction leading to reduced cardiac 

output, resulting in impaired placental perfusion.8–10 The relationship between 

heart function and pregnancy complications is supported by the fact that women 

who develop pregnancy-related hypertensive disease have an increased propensity 

for the development of cardiac complications later in life or for diagnosis with a 

subclinical heart defect.11–13 The aim of this study was to investigate prospectively, in 

women with CHD, the association of uterine artery (UtA) flow measured in the first 

trimester with prepregnancy maternal cardiac function and pregnancy complications, 

with particular focus on the potential role of RV (dys)function as a predisposing factor 

for impaired uteroplacental flow.

Methods
This was a subanalysis of women recruited to the ZAHARA III study (Zwangerschap 

bij Aangeboren HARtAfwijkingen; Pregnancy and CHD), a prospective multicenter 

observational cohort study, in which pregnant women with CHD who presented 

at one of the participating centers at < 20 weeks’ gestation, and were ≥ 18 years 

of age, were enrolled between October 2011 and December 2015. Women who 

were HIV positive were excluded. The main aim of the ZAHARA III study was to 

investigate the relationship between maternal CHD and spontaneous preterm birth. 
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This subanalysis of the dataset focused on the association between prepregnancy 

maternal cardiac function and first-trimester uterine Doppler measurements, before 

14 weeks’ gestation, in women enrolled in the ZAHARAIII study. The ZAHARAIII study 

observed pregnant women with CHD according to the protocol of the previously 

published ZAHARAII study, with observations extended to the first trimester.14 All 

centers received approval of their medical ethics committee and all patients provided 

informed written consent.

Prepregnancy characteristics and follow-up
The prepregnancy baseline characteristics of pregnant women, recorded at the 

first prenatal visit, included underlying heart disease, cardiovascular history, 

obstetric history, maternal age, prepregnancy cardiac status (including New York 

Heart Association (NYHA) functional class, disease complexity according to Warnes 

et al.15, modified World Health Organization (WHO) risk class for maternal risk of 

cardiovascular complications according to the European Society of Cardiology 

guidelines16, electrocardiogram (ECG), laboratory results and echocardiography 

recordings), medication use, smoking and drug and alcohol use. Evaluation of 

pregnancy was performed at 12, 20 and 32 weeks of gestation, with the main focus 

on 12 weeks, including clinical evaluation, standardized echocardiography, ECG, 

laboratory evaluation (including serum hemoglobin and N-terminal peptide of 

proB-type natriuretic peptide (NT-proBNP)) and obstetric ultrasound examination. 

During the obstetric ultrasound examination, uteroplacental perfusion was studied 

by Doppler flow measurements (pulsatility index (PI) of the UtAs and the presence 

of early diastolic notch at 20 weeks of gestation), according to the guidelines of the 

International Perinatal Doppler Society.17 UtA-PI was considered abnormal if the value 

exceeded the 95th percentile reference value according to gestational age in healthy 

pregnant women.18

All echocardiographic examinations at 12 weeks’ gestation were performed according 

to disease-specific protocols and evaluated offline by three echocardiography 

experts (Y.M.H., P.G.P., A.S.S.), each of whom reviewed a part of the echocardiograms. 

Consistency and accuracy of the echocardiography data were checked by A.S.S.. 

Assessment of systolic and diastolic ventricular function, chamber quantification and 

valvular function were performed according to current guidelines.19–21 In patients 

with a single ventricle and a systemic right ventricle, measurement of subpulmonary 

ventricular function and ejection fraction of the systemic ventricle by Simpson’s 
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biplane method of discs are not validated, so eyeballing of the systemic ventricle 

was performed instead.21,22 Systemic ventricular dysfunction was defined as left 

ventricular (LV) ejection fraction < 45% and subpulmonary ventricular dysfunction as 

tricuspid annular plane systolic excursion (TAPSE) < 17 mm. Due to young age and 

high prevalence of volume overload of the right ventricle in this study population, 

TAPSE > 20 mm was considered normal.

Cardiac, obstetric and neonatal outcomes
Cardiovascular, obstetric and neonatal complications were recorded during pregnancy 

and up to 6 months after delivery. Extensive definitions for these complications have 

been published previously.14 Primary cardiovascular complications were defined as: 

the need for an urgent invasive cardiovascular procedure; heart failure (according 

to the guidelines of the European Society of Cardiology23 and documented by the 

attending physician); new-onset or symptomatic tachy- or bradyarrhythmia requiring 

new or extended treatment; thromboembolic events; myocardial infarction; cardiac 

arrest; cardiac death; endocarditis; and aortic dissection. Adverse obstetric outcome 

included: assisted delivery (vacuum or forceps extraction); Cesarean section (planned 

or emergency); pregnancy-induced hypertension (PIH); pre-eclampsia (PIH combined 

with proteinuria); eclampsia (pre-eclampsia with grand mal seizures); gestational 

diabetes mellitus, HELLP syndrome; hyperemesis gravidarum; non-cardiac death; 

placental abruption; postpartum hemorrhage ( > 1000 mL); premature labor; 

and preterm prelabor rupture of membranes ( < 37 weeks’ gestation). Neonatal 

complications were defined as: intrauterine ( ≥ 20 weeks’ gestation) and neonatal 

or infant (≤ 1 year after birth) death; admission to the neonatal intensive care unit; 

intraventricular hemorrhage (grade III–IV); neonatal respiratory distress syndrome; 

preterm birth (spontaneous and iatrogenic at < 37 weeks’ gestation); presence of 

CHD in the fetus; small-for-gestational age (birth weight < 10th percentile); and low 

birth weight (< 2500 g).

Statistical methods
Continuous variables with normal distribution are presented as mean ± SD, non-

normally distributed data as median and interquartile range and dichotomous 

variables as n (%). Longitudinal comparison of continuous variables within groups at 

two timepoints was performed using the paired Student’s t-test. For categorical data, 

McNemar’s test for related samples was used. For the comparison of dichotomous 

variables, the χ2 test or Fisher’s exact test was used, as appropriate. Univariable 



 Chapter 4

68

and multivariable linear regression analyses were used to assess the association 

of prepregnancy maternal characteristics and cardiac function parameters before 

pregnancy and at 12 weeks of gestation with UtA-PI (at 12 and 20 weeks). Logistic 

regression models were used to assess the associations between cardiac, obstetric 

and neonatal complications and UtA-PI. Models were tested for confounding variables 

when needed. Variables associated with the studied endpoints (P<0.10) or considered 

relevant (based on literature13; P > 0.10) were entered into the multivariable model. 

The final model was constructed using backwards elimination of the least significant 

variable until all remaining variables were significantly associated with the endpoint. 

Patients with a systemic right ventricle were excluded from analyses of RV function. 

Statistical analysis was performed using SPSS version 23.0 (IBM Corp., Armonk, NY, 

USA).

Results
In the ZAHARA III study, 204 pregnant women were included initially. Eleven women 

were excluded, because of miscarriage (n=6), absence of CHD (n=4) or withdrawal 

of informed consent (n=1). In the current analysis, only pregnant women with 

uteroplacental flow examination at ≤ 14 weeks’ gestation were included, resulting in a 

study population of 138 pregnant women (two with a twin pregnancy).

Prepregnancy baseline characteristics
The types of underlying congenital heart disease in the study population are presented 

in Table 1. Correction of a primary congenital cardiac lesion or an additional cardiac 

lesion had been performed in 70.3% of women. Open-heart surgery was performed 

for correction of 87.6% of these lesions. Among the women with a shunt lesion, 

65.8% were corrected. Uncorrected cyanotic diseases were not present in this study 

population. The prevalence of left- and right-sided lesions within this population 

was not significantly different (P=0.745).Table 2 shows the prepregnancy maternal 

characteristics. History of miscarriage was reported in 24.6% of women, none had 

a history of pre-eclampsia and 13.8% smoked prior to pregnancy. A prepregnancy 

echocardiographic examination was performed in 93% of women (0 – 10.6 years 

before pregnancy). Of these examinations, 65.2% were performed within 1 year 

before pregnancy. Systolic dysfunction of the left ventricle was observed in 12.2% of 

women and 14.9% had RV systolic dysfunction. Sinus rhythm was present in 94.8% of 

women. Use of cardiac medication (≤ 1 year before pregnancy) was reported in 25.9% 
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of women. Beta blockers were used by 18.5% of women, 8.3% used anticoagulants or 

platelet inhibitors, 1.9% used diuretics, 0.9% used angiotensin II antagonists and 0.9% 

used calcium channel blockers.

Tabel 1. Type of underlying congenital heart disease (CHD) in 138 pregnant women

CHD type N (%)
 Left-sided lesions 44 (31.9)

Aortic coarctation after repair 17 (12.2)
Aortic valve stenosis / Bicuspid aortic valve 26 (18.7)
Mitral valve disease 1 (0.7)

 Right-sided lesions 41 (29.7)
 Double chambered right ventricle 1 (0.7)

Ebstein's anomaly 5 (3.6)
Pulmonary atresia 3 (2.2)
Pulmonary valve stenosis 13 (9.4)
Tetralogy of Fallot after repair 19 (13.7)

 Shunt lesions 38 (27.5)
Abnormal pulmonary venous return 2 (1.4)

Aortopulmonary window 1 (0.7)
Atrial septum defect 12 (8.7)
Atrioventricular septal defect 9 (6.5)
Ventricular septal defect 14 (10.1)

 Connective tissue disorder 3 (2.2)
 Complex CHD 12 (8.7)

Transposition of great arteries (Mustard/Senning) 3 (2.2)
Transposition of great arteries (arterial switch) 3 (2.2)
Congenital aberrant coronary arteries 1 (0.7)
Congenitally corrected transposition of great arteries 3 (2.2)
Right ventricular hypoplasia with pulmonary valve ste-
nosis and bilaterall Glenn procedure 

1 (0.7)

Truncus arteriosus 1 (0.7)
RV, right ventricular; TGA, transposition of the great arteries.
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Table 2. Demographic and clinical characteristics in 138 pregnant women with congenital heart 
disease

N (%)
Maternal age (years ± SD) 29.3 ± 3.9
BMI (kg/m2 ± SD) 23.7 ± 3.9
Parity

0 69 (50.0)
1 56 (40.6)
≥2 13 (9.4)

NYHA class
I 127 (92.0)
II 11 (8.0)

Modified WHO class
 I (low risk) 11 (8.0)
II (moderately high risk) 102 (73.9)
III (high risk) 23 (16.7)
IV (extremely high risk) 2 (1.4)

Medical history
 History of arrhythmia 12 (8.7)
 History of congestive heart failure 0 (0)
 History of diabetes mellitus 0 (0)
 History of hypertension 6 (4.3)
 Biological valve prosthesis 15 (10.8)
 Mechanical valve prosthesis 6 (4.3)
 ICD 1 (0.7)
 Pacemaker 3 (2.2)
Cardiac medication use prior to pregnancy* 28 (25.9)
 Beta-blocker 20 (18.5)
 Other 11 (10.2)
Echocardiographic parameters*
 Aortic valve regurgitation† 3 (3.3)
 Aortic valve stenosis‡ 8 (8.9)
 Pulmonary valve regurgitation† 15 (16.7)
 Pulmonary valve stenosis‡ 6 (6.7)
 Pulmonary atrioventricular valve regurgitation† 7 (7.8)
 Systemic atrioventricular valve regurgitation† 2 (2.2)
 Left ventricular systolic dysfunction§ 11 (12.2)
 Left ventricular hypertrophy¶ 11 (12.2)
 Right ventricular systolic dysfunction** 13 (14.9)

Data are given as mean±SD, n (%) or n/N (%). *≤1 year prepregnancy. †Moderate or severe 
regurgitation. ‡Peak gradient ≥ 36mmHg. §Ejection fraction <45%. ¶Left ventricular mass/
body surface area >95 g/m2. **Tricuspid annular plane systolic excursion <17 mm. BMI, 
body mass index; NYHA, New York Heart Association; WHO, World Health Organization.
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Relationship between cardiovascular parameters and UtA-PI
The PI of the UtAs was available for all 138 women with CHD. At 12 and 20 weeks 

of gestation, mean UtA-PI was 1.38 ± 0.56 and 0.90 ± 0.29, respectively. Abnormal 

values were reported in 4.3% and 3.1% of women (P=0.727) at 12 and 20 weeks, 

respectively. Presence of early diastolic notch was reported in 5.8% of UtA waveforms 

at 20 weeks. Maternal cardiovascular parameters prepregnancy, and at 12 weeks’ 

gestation, were correlated with UtA-PI measured at 12 and 20 weeks of gestation. 

Univariable regression analysis revealed that prepregnancy TAPSE (β= −0.027; 

P=0.022), e′ mean (β= −0.075; P=0.042) and pulmonary stenosis (β= 0.522; P=0.020) 

were associated significantly with UtA-PI measured at 12 weeks of gestation. Use of 

cardiac medication before or during pregnancy was not associated with UtA-PI at 12 

or 20 weeks’ gestation. Significant parameters and confounders considered important 

and entered into the multivariable model are presented in Table 3. E′ mean was not 

entered into the model due to the small number of women with available data (n=27) 

hampering the analysis. In this model, prepregnancy TAPSE remained associated 

significantly with UtA-PI at 12 weeks of gestation. Figure 1 shows the changes in UtA-

PI during pregnancy in women with TAPSE ≤ 20 mm and in those with TAPSE > 20 

mm prepregnancy, with a significant difference between these groups at 12 weeks’ 

gestation. History of open-heart surgery did not affect the association between TAPSE 

and UtA-PI. The following maternal prepregnancy variables were associated with UtA-

PI at 20 weeks on univariable analysis: heart rate, NYHA Class 2 and WHO Class 3. On 

multivariable analysis, NYHA Class 2 remained significant (β= 0.451; P<0.001).

Table 3 Multivariable regression analysis of association between prepregnancy variables and 
uterine artery pulsatility index at 12 weeks’ gestation in pregnant women with congenital heart 
disease

  Characteristic N* β (95% CI) P
Age at conception 138 0.013 (-0.017 – 0.043) 0.394

BMI† 93 0.013 (-0.021 – 0.048) 0.394

Parity 138 -0.101 (-0.258 – 0.056) 0.205
History of hypertension 138 0.139 (-0.405 – 0.684) 0.612

TAPSE† 83 -0.026 (-0.049 – -0.002) 0.036

Pulmonary stenosis (moderate/severe)† 90 0.411 (-0.044 – 0.866) 0.076
*Degrees of freedom=83. †Values available ≤1 year prepregnancy. BMI, body mass index; 
PS, pulmonary stenosis; TAPSE, tricuspid annular plane systolic excursion.
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Figure 1. Serial changes in mean uterine artery pulsatility index (UtA-PI) during pregnancy 
in women with congenital heart disease with prepregnancy tricuspid annular plane systolic 
excursion (TAPSE) ≤ 20 mm (continuous line ; n=42) and > 20 mm (interrupted line ; n=41). 
Mean UtA-PI was significantly higher in first trimester in women with prepregnancy TAPSE ≤ 20 
mm (P=0.047). Significant decrease in mean UtA-PI was observed throughout pregnancy in both 
groups (P<0.05).

Pregnancy outcome in CHD and its association with first-trimester 
UtA-PI
Pregnancy outcome data were available for all pregnancies. The number of women 

with each complication and their relationship with UtA-PI are presented in Figure 2. 

A primary cardiac complication occurred in 2.9% of women with CHD. One woman 

developed supraventricular tachycardia during pregnancy, for which cardioversion and 

an increase in metoprolol dosage were required. Two women had a thromboembolic 

event (deep venous thrombosis and arterial thrombosis in the abdominal aorta). 

NYHA class deterioration (≥2 classes) was observed in 3.6% of women. A primary 

obstetric complication occurred in 51.4% of all pregnancies. The occurrence of 

total obstetric complications, pre-eclamsia, PIH and preterm prelabor rupture of 

membranes were significantly associated with increased UtA-PI at 12 weeks’ gestation 

(Figure 2). Vacuum or forceps extraction was performed in 8.7% of pregnancies and 

Cesarean section was performed in 28.2% (15.2% planned and 13.0% emergency). 

Mean gestational age at delivery was 37 + 6 weeks (± 3 weeks). Neonatal complications 

occurred in 36% (50 of 140) of live births. Of all pregnancies, 18% resulted in preterm 
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birth, of which 10 were spontaneous and 15 were iatrogenic (six because of maternal 

indication and nine because of fetal indication). There were five (3.6%) perinatal and 

one (0.7%) infant deaths. Causes of death were: pregnancy termination because of 

complex CHD; intrauterine death because of retroplacental hematoma; immature 

delivery; and three deaths because of respiratory distress syndrome associated 

with prematurity. Mean birth weight was 2981.3 ± 820.3 g. Admission to a neonatal 

intensive care unit was needed for 20.0% of neonates. Congenital heart disease was 

suspected before birth and confirmed in 4.3%of neonates.

Figure 2. Forest plot of uterine artery pulsatility index (UtA-PI) at 12 weeks’ gestation in 
pregnant women with congenital heart disease, according to presence or absence of pregnancy 
complications. *Fetal and neonatal death. †Death or birth <22 weeks’ gestation excluded. NRDS, 
neonatal respiratory distress syndrome; PPROM, preterm prelabor rupture of membranes.
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Discussion
This study investigated the relationship between preexisting suboptimal maternal 

cardiac function and UtA-PI measured in the first trimester in women with CHD. 

The results suggest that RV dysfunction before pregnancy may impact placentation, 

resulting in increased resistance in the UtA flow that can be documented in the 

first trimester of pregnancy from about 12–13 weeks’ gestation. This, in turn, was 

associated with increased risk of maternal complications and, to a lesser extent, 

neonatal complications. First-trimester screening widens the window of opportunity 

for institution of preventive measures. The function of the heart is closely related to the 

function of other organs. In patients with heart failure, reduced perfusion and venous 

congestion are the most important determinants of liver and kidney dysfunction.9,10 

Similar hemodynamic interactions may occur between the heart and the placenta. In 

fact, the autoregulatory capacity of the uteroplacental circulation is limited, implying 

that placental function is directly dependent on maternal cardiac performance24,25. 

The relationship between maternal hemodynamics and placental function has been 

studied in pregnant women with heart disease, those with pre-eclampsia and in healthy 

women.1,11,12,26–29 We have demonstrated previously an association between maternal 

cardiovascular function in women with CHD and impaired uteroplacental circulation 

in the second and third trimesters.1,6,7 In the current study, we found an association 

between subclinical prepregnancy RV dysfunction and impaired uteroplacental 

circulation as early as the first trimester of pregnancy. This early documented 

association supports the hypothesis that maternal cardiac function before pregnancy 

may influence placental development and function and play a role in the occurrence 

of pregnancy-related complications affecting the mother and the fetus. In contrast to 

our previous study, we did not find an association between prepregnancy maternal 

RV dysfunction and UtA-PI at 20 weeks’ gestation. However, the association between 

prepregnancy maternal functional class and UtA-PI at 20 weeks suggests that this 

relationship persists later in pregnancy, but is more diluted. A possible explanation for 

this difference is that women in the current study had, in general, better cardiac function 

given the lower percentage of cardiac events and the lower prevalence of abnormal 

UtA-PI measurements at 20 weeks’ gestation. Our findings also suggest that UtA-PI 

measured early in pregnancy reflects more directly impaired maternal cardiac function 

and impaired placentation, while later in pregnancy this relationship is weaker and 

umbilical artery flow becomes the strongest indicator of impaired placental function.  
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Remarkably, both in the current study and in our previous one, we found that RV 

dysfunction and not LV dysfunction was associated with impaired uteroplacental flow. 

We had postulated previously that this might be explained by a higher prevalence 

of right-sided heart disease and RV dysfunction. However, in the current study, left- 

and right-sided lesions or dysfunction were prevalent equally. Therefore, our findings 

suggest that placental development might be influenced more negatively by venous 

congestion, a typical consequence of RV dysfunction, than by impaired cardiac output.  

RV dysfunction is one of the mechanisms leading to changes in venous pressure 

resulting in venous congestion.8 Venous congestion might impair trophoblast 

invasion early in pregnancy, resulting in abnormal placentation.30 In women with pre-

eclampsia, venous hemodynamic dysfunction has been suggested and demonstrated 

to play a role in the pathophysiology of pre-eclampsia.28 Interestingly, all parameters 

that appeared to be associated with impaired uteroplacental flow on univariable and/

or multivariable regression analyses (TAPSE, pulmonary valve stenosis and E′ mean) 

may contribute to backward failure of the heart, due to increased pressures in the 

right side of the heart, and lead to venous congestion. Another hypothesis is that the 

increasing demands of placental perfusion cannot be met due to decreased cardiac 

output, as suggested by Wald et al..26 RV function might affect LV function through LV-

RV interaction, which can lead to decreased cardiac output8. Further studies including 

extensive analyses of RV function, including measures other than TAPSE, are needed 

to explore the association between RV function and uteroplacental flow found in 

the current study and to support these hypotheses. Rates of obstetric (51%) and 

neonatal (36%) complications were in line with those in previous studies of women 

with CHD1,31,32, although the cardiac event rate (3%) was lower in the present study 

than in our previous one.1 This is most likely explained by improvements in care for 

women with CHD both before and during pregnancy. In our previous study (ZAHARAII), 

women with CHD had significantly higher obstetric and neonatal complication rates 

than did healthy pregnant women (58.9% vs 32.9% and 35.4% vs 18.6%, respectively).1 

Since complication rates for women with CHD in the ZAHARAII and III studies are 

comparable, we assumed that the pregnant women with CHD in the current study 

were also at higher risk of obstetric and neonatal complications. It is known that 

women with CHD have an increased risk of obstetric and neonatal complications31,32 

that are related to inadequate uteroplacental perfusion.33 We demonstrated, in this 

study, that women with CHD at high risk of obstetric complication can initially be 

identified in the first trimester, which allows for closer surveillance. Recent literature 
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on women without heart disease indicates that first-trimester screening for late 

pregnancy complications is feasible and that preventive strategies are effective in 

reducing the prevalence of severe early-onset pre-eclampsia.34 Whether the same 

applies to women with CHD deserves further investigation.

Strengths and limitations
To our knowledge, this study is the first to investigate the association between maternal 

cardiac function and UtA-PI measured in the first trimester of pregnancy inwomenwith 

CHD. One limitation is that the population of women with CHD is heterogeneous, 

although the distribution of CHD types was similar to that in the larger Dutch national 

congenital database (CONCOR). Another limitation is that complete data were not 

available in all cases, as inclusion occurred after conception, and missing data on 

prepregnancy function (including TAPSE) was therefore inevitable, which limited the 

statistical power. Moreover, we were able to analyze only TAPSE as a RV function 

parameter. More research on RV function in pregnancy is needed before we can 

draw firm conclusions on the influence of impaired RV function on the placentation 

process.

Conclusions
In women with CHD, maternal RV dysfunction before pregnancy seems to impact 

placentation, resulting in increased resistance in UtA flow. This in turn is associated 

with pregnancy complications, but not with increased neonatal risks. Although the 

clinical relevance of these findings cannot yet be foreseen, the data are important for 

understanding the mechanism underlying adverse maternal (and neonatal) outcomes 

in women with CHD, and suggest that early monitoring of UtA flow may be useful in 

women with pre-existing subclinical RV dysfunction to identify high-risk pregnancies 

and possibly institute preventive strategies.
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Abstract
Background
Maternal right ventricular (RV) dysfunction (measured by echocardiography) is 

associated with impaired uteroplacental circulation, however echocardiography 

has important limitations in the assessment of RV function. We therefore aimed to 

investigate the association of pre-pregnancy RV and left ventricular (LV) function 

measured by cardiovascular magnetic resonance with uteroplacental Doppler flow 

parameters in pregnant women with repaired Tetralogy of Fallot (ToF).

Methods
Women with repaired ToF were examined, who had been enrolled in a prospective 

multicenter study of pregnant women with congenital heart disease. Clinical data 

and CMR evaluation before pregnancy were compared with uteroplacental Doppler 

parameters at 20 and 32 weeks gestation. In particular, pulsatility index (PI) of uterine 

and umbilical artery were studied

Results
We studied 31 women; mean age 30 years, operated at early age. Univariable 

analyses showed that reduced RV ejection fraction (RVEF; P = 0.037 and P = 0.001), 

higher RV end-systolic volume (P = 0.004) and higher LV end-diastolic and end-systolic 

volume (P = 0.001 and P = 0.003, respectively) were associated with higher uterine 

or umbilical artery PI. With multivariable analyses (corrected for maternal age and 

body mass index), reduced RVEF before pregnancy remained associated with higher 

umbilical artery PI at 32 weeks (P = 0.002). RVEF was lower in women with high PI 

compared to women with normal PI during pregnancy (44% vs. 53%, p = 0.022). LV 

ejection fraction was not associated with uterine or umbilical artery PI.

Conclusions
Reduced RV function before pregnancy is associated with abnormal uteroplacental 

Doppler flow parameters. It could be postulated that reduced RV function on pre-

pregnancy CMR (≤2 years) is a predisposing factor for impaired placental function in 

women with repaired ToF.
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Introduction
Evidence that maternal cardiac function influences uteroplacental circulation, 

and consequently pregnancy outcome, is increasing 1–3. In normal pregnancy, the 

uteroplacental circulation is a “low-resistance vesselbed” 4, and uteroplacental 

Doppler flow investigation, in particular the Pulsatility Index (PI) of the uterine and 

umbilical arteries, provides insight into the placentation process. Abnormalities 

in placentation results in a high uteroplacental vascular resistance, reflected by 

abnormal uteroplacental Doppler patterns (high PI). These abnormal patterns are, 

in turn, associated with adverse maternal and neonatal outcome 5, 6. To improve 

pregnancy counseling and monitoring in women with heart disease, more insight in the 

relationship between the heart and uteroplacental circulation is needed. Interestingly, 

the number of studies that have examined placental function in patients with heart 

disease and failure is very limited, when compared to the large number of available 

data on organ dysfunction in patients with heart failure 7–11. Indeed, in heart failure, 

specific effects on the kidney 7–9, the liver 10, and also the brain 11 have been reported. 

It could be hypothesized that during pregnancy in women with cardiac dysfunction 

or failure (for example women with repaired tetralogy of Fallot (ToF), the placenta 

also undergoes changes that can be (partly) seen as organ dysfunction. It is generally 

accepted that organ dysfunction in patients with heart failure is mainly attributed to 

impaired perfusion (forward failure) due to decreased cardiac output (CO). However, 

venous congestion (backward failure) is also an important factor in organ dysfunction, 

as clearly shown in the kidney and liver 7, 9, 10. The placenta can be seen as a temporary 

fetomaternal vascular organ. Therefore, similar hemodynamic interactions between 

the heart and the placenta may be present. Our previous studies in pregnant women 

with congenital heart diseases showed a consistent association between impaired 

right ventricular (RV) parameters and impaired uteroplacental Doppler parameters 
1, 12–14. However, these studies only focused on echocardiography parameters, which 

has known limitations, particularly in the assessment of RV function. Furthermore, 

CO measurements were not available and thus investigation of forward function was 

limited. Today, cardiovascular magnetic resonance (CMR) is the gold standard for 

the assessment of RV volume and function 15. CMR evaluation could provide more 

insight in how RV function may influence uteroplacental circulation. In the present 

study, we therefore aimed to investigate the relationship of (pre-pregnancy) RV and 

left ventricular (LV) function measured by CMR with uteroplacental Doppler flow 

parameters during pregnancy in women with repaired ToF.
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Methods
Study design and patient selection
All women in the present study were pregnant women with repaired ToF who had 

been enrolled in the prospective multicenter observational cohort ZAHARA II or 

ZAHARA III study (2008–2015) 1, 14, 16. In the present (sub-) study, women who also 

underwent CMR ≤ 2 years before their pregnancy were identified. Pregnant women 

with repaired ToF, aged ≥18 years, presenting in one of the participating centers 

≤20 weeks gestation were thus eligible for enrollment in the current study. Pre-

pregnancy baseline data were collected from the medical records. These included 

maternal age, additional heart defects, cardiovascular history, pre-pregnancy cardiac 

status (including New York Heart Association (NYHA) functional class, modified World 

Health Organization (WHO) risk class before pregnancy (risk classification of maternal 

cardiovascular risk during pregnancy 17), Electrocardiogram (ECG), laboratory 

results and echocardiographic recordings) and relevant medication use. Women 

were excluded if they had a surgical or transcatheter pulmonary valve intervention 

between the CMR study and their pregnancy. The study protocol was approved by the 

Research Ethics Committee of the participating centers and all participating women 

gave written informed consent.

Uteroplacental Doppler flow measurements
Routine evaluation of uteroplacental circulation in second and third trimester 

was performed at 20 and 32 weeks gestation by uteroplacental Doppler flow 

measurements consisting the PI of the uterine and umbilical arteries, according to the 

guidelines of the International Society of Ultrasound in Obstetrics and Gynaecology 18, 

19. Uterine or umbilical artery PI was considered high if the value exceeded the 95th 

percentile reference values according to gestational age in healthy pregnant women 
20, 21.

CMR imaging
CMR protocols for the acquisition of cardiac volumes, functional parameters and flow 

have been previously published by our group 22, 23. In brief, CMR assessments were 

performed using a 1.5 T CMR scanner. ECG-triggered cine loop images were obtained 

during end-expiratory breath holds, using a retrospectively gated balanced steady-

state free precession sequence. The four-chamber view was used for long-axes 

slices and short-axis were acquired covering both ventricles from base to apex. A 

2-D gradient echo Fast Low Angle Shot (FLASH) was used to perform two dimensional 
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velocity encoded CMR flow measurements, perpendicular and ± 1.5 cm cranial to 

the pulmonary and aortic valve, and were acquired during normal respiration with 

retrospective cardiac gating.

CMR analysis
All CMR studies were analyzed offline using dedicated software (QMass 7.6, Medis, 

Leiden, The Netherlands) to quantify ventricular function, volume and mass and to 

analyze pulmonary artery and aortic flow. The assessments were performed by one 

observer (A.S.S.) and reviewed by another observer (T.M.G.) In case of disagreement, 

CMR studies were also reviewed by a certified level 3 trained cardiovascular radiologist 

(T.P.W.). Endo - and epicardial borders of the LV and RV were manually traced in 

end-diastolic and end-systolic phases. On the most basal slice, both atria, the aorta 

and the pulmonary artery were excluded. The RV outflow tract was included until the 

pulmonary valve. The papillary muscle and trabeculae were excluded from ventricular 

volumes, by using semi-automatic threshold-based segmentation software (MassK 

Mode®, Medis, Leiden, The Netherlands) 24. End-diastolic and end-systolic volumes 

were automatically calculated by the summation of slices multiplied by slice thickness 

method. Stroke volume, ejection fraction (EF), ventricular mass and RV/LV volume 

ratio were calculated using standard formulas. Pulmonary artery and aortic flow were 

analyzed using Qflow 5.6 (Medis, Leiden, The Netherlands). Pulmonary and aortic 

contours were generated semi-automatically on the standard magnitude images, 

and thereafter manually adjusted for each phase image. Forward and backward flow 

of the aortic and pulmonary valve were measured and used to calculate CO and 

regurgitation fraction using standard formulas. All absolute volumes and masses were 

indexed for body surface area measured at the time of CMR. LV and RV dysfunction 

were defined as EF < 50 and < 45%, respectively 25, 26.

Statistical analysis
Continuous variables with normal distribution are presented as mean with standard 

deviation (±SD), nonnormally distributed data as median with interquartile ranges 

[Q1-Q3], dichotomous variables as absolute numbers with percentages. Correlations 

were calculated using Pearson’s product moment if variables were continuous and 

Spearman’s rank–order correlation if either of the variables was ordinal. For the 

primary endpoint, univariable and multivariable linear regression were used to 

associate baseline characteristics (age, body mass index (BMI) and parity) and CMR 

parameters (RV and LV function, volume and mass and RV/LV volume ratio) with 

uterine and umbilical PI at 20 and 32 weeks gestation. For multivariable analysis, 



 Chapter 5

88

known predisposing factors for poor placentation (age and BMI 27) and RV function 

(RVEF) based on our previous results were selected 1, 12–14. To maintain model 

validity, variables were kept to a maximum of 3 due to the small study sample. 

Multivariable Lasso regression with penalized selection of variables was performed 

to identify the most parsimonious model and to confirm results of the univariable 

analyses. Logistic regression analyses were performed to associate baseline CMR 

parameters with high PI of uterine or umbilical artery during pregnancy (indicative 

for abnormal placentation). High or normal PI during pregnancy was established in 

women with complete follow-up data available of uterine and umbilical artery PI at 

20 and 32 weeks gestation. Comparison of continuous variables between groups 

(high vs. normal PI) was performed with the Student t-test or Mann-Whitney U test, 

depending on distribution. For internal validation, because of the time gap between 

CMR evaluation and pregnancy, linear univariable regression were used to associate 

echocardiographic parameters of ventricular function (LVEF, tricuspid annular plane 

systolic excursion (TAPSE), S′) and chamber dimensions during pregnancy (at 20 

and 32 weeks) with uteroplacental Doppler flow parameters. A p-value <0.05 was 

considered statistically significant. Statistical analyses were performed using the 

SPSS version 23.0 software package (Statistical Package for the Social Sciences, 

International Business Machines, Inc., Armonk, New York, USA) and STATA software 

package (version 13, Stata Corporation, College Station, Texas, USA).

Results
Pre-pregnancy characteristics
In the ZAHARA II and III study 66 repaired ToF women were included. For the present 

study, women were excluded because of miscarriage (n = 3), no CMR evaluation 

available because of a pacemaker (n = 3) or no CMR evaluation available within 2 

years before pregnancy (n = 29), resulting in a total study population of 31 repaired 

ToF women (median time between the CMR evaluation and date of conception was 8 

[3–14] months). Pre-pregnancy characteristics are presented in Table 1. One woman 

had a history of arrhythmia and one woman had a history of heart failure. None of 

the women had hypertension before pregnancy. Because of atrial tachyarrhythmia 

or reduced LV function, five (16.1%) women were on beta-blocker therapy before 

pregnancy. One woman was on angiotensin converting enzyme inhibitor therapy and 

no diuretics were used. Ventricular volume and function data are outlined in Table 2.
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Table 1. Baseline characteristics (prior to pregnancy)

Total n = 31
Maternal age at conception (years) 30.0 ± 4.8
BMI (kg/m2) 24.6 ± 4.3
NYHA class

I 

II

21 (67.7%) 

10 (32.3%)
Modified WHO class*

II

III

25 (80.6%)

6 (19.4%)
Surgical history
 Age complete ToF repair 2 [1 – 5 years]
Type of ToF repair
 Infundibular patch / commissurotomy 13 (41.9%)
 Transannular patch 12 (38.7%)
 RV-pulmonary artery conduit 2 (6.5%)
 Other 4 (12.9%)
Pulmonary valve replacement 8 (25.8%)

Data is reported as mean ± SD, median [interquartile range] or n (%).*Risk classification of 
maternal cardiovascular risk during pregnancy.17 BMI; body mass index, NYHA; New York Heart 
Association, PA; pulmonary artery, RV; right ventricle, ToF; Tetralogy of Fallot, WHO; world 
health organization.

Table 2. Pre-pregnancy cardiac magnetic resonance imaging

Total n = 31
RV mass index (g/m2) 30.5 ± 7.4
RV end-diastolic volume index (ml/m2) 119.0 ± 32.5
RV end-systolic volume index (ml/m2) 61.9 ± 23.0
RV cardiac output (L/min) 4.7 ± 0.9
RV ejection fraction (%) 49.0 ± 7.7
RV dysfunction (EF < 45%) 9 (29.0%)
RV/LV volume ratio 1.5 ± 0.6
LV mass index (g/m2) 42.2 ± 11.1
LV end-diastolic volume index (ml/m2) 79.6 ± 18.1
LV end-systolic volume index (ml/m2) 34.1 ± 11.7
LV cardiac output (L/min) 4.8 ± 0.8
LV ejection fraction (%) 57.8 ± 5.9
LV dysfunction (EF < 50%) 2 (6.5)
Pulmonary regurgitation fraction (%) 24.7 ± 19.3

Data is reported as mean ± SD or n (%). EF; ejection fraction, LV; left ventricle, RV; right 
ventricle.
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Relationship between pre-pregnancy CMR parameters and uteropla-
cental circulation
Median time between pre-pregnancy CMR evaluation and uteroplacental flow 

measurements at 20 weeks and 32 weeks gestation were 12 [7–19] months and 

15 [10–23] months, respectively. Uteroplacental flow measurements (PI) were 

available in 26 (83.9%) ToF women at 20 weeks and in 28 (90.3%) ToF women at 

32 weeks gestation. Univariable and multivariable associations of prepregnancy CMR 

parameters, uterine artery PI at 20 weeks and umbilical artery PI at 32 weeks gestation 

of ToF women are reported in Tables 3 and 4. Reduced RVEF, higher indexed LV 

end diastolic volume (EDV) and LV end systolic volume (ESV) were associated with 

impaired uterine artery PI at 20 weeks with univariable analyses (P = 0.037, P = 0.001 

and P = 0.003, respectively). Higher maternal age, reduced RV EF and higher indexed 

RV ESV were associated with impaired umbilical artery PI at 32 weeks with univariable 

analyses (P = 0.037, P = 0.001 and P = 0.004, respectively). A negative correlation 

was found between RVEF and indexed LV ESV (P = 0.016). No correlation was found 

between RVEF and pulmonary regurgitation fraction. With multivariable analyses 

(corrected for age and BMI), reduced RVEF before pregnancy remained significantly 

associated with higher umbilical artery PI at 32 weeks gestation. Lasso regression 

analysis including all parameters (as shown in Tables 3 and 4) at 20 weeks selected 

RVEF and indexed LV EDV and at 32 weeks selected age, BMI, RVEF and RVESVI in the 

aforementioned models. The associations between RVEF, LVEF and uteroplacental 

flow (PI) are shown in Fig. 1. High PI (at 20 or 32 weeks) was reported in 6 (30.0%) of 

the 20 women with complete evaluation available of uterine and umbilical PI during 

pregnancy. Only RVEF was associated with high PI values (odds ratio = 0.85, P = 0.045). 

As shown in Fig. 1, RVEF was significantly lower in women with high PI values, compared 

to women with normal PI during pregnancy (44% vs. 53%, p = 0.022). Univariable 

analyses of echocardiographic parameters during pregnancy with uteroplacental flow 

showed that reduced RV function (S′), higher index RV diameter (basal) and outflow 

tract dimension at 20 weeks were associated with impaired umbilical artery PI at 

32 weeks (P = 0.045, P = 0.047 and P = 0.008, respectively). For internal validation, 

correlation was assessed between preconception CMR and echocardiography data 

during pregnancy. A correlation was found between prepregnancy

RV volume measured by CMR (RV EDV) and RV echocardiographic dimensions (basal 

diameter and outflow tract) at 20 weeks gestation (Pearson = 0.794, P < 0.001 and 
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Pearson = 0.624, P = 0.013, respectively). A trend was shown in the correlation 

between prepregnancy RVEF and RV S′ at 20 weeks gestation (Pearson = 0.425, P = 

0.070).

Table 3. Univariable and multivariable regression analysis pre-pregnancy CMR parameters and 
uterine artery PI at 20 weeks gestation.

N Beta (95% CI) P-value
Univariable
Age at conception 26 -0.007 (-0.044 – 0.030) 0.687
BMI (kg/m2) 26 -0.018 (-0.053 – 0.017) 0.299
Parity 26 -0.048 (-0.370 – 0.284) 0.788
RV mass index (g/m2) 26 0.002 (-0.019 – 0.023) 0.874
RV EDVi (mL/m2) 26 0.004 (-0.003 – 0.010) 0.270
RV ESVi (mL/m2) 26 0.008 (-0.001 – 0.016) 0.064
RV cardiac output (L/min) 25 -0.026 (-0.167 – 0.115) 0.707
RVEF (%) 26 -0.021 (-0.041 – -0.001) 0.037
RV/LV volume ratio 26 -0.267 (-0.730 – 0.197) 0.247
LV mass index (g/m2) 26 0.006 (-0.013 – 0.025) 0.509
LV EDVi (mL/m2) 26 0.015 (0.007 – 0.023) 0.001
LV ESVi (mL/m2) 26 0.018 (0.007 – 0.030) 0.003
LV cardiac output (L/min) 23 -0.047 (-0.277 – 0.182) 0.671
LVEF (%) 26 -0.019 (-0.043 – 0.006) 0.126
Multivariable
RVEF adjusted for age 26 -0.008 (-0.042 – -0.001) 0.040
RVEF adjusted for age and BMI 26 -0.020 (-0.041 – 0.001) 0.057

BMI; body mass index, LV; left ventricle, LVEF; left ventricular ejection fraction, LV EDVi; 
indexed left ventricular end diastolic volume, LV ESVi; indexed left ventricular end systolic 
volume, RV; right ventricle, RVEF; right ventricular ejection fraction, RV EDVi; indexed right 
ventricular end diastolic volume, RV ESVi; indexed right ventricular end systolic volume.
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Table 4. Univariable and multivariable regression analysis pre-pregnancy CMR parameters and 
umbilical artery PI at 32 weeks gestation.

N Beta (95% CI) P-value
Univariable
Age at conception 28 0.015 (0.001 – 0.030) 0.037
BMI (kg/m2) 28 -0.014 (-0.030 – 0.001) 0.071
Parity 28 0.045 (-0.103 – 0.194) 0.536
RV mass index (g/m2) 28 0.002 (-0.008 – 0.012) 0.655
RV EDVi (mL/m2) 28 0.002 (0.000 – 0.005) 0.057
RV ESVi (mL/m2) 28 0.005 (0.002 – 0.008) 0.004
RV cardiac output (L/min) 27 -0.029 (-0.092 – 0.034) 0.347
RVEF (%) 28 -0.015 (-0.023 – -0.006) 0.001
RV/LV ratio 28 0.079 (-0.051 – 0.208) 0.222
LV mass index (g/m2) 28 0.001 (-0.006 – 0.008) 0.752
LV EDVi (mL/m2) 28 0.001 (-0.004 – 0.005) 0.778
LV ESVi (mL/m2) 28 0.002 (-0.005 – 0.008) 0.582
LV cardiac output  
(L/min)

24 -0.025 (-0.116 – 0.067) 0.581

LVEF (%) 28 -0.006 (-0.019 – 0.006) 0.305
Multivariable
RVEF adjusted for age 28 -0.014 (-0.021 – -0.006) 0.001
RVEF adjusted for age and 
BMI

28 -0.013 (-0.020 – -0.005) 0.002

BMI; body mass index, LV; left ventricle, LVEF; left ventricular ejection fraction, LV EDVi; 
indexed left ventricular end diastolic volume, LV ESVi; indexed left ventricular end systolic 
volume, RV; right ventricle, RVEF; right ventricular ejection fraction, RV EDVi; indexed right 

ventricular end diastolic volume, RV ESVi; indexed right ventricular end systolic volume.
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Figure 1. Associations between cardiac function and uteroplacental circulation. A+B: Regression 
plots between right ventricular (RV) ejection fraction (EF), left ventricular (LV) EF and umbilical 
artery pulsatility index (PI) at 32 weeks of pregnancy. C+D: relation between RVEF, LVEF and 
normal PI vs. high PI of uterine or umbilical artery during pregnancy (at 20 or 32 weeks gestation). 
*Patients included with complete follow-up data available of uterine and umbilical artery PI at 
20 and 32 weeks.

Discussion
The main finding of the present CMR study is that a reduced RV function before 

pregnancy is associated with impaired uteroplacental Doppler parameters during 

pregnancy in women with repaired ToF. These findings suggest that impaired RV 

function might be a predisposing factor for poor placental function, which is known 

to be associated with adverse maternal and neonatal outcome. The current study 

combining CMR with PI confirms our previous findings that pre-existing reduced RV 

function is associated with impaired uteroplacental circulation 1, 12–14. In our previous 

echocardiographic studies, we were limited in the assessment of RV function and 

CO measurements due to the specific modality. In the present study, we used CMR, 

i.e. the accepted gold standard assessment of cardiac function resulting in more 

robust information about RV and LV function. To the extent of our knowledge, this 
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is the first study to investigate both reduced CO and RV dysfunction in relation to 

abnormal uteroplacental Doppler flow parameters. Our findings suggest that pre-

existing impaired RV function, rather than impaired LV function, has a negative effect 

on placentation. Venous congestion could play a central role in this effect. This has 

previously been shown for other organs in patients with heart failure. Indeed, in such 

patients, it is well known that kidney and liver failure are associated with impaired 

organ perfusion. Interestingly, venous congestion seems to be a more important 

hemodynamic determinant for deterioration of renal and liver function than reduced 

perfusion 7, 10. Furthermore, RV dysfunction is a strong predictor of renal impairment 

in patients with decompensated heart failure 28, 29. The same could possibly be true for 

impaired placental circulation. Evidence that RV dysfunction plays a prominent role in 

placental development and uteroplacental flow regulation is increasing. The question 

that remains is whether RV dysfunction is a direct cause of abnormal uteroplacental 

circulation parameters, and if so, what is the underlying pathophysiological 

mechanism. Could it be that RV dysfunction leads to venous congestion resulting in 

defective placentation or is the RV unable to increase CO during pregnancy due to 

worse functional reserve? To answer this question, other conditions could possibly 

give us some insight. For instance, there is increasing evidence that venous congestion 

plays a role in pre-eclampsia. Despite widespread consensus that pre-eclampsia 

is a predominant placental disorder (associated with abnormal uteroplacental 

flow patterns), maladaptation of the maternal cardiovascular system to pregnancy 

might be the primary mechanism leading to placental dysfunction 27. Interestingly 

in women with pre-eclampsia, both RV dysfunction and abnormal maternal venous 

hemodynamics have been shown 30, 31. These changes may lead to further increased 

venous pressure on the placenta which might impair trophoblast invasion resulting 

in abnormal placentation, as previously postulated by Gyselaers et al. 32 These data 

support the view that venous congestion, a typical consequence of RV dysfunction, 

is a critical factor in the relation between the heart and placental dysfunction. A 

multicenter prospective study to investigate RV function, venous hemodynamics and 

CO in pregnant women with ToF, including serial CMR evaluation at preconception, 

during pregnancy and post-partum, is currently underway to further elucidate the 

pathophysiological mechanism and its clinical consequence (Netherlands trial register 

id: NL7890). Furthermore, the pathophysiology of placental dysfunction is most 

likely multifactorial and therefore studies to other possible factors (e.g. endothelial 

dysfunction) are also needed. Lastly, since non-contrast CMR is considered to be a 

safe imaging modality in pregnancy for both the mother and fetus 33, CMR could also 
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be very useful for evaluation of placental and foetal blood flow and deserves further 

investigation 34, 35.  Until these pathophysiological mechanisms are clarified, frequent 

monitoring of the placental circulation during pregnancy seems reasonable in women 

with pre-existing RV dysfunction due to their higher risk of impaired placental function 

and thus worse pregnancy outcome. If the association between venous congestion 

and worse RV function would be confirmed in pregnant women, then it could be 

worth studying the therapeutic use of medications to reduce venous congestion, 

such as diuretics, on placental circulation.

Limitations
The number of women in the present study was relatively small, which limits the 

multivariable regression analyses. However, with additional Lasso regression analyses 
36, the findings were confirmed which supports our findings. We acknowledge this 

point, but unfortunately, rather few CMR studies in this population are performed 

and we believe that despite this, we are still able to draw some conclusions. Second, 

although ZAHARA was a prospective study, CMR data were collected retrospectively. 

Third, it would have been interesting to have CMR data (of RV function and CO) at the 

same time as the uteroplacental circulation measurements, but CMR studies during 

pregnancy were not available in the current study. Having said this, CMR data pre-

pregnancy did correlate with echocardiography data measured during pregnancy. 

In addition, internal validation, using echocardiography data for reduced RV function 

and uteroplacental flow impairment correlation, showed similar patterns. At last, not 

all women had complete evaluation of uteroplacental circulation at both time points 

during pregnancy (20 and 32 weeks), since measurements could be technically difficult 

depending on the location of the fetus during evaluation and therefore missing data 

was unavoidable.
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Conclusions
The present CMR study shows that reduced RV function before pregnancy is associated 

with abnormal uteroplacental Doppler flow parameters. It could be postulated that 

reduced RV function on pre-pregnancy CMR (≤2 years) is a predisposing factor for 

impaired placental function in women with repaired ToF.
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Abstract
In pregnant women with repaired Tetralogy of Fallot (ToF), reduced right ventricular 

(RV) function may lead to impaired uteroplacental circulation. We investigated 

hepatic and renal venous flow in 3 pregnant ToF patients, showing abnormal venous 

blood flow at 20-24 weeks gestation. These findings support the hypothesis that RV 

dysfunction can negatively affect placental function due to congestion.

Background
Evidence that maternal cardiac function determines placental function and thus 

pregnancy outcome is increasing, however the pathophysiology of the underlying 

mechanism remains unclear. In patients with heart failure, reduced perfusion 

and venous congestion are the most important factors for organ dysfunction.1 As 

the placenta can be seen as a temporary fetomaternal vascular organ, similar 

hemodynamic interactions between the heart and the placenta might be present. 

Our previous studies in pregnant women with several congenital heart diseases 

showed a consistent association between pre-existing subclinical right ventricular 

(RV) dysfunction and impaired uteroplacental circulation.2-4 We hypothesized that 

this might be a consequence of venous congestion. To find evidence that venous 

congestion could play an important role in the cardio-placental interaction, venous 

maternal hemodynamics were prospectively studied in 3 pregnant women with 

repaired Tetralogy of Fallot (ToF), a fairly common right sided heart disease in women in 

reproductive age. Non-invasive standardized Doppler flow examination of the hepatic 

and renal veins were performed at 20-24 weeks of pregnancy.5,6 Measurements 

included venous impedance index, calculated using the formula [(maximum velocity 

minimum velocity) / maximum velocity], and venous pulse transit time, which is the 

heart rate corrected time interval between the P top from the ECG wave and the A 

wave of the Doppler pulse wave.6,7 These parameters were considered abnormal if 

the value exceeded the 75th percentile reference values according to gestational age 

in healthy pregnant women.7
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Cases
Case 1.

A 38 year old gravida 2, para 1 woman with repaired ToF, was examined at 23+5 weeks 

gestation for her second trimester routine follow-up. Her medical history included ToF 

repair with a transannular patch at 3 years old and a percutaneous replacement of 

pulmonary valve at the age of 25. Echocardiography was preformed 4 months before 

pregnancy and revealed normal size and function of the left ventricle, RV function 

and size parameters were TAPSE 21 mm, S’10.2 cm/s, RVEDD 43 mm and RV peak 

pressure 59 mmHg. There was no pulmonary regurgitation, mild pulmonary valve 

stenosis and mild tricuspid regurgitation. At her second trimester follow-up, she was 

asymptomatic and clinically did not have signs of RV failure. She used no medication. 

Table 1 presents echocardiographic evaluation at second trimester and increased 

dimensions and peak pressure of RV were observed compared to preconception 

values. Obstetric evaluation showed no abnormalities. Hepatic and renal venous flow 

at 20-24 weeks gestation were both abnormal with elevated atrial backflow velocities 

and discontinues renal flow (Figure 1C, 1D and Table 2).

Case 2.

A 34 year old gravida 1, para 0 woman with repaired ToF, was examined at 23+2weeks 

gestation for her second trimester routine follow-up. Her medical history included ToF 

repair which included an infundibular resection with valvulotomy at 4 years old and a 

replacement of pulmonary valve at the age of 31. Echocardiography was performed 

6 months before pregnancy and revealed normal size and function of the left 

ventricle. The RV was mildly dilated with a slight reduction in function (TAPSE 19 mm, 

S’ 9.6cm/s, RVEDD 46 mm, RV peak pressure 29 mmHg). There was mild pulmonary 

regurgitation, no pulmonary valve stenosis and mild tricuspid regurgitation. At her 

second trimester follow-up, she was asymptomatic and clinically did not have signs of 

RV failure. She used no medication. Table 1 presents echocardiographic evaluation at 

second trimester with stable LV and RV function compared to preconception values. 

Obstetric evaluation showed no abnormalities. Similar to case 1, hepatic and renal 

venous flow were abnormal with elevated atrial backflow velocities and decreased 

pulse transit time parameters (Figure 1E, 1F and Table 2).
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Case 3.
A 41 year old gravida 1, para 0 woman with repaired ToF, was examined at 23+2weeks 

gestation for her second trimester routine follow-up. Her medical history included 

Fallot repairment with transannular patch at 0 years old and a replacement of 

pulmonary valve at 31 years old. Echocardiography was performed 2 months before 

pregnancy and revealed normal size and function of the left ventricle. RV function and 

size parameters were TAPSE 19 mm and RVEDD 42 mm. There was mild pulmonary 

regurgitation, no pulmonary valve stenosis and mild tricuspid regurgitation. At her 

second trimester follow-up, she was asymptomatic and clinically did not have signs of 

RV failure. She used no medication. Table 1 presents echocardiographic evaluation at 

second trimester with stable LV and RV function compared to preconception values. 

Obstetric evaluation showed no abnormalities. Again, both, hepatic and renal venous 

flow were abnormal with elevated atrial backflow velocities and discontinues renal 

flow as presented in Figure 1G, 1H and Table 2.

Table 1. Echocardiography 20-24 weeks gestation

Case 1 Case 2 Case 3
RV function
 TAPSE (mm) 22 19 18
 S’ (cm/s) 15.2 9.1 -
 FAC (%) 32 28 35
 E’ (cm/s) 16.8 17.2 -
RV dimensions
 RVEDD (mm) 48 47 39 
RV peak pressure (mmHg) 61 28 32
RA volume (mL) 67 53 63
LV systolic function
 LVEF (%) 55 52 55
LV diastolic function Normal Normal Normal
Pulmonary valve stenosis No No No
Pulmonary valve regurgitation Mild/moderate No Mild
Tricuspid valve regurgitation Mild Mild Mild
VCI diameter
 Expiration (mm) 16 20 20
 Inspiration (mm) 3 4 -
 % collaps 79 78 >50%

E’; early diastolic tissue Doppler velocity of systemic ventricular annular ring, FAC; fractional 
area change, LV; left ventricle, LVEF; left ventricular ejection fraction, RA; right atrium, RV; 
right ventricle, RVEDD; right ventricle end diastiolic diameter, S’; systolic tissue Doppler 
velocity of tricuspid annular ring, TAPSE; tricuspid annular plane systolic excursion, VCI; 
vena cava inferior.
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Table 2. Hepatic and renal venous flow at 20-24 weeks gestation

Normal values7

[IQR1 – IQR3]
Case 1 Case 2 Case 3

Impedance index
HVI 0.24 – 1.39 1.80 ↑ 1.98 ↑ 1.79 ↑
L RIVI 0.36 – 0.49 0.86 ↑ 0.71 ↑ 0.65 ↑
R RIVI 0.35 – 0.48 0.77 ↑ 0.61 ↑ 0.67 ↑
Time
Liver VPTT 0.16 – 0.30 0.17 0.17 0.12 ↓
LK VPTT 0.27 – 0.36 0.29 0.19 ↓ 0.18 ↓
RK VPTT 0.26 – 0.37 0.23 ↓ 0.20 ↓ 0.11 ↓

HVI; hepatic vein index, IQR; interquartile range, LK ; left kidney, RIVI; renal interlobular vein 
index, RK; right kidney, VPTT; venous pulse transit time. Impedance index is calculated us-
ing the formula [(maximum velocity minimum velocity) / maximum velocity]. Venous pulse 
transit time, is the heart rate corrected time interval between the P top from the ECG wave 
and the A wave of the Doppler pulse wave.6,7
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Figure 1. Hepatic and renal venous flow in pregnant women with ToF (C,E,G and D,F,H 
respectively) versus hepatic and renal venous flow in healthy pregnant women (A and B, 
respectively) at 20-24 weeks gestation. Healthy controls: A+B, Case 1: C+D, Case 2: E+F, 
Case 3: G+H. BF; backward flow, FF; forward flow. In both liver and kidneys, backward/dis-
continue flow were seen in pregnant women with ToF, which is in contrast to the forward/
continuous flow in healthy controls at 20-24 weeks gestation.
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Discussion
In this prospective case series we show for the first time 3 cases of pregnant women 

with repaired ToF with abnormal venous blood flow in the liver and kidneys during 

second trimester. This investigative case series supports the hypothesis that venous 

congestion is present in pregnant women, even when RV dysfunction is still pre-

symptomatic. Venous congestion might therefore play an important role in the 

cardio-placental interaction in pregnant women with heart disease. 

All 3 patients had abnormal hepatic and renal venous flow measurements compared 

to the flow measurements of healthy pregnant women at 20-24 weeks gestation7, 

with signs of venous congestion: 1) increased impedance index, 2) decreased pulse 

transit time and 3) discontinuous blood flow patterns. Higher impedance index is a 

result of increased retrograde intravenous rebound of right atrial contraction, which 

is known to be associated with reduced RV compliance, elevated RV end-diastolic 

pressure8, and increased volume load.9 During normal pregnancy at 20-24 weeks 

gestation, venous flow in the liver and kidney is continuous and forward flow is still 

present during right atrial contraction.5,6 This is in contrast to the discontinuous renal 

flow and tetraphasic hepatic flow patterns including atrial backward flow in our case 

series. As in patients with heart failure, this discontinuous renal venous flow is a result 

of intravascular volume expansion10, which could also be the case in this study. The 

observed venous flow abnormalities in this study have been previously associated 

with impaired RV function and/or decreased venous compliance secondary to 

intravascular volume expansion, and can be seen as signs and symptoms of venous 

congestion.

It is plausible that the observed abnormal venous patterns in the liver and kidneys 

in pregnant women with repaired ToF are also present in the venous compartment 

of the uteroplacental circulation, which may negatively affects placental function. 

Experimental studies using placental models previously have shown that increased 

venous pressure results in an increased uteroplacental resistance, leading to 

decreased uteroplacental blood flow and resulting in deformation and compression 

of the capillaries in the placental villi.11 Impaired placental circulation is in turn 

associated with adverse pregnancy outcome for both mother and child. Therefore, 

the abnormalities in venous flow found in this case series support the hypothesis 

that RV dysfunction leads to venous congestion, resulting in impaired placental 

circulation and thus negatively affect pregnancy outcome. Furthermore, these venous 

flow abnormalities are known to be associated with development of preeclampsia.11 
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Future studies are needed to evaluate the true placental effects of abnormal venous 

flow.

Interesting is that these venous abnormalities were already found in pregnant 

ToF women with borderline RV dysfunction and might suggest that women with 

subclinical RV dysfunction are already at increased risk for venous congestion and 

possible placental malfunction. In addition, signs of venous congestion were already 

detected during hepatic and renal vein examination, when vena cava inferior (VCI) 

collapse was still normal on echocardiography. This suggests that the commonly used 

VCI measurement might not be subtle enough to evaluate changes in venous flow 

during pregnancy, with its possible effects on placental function and thus pregnancy 

outcome. Doppler examination of hepatic and renal veins is non-invasive and easily 

to perform and deserves therefore further investigation to determine its clinical value 

and the possible role in improvement of risk assessment of pregnant women with 

reduced RV function.
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Abstract
Female heart disease has for a long time been an underrecognized problem in the 

field of cardiology. With an ever growing number of these patients getting pregnant, 

cardiac dysfunction during pregnancy is an increasingly large medical problem. 

Previous work has shown that maternal heart disease may have an adverse effect 

on pregnancy outcome in both mother and child. The placenta forms the connection 

and it is postulated that cardiac dysfunction negatively affects the placenta, and 

consequently, neonatal outcome. Given the paucity of data in this field, more research 

on the influence of cardiac (mal)function on placental (mal)function is needed. 

The present review describes placental function in women with various types of 

cardiac dysfunction, thereby aiming to provide more insight into possible underlying 

mechanisms of placental malfunction.

Organ dysfunction in patients with heart failure is for an important part based on 

reduced perfusion and venous congestion. This has been shown in other organs such 

as kidneys, liver and brain. In pregnant women with cardiac dysfunction, placental 

dysfunction may follow a similar pattern. Moreover, other factors, such as pre-existing 

hypertension and chronic hypoxia may lead to further impairment of placental 

function, through abnormal vascular remodeling of the uterine spiral arteries. The 

pathophysiology of placental dysfunction in pregnant women with cardiac dysfunction 

may thus be multifactorial. It is therefore important to monitor closely cardiac and 

placental function in such high risk pregnancies. Gaining a better understanding of 

the underlying pathophysiological mechanisms may have important implications in 

terms of pregnancy counseling, monitoring and outcome.
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Introduction
Maternal heart disease complicates 1-4% of pregnancies and can result in adverse 

pregnancy outcome for both the mother and her child.1 The burden of maternal heart 

disease is increasing over the years, due to improved survival of women with congenital 

heart disease (one of the main diagnoses of heart disease during pregnancy) and 

to postponing pregnancies to the late reproductive years. Unfortunately maternal 

heart disease, in particular cardiac dysfunction, is now the leading cause of maternal 

deaths in developed countries.2,3 Large observational studies and registries have 

been conducted to improve pregnancy monitoring and outcome of women with heart 

disease4-8, however gaining a better understanding of the underlying pathophysiologic 

mechanisms is also important for strategy development.

The placenta is a complex and unique vascular organ, which connects the fetus to the 

mother. The placenta produces essential hormones, protects the fetus as a barrier 

for threats and provides oxygen and nutrients to the fetus. As shown in Figure 1, 

maternal blood is ejected by the uterine spiral arteries into the intervillous space of 

the placenta where maternal-fetal exchange of oxygen and nutrients occur across 

the syncytiovascular layer surrounding the placental villi.9 The placenta is a perfusion 

dependent organ. In early pregnancy, 3-6% of the maternal cardiac output is distributed 

to the placenta and at term this percentage goes up to approximately 12%.10 Impaired 

maternal cardiovascular function therefore directly affects placental perfusion and 

function and it has been postulated that uteroplacental insufficiency is the crucial 

mechanistic link between maternal heart disease and neonatal complications.10-14 

Data regarding underlying mechanisms linking cardiac function and placental function 

are, however, scarce. Therefore, looking at known cardiovascular factors associated 

with other organ dysfunction in patients with cardiac dysfunction, may provide more 

insight. The main cardiovascular determinants for e.g. kidneys and liver dysfunction, 

are reduced perfusion and venous congestion. However several other factors such 

as inflammation, endothelial dysfunction and hypertension may further contribute 

to organ injury as a response to the hemodynamic alterations or as a pre-existing 

risk factor.15-17 In pregnant women with cardiac dysfunction, placental dysfunction 

may follow a similar pattern. The present review aims at mapping placental function 

(reflected by uteroplacental circulation, histological evaluation and neonatal outcome) 

in women with various types of cardiovascular dysfunction in order to provide more 

insight into the possible underlying mechanisms of placental malfunction.
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Figure 1. Schematic cross-section of the placenta with maternal and fetal circulation. Maternal 
blood pools in the intervillous space. Oxygen and nutrients transfers to the fetal circulation 
through the membrane of the fetal villus.

Cardiac dysfunction and placental function
Reduced left (“systemic”) ventricular function
Impaired left ventricular (LV) function is associated with reduced cardiac output 

(CO) resulting in hypoperfusion of organs (“forward failure”), including the placenta. 

Important causes of reduced LV function during pregnancy are e.g. cardiomyopathy, 

and morphological right ventricle (RV) in systemic position (Fontan circulation and 

Senning/Mustard corrected transposition of the great arteries), which may lead to 

inadequate cardiac performance during pregnancy. Signs of placental malfunction 

(based on placenta histology, uteroplacental circulation and related neonatal 

outcomes) are presented in women with reduced LV function and reported in Table 

1.13,18-21 A decline of cardiac output during pregnancy is associated with impaired 

uteroplacental circulation in women with heart disease.13 An impaired uteroplacental 

circulation interferes with normal placental organ development and signs of 

placental dysfunction due to hypoperfusion have been documented on placental 

histopathology. In Fontan patients, with a functional/anatomic single ventricle, villous 

hypoplasia (underdevelopment with reduced exchange surface) has been described 

and was suggested to be the result of low cardiac output (Figure 2A and 2B).18 In 

pregnant women with cardiomyopathy, ischemic changes were found in 65.7% of the 
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placentas. Histologic findings suggestive of chronic ischemia included small chorionic 

villi with large syncytial knots and absence of midsized villi with only one or a few 

capillaries per each villus (accelerated maturation) (Figure 2A). These changes were, 

in turn, associated with an increased risk of fetal adverse events.19 Further research to 

determine critical values of LV dysfunction (e.g. heart failure with preserved vs. mid-

range and reduced ejection fraction) in which the abovementioned signs of placental 

malfunction may appear is highly warranted.

Reduced right (“non-systemic”) ventricular function 
Impaired RV function can affect organs through venous congestion (“backward 

failure”) or via reduced cardiac output through LV-RV interaction. Many factors may 

contribute to reduced cardiac output in patients with impaired RV function, i.e. RV 

systolic dysfunction, tricuspid regurgitation and ventricular interdependence due 

to paradoxical movement of the interventricular septum.22 In abovementioned 

conditions, reduced RV function may also lead to impaired placental function and 

thus adverse pregnancy outcome. Our previous studies investigating the relation 

between maternal cardiac function and uteroplacental circulation in women with 

various types of congenital heart diseases reported that right-sided rather than 

left-sided function parameters were associated with impaired uteroplacental 

circulation (Table 1).11,12,14,23,24 Therefore, it is postulated that RV function is a 

predisposing factor for impaired placental function. Possible influences of reduced 

RV function on placental circulation and function will be discussed below in “Extrinsic 

defects”. Studies investigating neonatal outcome of pregnancies with reduced RV 

function (e.g. repaired Tetralogy of Fallot and Pulmonary Hypertension), showed 

increased rates of small for gestational age (SGA) infants, used as a proxy for 

fetal growth restriction, preterm birth and stillbirth, as presented in Table 1.20,25-27  

There is only one histological study reviewing placental pathology in conditions of 

high systemic venous pressure (a consequence of reduced RV function).18 In pregnant 

women with Fontan, where venous and pulmonary flow is passive and venous 

pressure is known to be elevated, prominent sub-chorionic fibrin deposition has 

been described. Based on the pathologic signs in these placentas, it is suggested that 

high systemic venous pressure leads to chronic small abruptions and stagnation of 

placental blood flow. This may result in the sub-chorionic fibrin deposition seen in 

this series of patients. The authors of the latter study speculated that sub-chorionic 

fibrin deposition could lead to underperfusion of the fetus by compression of the 
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vessels in the chorionic and larger stem villous vessels resulting in fetal growth 

restriction. (Figure 2C and 2D).18 This mechanism might therefore be responsible for 

reduced maternal-fetal exchanges in pregnant women with venous congestion due 

to impaired RV function.

Pre-existing hypertension
High blood pressure can damage the blood vessels in and towards an organ. 

Hypertensive disease of pregnancy includes several, but different, conditions including 

chronic hypertension (pre-existing or diagnosed before 20 weeks gestation) or de 

novo (either preeclampsia or gestational hypertension after 20 weeks gestation).28 

Since the focus of this review is on pre-existing cardiovascular dysfunction, we will 

focus on studies investigating pre-existing hypertension and placental characteristics, 

which is outlined in Table 1.29,30 Kovo et al. examined the effect of various types of 

hypertensive disorders on maternal and fetal placental vascular circulation.29 The 

rate of placental lesions related to maternal vascular malperfusion was significantly 

higher compared to normotensive pregnant women (72% versus 26%) and was 

also higher than in women with other hypertensive disorders during pregnancy (29-

65%). These lesions were defined according to the Amsterdam workshop consensus 

criteria31, including maternal vascular malperfusion associated vascular lesions (mural 

hypertrophy (Figure 2E)) and villous changes (increased syncytial knots and villous 

infarcts).31 Women with chronic hypertension had more than a six fold higher risk 

of placental lesions related to maternal vascular malperfusion. However, it must be 

noted that these women with chronic hypertension also had an increased incidence of 

insulin-dependent gestational diabetes, which in turn is related to social background 

with more risk factors such as poor dietary intake and smoking, that all can lead to 

additional placental vascular lesions. 

Also high rates of acute chorioamnionitis (29.1%), particularly a maternal inflammatory 

response, were described in women with chronic hypertension.32 When looking at 

neonatal outcome, pregnant women with chronic hypertension have increased rates 

of SGA, preterm birth and stillbirth.33 Moreover, a study of Wikström et al. showed 

that women with ‘pre-hypertension’ (diastolic blood pressure of 80-90mm Hg) were 

also at higher risk for SGA infants and stillbirths.34 It is therefore postulated that 

adverse neonatal outcome in these women is a consequence of secondary placental 

dysfunction caused by impaired maternal cardiovascular function related to (pre)

hypertension.35 Studies investigating uteroplacental Doppler flow in women with pre-

existing hypertension were not found. 
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Figure 2. Histologic findings of placenta. (A) Villous hypoplasia, small size and unifor-
mity of the terminal villi with associated increased syncytial knots (arrows).* (B) Nor-
mal chorionic villous histopathology.* (C) Extensive subchorionic fibrin deposition on 
the fetal surface.* (D) Fetal surface from a normal placenta.* (E) Mural hypertrophy of 
the maternal arteries.^ (F) Preuterine hypoxic pattern, maternal anemia; homogenous 
villous hypomaturity, chorioangiosis, focally increased syncytial knotting, decreased ex-
tracellular matrix of chorionic villi, increased Hofbauer cells and villous cytotrophoblasts.# 
* Reprinted from Amanda Phillips, The placenta: A site of end-organ damage after Fontan operation. 
A case series, Int J Cardiol 2019 Aug 15;289:52-55, copyright 2019, with permission from Elsevier. 
^ Reprinted from Yee Khong, Sampling and Definitions of Placental Lesions: Amsterdam Placen-
tal Workshop Group Consensus Statement, Arch Pathol Lab Med 2016 Jul;140(7):698-713 with 
permission from Archives of Pathology & Laboratory Medicine. Copyright 2016. College of Amer-
ican Pathologists.
# Reprinted from Jerzy Stanek Hypoxic Patterns of Placental Injury: A Review, Arch Pathol Lab Med 
2013;137(5):706-720 with permission from Archives of Pathology & Laboratory Medicine. Copy-
right 2013. College of American Pathologists.
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Chronic hypoxia
Women with uncorrected cyanotic heart disease and thus chronic hypoxia have 

a particularly high risk of maternal and fetal complications and pregnancy is often 

discouraged.1,20 This is especially true in Eisenmenger’s syndrome (chronic hypoxia 

due to right-left shunting ), where maternal mortality is high (10–50%).36,37 Fetal risk 

depends on the oxygen saturation rate. When oxygen saturation rate is > 90%, fetal 

outcome is usually rather favorable. When oxygen saturation drops <85% however, 

fetal growth restriction, prematurity and stillbirth are commonly reported, as shown 

in Table 1.38 Due to low numbers of pregnancies in women with cyanotic heart 

disease, no data on the effect on placental function is available. However, studies on 

chronic maternal hypoxia due to high altitude, in relation to placental morphology 

and pregnancy outcome, might give us more insight (Table 1).39-43 At higher altitude, 

increased incidences of SGA infants, stillbirths and preeclampsia were reported.41 

Furthermore in pregnant women at high altitude, cardiac output is lower compared 

to pregnant women at lower altitude, probably as the result of lower blood volume 

and/or higher systemic vascular resistance. It is therefore not surprising that also a 

lower uteroplacental blood flow was found in these women, as a result of a lesser 

increase in uteroplacental artery diameter due to impaired vasorelaxation and 

lower placental perfusion.41 Also differences in placental structure were found such 

as reduced volumes, surfaces and lengths of villi, and volumes of capillaries and 

increased prevalence of chorioangiosis and chorioangioma (Figure 2F).39,40,44 It could 

be hypothesized that the abovementioned changes in uteroplacental blood flow and 

placental structure are also present in pregnant women with chronic hypoxia due to 

the underlying heart disease
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Table 1. Signs of placental malfunction in women with cardiac dysfunction

Cardiovascular  
dysfunction

Placenta  
histology

Uteroplacental 
circulation

Neonatal outcomes

Reduced LV 
function

Villous hypopla-
sia18,
Small chorionic 
villi,
Large syncytial 
knots,
Capillaries per 
villus ↓19

Umbilical artery 
resistance↑ 13

SGA: 2% – 12% 20,21*
Prematurity: 14% – 28% 20,21*
Deaths: 3% – 4% 20,21*

Reduced RV 
function

Subchorionic fi-
brin deposition 18

Uterine and 
umbilical arter-
ies resistance ↑ 
11,12,14,23,24

SGA: 9% – 13.8% 20,27^
Prematurity: 6.3% – 21.7% 
20,27^
Deaths: 1.9% – 2.7% 20,27^

Pre-existing 
hypertension

Mural hypertro-
phy at maternal 
side of placenta,
Syncytial knots,
Villous infarcts 29

No data SGA: 11.1% 30

Prematurity: 33.3% 30

Deaths: 4.6% 30

Chronic hypoxia
 Cyanotic CHD No data No data SGA: 66.7% 20

Prematurity: 44.6% 20

Deaths: 16.3% 20 (SO2<85%: 
88% 38)

 High altitude# Chorangiosis and 
chorangioma,
Volume, surface 
and length of 
placental villi ↓,
Fetal capillary 
volume ↓ 39,40

Uteroplacental 
blood flow↓,
Umbilical artery 
diameter ↓ 41

SGA: 16.8% 42

Prematurity: 10.5 – 30.8% 42,43

Deaths: 11.8 – 41.6% 42,43

*Numbers of DCM – Fontan, respectively; ^Numbers of ToF – Pulmonary hypertension, 
respectively; #Due to low numbers of pregnant women with cyanotic heart disease, no 
data of the effect on placental function is available. Therefore, studies on chronic maternal 
hypoxia due to high altitude in relation to placental morphology and pregnancy outcome 
are included to give us more insight. CHD, congenital heart disease; LV, left ventricle; RV, 
right ventricle; SGA, small for gestational age (as a proxy for fetal growth restriction).
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Pathophysiological mechanisms of impaired placental 
function
Based on the pathologic findings in the placenta of women with cardiac dysfunction, 

evidence is increasing that impaired maternal cardiac function negatively affects 

placental function. Similar to other organ dysfunction, mechanisms leading to placental 

dysfunction could be classified into extrinsic defects (impaired hemodynamics 

affecting the placenta) and intrinsic defects (impaired placental development). In the 

following sections we will speculate about possible pathophysiological mechanisms of 

impaired placental function in women with cardiac dysfunction.

Extrinsic (i.e. non-placental) effects
One of the hypotheses is that reduced maternal cardiac function lowers 

cardiac output, resulting in impaired uteroplacental perfusion (“forward 

failure”) which leads to underdevelopment of the villi and ischemic changes 

of the placenta as shown in Figure 3A. Due to these changes, the increased 

demands of the placenta and of the growing fetus could not be met which 

leads to placental dysfunction and thus adverse pregnancy outcome.13,45 

Another hypothesis is that pre-existing RV dysfunction impairs placentation, 

possibly through venous congestion (“backward failure”) (Figure 3B), which is 

supported by experiments using human and sheep placental models.46,47 These 

studies show that increased venous pressure results in an increased uteroplacental 

resistance and leads to decreased uteroplacental blood flow. Furthermore, 

experiments on human term placentas showed that a raised pressure in the 

intervillous space of the placenta, as a result of increased pressure under which 

the blood leaves the intervillous space through the veins, was responsible 

for deformation and compression of the capillaries in the placental villi.48  

Speculations about the effect of maternal venous dysfunction are supported by the 

extensive studies in preeclampsia in which both RV dysfunction and abnormal maternal 

venous hemodynamics have been found to be associated with this placenta-related 

disorder.49-51 Furthermore, unpublished preliminary data indicate that pregnant 

women with Tetralogy of Fallot have abnormal venous flow in the liver and kidneys 

(Figure 4). These patterns possibly indicate a higher central venous pressure52,53, and 

support the hypothesis that venous congestion is present in pregnant women with 

(sub)clinical RV dysfunction, which may negatively affect placental function. Future 

studies are needed to further investigate this hypothesis.
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Intrinsic (placental) defects
With each pregnancy, the placenta has to develop again as a completely new organ 

and it could also be hypothesized that in women with heart disease, the development 

of the placenta could also primarily be impaired. For normal placental function, a 

high-flow and low-pressure circulation is needed for which vascular remodeling of the 

uteroplacental circulation is required. This remodeling is characterized by vascular 

widening of the uterine vessels, mediated by trophoblast invasion, increased shear 

stress and angiogenic and humoral factors.54 Trophoblast invasion occurs both on the 

arterial side as on the venous side of the placenta.55 This adaptation process might be 

negatively affected by reduced perfusion or venous congestion, leading to impaired 

remodeling and thus placental malfunction.56,57 Other factors such as pre-existing 

hypertension and chronic hypoxia may also interfere with the vascular adaptation 

of the uteroplacental circulation presented in Figure 3C and 3D. In women with pre-

existing hypertension, mural hypertrophy of the vessels at maternal side of placenta is 

observed and could lead to villous changes (as villous infarcts).31 Women who have failed 

to genetically adapt to living in a chronic hypoxia environment, such as high altitude, 

showed impaired vasorelaxation of the uteroplacental circulation resulting in reduced 

perfusion of the placenta compared to those women who had genetically adapted.41  

Lastly, it may also be possible that pre-existing endothelial dysfunction may result 

in impaired placental function. For example in preeclampsia, a placenta-related 

complication, there is increasing evidence that the onset of preeclampsia is secondary 

to a dysfunctional maternal cardiovascular system, instead of a primary placental 

disorder.58,59 This concept is supported by the fact that high resistance in the ophthalmic 

artery, a vessel far from the placenta and not subject to trophoblastic invasion, was 

also found to be predictive for preeclampsia.60 Both in patients with preeclampsia 

as well as in non-pregnant patients with heart disease, abnormalities in (systemic) 

endothelial function causing impaired vasodilatation have been documented.59,61-63 

Therefore in pregnant women with heart disease, it could be postulated that pre-

existing endothelial dysfunction, due to cardiovascular dysfunction, results in impaired 

vasodilator capacity of the uteroplacental circulation.
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Figure 3. Schematic graphical presentation of the hypothetical underlying mechanism how 
cardiovascular determinants negatively affect placental function. Reduced RV function: venous 
congestion leads to increased pressure and comprised villi. Reduced LV function: reduced 
perfusion results in small villi with few capillaries per each villus. Pre-existing hypertension: 
mural hypertrophy of placental arteries and villous infarcts. Chronic hypoxia: chorioangiosis 
(hypervascularity), reduced volume and surface of villi.
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Figure 4. Hepatic venous flow in women with ToF (A) versus reference flow patterns of healthy 
pregnant women (B) and renal interlobular flow in women with ToF (C) versus reference flow 
patterns of healthy pregnant women (D) at 20 weeks gestation. Venous backward flow in the 
liver and discontinues (•) flow in the kidneys were seen in pregnant women with ToF, which is in 
contrast to the forward and continuous (•) flow observed in healthy pregnant controls.

Clinical implications and perspectives for future research
In order to reduce the burden of maternal and neonatal complications in pregnant 

women with cardiac dysfunction, routine follow-up starting from the first trimester in 

these patients seems appropriate. For evaluation of placental function, non-invasive 

uteroplacental Doppler flow measurements can be easily performed to early detect 

placental insufficiency. With early detection of placental insufficiency, preventive 

strategies and adequate fetal monitoring can be started. When indicated, preventive 

therapy can be initiated.

Evidence is now increasing that maternal cardiac function negatively affects placental 

function and therefore proper follow-up of LV and RV function during pregnancy 

seems advisable for identification of high risk pregnancies. Guideline driven care and 

the institution of multidisciplinary pregnancy heart teams for the management of 

higher risk pregnancies is recommended.1

Based on this review, it is tempting to speculate that therapy improving hemodynamics 

could be beneficial for pregnancy outcome, but it must be pointed out that no trials 
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investigating treatment strategies in these patients are currently available. Increased 

central venous pressure and subsequent venous congestion seem to be an important 

determinant in impaired placental function in women with cardiac dysfunction. To 

reduce venous congestion, it would be worth studying the therapeutic use of diuretics 

on placental circulation. To date, the use of diuretic drugs during pregnancy remains 

controversial64, but a preliminary furosemide study in patients with preeclampsia and 

high cardiac output showed promising results with reduction in blood volume and 

pressure and no adverse maternal or neonatal events.65 A role for magnesium has 

been reported in the control of blood pressure and induced vasorelaxation activity in 

both the arterial and venous compartment66,67, and this approach might be potentially 

useful in reducing venous pressure. Ongoing studies on magnesiumsulphate 

in women with preeclampsia will provide more insights in the possible effect of 

magnesiumsulphate on placental function. However, before these treatment options 

for improvement of placental function in women with cardiac dysfunction can be 

introduced into clinical practice, more controlled (clinical) studies are required.

Besides therapeutic studies, the role of maternal venous hemodynamic function 

in pregnant women with cardiac dysfunction also requires further investigation. 

For evaluation of maternal venous hemodynamics during pregnancy, non-invasive 

standardized Doppler flow examination of the hepatic and renal veins can be 

performed.52,53 To further examine the role of venous congestion, a prospective 

multicenter study investigating the hemodynamics in the hepatic and renal veins with 

cardiac MRI in pregnant women with heart disease is currently underway (Netherlands 

trial register id: NL7890). Also, histological examination of placental tissue combined 

with extensive uteroplacental circulation measurements, fetal biometric and Doppler 

measurements should provide more information about the effects of low perfusion 

or venous congestion on the placenta.
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Conclusion
Evidence is increasing that maternal cardiac dysfunction negatively affects placental 

function in women with heart disease, which might explain the higher risk of obstetrical 

and neonatal complications. Although the placenta is a temporary and unique organ, 

there might be an overlap in underlying pathophysiological mechanisms leading 

to dysfunction in other organs in patients with heart failure, although additional, 

pregnancy-specific mechanisms may also play a role. Indeed, the relation between 

cardiac dysfunction and placenta development and function is not yet established 

well, but it is most likely multifactorial with synergistic effects. Maternal hypoperfusion, 

increased central venous pressure, pre-existing hypertension and chronic hypoxia all 

lead to placental malfunction and their interaction may amplify the negative impact. 

More data on the complex interplay between cardiac dysfunction and placental 

development and function is essential before we can make firm conclusions about 

the underlying mechanisms of this association, in this growing population of pregnant 

women with cardiac dysfunction.
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Abstract
Background
Elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels at 20 weeks 

gestation predict adverse cardiovascular (CV) complications during pregnancy in 

women with congenital heart disease (CHD). To improve early risk assessment in 

these women, we investigated the predictive value of first trimester NT-proBNP for 

CV complications and its association with ventricular function during pregnancy.

Methods
Pregnant women with CHD, previously enrolled in a prospective national study or 

evaluated by an identical protocol, were included. Clinical data, echocardiographic 

evaluation and NT-proBNP measurements were obtained at 12, 20 and 32 weeks 

gestation. Elevated NT-proBNP was defined as >235pg/mL (95th percentile reference 

value of healthy pregnant women in literature).

Results
We examined 126 females (mean age 29 years). Elevated NT-proBNP at 12 weeks was 

associated with CV complications (n=7, 5.6%, odds ratio 10.9, P=0.004). Arrhythmias 

were the most common complication (71%). The negative predictive value of low NT-

proBNP to exclude CV complications was 97.2%. In women with CV complications, 

NT-proBNP levels remained high throughout pregnancy, while a decrease was seen in 

women without CV complications (P<0.001 for interaction between group and time). 

At 12 weeks, higher NT-proBNP levels were associated with impaired subpulmonary 

ventricular function (P<0.001) and also a decline in subpulmonary ventricular function 

later on during pregnancy (P=0.012).

Conclusions
In this study, first trimester NT-proBNP levels are associated with adverse CV 

complications and a decline in subpulmonary ventricular function later on during 

pregnancy in women with CHD. Early NT-proBNP evaluation is useful for tailored care 

in pregnant women with CHD.
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Introduction
In women with congenital heart disease (CHD), several prediction models are 

available to estimate the risk of maternal cardiovascular (CV) complications during 

pregnancy.1-3 However, early prediction of these risks remain challenging. We have 

previously shown that elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP) 

levels at 20 weeks gestation are an independent risk predictor for CV complications 

in pregnant women with CHD.4 No data are available about the prognostic value of 

NT-proBNP early on during pregnancy or the (normal) course of NT-proBNP during 

pregnancy in women with CHD. NT-proBNP is primarily secreted when abnormal 

ventricular wall stress and volume overload occurs, both of which can occur early 

on during pregnancy.5,6 Pathophysiologically, early NT-proBNP detection makes sense 

in CHD patients. Many women with (corrected) CHD start pregnancy with impaired 

cardiac function and it is likely that the hemodynamic changes of pregnancy are 

exposing them to the risk of cardiac maladaptation already from the first trimester. 

Moreover, pregnancy can be associated with persisting structural cardiac remodeling, 

recurring arrhythmias and deterioration in ventricular function (in particular right/

subpulmonary ventricular function).7-10 Subpulmonary ventricular dysfunction is an 

independent predictor for CV complications in pregnant women with CHD4, and is 

known to be correlated with elevated NT-proBNP levels in non-pregnant patients.11,12 

Identification of impaired cardiac function as early as possible might be effective in 

preventing CV complications later on during pregnancy.

To improve early risk assessment in pregnant women with CHD, we aimed to 

investigate the predictive value of first trimester NT-proBNP for CV complications later 

in pregnancy and its association with ventricular function during pregnancy.

Methods
Study design
This present study comprised pregnant women enrolled in the prospective 

multicenter observational cohort ZAHARA III study (Zwangerschap bij Aangeboren 

HARtAfwijkingen, pregnancy in congenital heart disease) or evaluated by an identical 

protocol (during standard patient care in our University Medical Center). The study 

design of the ZAHARA III study has been previously reported.13 Pregnant women 

with CHD, aged ≥ 18 years, presenting in one of the participating centers ≤ 14 weeks 

gestation and with NT-proBNP measurements available (≤ 14 weeks gestation) were 
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eligible for enrollment in the current study. All the participating centers received 

approval of the medical ethics committee and all women (prospectively enrolled) 

provided written informed consent.

Pregnancy follow-up and cardiovascular complications
At the first ante-partum visit, preconception baseline characteristics of pregnant 

women were recorded including: underlying heart disease, cardiovascular and 

obstetric history, age, cardiac status (including NYHA functional class, modified 

WHO risk class for maternal risk of CV complications3, ECG, laboratory results and 

echocardiographic recordings), medication use and intoxications. Evaluation of 

pregnancy was performed at 12, 20 and 32 weeks, including clinical evaluation, 

standardized echocardiogram, ECG and laboratory evaluation. All echocardiograms 

were performed according to identical ZAHARA study protocol14, and chamber 

quantification, valvular function, and systolic and diastolic ventricular function were 

assessed according to the current guidelines.15-17 Systemic ventricular dysfunction 

was defined as ejection fraction < 45% and subpulmonary ventricular dysfunction was 

defined as a tricuspid annular plane systolic excursion (TAPSE) < 17 mm. Consistency 

and accuracy of the echocardiography data were checked by A.S.S. NT-proBNP at 12 

weeks was considered abnormal if the value exceeded the 95th percentile reference 

values according to gestational age in healthy pregnant women (> 235 ng/mL).18

CV complications were evaluated during pregnancy and up to 6 months post-partum. 

Primary CV complications were defined as need for an urgent invasive cardiovascular 

procedure, heart failure (according to the guidelines and documented by the attending 

physician19), new onset or symptomatic tachy- or bradyarrhythmia requiring new or 

extended treatment, thromboembolic events, myocardial infarction, cardiac arrest, 

cardiac death, endocarditis and aortic dissection.

Statistical analysis
Data were described as mean ± standard deviation, median (25th to 75th percentiles) 

or numbers (percentages). For the comparison of dichotomous variables, we used the 

χ2 test or Fisher exact test, as appropriate. Univariable logistic regression was used to 

assess associations between predefined preconception cardiac function parameters, 

elevated NT-proBNP at 12 weeks and primary CV complications.

NT-proBNP levels during pregnancy were log-transformed to create a normal 

distribution for further statistical analyses. Uni- and multivariable linear regression 

models were used for associations between NT-proBNP and cardiac function 
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parameters based on literature.20 Variables associated with the studied end points 

(P<0.10) entered the multivariable model. The final model was constructed by 

backward deletion. Women with systemic right ventricle were excluded from analyses 

with subpulmonary ventricular function.

For longitudinal analyses (at 12, 20 and 32 weeks), analyses using Generalized 

Estimating Equations (GEE) were performed with an unstructured correlation matrix 

and data are presented as mean with standard error. For longitudinal comparisons 

within groups (women with vs. without CV complications), an interaction (time*group) 

was included in the model. Statistical analyses were performed using SPSS version 

23.0 (SPSS, Chicago, USA).

Results
Baseline characteristics
In the ZAHARAIII study, 204 pregnant women were included initially. Eleven women 

were excluded, because of miscarriage (n=6), absence of CHD (n=4) or withdrawal 

of informed consent (n=1). In the current study, only pregnant women with NT-

proBNP ≤14 weeks available were included, resulting in a study population of 126 

pregnant women. Underlying CHD and baseline characteristics are presented in 

Table 1. Maternal age at conception was 28.8±4.2 years, BMI was 23.8±3.9 kg/m2 

and 62 (49.2%) women were nulliparous. Prior CV events were reported in 19 (15.1%) 

women. Eighteen women had a history of arrhythmia and 1 woman had a history of 

transient ischemic attack.
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Table 1. Demographics and clinical data

N = 126

Primary CHD
Left sided laesions 41 (32.5)
 Repaired aortic coarctation 18 (14.3)
 Aortic valve stenosis / bicuspid aortic valve 18 (14.3)
 Mitral valve disease 5 (4.0)
Right sided laesions 34 (27.0)
 Double chambered right ventricle 1 (0.8)
 Ebstein's anomaly 5 (4.0)
 Pulmonary atresia 1 (0.8)
 Pulmonary valve stenosis 14 (11.1)
 Tetralogy of Fallot 13 (10.3)
Shunt laesions 36 (28.6)
 Abnormal pulmonary venous return 1 (0.8)
 Atrial Septal Defect 10 (7.9)
 Atrioventricular septal defect 7 (5.6)
 Ventricular septal defect 18 (14.3)
Connective tissue disorder 3 (2.4)
Right aortic arch 1 (0.8)
Complex CHD 11 (8.7)
 Fontan circulation 1 (0.8)
 Transposition of great arteries (Mustard/Senning correction) 3 (2.4)
 Transposition of great arteries (arterial switch correction) 3 (2.4)
 Congenitally corrected transposition of great arteries 2 (1.6)
 Right ventricular hypoplasia with pulmonary valve stenosis and  
 bilateral Glenn procedure

1 (0.8)

 Truncus arteriosus 1 (0.8)
NYHA class 

I 111 (88.1)
II 9 (7.1)

Modified WHO class*

 I 16 (12.7)
II 87 (69.0)
III 23 (18.3)

Mechanical valve prosthesis 7 (5.6)
Prior cardiac event (HF, TIA, stroke, arrhythmia) 19 (15.1)
Hypertension before pregnancy 5 (6.1)
Pacemaker 2 (1.6)
Cardiac medication use prior to pregnancy* 28 (30.1)
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N = 126

 Beta-blocker 21 (22.6)
 Other 13 (14.0)
Echocardiographic parameters*,†
Systemic AV valve regurgitationa 3 (3.7)
Pulmonary AV valve regurgitationa 6 (7.3)
Pulmonary stenosisb 5 (6.1)
Pulmonary valve regurgitationa 12 (14.6)
Aortic valve stenosisb 7 (8.5)
Aortic valve regurgitationa 2 (2.4)
Systemic ventricular systolic dysfunctionc 3 (3.7)
Systemic ventricular hypertrophyd 6 (7.3)
Subpulmonary ventricular systolic dysfunctione 17 (20.7)

Data is reported as n (%). *≤1year before pregnancy; †available in 82 (65.1%) women, aMod-
erate or severe regurgitation; bPeak gradient ≥ 36 mmHg; cEjection fraction < 45%; dSys-
temic ventricular mass/BSA >95g/m2; eTAPSE < 17 mm. AV; atrioventricular, CHD; congenital 
heart disease, HF; heart failure, NYHA; New York Heart Association, TAPSE; tricuspid annular 
plane systolic excursion, TIA; transient ischemic attack, WHO; world health organization.

Cardiovascular complications and first trimester NT-proBNP
CV complications were observed in 7 (5.6%) women. Five (71.4%) women had 

arrhythmias (mainly supraventricular tachyarrhythmias) for which cardioversion and/

or increased metoprolol dosage was required. Underlying heart diseases were: mitral 

valve disease, aortic valve stenosis, transposition of great arteries (Mustard/Senning 

correction) and Fontan circulation. Arrhythmias occurred between 12-28 weeks of 

pregnancy, except for one woman who had arrhythmia 3 months postpartum. Two 

(28.6%) women had thromboembolic complications for which anticoagulation therapy 

was required; one woman (with Mustard correction) had deep vein thrombosis at 

23 weeks and one woman (with connective tissue disorder) had arterial thrombosis 

at 38 weeks. NT-proBNP was measured at 11.5 [10–13] weeks. Women with CV 

complications had higher NT-proBNP at 12 weeks compared with women without 

complications, 301 [117–381] ng/mL vs. 95 [53–170] ng/mL (P=0.008). Four women 

(57.1%) with CV complications had NT-proBNP > 235 ng/mL. Of all women, 86.5% 

had NT-proBNP ≤ 235 ng/mL (89.1% of women without CV complications). NT-

proBNP ≤ 235 ng/mL at 12 weeks had a negative predictive value of 97.2% for the 

occurrence of CV complications after 12 weeks and a positive predictive value of 

23.5%. The sensitivity of NT-proBNP > 235 was 57.1% and the specificity was 89.1%. 
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In Table 2, univariable regression analyses for the identification of predictors for CV 

complications during pregnancy are presented.

Figure 1 presents the course of NT-proBNP throughout pregnancy of women with and 

without CV complications based on GEE analyses of log-transformed values, corrected 

for correlation within subjects. An overall difference in course of NT-proBNP was found 

between women with and without CV complications (P<0.001 for interaction between 

group and time). More specifically, in women without CV complications NT-proBNP 

decreased during pregnancy which did not occur in women with CV complications. 

In women with CV complications, NT-proBNP increased between 20-24 and 30-34 

weeks (P=0.019).

Table 2. Logistic regression analysis of preconception values, elevated NT-proBNP in first 
trimester and cardiovascular complications during pregnancy

Variabels OR 95% CI P-value
Univariable predictor
 Maternal age at conception 0.9 0.8 – 1.1 0.401
 WHO class III or IV 14.0 2.5 – 77.9 0.003
 Parity 0.4 0.1 – 2.0 0.243
 Smoking* 2.7 0.3 – 27.6 0.407
 Resting heart rate* 1.0 0.9 – 1.1 0.979
 Sinus rhythm* 0.4 0.1 – 1.7 0.202
 Use of cardiac medication* 3.2 0.7 – 15.4 0.140
 Prior cardiac event 4.8 1.0 – 23.6 0.052
 History of arrhythmia 5.2 1.1 – 25.5 0.042
 Mechanic valve prothese 9.1 1.4 – 59.1 0.020
 Right systemic ventricle 15.5 2.1 – 114.4 0.007
 Aortic valve stenosis* 5.6 0.9 – 36.5 0.072
 Pulmonary valve stenosis* 2.9 0.3 – 30.4 0.371
 Aortic valve regurgitation* -18.8 0 – 0 0.999
 Pulmonary valve regurgitation* -19.0 0 – 0 0.999
 LVEF* 1.0 0.9 – 1.2 0.780
 TAPSE* 0.8 0.7 – 1.0 0.100
 Subpulmonary ventricular  
 dysfunction (TAPSE<17mm)*

4.9 0.6 – 37.7 0.124

 Elevated NT-proBNP in first trimester† 10.9 2.2 – 54.1 0.004
*≤1year before pregnancy; †NT-proBNP > 235 pg/mL. LVEF; systemic ventricular ejection 
fraction, NYHA; New York Heart Association, NT-proBNP; N-terminal B-type natriuretic pep-
tide, RV; right ventricle, TAPSE; tricuspid annular plane systolic excursion, WHO; world health 
organization.
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Cardiac function and first trimester NT-proBNP
All correlations between cardiac function and NT-proBNP at 12 weeks are presented in 

Table 3. With multivariable analyses, higher maternal age and reduced subpulmonary 

systolic ventricular function (TAPSE) remained associated with higher NT-proBNP 

(P=0.004 and P<0.001, respectively). Figure 2 presents the patterns of TAPSE of 

women with elevated and normal NT-proBNP at 12 weeks. A difference in pattern of 

TAPSE was found (P=0.019 for interaction between group and time). In women with 

normal NT-proBNP, TAPSE increased between 10-14 and 20-24 weeks gestation (22.3 

± 0.5 to 24.1 ± 0.6, P<0.001) but not in women with elevated NT-proBNP (18.5 ± 1.4 to 

17.4 ± 1.4, P=0.155). Only in women with elevated NT-proBNP, TAPSE decreased from 

20-24 weeks to 30-34 weeks gestation (17.4 ± 1.4 to 16.3 ± 1.2, P=0.012).

At 12 weeks, 5 (4.0%) women had systemic ventricular dysfunction and 17 (14.0%) 

women had subpulmonary ventricular dysfunction.

Figure 1. Serial analyses of logNT-proBNP levels throughout pregnancy in women with CV 
complications (black line, n=7) and without CV complications (grey line, n=119). Absolute NT-
proBNP levels at 10-14, 20-24 and 30-34 weeks are reported as median [Q1-Q3]. *Reported as 
median [minimum-maximum]. A significant difference in the course of logNT-proBNP was found 
between women with CV complications and without CV complications (P<0.001). NT-proBNP 
levels decreased after 10-14 weeks gestation in women without CV complications and remained 
high in women with CV complications.
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Table 3. Associations between logNT-proBNP, age and cardiac function at first trimester

N Beta 95% CI P-value
Age 126 0.044 0.013 – 0.075 0.005
NYHA class 126 0.379 0.041 – 0.718 0.028
LVEDD/BSA 99 0.044 -0.008 – 0.096 0.100
LVESD/BSA 92 0.033 -0.016 – 0.083 0.187
LAVi 50 0.023 -0.010 – 0.055 0.163
LVEF 103 -0.037 -0.059 – -0.016 0.001
TAPSEa 104 -0.054 -0.080 - -0.029 <0.001
S’ RVa 74 -0.059 -0.113 – -0.005 0.034
E/A ratio 86 0.286 -0.069 – 0.641 0.113
E’ 75 0.021 -0.042 – 0.084 0.515
Multivariable regression analyses*, †
Age 126 0.054 0.018 – 0.089 0.004
TAPSE 104 -0.060 -0.087 – -0.033 <0.001

*Women with systemic RV excluded from analyses, †Degrees of freedom = 72. BSA; body 
surface area, E’; early diastolic tissue Doppler velocity of systemic ventricular annular ring, 
E/A ratio; early to atrial mitral inflow velocity ratio, LAVi; indexed systemic atrial volume, 
LVEDD; systemic ventricular end-diastolic diameter, LVEF, systemic ventricular ejection 
fraction, LVESV; systemic ventricular end-diastolic diameter, NYHA; New York Heart Associ-
ation, S’; systolic tissue Doppler velocity of subpulmonary ventricular annular ring, TAPSE; 
tricuspid annular plane systolic excursion. 

Figure 2. Patterns of TAPSE during pregnancy in women with elevated first trimester NT-proB-
NP levels (black line, n=12) and women with normal first trimester NT-proBNP levels (grey line, 
n=92). A significant difference in pattern of TAPSE was found between women with elevated 
NT-proBNP and normal NT-proBNP (P=0.019). TAPSE increased from 10-14 weeks to 20-24 
weeks in women with normal NT-proBNP. Only in women with elevated NT-proBNP, TAPSE 
significantly decreased from 20-24 weeks to 30-34 weeks gestation.
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Discussion
This study focuses on the predictive role of first trimester NT-proBNP for CV 

complications later on in pregnancy in women with CHD. The main findings are that 

elevated first trimester NT-proBNP is associated with adverse CV complications and 

with a decline in subpulmonary ventricular function during pregnancy. Furthermore, 

in women with CV complications NT-proBNP remains high throughout pregnancy; this 

in contrast to women without CV complications, where NT-proBNP decreases steadily 

from the second trimester onwards.

During pregnancy, screening for CV complications early on makes sense from a 

pathophysiological point of view since plasma volume and cardiac output increases 

and 75% of these increases already occur in the first trimester.21 We show for the 

first time that early NT-proBNP evaluation can be useful in risk estimation in pregnant 

women with CHD. Low first trimester NT-proBNP seem to indicate that these women 

have a good chance to accommodate to hemodynamic changes during pregnancy 

and complete their pregnancy without CV complications. When NT-proBNP is 

elevated in the first trimester, our findings suggest that these women are at higher 

risk for CV complications in pregnancy. In this study, no heart failure complications 

occurred, and it is therefore important to underline that elevated NT-proBNP was 

associated mainly with the occurrence of arrhythmias. A possible explanation could 

be that heart failure diagnosis was underreported and/or managed with temporarily 

extra diuretics before fulminant heart failure symptoms could occur. This could be 

the result of stricter guideline driven peri-pregnancy management we strive in our 

centers.3 The association between NT-proBNP and arrhythmias might be explained 

by the occurrence of volume overload and wall stress during pregnancy, both leading 

to increased secretion of NT-proBNP and resulting in a trigger for arrhythmias.22 By 

identifying women at risk as early as possible in pregnancy, appropriate follow-up 

visits, possible treatment of arrhythmias or even prevention of such complications 

could be managed early on and could lead to a decrease in morbidity. In this study, 

elevated first trimester NT-proBNP levels were also present in women without CV 

complications and were associated with impaired subpulmonary ventricular function. 

The finding that higher NT-proBNP is associated with worse subpulmonary ventricular 

function is in line with previous studies conducted in non-pregnant patients with 

right heart disease.11,12 The current results suggest that the subpulmonary ventricle 

is less well suited to cope with the increased overload (volume and pressure) in 

addition to the physiological changes during pregnancy. This hypothesis is supported 
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by the fact that we also found a decline in subpulmonary ventricular function later 

on during pregnancy in women with elevated first trimester NT-proBNP whereas 

subpulmonary ventricular function remained stable in women with normal NT-

ProBNP. Reduced subpulmonary ventricular function before and during pregnancy is 

associated with impaired uteroplacental circulation13,23,24, which in turn, is associated 

with adverse maternal and neonatal outcome.25,26 Therefore a close surveillance of 

subpulmonary ventricular function in women with elevated first trimester NT-proBNP 

may be warranted. Further studies are needed to determine whether the decline in 

subpulmonary ventricular function predicted by high NT-proBNP is only confined to 

pregnancy or persists thereafter.

Although the main focus of this study was on first trimester NT-proBNP, we have also 

investigated the course of NT-proBNP throughout pregnancy. A difference in course 

of NT-proBNP was found between women with and without CV complications. In line 

with the course of NT-proBNP in healthy pregnant women, NT-proBNP decreased in 

the second half of pregnancy in women without CV complications.18 This decrease 

may reflect physiological cardiac adaptation to pregnancy. Conversely, NT-proBNP 

remained high in women who developed CV complications later in pregnancy. These 

data might be of additional value for the interpretation of trends in NT-proBNP during 

pregnancy in CHD women and may suggest that women with persisting elevated NT-

proBNP might be at higher risk for CV complications due to cardiac maladaptation to 

pregnancy. Complication rates in our study were lower compared to those reported 

in previous studies1,4,9,27, possibly explained by improved pre-pregnancy counseling 

and management of pregnancy of women with CHD over the years.3

Limitations
The number of CV complications in this study was relatively small, including mainly 

arrhythmias and no heart failure (worsening). These results are based on a specific 

heterogeneous study population and individual diseases may be underrepresented. 

NT-proBNP levels differ per diagnosis and therefore these results might not be 

representative for each specific type of CHD.20 Also negative predictive value and 

positive predictive value are strongly dependent on the prevalence (and type) of CV 

complications and should be kept in mind interpreting these results. Lastly, due to 

our population size and no controls available, we used a cut-off point for elevated 

first trimester NT-proBNP based on previous data from healthy pregnant women.18 

Larger studies are warranted to identify a cut-off point based on the occurrence of CV 

complications in pregnant women with CHD.
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Conclusion
In the current study, first trimester NT-proBNP levels are associated with adverse CV 

complications, particularly arrhythmias, and a decline in subpulmonary ventricular 

function later on during pregnancy in women with CHD. Early NT-proBNP evaluation 

is useful for tailored care in pregnant women with CHD. NT-proBNP levels remain 

high throughout pregnancy in women that develop CV complications. In contrast, 

women who will not develop CV complications, NT-proBNP levels decrease steadily 

from the second trimester onwards. Further studies on the predictive value of NT-

proBNP for subpulmonary ventricular deterioration during pregnancy in women with 

CHD are needed.
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Abstract
Objective
Little is known about the course of echocardiographic parameters used for the 

evaluation of valvular heart disease (VHD) during pregnancy, hampering interpretation 

of possible changes (physiological vs. pathophysiological). Therefore we studied the 

course of these parameters and ventricular function in pregnant women with aortic 

and pulmonary VHD.

Methods
The cohort comprised 66 pregnant women enrolled in the prospective ZAHARA 

studies or evaluated by an identical protocol who had pulmonary VHD or aortic 

VHD (stenosis/prosthetic valve). The control group comprised 46 healthy pregnant 

women. Echocardiography was performed preconception, during pregnancy and 

1 year postpartum. Peak gradient, mean gradient, aortic valve area (AVA)/effective 

orifice area (EOA), left ventricular ejection fraction (LVEF) and right ventricular function 

(RVF; TAPSE) were assessed.

Results
Peak and mean gradients increased during pregnancy compared to preconception in 

women with aortic VHD and controls (P<0.0125), but not in women with pulmonary 

VHD. AVA/EOA remained unchanged. Preconception and postpartum gradients were 

comparable in all groups. Mean LVEF was normal in pregnant women with VHD and 

controls. Mean TAPSE was lower (P<0.001) in women with pulmonary VHD compared 

to women with aortic VHD and controls (< 20 mm vs. ≥ 23 mm; P<0.001). In women 

with pulmonary VHD a decrease of TAPSE was observed during pregnancy (P=0.005).

Conclusion
Physiological changes during pregnancy lead to increased Doppler gradients in 

women with aortic VHD. This increase was not found inwomen with pulmonary VHD, 

probably caused by impaired RVF. Therefore, evaluation of RVF during pregnancy 

might be important to prevent underestimation of the degree of stenosis.
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Introduction
Women with valvular heart disease (VHD) have an increased risk of maternal and fetal 

complications during pregnancy. This requires careful evaluation and management 

during pregnancy, including regular echocardiographic assessment.1,2 However, 

little is known about the (normal) course of Doppler gradients and valve area during 

pregnancy, hampering the interpretation of possible changes (physiological vs. 

pathophysiological). During pregnancy, cardiac output increases by approximately 

50% (stroke volume augmentation and increased heart rate) and the intravascular 

volume increases (causing hemodilution).3 These physiological changes may lead 

to increased valvular Doppler gradients. Furthermore, pregnancy in women with 

(valvular) heart disease may result in deterioration of ventricular function that may 

cause underestimation of Doppler gradients.2,4,5 A recent study showed that Doppler 

gradients of women with left-sided VHD increased during pregnancy. However the 

investigators did not measure Doppler gradients before and after pregnancy. In 

addition, the influence of ventricular function on these parameters was not assessed.6 

Moreover, there are virtually no data on right-sided valvular gradients. Therefore, we 

aimed to study the course of Doppler gradients, valve area and ventricular function 

during pregnancy (including pre-pregnancy and postpartum evaluation) in women 

with left- or right-sided lesions.

Methods
Study design and patient selection
This cohort study comprised pregnant women and healthy pregnant controls 

who were enrolled in the ZAHARA II and III study (2008–2015) or evaluated by an 

identical protocol. The ZAHARA studies are prospective multicenter observational 

cohort studies and observed pregnant women with congenital heart disease (CHD) 

according to identical protocols.7,8 Women aged ≥ 18 years, with pulmonary stenosis 

(PS), a prosthetic pulmonary valve (PPV), aortic stenosis (AS), or a prosthetic aortic 

valve (PAV) and a pregnancy duration of ≤ 20 weeks were eligible for enrollment in the 

current study. In addition, echocardiographic evaluation ≤ one year preconception, 

during second and third trimester of pregnancy and ≤one year postpartum had to be 

performed. Echocardiograms ≥ one year preconception were accepted when peak 

and mean gradient where comparable with available first trimester measurements. 
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Echocardiograms < 3 months or > 1 year postpartum were accepted when peak 
and mean gradient were comparable with preconception measurements. All the 
participating centers received approval of the medical ethics committee and all 
women (prospectively enrolled) provided written informed consent. The healthy 
controls were recruited from low risk midwife practices in Groningen and Rotterdam.7 
For the healthy controls, postpartum echocardiograms were also used as baseline 
measurements.

Pre-pregnancy characteristics and follow up
Preconception baseline data were extracted from the medical records at the first 

ante-partum visit. Baseline data included underlying heart disease, cardiovascular 

history, obstetric history, maternal age, cardiac status preconception (including New 

York Heart Association (NYHA) functional class), modified WHO risk class according to 

the ESC guidelines for maternal risk of cardiovascular complications9, ECG, laboratory 

results and echocardiographic recordings, medication use and intoxications. 

Evaluation during pregnancy was performed at 20 and 32 weeks gestation and one year 

postpartum according to ZAHARA II protocol.7 All echocardiograms were performed 

according to valvular heart disease specific protocols, evaluated offline and checked 

for consistency and accuracy by 2 experienced cardiac sonographers (A.S.S. and 

J.J.J.A.). Assessment of systolic function, chamber quantification and valvular function 

were performed according to current guidelines.10–12 Left ventricular dysfunction was 

defined as ejection fraction (LVEF) < 45% and right ventricular dysfunction as tricuspid 

annular plane systolic excursion (TAPSE) < 17 mm. 

Cardiovascular complications were evaluated during pregnancy and up to 6 months 

post-partum. Primary cardiovascular complications were defined as need for an 

urgent invasive cardiovascular procedure, heart failure (according to the guidelines 

of the European Society of Cardiology and documented by the attending physician13), 

new onset or symptomatic tachy- or bradyarrhythmia requiring new or extended 

treatment, thromboembolic events, myocardial infarction, cardiac arrest, cardiac 

death, endocarditis and aortic dissection. Neonatal complications were considered 

intra-uterine (≥ 20 weeks gestation), neonatal and infant death (≤ 1 year after birth), 

admission to the NICU, intraventricular hemorrhage (grade III–IV), neonatal respiratory 

distress syndrome, preterm birth (<37 weeks gestation), presence of CHD in the fetus, 

small for gestational age (birth weight < 10th percentile) and low birth weight (< 2500 

g).
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Statistical analysis

Continuous variables with normal distribution are presented as mean with standard 

deviation (±SD), non-normally distributed variables as median with interquartile 

ranges, dichotomous variables as absolute numbers with percentages. Longitudinal 

comparison of continuous variables within groups at two time points was performed 

by using the paired t-test (normally distributed) or Wilcoxon signed rank test (not 

normally distributed). The groups of interest are: women with AS, women with 

PAV, women with PS, women with PPV and controls. The time points of interest for 

longitudinal comparison within groups are: preconception versus 2nd trimester, 

2nd trimester versus 3rd trimester, 3rd trimester versus postpartum, preconception 

versus postpartum. For longitudinal comparison only patients with complete data 

available at the four time points were included. For correction for multiple testing, 

Bonferroni post hoc test was used (P<0.0125). Comparison of continuous variables 

between groups was performed with the Student t-test or Mann-Whitney U test, 

depending on distribution. For the comparison of dichotomous variables, we used 

the χ2 test or Fisher exact test, as appropriate. Statistical analyses were performed 

using SPSS V.23.0 (SPSS, Chicago, USA).

Results
Baseline characteristics
A total of 66 pregnant women with VHD were included. As controls, 46 healthy 

pregnant women were evaluated. Preconception characteristics are shown in Table 

1. No significant differences were found in age at conception and BMI between the 

groups. The group of women with a PAV consisted of 5 women with a mechanical valve 

and 5 women with a bioprosthetic valve with a mean valve size of 21 [21 −23] mm and 

became pregnant 9 ± 7 years after surgery. The group of women with a PPV consisted 

of 1 woman with a mechanical valve and 20 women with a bioprosthetic valve. Mean 

valve size was 23 [22–25] mm. The interval between surgery and pregnancy was 13 

± 8 years after surgery. A peak gradient of the aortic valve ≥36 mmHg was present 

in 27% of the women with AS and in 40% of the women with a PAV. A baseline peak 

gradient of the pulmonary valve ≥36 mmHg was present in 31% of the women with 

PS. One woman with AS and one woman with a PPV had severe regurgitation of the 

aortic valve. Severe regurgitation of the pulmonary valve was also present in 3 women 

with PS and 3 women with a PPV. All women had NYHA class I or II at preconception 
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and all VHD women were classified according to maternal risk in modified WHO class 

II or III, except one woman with PS (WHO class I).

Table 1. Baseline characteristics (prior to pregnancy) of the study groups

AS (n=22) PAV (n=10) PS (n=13) PPV (n=21) Controls 
(n=46)

Age at conception 
(mean±SD)

27.9 ± 4.4 29.5 ± 5.0 27.4 ± 4.4 28.7 ± 42 29.8 ± 4.2

BMI (mean±SD) 23.7 ± 2.8 23.0 ± 2.2 23.2 ± 4.5 25.0 ± 3.1 23.4 ± 3.8

Cardiac medication use prior to pregnancy1 (N(%))

Beta-blocker 4 (20) 2 (20) 1 (8) 3 (14) 0 (0)

Echocardiographic parameters (N(%))

 Pulmonary valve  
regurgitationa

0 (0) 0 (0) 7 (54) 6 (29)

 Aortic valve  
regurgitationa

4 (18) 0 (0) 0 (0) 3 (14)

 LV systolic  
dysfunctionb 

3 (14) 0 (0) 0 (0) 2 (10)

 RV systolic  
dysfunctionc 

2 (9) 2 (20) 4 (31) 11 (52)

AS, aortic valve stenosis; LV, left ventricle; PAV, prosthetic aortic valve; PPV, prosthetic pul-
monary valve; PS, pulmonary valve stenosis; RV, right ventricle. 1Available one year before 
pregnancy; aModerate or severe regurgitation11; bEjection fraction < 45%; cTAPSE < 17 mm.

Hemodynamic changes of the valves during pregnancy
The echocardiographic examinations were performed at 25.5 [13–52] weeks 

preconception, during pregnancy at 20.4 ± 2.2 and 31.7 ± 1.6 weeks respectively, and 

at 52 [37–57] weeks postpartum.

Complete valve measurements throughout pregnancy of the aortic valve were 

available in all controls and of the pulmonary valve were available in 34 (74%) 

controls. The hemodynamic changes of the women with AS, PAV and the controls 

are presented in Table 2 and of the women with PS, PPV and the controls in Table 3. 

The course of peak Doppler gradients of all groups are presented in Fig.1. The peak 

and mean gradient increased by an average of 21 ± 3% and 24 ± 3% respectively in 

women with AS and increased by an average of 31 ± 3% and 31 ± 3% respectively 

in women with PAV during pregnancy compared to preconception values. No 

significant difference in increase of peak and mean gradient was found between 

women with AS and PAV (P=0.366 and P=0.599 respectively). In the pulmonary valve 
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group, no increase in peak gradient or mean gradient during pregnancy compared 

to preconception occured. In the control group, the peak gradient of the aortic valve 

and pulmonary valve increased by an average of 35 ± 4% and 27 ± 4% respectively 

during pregnancy compared to preconception and postpartum. Preconception 

values and postpartum values were comparable in all groups. AVA was measured at 

all times points in 50% of women with AS and EOA was measured in 70% of women 

with PAV. Except for one woman with a PAV (see Cardiovascular complications during 

pregnancy and neonatal outcome), no pathological valve obstruction was observed at 

preconception, during pregnancy or postpartum. When corrected for heart rate, peak 

and mean gradient showed no significant increases during pregnancy in women with 

VHD. In Supplementary Table 1 we present the changes of cardiovascular parameters 

throughout pregnancy in women with aortic VHD, pulmonary VHD and controls. In all 

groups, heart rate increased significantly from preconception to second trimester and 

decreased again from third trimester to postpartum (P≤0.001). In the control group, 

heart rate also increased significantly from the second to third trimester (P<0.001). 

During pregnancy, the peak gradient/heart rate and mean gradient/heart rate did 

not differ between women who used β-blockers during pregnancy and those who 

did not. LVEF was normal in all groups at all moments (mean LVEF < 50%) and did not 

change during pregnancy. Mean TAPSE increased from preconception to the second 

trimester in all groups (P≤0.005). During pregnancy, only in women with pulmonary 

VHD a decrease of TAPSE was observed (P= 0.005). Mean TAPSE was significantly 

lower at all moments in women with pulmonary VHD compared to women with aortic 

VHD and controls (< 20 mm vs. ≥ 23 mm, P<0.001).
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Table 2. Hemodynamic changes of the aortic valve in pregnant women with aortic valve stenosis 
or valve replacement history versus pregnant controls.

N Pre- 
pregnancy

2nd  
trimester

3rd  
trimester

Postpartum

Aortic valve stenosis Total n=22
Peak gradient 
(mmHg)

22 35.9 ± 20.4 41.9 ± 19.9* 40.6 ± 20.9 38.8 ± 22.8

Mean gradient 
(mmHg)

21 19.9 ± 10.4 23.3 ± 11.8* 23.5 ± 12.7 23.2 ± 15.8

Peak gradient/heart 
rate (mmHg)

20 0.47 ± 0.23 0.50 ± 0.22 0.46 ± 0.20 0.51 ± 0.23

Mean gradient/heart 
rate (mmHg)

20 0.26 ± 0.12 0.28 ± 0.12 0.27 ± 0.12 0.30 ± 0.14

Aortic valve area 
(cm2)

11 1.21 ± 0.15 1.14 ± 0.12 1.24 ± 0.15 1.20 ± 0.17

Aortic valve dimen-
sionless velocity 
index

7 0.42 ± 0.11 0.49 ± 0.26 0.47 ± 0.20 0.45 ± 0.15

Prosthetic aortic valve Total n=10
Peak gradient 
(mmHg)

10 34.9 ± 17.8 46.4 ± 26.9* 48.5 ± 22.9 35.9 ± 13.6

Mean gradient 
(mmHg)

10 20.1 ± 10.1 26.2 ± 13.4* 29.2 ± 14.3 21.6 ± 8.45

Peak gradient/heart 
rate (mmHg)

10 0.49 ± 0.32 0.59 ± 0.45 0.63 ± 0.42 0.52 ± 0.23

Mean gradient/heart 
rate (mmHg)

10 0.29 ± 0.18 0.33 ± 0.22 0.37 ± 0.24 0.31 ± 0.14

Effective orifice area 
(cm2)

7 1.10 ± 0.18 1.02 ± 0.16 0.96 ± 0.17 1.13 ± 0.12

Aortic valve dimen-
sionless velocity 
index

7 0.36 ± 0.03 0.33 ± 0.05 0.32 ± 0.09 0.35 ± 0.03

Controls Total n=46
AV peak gradient 
(mmHg)

46 6.48 ± 1.97 8.35 ± 2.34* 7.57 ± 2.32 6.48 ± 1.97# 

AV peak gradient/
heart rate (mmHg)

46 0.10 ± 0.03 0.12 ± 0.04* 0.10 ± 
0.04^

0.10 ± 0.03

AV, aortic valve. *Significant differences between pre-pregnancy and 2nd trimester 
(p<0.0125); ^Significant differences between 2nd trimester and 3rd trimester (p<0.0125); 
#Significant differences between 3rd trimester and postpartum
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Table 3. Hemodynamic changes of the pulmonary valve in pregnant women with pulmonary 
valve stenosis or valve replacement history versus pregnant controls.

N Pre- 
pregnancy

2nd  
trimester

3rd  
trimester

Postpartum

Pulmonary valve 
stenosis 

Total n=13

Peak gradient 
(mmHg)

13 28.1 ± 12.5 30.6 ± 13.4 29.9 ± 14.9 27.3 ± 13.7 

Mean gradient 
(mmHg)

12 16.0 ± 7.89 17.3 ± 8.64 15.6 ± 8.75 14.5 ± 7.47

Peak gradient/heart 
rate (mmHg)

13 0.39 ± 0.18 0.39 ± 0.19 0.40 ± 0.24 0.40 ± 0.23

Mean gradient/heart 
rate (mmHg)

12 0.22 ± 0.11 0.22 ± 0.12 0.21 ± 0.14 0.21 ± 0.12

Prosthetic pulmo-
nary valve 

Total n=21

Peak gradient 
(mmHg)

21 22.4 ± 7.14 23.4 ± 7.82 23.0 ± 8.71 22.0 ± 8.22

Mean gradient 
(mmHg)

20 13.1 ± 4.82 13.4 ± 5.16 12.4 ± 4.51 13.0 ± 4.88

Peak gradient/heart 
rate (mmHg)

19 0.34 ± 0.13 0.32 ± 0.11 0.28 ± 0.11 0.32 ± 0.14

Mean gradient/heart 
rate (mmHg)

20 0.20 ± 0.08 0.18 ± 0.08 0.15 ± 0.06 0.19 ± 0.08#

Controls Total n=34
PV peak gradient 
(mmHg) 

34 4.15 ± 1.84 4.97 ± 
1.64*

4.76 ± 2.20 4.15 ± 1.84 

PV peak gradient/
heart rate (mmHg)

34 0.06 ± 0.03 0.07 ± 0.02 0.06 ± 0.03 0.06 ± 0.03

PV, pulmonary valve. *Significant differences between pre-pregnancy and 2nd trimester 
(p<0.0125); ^Significant differences between 2nd trimester and 3rd trimester (p<0.0125); 
#Significant differences between 3rd trimester and postpartum (p<0.0125).
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Cardiovascular complications during pregnancy and neonatal 
outcome
Primary cardiovascular events were documented in 7.6% of the women with VHD and 

in none of the controls (P=0.077). One woman with a PAV had valve thrombosis in the 

first trimester. She presented with progressive dyspnea and abnormal valve sounds 

on auscultation, no visible thrombus on echocardiography and a peak gradient of 

52 mmHg (preconception 30 mmHg). Heparin therapy was required (peak gradient 

of 40 mmHg after treatment). One woman with a PAV developed a supraventricular 

tachycardia for which an increase of metoprolol dosage was needed. One woman 

with a PPV developed in both pregnancies symptomatic premature ventricular 

contractions for which an increase of metoprolol dosage was needed. Only in women 

with VHD NYHA class deterioration (≥2 classes) was observed (12.1% vs. 0%, P=0.012). 

Beta-blocker use during pregnancy in women with VHD was reported in 16.7% at 20 

weeks gestation and in 15.2% at 32 weeks gestation. Neonatal events were reported 

in 20.6% and 25.0% of the neonates of women with pulmonary and aortic VHD and 

in 8.7% of the neonates of controls. No neonatal deaths occurred. Birthweight was 

significantly lower in neonates of women with pulmonary and aortic VHD compared to 

neonates of controls (3098 ± 500 g and 3102 ± 620 g versus 3622 ± 532 g, P<0.001). 

Small for gestational age was documented in 14.7% of the neonates of women with 

pulmonary VHD, in 6.3% of the neonates of women with aortic VHD and in 2.2% of 

the neonates of controls. No significant differences were observed in neonatal events 

between women with pulmonary and aortic VHD and controls.

Discussion
This is the first study that evaluated serial changes in Doppler gradients and valve 

area in left- and right sided VHD during pregnancy, including pre-pregnancy and 

postpartum measurements. In women with aortic VHD, valve gradients increased 

during pregnancy and returned to baseline postpartum. Notable is that valve area 

remained unchanged. Valvular gradients did not change significantly during pregnancy 

in women with pulmonary VHD.

Knowledge of the (normal) course of hemodynamic changes during pregnancy 

is required to correctly interpret the echocardiographic parameters used for the 

assessment of VHD. Previous studies evaluated hemodynamic changes in pregnant 

women with left sided VHD and reported an increase in valve gradients during 
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pregnancy and a decrease after pregnancy. 6,14,15 However, echocardiographic 

assessment before pregnancy was lacking or the increase during pregnancy did not 

reach statistical significance. We found a significant increase in valve gradients in 

women with aortic VHD, however the decrease after pregnancy was not significant, 

probably due to the small study population. In women with aortic VHD and in the control 

group, aortic valve gradients increased from preconception to second trimester and 

remained stable in the third trimester. In addition, AVA and EOA remained unchanged 

in women with aortic VHD which is in line with the existing literature.6,14,15 The findings 

of our study suggest that the physiological increase of cardiac output and intravascular 

volume (causing hemodilution) during pregnancy leads to a physiological increase 

of valve gradients. We suggest that the degree of valve stenosis must preferably 

be estimated by valve area measurements during pregnancy in women with VHD. 

Heart rate increases during pregnancy and tends to cause underestimation of the 

gradient of outflow heart valves due to shorter ventricular filling time. However, after 

correction for heart rate (increased significantly), the peak and mean gradient did not 

decrease significantly during pregnancy. Apparently, the increase in stroke volume 

and intravascular volume during pregnancy (causing increased valvular gradients) 

supersedes the effects of heart rate on valvular gradients.

Investigation of the course of the pulmonary valve gradient in pregnant women has 

never been performed. Interestingly, our study showed that in the control group the 

gradients of the pulmonary valve increased from preconception to second trimester, 

but the gradients in women with pulmonary VHD remained unchanged. Besides heart 

rate, also ventricular function can influence Doppler gradients. Impaired ventricular 

function tends to lead to underestimation of Doppler gradients and this might be the 

explanation for not finding an increase in valve gradients in women with pulmonary 

VHD. Women with pulmonary VHD had a lower mean TAPSE compared to the control 

group (mean TAPSE < 20 mm vs. ≥ 23 mm, P< 0.001) before and during pregnancy, 

suggesting that RV function is not sufficient to meet the increased demands of 

pregnancy leading to unchanged pulmonary valve gradients. The observation that 

the evolution of TAPSE during pregnancy in women with pulmonary VHD is different 

from the pattern seen in the healthy and aortic VHD women may also point into 

that direction. Underpowering and merely mild pulmonary VHD as explanation for 

the unchanged gradients seems less likely as the groups are of the same size as the 

women with aortic VHD and there was a significant increase in the gradients of the 

pulmonary valve of the control group. Furthermore, evidence is increasing that RV 
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function plays an important role during pregnancy. RV dysfunction before and during 

pregnancy is associated with impaired uteroplacental circulation in women with CHD, 

even in left sided lesions.8,16–18 This is, in turn, associated with maternal, fetal and 

neonatal risks.19 These data underscore the notion that in women with pulmonary 

VHD and an impaired RV function, evaluation of RV functional changes during 

pregnancy might be important for the assessment of VHD and for the identification 

of higher risk pregnancies.

The findings of our study are useful for the assessment of VHD in pregnant women 

in daily practice and confirm previous limited studies. We were not able to distinguish 

normal changes of the valve gradients from pathological ones due to the occurrence 

of only one valvular complication in our study population. In this particular case, the 

peak gradient increased by 73% compared to the pre-pregnancy gradient. Further 

larger-scale studies are needed for to investigate the predictive value of changes in 

valve gradients during pregnancy.

Strenghts and limitations
To the best of our knowledge, this is the first study that evaluated the complete 

physiological changes during pregnancy in women with pulmonary or aortic VHD 

and compared this with changes in pregnant controls. Due to the study protocol, 

pre-pregnancy data collection was retrospective. For this reason, missing data 

were unavoidable. Valve area was not available in all women due to unreliable 

measurements of the left ventricular outflow tract velocity. The study population 

was relatively small (yet the largest reported thus far), hampering more complex 

longitudinal data analyses. Furthermore the relatively small study population may 

have been the reason why we did not find an association between pulmonary valve 

gradient and RV function. Moreover, we were only able to analyze TAPSE as RV 

function parameter.
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Conclusion
Physiological changes during pregnancy lead to increased Doppler gradients during 

pregnancy in women with aortic VHD, without changes in valve area. The same 

expected changes were not found in women with pulmonary VHD, probably caused 

by impaired RV function. Therefore, evaluation of RV function during pregnancy might 

be important to prevent possible underestimation of the degree of stenosis in these 

women. When possible, the degree of valve stenosis must be estimated by valve area 

measurements during pregnancy in women with VHD.
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Supplementary material
Supplementary Table 1. Hemodynamic changes of cardiovascular parameters in aortic VHD, 
pulmonary VHD and controls.

N Pre- 
pregnancy

2nd  
trimester

3rd  
trimester

Postpartum

Aortic VHD Total n=32
Heart rate (bpm) 31 71.4 ± 10.9 79.5 ± 10.9* 80.4 ± 10.9 68.1 ± 10.5#
LVEF (%) 29 57.2 ± 9.72 58.8 ± 4.91 58.3 ± 4.52 57.9 ± 4.51
TAPSE (mm) 28 22.6 ± 5.04 25.5 ± 5.78* 24.5 ± 5.64 23.6 ± 5.33

Pulmonary VHD Total n=34
Heart rate (bpm) 34 69.3 ± 11.6 76.0 ± 13.1* 78.0 ± 11.1 67.5 ± 11.5#
LVEF (%) 30 53.3 ± 8.46 52.8 ± 7.00 54.0 ± 8.85 52.8 ± 7.98
TAPSE (mm) 34 17.6 ± 3.91 19.6 ± 4.59* 17.7 ± 3.25^ 17.8 ± 4.13

Controls Total n=46
Heart rate (bpm) 46 66.2 ± 8.91 73.8 ± 8.90* 81.2 ± 12.0^ 66.2 ± 8.91#
LVEF (%) 46 60.0 ± 5.69 62.3 ± 6.01 59.5 ± 5.80 60.0 ± 5.69
TAPSE (mm) 46 24.1 ± 3.18 26.7 ± 3.46* 25.4 ± 3.56 24.1 ± 3.18#

LVEF, left ventricular ejection fraction; TAPSE, tricuspid annular plane systolic excursion; VHD, 
valvular heart disease. *Significant differences between pre-pregnancy and 2nd trimester 
(p<0.0125); ^Significant differences between 2nd trimester and 3rd trimester (p<0.0125); 
#Significant differences between 3rd trimester and postpartum (p<0.0125).
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Summary
In this thesis we aimed to improve risk stratification in pregnant women with 

congenital heart disease (CHD) based on increasing our knowledge about the possible 

underlying pathophysiological mechanisms between the heart and placenta (part I) 

and to clinical factors related to increased risk of pregnancy complications (part II).

In chapter 2 and chapter 3, we showed that not only in a population with right 

sided CHD (repaired Tetralogy of Fallot, ToF) but also in a population with left sided 

CHD (corrected Coarctation of the Aorta), reduced maternal right ventricular (RV) 

function is associated with impaired uteroplacental circulation in the second and 

third trimester, which is in turn, associated with adverse pregnancy outcome. In 

chapter 4, we demonstrated in pregnant women with repaired ToF that impaired 

RV function before pregnancy is associated with less favorable uteroplacental 

circulation parameters already in the first trimester of pregnancy. Therefore, early 

monitoring of uteroplacental flow might be of value in women with CHD with (sub)

clinical RV dysfunction to identify pregnancies that would benefit from close obstetric 

surveillance. In chapter 5, we dove deeper in to the underlying relation between 

impaired RV function and placental circulation by investigating cardiac function with 

CMR in pregnant women with repaired ToF. Again we found that reduced RV function, 

and not left ventricular function, was associated with impaired uteroplacental 

circulation parameters. Evidence is therefore increasing that reduced RV function is a 

predisposing factor for impaired placental function, possibly due to venous congestion. 

To find evidence for this hypothesis, we investigated in chapter 6 the hepatic and 

renal venous flow in pregnant women with repaired ToF. We observed in this pilot 

study that pregnant women with repaired ToF have abnormal venous flow in the liver 

and kidneys. These findings create the hypothesis that venous congestion is present 

in pregnant women with (sub)clinical RV dysfunction. In chapter 7, we reviewed the 

literature and described cardiovascular determinants of impaired placental function 

in women with heart disease. The relation between cardiac dysfunction and placenta 

development and function is not yet established well, but it is most likely multifactorial 

with synergistic effects. Maternal hypoperfusion, increased central venous pressure, 

pre-existing hypertension and chronic hypoxia all lead to placental malfunction, and 

their interaction may amplify the negative impact.

In part II, we investigated possible clinical factors related to increased risk of 

pregnancy complications. In chapter 8, we showed that first trimester N-terminal 

pro-B-type natriuretic peptide (NT-proBNP) levels (> 235 pg/mL) are associated with 
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adverse cardiovascular (CV) complications and a decline in RV function later on during 

pregnancy in women with CHD. NT-proBNP evaluation in early pregnancy is therefore 

useful for tailored care in pregnant women with CHD. In chapter 9, we described 

the course of echocardiography parameters used for the evaluation of valvular heart 

disease during pregnancy, which is of additional value to distinguish between normal 

vs. abnormal pregnancies. In women with aortic valve disease, Doppler gradients 

increased during pregnancy due to physiological changes. In women with pulmonary 

valve disease, such increase was not found, probably because of impaired RV function. 

Therefore for proper risk assessment, evaluation of RV function during pregnancy 

might be important to prevent underestimation of the degree of stenosis.

In conclusion, this thesis added valuable new insights to the knowledge of the 

underlying pathophysiological mechanisms between the heart and placenta in 

women with CHD. Venous congestion related to (sub)clinical RV dysfunction may play 

an important role. Early evaluation of RV function, NT-proBNP and uteroplacental 

circulation is of additional value to identify pregnant women with increased risk of 

complications and is useful for tailored care in pregnant women with CHD.

Discussion and future perspectives
The presence of maternal heart disease can result in adverse pregnancy outcome 

for both the mother and her child and complicates 1-4% of these pregnancies.1 

In order to reduce the burden of pregnancy complications in women with CHD, 

proper pre-pregnancy counseling and management during pregnancy are of utmost 

importance. However, it is also important to mention that many women with CHD 

experience uncomplicated pregnancies. All women with CHD who wish to embark on 

pregnancy require timely pre-pregnancy counseling.2 For adequate risk assessment 

an echocardiography, electrocardiogram, exercise test and blood measurements 

(including NT-proBNP) should be performed. According to the current guidelines, 

intensity of follow-up during pregnancy depends on modified WHO risk classification 

of maternal risk (Table 1).1 Counseling and management of pregnant women classified 

in WHO II-III, III and IV should be conducted in an expert center by a multidisciplinary 

pregnancy heart team (at least including a cardiologist, obstetrician and anesthetist, 

all with expertise in the management of high risk pregnancies in women with heart 

disease).

Current guidelines have dramatically improved care in CHD patients during 

pregnancy. However, further research in 1) the underlying pathophysiological 



 Chapter 10

172

mechanisms between the heart and placenta and 2) predictors for increased risk 

of pregnancy complications can help us improve pregnancy care even more. The 

following paragraphs will discuss the results of this thesis in the light of the current 

knowledge and give insight for future investigation.

Table 1. Modified World Health Organization classification of maternal cardiovascular risk1

mWHO I mWHO II mWHO II-III mWHO III mWHO IV
Mortality risk No de-

tectable 
increased 
risk

Small in-
creased risk

Intermediate 
increased 
risk

Significantly 
increased 
risk

Extremely 
high risk

Morbidity risk No/mild 
increased 
risk

Moderate 
increased 
risk

Moderate/
severe in-
creased risk

Severe in-
creased risk

Severe in-
creased risk

Maternal cardiac 
event rate

2.5 – 5% 5.7 – 10.5% 10 – 19% 19 – 27% 40 – 100% 

Follow-up during  
pregnancy

Once or 
twice in local 
hospital

Once per 
trimester in 
local hospital

Bimonthly 
in referral 
hospital

Monthly / 
bimonthly 
in expert 
center for 
pregnancy 
and cardiac 
disease

Monthly 
in expert 
center for 
pregnancy 
and cardiac 
disease

mWHO, modified World Health Organization Classification

What have we learned in order to improve risk assessment?
This thesis adds to the increasing evidence that pregnant women with (sub)clinical 

RV dysfunction are at higher risk for less favorable pregnancy outcome. As proposed 

in a new follow-up algorithm (Figure 1), echocardiographic evaluation of RV function 

during preconception visit is recommended for adequate risk assessment and 

appropriate counseling. Women with pre-existing (sub)clinical RV dysfunction are at 

increased risk to develop inadequate uteroplacental perfusion, which is related to 

an increased risk of obstetric and neonatal complications.3,4 We demonstrated, in 

chapter 4, that women with CHD at increased risk of these pregnancy complications 

can already be identified in the first trimester, which allows for closer surveillance. 

Therefore regardless of the follow up based on mWHO risk classification (intended to 

identify increased risk of maternal complications), in women with Tricuspid Annular 

Plain Systolic Excursion (TAPSE) < 20mm before pregnancy, uteroplacental Doppler 

flow (UDF) measurement in first trimester could be measured to identify pregnancies 
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with increased risk of obstetric and neonatal complications. This TAPSE cut-off value 

for RV dysfunction is chosen because, though the official cut-off for abnormality is 

17mm5, in younger patients the TAPSE is expected to be higher, which is even more 

true for many CHD patients who have volume overload of the RV and for pregnant 

women who need to cope with the (additional) volume load of pregnancy. Besides the 

advised evaluation of RV function before pregnancy, actual follow-up of RV function 

during pregnancy is also deemed important, since pregnancy can be associated 

with persisting structural cardiac remodeling and deterioration in valvular and 

ventricular function6-11, as also described in chapter 3 and chapter 9. Considering 

the limitations of echocardiography for adequate evaluation of RV function, it could 

be considered to introduce CMR without gadolinium as a routine tool for maternal 

RV function assessment, since this is considered to be a safe imaging modality in 

pregnancy for both the mother and fetus.1,12,13 Furthermore, evaluation of hepatic and 

renal venous flow might be useful and easy to perform in order to identify women 

with signs of venous congestion due to impaired RV function (chapter 6). However, 

it is important to mention that this is only based on the results of our pilot study and 

further investigation of the clinical relevance of these measurements is needed.

The question remains why are women with impaired RV function at higher risk for 

adverse pregnancy outcome? This thesis adds valuable insights in the possible 

underlying pathophysiologic mechanisms linking the heart and the placenta, 

which is also important for strategy development. As described in chapter 2-5, we 

consistently found that reduced RV function parameters are associated with impaired 

uteroplacental circulation parameters. Impaired RV function can affect placental 

function through venous congestion (“backward failure”) or via reduced cardiac output 

through LV-RV interaction (“forward failure”). Reduced maternal perfusion towards the 

placenta and venous congestion could both lead to damage of the placental villi14-18, 

as described in chapter 7. Due to these changes, the increased demands of the 

placenta and growing fetus may not be met which could lead to placental dysfunction 

and thus adverse pregnancy outcome.8,19

Besides impaired hemodynamics affecting the placenta (extrinsic defects), this thesis 

also describes another hypothesis, namely that the placenta develops as a completely 

new organ and that in women with heart disease, the development of the placenta 

could also primarily be impaired (intrinsic defects). For normal placental function, a 

high-flow and low-pressure circulation is needed for which vascular remodeling of the 
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uteroplacental circulation is required. As also discussed in chapter 7, remodeling of 

the uteroplacental vessels could primarily be impaired due to various cardiovascular 

factors, such as reduced maternal perfusion, venous congestion, pre-existing 

hypertension and chronic hypoxia.20-25 The pathophysiology of placental dysfunction 

in pregnant women with heart disease may thus be multifactorial therefore frequent 

follow-up of cardiac and placental function during these pregnancies may be advisable.

Besides the proposed echocardiographic/CMR evaluation and uteroplacental 

Doppler flow measurements for identification of pregnancies with increased risk 

(Figure 1), also early blood measurements including natriuretic peptides could be of 

additional value. Previous studies on B-type natriuretic peptide (BNP) and NT-proBNP 

during pregnancy in women with heart disease, found that higher levels of these 

natriuretic peptides were associated with a higher risk of CV complications later on 

during pregnancy.26,27 We demonstrated, in chapter 8, that increased first trimester 

NT-proBNP levels (> 235 pg/mL) are associated with adverse CV complications, 

particularly arrhythmias, and also with a decline in RV function later on during 

pregnancy. In line with the previous studies, the negative predictive value was high 

and therefore low first trimester NT-proBNP levels seem to indicate that these women 

have a good chance to be able to accommodate to the hemodynamic changes of 

pregnancy and to complete their pregnancy without CV complications. Hence, early 

NT-proBNP evaluation can be useful in risk estimation, thereby allowing appropriate 

follow-up visits to be determined early on during pregnancy (Figure 1). Further studies 

extending to the post-partum period are needed to determine whether the decline 

in RV function predicted by high NT-proBNP levels is only confined to pregnancy or 

persists thereafter, in order to elucidate the additional prognostic value.
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Figure 1. Proposed follow-up algorithm with additional measurements and consequences 
for pregnant women with congenital heart disease. *According to the modified WHO risk 
classification. CMR; cardiovascular magnetic resonance imaging, NT-proBNP; N-terminal pro-B-
type natriuretic peptide, RVF; right ventricular function, TAPSE; tricuspid annular plane systolic 
excursion, TTE; transthoracic echocardiogram.

What further studies should focus on to improve risk 
assessment and pregnancy outcome?
To improve identification of higher risk pregnancies, the role of biomarkers for CV 

complications but also for placental dysfunction deserves further investigation. The 

predictive role of NT-proBNP measured before pregnancy in predicting CV complications 

during pregnancy is worth studying and could be helpful in preconception counseling. 

Biomarkers for placental dysfunction, such as placental growth factor (PIGF) and 

soluble fms like tyrosine kinase-1 (sFlt-1, a circulating antiangiogenic protein) studied in 

preeclampsia28,29, may also give information of placental function in pregnant women 

with CHD. Furthermore, histological examination of placental tissue combined with 

extensive uteroplacental circulation measurements may provide more information 

about the effects of various cardiovascular factors on the placenta. Lastly, to gain 
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more knowledge about the role of RV function in relation to the placenta, it would 

be interesting to have CMR data at the same time as the uteroplacental circulation 

measurements for extensive evaluation of RV function during pregnancy. 4D flow 

CMR measurements (allowing real time blood flow measurements during CMR) could 

give us insight in venous blood flow and its relation with RV function during pregnancy 

using one modality. This would give insight in the relationship between reduced RV 

function, venous congestion and placental (dys)function, thus giving foundation to the 

understanding of causal mechanisms. With this improvement in knowledge, in the 

future, more individually targeted follow-up can be provided in addition to the current 

follow-up based on mWHO risk classification.

No trials investigating treatment strategies improving hemodynamics and/or 

improving placentation in women with CHD are available and therefore therapeutic 

options to date are limited. As mentioned in chapter 7, we believe the following 

therapeutic strategies are worth investigating. Increased central venous pressure 

and subsequent venous congestion seem to be an important determinant in 

impaired placental function in women with CHD. To reduce venous congestion, it 

would be worth studying the therapeutic use of diuretics on placental circulation. 

To date, the use of diuretic drugs during pregnancy remains controversial30, but a 

preliminary study using furosemide in patients with preeclampsia and high cardiac 

output showed promising results with reduction in blood volume and blood pressure 

and had no adverse maternal or neonatal events.31 The use of acetylsalicylic acid, or 

aspirin, has been postulated to improve placentation and endothelial dysfunction.32 

Recently it has been shown that early administration of low-dose aspirin in women at 

high risk for preterm preeclampsia resulted in a remarkably lower incidence of early 

preeclampsia.33 This may widen the window of treatment opportunities for pregnant 

women with CHD and placental insufficiency. A role for magnesium has been reported 

in the control of blood pressure and induced vasorelaxation activity in both the arterial 

and venous compartment.34,35 It may therefore be useful in reducing venous pressure. 

Ongoing studies on magnesiumsulphate in women with preeclampsia might provide 

us more insights in the possible effect of magnesiumsulphate on placental function. 

Before these treatment options for improvement of placental function in women with 

CHD can be introduced into clinical practice, more experimental and clinical research 

is required to better understand the complex cardiac-placental interaction during 

pregnancy.
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Dutch summary | Nederlandse samenvatting
Dit proefschrift richtte zich op het verbeteren van risicostratificatie bij zwangere 

vrouwen met een aangeboren hartafwijking (AHA). Dit werd gedaan op basis van 

het vergroten van de kennis over de mogelijke onderliggende pathofysiologische 

mechanismen tussen het hart en de placenta (deel I) en op klinische factoren die 

verband houden met een verhoogd risico op zwangerschapscomplicaties (deel II).

In hoofdstuk 2 en hoofdstuk 3 hebben we laten zien dat niet alleen in een populatie 

met rechtszijdige AHA (gecorrigeerde Tetralogie van Fallot, ToF) maar ook in een 

populatie met linkszijdige AHA (gecorrigeerde coarctatie van de aorta), verminderde 

maternale rechter ventrikel (RV) functie geassocieerd is met een hogere weerstand 

in de uteroplacentaire vaten (oftewel de vaten in de baarmoeder en navelstreng) in 

het tweede en derde trimester. Deze verhoogde vaatweerstand bleek geassocieerd 

te zijn met een ongunstige zwangerschapsuitkomst. In hoofdstuk 4 hebben we 

bij zwangere vrouwen met gecorrigeerde ToF aangetoond dat een verminderde 

RV functie vóór de zwangerschap geassocieerd is met een hogere weerstand in de 

uteroplacentaire vaten al in het eerste trimester van de zwangerschap. Daardoor 

kan vroege controle van de weerstand in de uteroplacentaire vaten van toegevoegde 

waarde zijn bij vrouwen met AHA met (sub)klinische verminderde RV functie, om op 

deze manier patiënten te identificeren die baat kunnen hebben bij meer frequente 

obstetrische controles.

In hoofdstuk 5 zijn we dieper in gegaan op de onderliggende relatie tussen een 

verminderde RV functie en hogere weerstand in de uteroplacentaire vaten bij 

zwangere vrouwen met een gecorrigeerde ToF,  door nu de hartfunctie met MRI te 

meten in plaats van met echocardiografie. Opnieuw vonden we dat een verminderde 

RV functie, en niet de linker ventrikel functie, geassocieerd was met een hogere 

weerstand in de uteroplacentaire vaten. Hierdoor is er toenemend bewijs dat een 

verminderde RV functie een predisponerende factor is voor een verminderde 

placenta functie, mogelijk als gevolg van veneuze congestie. Om deze hypothese te 

onderbouwen, onderzochten we in hoofdstuk 6 de veneuze bloeddoorstroming in 

de lever en de nieren bij zwangere vrouwen met een gecorrigeerde ToF. We hebben 

in deze pilot studie geobserveerd dat zwangere vrouwen met gecorrigeerde ToF een 

abnormale veneuze bloeddoorstroming in zowel de lever als de nieren hebben. Deze 

bevindingen ondersteunen de hypothese dat er sprake is van veneuze congestie 

bij zwangere vrouwen met (sub)klinische verminderde RV functie. In hoofdstuk 7 
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hebben we de literatuur onderzocht om cardiovasculaire determinanten van een 

verminderde placentafunctie bij vrouwen met een hartaandoening te beschrijven. 

De relatie tussen een verminderde hartfunctie en de ontwikkeling en functie 

van de placenta is tot op heden nog niet duidelijk, maar lijkt multifactorieel met 

enkele synergetische effecten. Verminderde bloedtoevoer  door de afgenomen 

hartfunctie, een verhoogde centraal veneuze druk, een hoge bloeddruk en chronisch 

zuurstofgebrek bij de moeder leiden allemaal tot een verminderde functie van de 

placenta en interacties hiertussen kunnen deze negatieve vicieuze cirkel versterken.

In deel II onderzochten we mogelijke klinische factoren die verband houden met een 

verhoogd risico op zwangerschapscomplicaties. In hoofdstuk 8 hebben we laten 

zien dat een verhoogde waarde van de hartfalen biomarker ‘NT-proBNP’ (> 235 pg/

ml) in het eerste trimester geassocieerd is met het optreden van cardiovasculaire 

complicaties en met een afname van de RV functie later in de zwangerschap bij 

vrouwen met AHA. Bepaling van het NT-proBNP vroeg in de zwangerschap lijkt 

daarom van toegevoegde waarde voor het inschatten van de benodigde controles 

tijdens de verdere duur van de zwangerschap. In hoofdstuk 9 hebben we het 

beloop van echocardiografische parameters beschreven die worden gebruikt voor 

de evaluatie van hartklepaandoeningen tijdens de zwangerschap, wat eveneens van 

toegevoegde waarde lijkt om onderscheid te maken tussen normale en risicovolle 

zwangerschappen. Als gevolg van verschillende fysiologische veranderingen, nam 

de Doppler gradiënt van de aortaklep bij vrouwen met een aortaklepaandoening 

tijdens de zwangerschap toe. Bij vrouwen met een pulmonalisklepaandoening werd 

deze toename van Doppler gradiënt niet geobserveerd, welke mogelijk verklaard kan 

worden door de verminderde RV functie in deze patiëntengroep. Om een inschatting 

te kunnen maken van een mogelijke risicovolle zwangerschap, kan het daarom van 

belang zijn de RV functie tijdens de zwangerschap te controleren, zodat de mate van 

pulmonalisklepstenose minder snel zal worden onderschat. 

Concluderend heeft dit proefschrift waardevolle nieuwe inzichten geleverd over de 

onderliggende pathofysiologische mechanismen tussen het hart en de placenta 

bij vrouwen met AHA. Veneuze congestie, gerelateerd aan een (sub)klinische 

verminderde RV functie, lijkt hierin een belangrijke rol te spelen. Vroegtijdige evaluatie 

van RV functie, NT-proBNP en het meten van de weerstand in de uteroplacentaire 

vaten is van toegevoegde waarde voor de identificatie van zwangere vrouwen met 

AHA die een verhoogd risico hebben op complicaties. Deze metingen dragen eraan 

bij om zorg te leveren voor elke patiënt specifiek, waarbij er beter gekeken wordt naar 

de individu en niet naar de populatie van zwangere vrouwen met AHA als één geheel. 
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