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Abstract
Objectives: Reduced fetal head circumference (HC) has been associated with congenital 
heart disease (CHD). The underlying pathophysiological background, however, remains 
undetermined. We aimed to define trends in fetal growth and cerebro-placental Doppler 
flow, and to investigate the relationship between head growth and cerebro-placental flow 
in fetuses with CHD. 
Methods: Fetuses with CHD and serial measurements of HC, abdominal circumference 
(AC), middle cerebral artery pulsatility index (MCA-PI), umbilical artery pulsatility index (UA-
PI), and cerebro-placental ratio (CPR) were included. CHD was categorized into 3 groups 
based on expected cerebral arterial oxygen saturation: normal (≥65%), reduced (>60% and 
<65%) and low (≤60%). Trends over time in Z-scores were analyzed using a linear mixed-
effects model. 
Results: 184 fetuses fulfilled the inclusion criteria. Expected cerebral oxygen delivery in CHD 
was classified as normal in 70, reduced in 53 and low in 61 cases. HC showed a tendency 
to decrease until 23 weeks, then increase until 33 weeks, followed by a decrease again in 
the late third trimester. AC increased progressively with advancing gestation. MCA-PI and 
UA-PI showed significant trends throughout pregnancy, but CPR did not. There were no 
associations between expected cerebral arterial oxygen saturation and fetal growth. The 
trends in MCA-PI and CPR were significantly different in the three subgroups (P=0.009 and 
P=0.034), while trends in UA-PI were similar (P=0.126). Furthermore, there was no significant 
association between MCA-PI and HC (P=0.288).
Conclusions: Fetal biometry and Doppler flow patterns are within normal ranges in fetuses 
with CHD, but show trends over time. Fetal head growth is not associated with the cerebral 
flow pattern or placental function and HC is not influenced by the degree of oxygen delivery 
to the brain.
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Introduction
Fetuses with congenital heart disease (CHD) are often small for gestational age and have 
smaller head circumferences (HC) compared to healthy fetuses.1-9 Smaller HCs have also 
been reported in CHD subtypes, especially in hypoplastic left heart syndrome, transposition 
of the great arteries and tetralogy of Fallot.3,9 In 1996, Rosenthal et al. proposed two 
underlying mechanisms for the association between CHD and growth impairments. Either 
fetuses with intrinsic growth disturbances are more at risk for developmental errors during 
cardiogenesis or CHD might lead to circulatory alterations (such as retrograde flow in the 
aortic arch) and reduced cerebral oxygen delivery that are incompatible with optimal 
growth.9 

Doppler changes reflecting circulatory alterations in fetuses with CHD have been 
reported previously.1,2,4-7,10-21 A lower middle cerebral artery pulsatility index (MCA-PI), a higher 
umbilical artery pulsatility index (UA-PI), and a lower cerebro-placental ratio (CPR) have 
been reported in these fetuses compared to healthy fetuses.1,2,4-7,10-21 The exact association 
between circulatory alterations and fetal growth, especially HC, and by inference brain 
development, remains however unclear. Only a few authors have assessed the association 
between prenatal Doppler flow patterns and fetal growth in CHD fetuses and they were 
unable to demonstrate a clear association. However, these studies used a single Doppler 
measurement in a heterogeneous cohort of CHD.2,5,7

The association between fetal growth and Doppler flow patterns may be influenced by 
gestational age1-2 and the nature of the cardiac defect.1,5,6,12-14,17,22 Our aim was, therefore, to 
define trends in fetal growth and cerebro-placental Doppler flow and to investigate the 
relationship between fetal head growth and cerebro-placental flow in fetuses with CHD 
subdivided according to the expected oxygen delivery to the brain.

Methods
Study population
This was a retrospective collaborative study between two Fetal Medicine Units in The 
Netherlands (University Medical Center Groningen and Academic Medical Center 
Amsterdam). All fetuses with CHD in whom Doppler flow patterns and biometry had 
been measured serially after 19 week’s gestation between January 2010 and November 
2016 were included. Fetuses with chromosomal and genetic abnormalities or extracardiac 
malformations were excluded. 

Study design 
As part of routine clinical care, a fetal medicine expert measured fetal biometry and 
Doppler flow, including HC, abdominal circumference (AC), MCA-PI and UA-PI. Cerebro-
placental ratio was calculated as MCA-PI divided by UA-PI. In addition, pulsatility index 
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of the uterine arteries (UtA-PI) was assessed once at the first fetal echocardiogram. All 
available measurements of HC, AC, MCA-PI, UA-PI, and UtA-PI were retrieved starting from 
19 weeks’ gestation, which is the usual referral time after the routine 19-21 weeks’ scan. All 
fetal measurements were converted into Z-scores to adjust for differences in gestational 
age based on previously published normative data.23-25 In addition, a complete fetal 
echocardiogram was performed by a fetal medicine expert and/or an experienced pediatric 
cardiologist using a standardized protocol to assess fetal cardiac anatomy and function. 
All fetal and neonatal echocardiographic examinations, heart catheterization, surgical and 
postmortem reports were reviewed by one pediatric cardiologist (SC) to reach a definitive 
diagnosis. Additional information collected from the maternal and neonatal medical files 
included gestational age at birth, head circumference at birth, Apgar score at 5 minutes and 
outcome (live born, intrauterine fetal demise, termination of pregnancy, or neonatal/infant 
death). Furthermore, we collected information on maternal complications (CHD, diabetes, 
hypertensive disorders, hypothyroidism or other) and maternal body mass index. 

Congenital heart disease classification
The type of CHD was categorized by a pediatric cardiologist (SC) according to the expected 
fetal oxygen delivery to the brain.26 Three categories were defined: (1) normal expected 
oxygen delivery (cerebral arterial saturation ≥65%), (2) reduced expected oxygen delivery 
(cerebral arterial saturation <65%and >60%) and (3) low expected oxygen delivery (cerebral 
arterial saturation ≤60%). A complete list of CHD classification according to the expected 
oxygen delivery to the brain is presented in Table 1. 

Statistical analysis
All data were entered into a SPSS database (version 23.0, IBM Corp., Armonk, NY, USA) and 
analyzed in order to present the descriptive statistics. Study population characteristics were 
described as frequencies (percentage) for categorical variables, mean (± standard deviation; 
SD) for continuous parameters with an approximately symmetric distribution and median 
(interquartile) for continuous data with a skewed distribution. Average trends over time for 
fetal growth (HC and AC) and Doppler flow patterns (MCA-PI, UA-PI and CPR) were estimated 
using a linear mixed-effects model and analyzed with the statistical software R version 3.4.0. 
A linear mixed-effects model takes into account repeated measurements over time and 
allows the number and timing of the measurements to vary per fetus. To avoid selection 
bias, all fetuses with at least one measurement were included in the analyses.27 Average age 
trends (‘fixed effects’) were allowed to differ by CHD classification, based on the expected 
oxygen delivery to the brain and were modeled by restricted cubic splines. The restricted 
cubic spline function allowed us to explore the effect of age without making restrictive 
assumptions about the shape of the time trends. Knots were placed at five fixed quintiles of 
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the predictor’s distribution as suggested by Stone.28 Fetuses in the study population were 
considered to be a random sample of the total fetal CHD population. Therefore, we allowed 
the intercept (i.e. value at birth) and slope to differ per fetus, and assumed these parameters 
to follow a multivariate normal distribution (‘random effects’). In addition, specific time 
intervals were tested based on the averaged trend. This enabled analysis of the difference 
in MCA-PI trends over time between fetuses with a normal HC or abnormal HC (< -2.0 or 
>2.0 SD) at the last measurement before birth in the total cohort and in the three different 
CHD categories. Sampling uncertainty was quantified via 95% confidence intervals (CI) and 
P-values. A P-value < 0.05 was considered to be statistically significant.

Table 1 Congenital heart disease classification according to the expected oxygen delivery to the brain

Normal (cerebral arterial saturation ≥65%)

Isolated VSD

Aortic stenosis 

Interrupted aortic arch with IVS

Coarctation of the aorta 

Transposition of the great arteries + VSD + pulmonary stenosis 

Mitral stenosis +/- VSD 

Atrioventricular septal defect 

Pulmonary stenosis 

Total anomalous pulmonary venous drainage (supra cardiac and sub-diaphragmatic) 

Tricuspid atresia 

Reduced (cerebral arterial saturation >60% and <65%)

Aortic stenosis (critical)

Interrupted aortic arch with VSD

Coarctation of the aorta + left ventricular outflow tract obstruction + VSD

Double outlet right ventricle + malposition of the great arteries + pulmonary stenosis 

Tetralogy of Fallot 

Common arterial trunk

Pulmonary atresia with IVS

Ebstein anomaly + pulmonary atresia

Low (cerebral arterial saturation ≤60%)

Aortic atresia 

Transposition of the great arteries with IVS 

Double outlet right ventricle + malposition of the great arteries +/- hypoplastic aortic arch 

Pulmonary atresia with VSD

Hypoplastic left heart syndrome

Double inlet left ventricle + transposition of the great arteries (retrograde blood flow aortic arch)

Double inlet left ventricle, single outlet (aorta) right ventricle, pulmonary atresia

VSD, ventricular septal defect; IVS, intact ventricular septum. 
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Results
Patient characteristics
A total of 184 fetuses with CHD were included. Six fetuses (3%) died before birth, fourteen 
(8%) pregnancies were terminated and 23 (12%) died during the neonatal period or within 
the first 3 months after birth. A total of 759 ultrasound examinations were carried out in the 
184 CHD fetuses. Seventy fetuses were allocated to the group with normal expected oxygen 
delivery to the brain, 53 to the reduced expected oxygen delivery to the brain group and 61 
to the low expected oxygen delivery to the brain group. The median number of ultrasound 
observations per fetus was 3 (interquartile 2-4) with a maximum of 16 observations. Patient 
characteristics are presented in Table 2. 
 

Trends in Doppler flow patterns and growth in the entire cohort
The study included 625 HC, 645 AC, 399 MCA-PI, 473 UA-PI and 365 CPR measurements. 
UtA-PI was assessed in 95 fetuses (52%). All fetuses had multiple HC measurements, 60% 
had multiple MCA-PI measurements. There were no differences in baseline characteristics 
between fetuses with one or more MCA-PI measurements. The average trends in Z-scores of 
fetal biometry (HC and AC) and Doppler flow patterns (MCA-PI, UA-PI and CPR) for the entire 
cohort are shown in Figure 1. Trends over time were significant in both HC (P<0.0001) and 
AC (P<0.0001) Z-scores. The HC Z-scores decreased from 20 weeks until 23 weeks (P=0.005), 
then increased thereafter until 33 weeks (P<0.0001). After 33 weeks, HC Z-scores decreased 
again. The AC Z-scores increased progressively during gestation. Doppler flow patterns 
showed a statistically significant trend for MCA-PI (P=0.01096) and UA-PI (P<0.0001), but 
not for CPR (P=0.166). The Z-scores of MCA-PI showed a slight increase between 25 and 
30 weeks of gestational age, however this trend was not statistically significant (P=0.086) 
and a decrease after 30 weeks until approximately 35 weeks (P=0.001). Irrespective of the 
observed trends, the averaged trend lines of all parameters studied fell within normal 
ranges (Z-score >-2.0 and <2.0). 

Trends in Doppler flow patterns and growth in the subgroups
In Figure 2, the trends in Z-scores are shown per CHD group categorized according to the 
expected oxygen delivery to the brain. There were no statistically significant differences 
in trends for HC and AC among the CHD categories (P=0.875 and P=0.717 respectively). 
The trends in MCA-PI and CPR were significantly different between the three subgroups 
(P=0.009 and P=0.034, respectively), but there was no difference in the trend for UA-PI	
(P=0.126). Fetuses with reduced or low expected cerebral oxygen supply showed more 
fluctuations in MCA-PI (P=0.015 and P<0.001, respectively) and CPR values (P=0.229 and 
P=0.018, respectively) throughout pregnancy, whereas fetuses with a normal expected 
oxygen supply to the brain showed no trend in MCA-PI (P=0.309) and CPR (P=0.190). 



3

73

Fetal growth and Doppler in CHD

MCA-PI trends according to HC before birth 
Figure 3 shows the trend in MCA-PI between fetuses with normal and abnormal HC Z-score 
at the last measurement for the total cohort and for the three subgroups of CHD. Twenty-
one (11%) fetuses had an abnormal HC Z-score at the last measurement before birth. In 
these fetuses, conotruncal anomalies were the most common type of CHD (7), followed by 
septal defects (4) and other univentricular lesions (3). There was no statistically significant 
difference in the trend of MCA-PI between normal and abnormal HC for the total cohort 
(P=0.288) and for the subgroups of CHD (P=0.408). 

Table 2 Patient characteristics

N=184

Type of CHD
Septal defects
Valvular anomalies (biventricular heart)
Venous return anomalies
Aortic arch anomalies
Conotruncal anomalies
Hypoplastic right heart syndrome
Hypoplastic left heart syndrome
Other univentricular defects
Complex defects with atrial isomerism
Miscellaneous

22 (12)
10 (5)
1 (1)
16 (9)
72 (39) 
9 (5)
14 (8)
27 (15)
5 (3)
8 (4)

Maternal BMI (kg/m2) 24.9 (4.6)

Maternal Smoking 17 (9)

Maternal illness
No maternal illness
CHD
Diabetes
Hypothyroidism
Other*

154 (84)
2 (1)
7 (4)
1 (1)
8 (4)

Nulliparous 63 (34)

Outcome
Live born
IUFD
TOP
NND/ID
Unknown

113 (61)
6 (3)
14 (8)
23 (13)
28 (15)

Gestational age at birth (weeks) 37.5 (4.3)

Birth weight (grams) 3049 (804)

Head circumference at birth (cm) 33.4 (3.2)

Apgar score 5 minutes 9 (1.4)

Data are presented as either mean (SD) or number (percentage). CHD, congenital heart disease; IUFD, intrauterine 
fetal demise; TOP, termination of pregnancy; NND/ID, neonatal or infant death. *hyperthyroidism, pituitary gland 
pathology, congenital hepatic fibrosis, or migraine.
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Figure 1 Trends in Z-score of Doppler flow patterns (light blue) and fetal growth (dark blue)
A. MCA-PI, middle cerebral artery pulsatility index. B. UA-PI, umbilical artery pulsatility index. C. CPR, 
cerebro-placental ratio. D. HC, head circumference. E. AC, abdominal circumference. 95% confidence 
intervals are shown in grey.
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Figure 2 Trends in Z-score of Doppler flow patterns and fetal growth by CHD category
A. MCA-PI, middle cerebral artery pulsatility index. B. UA-PI, umbilical artery pulsatility index. C. CPR, 
cerebro-placental ratio. D. HC, head circumference. E. AC, abdominal circumference. 95% confidence 
intervals are shown in grey. 
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Discussion
This study demonstrates that although HC, AC, MCA-PI and UA-PI remain within normal 
ranges, there are significant trends over time in fetuses with CHD. Trends in MCA-PI and CPR 
also differ between fetuses with normal, reduced or low expected oxygen delivery to the 
brain, while trends in HC and AC do not differ between these subgroups. Fetuses with CHD 
with reduced or low expected cerebral oxygen supply show more fluctuations in MCA-PI 
and CPR throughout pregnancy. Furthermore, this study shows that there are no significant 
associations between MCA-PI and HC in fetuses with various types of CHD, subdivided 
according to the expected cerebral oxygen delivery pattern. 

A number of studies have suggested a redistribution of the fetal circulation in favor 
of the brain in fetuses with CHD, similar to that seen in placental insufficiency, in order 
to guarantee an optimal cerebral oxygen supply. This is also known as the brain sparing 
effect.1,2,4-7,10-21 Most of these studies used a single Doppler measurement performed 
during the second or third trimester. 4-7,10-21 We were unable to confirm a redistribution of 
the fetal circulation in favor of the brain in our cohort. Firstly, all fetal parameters in our 
cohort remained within normal ranges. Secondly, MCA-PI and CPR were not decreased, 
and moreover UA-PI was not increased in our cohort. Furthermore, HC showed a tendency 
to decrease at the end of the third trimester, while AC continued to increase progressively 
with advancing gestation, which is at variance with what happens in “brain sparing” due to 
chronic hypoxemia, as occurs in placental insufficiency. Since HC Z-scores only decreased 

Figure 3 Trends in Z-score of MCA-PI for normal and abnormal HC
A. Trends for the total cohort and B. trends for CHD categories. MCA-PI, middle cerebral artery 
pulsatility index; HC, head circumference; Normal CHD, normal expected oxygen delivery to the 
brain; Reduced CHD, reduced expected oxygen delivery to the brain; Low CHD, low expected oxygen 
delivery to the brain. 95% confidence intervals are only shown for the total cohort in grey.
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towards the end of pregnancy, we speculate that fetuses with CHD may be unable to meet 
the increased metabolic demands of the developing brain at the end of pregnancy.29 The 
fact that the lower HC Z-scores were not associated with lower MCA-PI Z-scores towards the 
end of pregnancy may support this hypothesis of failure to compensate for an insufficient 
cerebral oxygen supply by increasing cerebral blood flow. 

Studies on serial fetal biometry and Doppler flow measurements in fetuses with CHD also 
show remarkable discrepancies. While the majority report significant trends over time in both 
fetal biometry and cerebro-placental Doppler flow, the directions of trends differ significantly 
between studies.1,2,30 The discrepancies might be caused by differences in study methodology. 
Ruiz et al., for example, used similar statistics as we did, but assumed that the effect of 
gestational age followed a quadratic time trend.1 This might have produced the tendency 
for fetal parameters to increase during pregnancy. We made no assumptions regarding the 
shape of the time trend as we do not know whether use of a quadratic trend is justified. 
Furthermore, the discrepancies might be caused by differences in study population, although 
the populations are fairly representative of the most commonly found CHD during fetal life.1,30

Since fetal brain development is dependent on adequate oxygen and nutrient supply, 
it has been hypothesized that fetuses with CHD in whom umbilical venous blood, rich 
in nutrients and oxygen, is partly shunted away from the brain have impaired cerebral 
development.1,5,612,14,15,18,22 Several studies reported lower MCA-PI and CPR, and higher UA-PI 
in fetuses with CHD with low expected cerebral oxygen supply.1,5,6,12,14,15,18 We did not observe 
lower MCA-PI and CPR in fetuses with low or reduced expected cerebral oxygen supply. 
We did, however, observe more fluctuations in MCA-PI and CPR throughout pregnancy 
in fetuses with reduced or low expected cerebral oxygen supply. These fluctuations in 
cerebro-placental Doppler flow may be an important observation. Although we cannot 
exclude that these fluctuations are physiological variations as longitudinal studies in healthy 
fetuses are lacking, we speculate that, if real, the fluctuations might be harmful for the 
development of the brain. They might suggest an impaired hemodynamic autoregulation, 
that, analogous to what is known in preterm infants,31,32 may have a harmful effect on the 
vulnerable developing brain.

There were, however, no associations between MCA-PI and HC in the entire cohort nor 
in the three CHD subgroups. Previous studies were also unable to demonstrate a clear 
association between MCA-PI and HC. Furthermore, Jansen et al. found no association 
between the flow in the ascending aorta and HC.30 These studies, however, were either 
based on univariate statistical analyses or only used theoretical hemodynamics. We used 
multivariate statistical analyses and measured MCA-PI. Therefore, we believe that our study 
is more robust and we speculate that head growth might be more dependent on other 
factors such as maternal or (epi)genetic factors than on blood flow to the brain. 
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This study has several strengths and limitations. It is the first study that assesses the 
association between trends in Doppler flow patterns and fetal growth in a relatively large 
cohort of consecutively seen fetuses with CHD. Furthermore, we included an unselected 
population (the assessment of cerebro-placental Doppler flow and fetal growth was part 
of routine clinical care in both institutions) and we excluded all cases with chromosomal 
abnormalities, including microdeletions. However, as this was a retrospective study, assessment 
of Doppler flow was not standardized, resulting in various numbers of measurements across 
the whole range of gestational ages of the fetuses. In spite of this, there are no indications 
that missing data in the cohort are not at random. Therefore, our linear-mixed effects model 
provides an unbiased estimate of the age trends. In addition, differences in study populations, 
reference charts used and study design, limit comparisons with other studies. We believe that 
our classification of fetuses into normal, reduced or low expected oxygen delivery to the brain 
is based on the best data currently available,22,26,33,34 however it is impossible to measure exact 
oxygen levels prenatally. Finally, we were unable to analyze each type of CHD separately due 
to the relatively small numbers. Larger multicenter studies, allowing for larger groups with the 
same type of CHD, are necessary to provide insights into possible mechanisms responsible for 
suboptimal intra-uterine cerebral development in a specific heart lesion.

In conclusion, this study demonstrates that while there are significant trends in biometry 
and Doppler flow patterns throughout pregnancy in fetuses with CHD, these measurements 
are within normal ranges. Fetal head growth is not associated with the expected oxygen 
delivery to the brain or fetal Doppler flow patterns, confirming that other mechanisms than 
circulatory modifications may influence the cerebral development in fetuses with CHD. 
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