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Chapter 1. Introduction 
When parents are told that their child, or the child they expect, has a heart defect (CHD), they 

worry. They may fear for the prognosis of their child, will he or she survive birth and any necessary 

surgery? Is one surgical procedure sufficient or will further treatment be necessary? Later in 

childhood and in adolescence, will he or she experience normal development and be able to 

participate in sports, work and social activities like other children and adults?  

Fortunately, we can tell these parents that during the last decades, the chances of surviving birth 

and surgery with major CHDs have steadily increased 1,2; however – and less fortunately – children 

with CHDs survive with increased risk of neurodevelopmental impairment compared to age-

equivalent peers 3-9,9-13.  

The use of some medication during pregnancy has been recognized to increase the risk of CHDs 

in the offspring 14,15. Other risk factors such as maternal obesity, depression and diabetes have 

also been identified 15-17, and guidelines to prevent the exposure to known risk factors exist and 

may have reduced the prevalence of CHDs. However, CHD is still the most common birth defect, 

affecting approximately 6.5/1000 live-born children 18,19.  

Therefore, research to identify possible strategies for neuro protection in these children is ongoing, 

and several risk factors for neurodevelopmental impairment have been identified 4,8,19. Prenatal 

knowledge about the CHD diagnosis to optimize perinatal stabilization 20,21 as well as improved 

surveillance during surgery and optimized surgical strategies have improved neurodevelopmental 

outcomes 22. Nonetheless, the prospects of neurodevelopmental impairment are 40–50% in 

neonates with major CHDs 4,13,23. 

The focus of this dissertation is the timing and potential (preventable) reasons for abnormal 

prenatal brain development in fetal CHDs. Abnormal prenatal brain development in fetuses with 

isolated CHDs is documented 18,24-28; the timing in fetal life and the underlying causes are not fully 

understood, but may include both genetic 29-33 and circulatory factors. Studies have documented 

abnormal cerebral blood flow in fetuses and newborns with major CHDs, such as but not 

exclusively, hypoplastic left heart syndrome (HLHS) 34-38. It is probable that one of the factors 

contributing to impaired brain development in fetuses with CHDs is the inability of the abnormal 

fetal cardiovascular system to meet the demands for oxygen and nutrition, especially in late 

gestation 39,60. The role of the placenta in CHD is also not fully understood.
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Chapter 2. Background 
 
2.1. Definition of congenital heart defects 
In this dissertation, a congenital heart defect (CHD) is defined as “a structural defect in the heart or 

intrathoracic great vessels of actual or potential functional significance”, modified from the 

definition by Mitchell 40.  Thus, arrhythmias, cardiomyopathies and tumors are not included in this 

definition and neither are anatomic abnormalities without any functional relevance such as mild 

pulmonary branch stenosis.  

 

2.2. Genetics 
Several genetic factors (common aneuploidies, trisomy 21 being the most common 41, 

chromosomal deletion syndromes such as 22Q11 deletion syndrome 42 and single gene defects 

like Noonan syndrome 29,43) are known important risk factors for the development of CHD. 

However, although by some considered to be the main cause of CHD, only approximately 10% of 

cases can be explained by known genetic factors 41. Additionally, yet unknown sub-microscopic 

copy number abnormalities and single nucleotide polymorphisms can be involved in the etiology of 

CHD 29-32. 

Genetic factors contribute not only to the etiology of CHDs, genetic factors are often also 

responsible for impaired growth, associated congenital anomalies and mental retardation 44. Thus, 

knowledge about genetic factors associated with the development of both CHDs and 

neurodevelopmental disorders is essential.  

Transposition of the great arteries (TGA) is associated with increased risk of neurodevelopmental 

deficits 13,45-50, although TGA is not often associated with genetic malformations. Few studies have 

investigated the genetics of TGA 31,51, but some research suggests that copy number variations 

(CNV) may sometimes contribute to the etiology.  

 

2.3. Prenatal detection 
Studies have shown the importance of the prenatal detection of isolated CHD as it allows for 

strategies for delivery room care 21 and admission for surgery in a more stable condition. Prenatal 

detection is also associated with lower short- and long-term morbidity and mortality 21,22.  

Prenatal screening was implemented in Denmark in the 1970s. From 2004, the Danish prenatal 

screening program has included a combined risk assessment for Down syndrome (a double test 

of biological markers and a nuchal translucency scan at gestational week (GW) 11+3 to 13+6) and 

an anomaly scan at GW 18 to 21+6. If any of the screening tests indicate increased risk of fetal 

malformations, the woman is offered invasive testing (chorionic villus sampling or 
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amniocentesis). The outcomes are reported to a national register of prenatal genetic test results; 

The Danish Cytogenetic Central Registry. 

The attendance to the prenatal screening program is high (> 90%) 52,53. If a fetal CHD is suspected, 

the woman is referred to fetal echocardiography. The prenatal detection rate for CHDs in Denmark 

is reported to be just above 20%, but with a higher pickup rate (47%) for major CHDs 54 

comparable to detection rates in other countries 19,55. In study I in this dissertation, we found an 

overall prenatal detection rate of 42%, with a pickup rate of 59% of the major CHDs if those 

associated with malformations or genetic syndromes are included.  

 

2.4. Fetal hemodynamics 
The placenta supplies the oxygen and nutrition demands of the fetus 56 (Figure 1). From the 

placenta, oxygen- and nutrition-rich blood flows via the umbilical vein and later the ductal vein to 

the right atrium. From the right atrium, it is directed through the oval foramen to the left atrium. It 

flows across the mitral valve to the left pump chamber (left ventricle) and is via the aorta distributed 

to the systemic circulation, especially to the head, upper body and upper extremities of the fetus 57. 

Simultaneously, the right side of the heart receives the nutrition-depleted blood from the upper and 

lower body. It does not cross the oval foramen; instead it is by means of intracardiac fetal valves 

and streaming patterns directed via the right ventricle to the pulmonary artery. Due to high vascular 

resistance in the pulmonary vasculature in utero, only 15–20% of cardiac output is distributed to 

the pulmonary circulation 58, and most of the blood is directed via the arterial duct to the 

descending aorta. From the descending aorta, some flow is directed toward the lower body and 

extremities and some of the blood flows back to the placenta to exchange carbon dioxide and 

other waste products for oxygen and nutrients via the maternal spiral arteries.  

 

 

Figure 1. The fetal heart and circulation. IVC: 
Inferior caval vein, SVC: Superior caval vein, 
PA: Pulmonary artery, O2: oxygen. 
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2.5. Fetal hemodynamics in CHD 
In fetuses with abnormal or disrupted connections in the heart, inappropriate mixing of oxygen- and 

nutrition-rich blood from the placenta and deoxygenated blood from the fetal body and/or reduced 

perfusion pressures results 57. Thus, the brain is often supplied with blood that has reduced oxygen 

and nutritional content (Figure 2 and 3) 60 and/or reduced perfusion pressures. A compensatory 

increase in cerebral blood flow in fetuses with CHDs has been documented as a reduced 

resistance index in the middle cerebral artery. However, regardless of this brain-sparing effect, 

cerebral blood flow may still be inadequate to secure the oxygen supply necessary for optimal 

brain development 34,38,39,61-63. Brain sparing has been associated with impaired 

neurodevelopment in children with CHDs 35,36. 

Cross-sectional measurements, after gestational age (GA) 35 weeks, of the blood flow and oxygen 

saturation in the major vessels supplying and draining the fetal brain indicate a reduced cerebral 

oxygen supply and consumption in fetuses with heart defects 60.  

One group has attempted to increase the oxygen content in the fetus with acute maternal hyper 

oxygenation in 20 fetuses with CHDs and 17 controls 64. They found lower umbilical venous 

oxygenation in the CHD-group with a significant increase in umbilical venous oxygenation after 

maternal hyper-oxygenation. Hyper-oxygenation increased the pulmonary blood flow and 

decreased the flow in the arterial duct in both groups. No significant change of blood flow was 

found in the blood in any of the other major vessels, thus any effect of acute maternal hyper-

oxygenation on the fetal brain is yet to be established. Chronic intermittent maternal fetal hyper-

oxygenation has been attempted in 15 fetuses with HLHS; this was, however, to improve the 

cardiovascular dimensions 65. The effect on the fetal brain has not been measured. 
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Figure 2: The fetal heart and circulation in the univentricular fetal heart (left), fetus with tetralogy of Fallot 

(middle) and fetus with transposition of the arteries (right). IVC: Inferior caval vein, SVC: superior caval vein, 

PA: pulmonary artery, O2: oxygenated blood from the placenta.  
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Figure 3. The fetal-placental circulation in a normal fetus (far left), a fetus with transposition of the great 
arteries (TGA) (2nd from the left), a fetus with hypoplastic left heart syndrome (HLHS) (2nd from the right) 

and a fetus with tetralogy of Fallot (TOF) (far right). Illustration from Circulation. 2015; 131: 1313-1323 60 with 

authors permission. 

 

2.6. Prenatal cerebral growth and development in CHD 
Head circumference at birth in neonates with CHDs correlates with cognitive scores later in life 23, 

and head circumference has been considered a proxy (surrogate) measure for neurodevelopment. 

Smaller heads at birth in neonates with CHDs have been reported several times 18,24. Rein et al. 

performed MR volumetric studies on 19 newborns with and 19 newborns without CHDs and found 

smaller brain volumes prior to surgery in those with a CHD; however; they found no specific 

regional predilection of injury, thus suggesting a fetal origin of reduced brain growth 28. 

Dimitropoulos et al. have demonstrated a 40% risk of pre-operative brain injury visible on MRI in 

newborns with CHDs 5. Some studies have sought to clarify the in utero timing and extent of the 

reduced brain growth. Zeng and colleagues have used three-dimensional ultrasound on 73 CHD 

fetuses from 20 weeks’ gestation (WG) to demonstrate progressively smaller brain volumes from 

28 WG. Recently, ultrasound in fetuses with CHDs disclosed affected brain growth from the time of 

diagnosis in mid-gestation 25,26,36,66.  

Limperopoulos and her group performed MRI and three-dimensional volume measurements in 

utero from 25 WG (mean 30 WG) and demonstrated smaller brain volumes and signs of delayed 

maturation estimated by spectroscopy in fetuses with major CHDs 39. Reduced head 

circumference of -1 SD and delayed maturation by 1 month in term neonates with CHDs have also 
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been demonstrated by Licht et al. 27, who compared MRI total maturation score in 41 neonates 

with HLHS and TGA to normative data.  

 
2.7. Prenatal risk factors for neurodevelopmental deficits in CHD  
Brain affection during fetal life in CHDs is well established, and the search for (preventable) causes 

for this brain affection in CHD is ongoing. Sun et al. demonstrated a 13% reduction in brain volume 

in late gestation compared to normal fetuses as well as 15% reduced cerebral oxygen delivery and 

32% reduction in cerebral oxygen consumption in 30 late gestation fetuses with a CHD compared 

to 30 controls 60. Reduced cerebral perfusion pressures (caused by small or obstructed left sided 

heart structures) as well as a low oxygen content in the blood to the fetal brain have been 

suggested etiologies of smaller brains in fetuses with a CHD 62,67. However, a recent study of 436 

CHD fetuses with reduced head circumference at 20 weeks’ gestation and a further decline in 

head growth in the second part of pregnancy was unable to confirm a relationship between 

presumed aortic flow or oxygen saturations during pregnancy and reduced cerebral growth in CHD 
66. Thus further research to improve our understanding of brain development in CHD is warranted 

and is the main focus of this dissertation.
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Chapter 3. Aims & hypotheses  
 
Aims 

1) By identifying fetuses diagnosed with isolated CHDs either during pregnancy or during the 

first year of life in a large, population-based cohort and compare the biometrics of fetuses 

with isolated CHDs to fetuses without CHDs, we aim to estimate the timing and extent of 

prenatal brain affection in fetuses with isolated CHDs. 

 

2) By using array comparative hybridization (array CGH), we aim to genetically examine some 

patients with transposition of the great arteries (TGA)  

 

3) By using the MRI modality T2* we aim to estimate cerebral oxygenation in fetuses with 

CHDs in late gestation and compare it to the measurements in fetuses without CHDs.  

 

Hypotheses 

1) Smaller head size can be detected from early 2nd trimester in fetuses with isolated  

CHDs compared to fetuses without CHDs.  

 

2) Genetic malformations can be detected in some patients with TGA using array CGH. 

 

3) Cerebral oxygenation as measured by MRI T2* is lower in fetuses with CHDs as compared 

to fetuses without CHDs. 
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Chapter 4. Methodologies used 
 
4.1. Data sources used in the dissertation.  
 
a) The Unique Personal Identification Number  
The Danish Civil Registration System is an administrative register including all live-born children 

and all citizens residing in Denmark and Greenland. It was founded in 1968. A unique ten-

digit Personal Identification (CPR) number is assigned to all persons in the Civil Registration 

System. The CPR number allows for technically easy, cost-effective, and unambiguous individual-

level record linkage of Danish registers 68. 

 

b) The local register of prenatal genetic test results 
On January 1, 2012 the routine examination of the chorionic villus sampling or amniotic fluid at 

Aarhus University Hospital (AUH) changed from karyotyping to array CGH. During the first 2 

years, the outcomes were reported to a local register of prenatal genetic test results in addition to 

The Danish Cytogenetic Central Registry. The reason for this double registration was a quality 

assurance program initiated at the beginning of the new routine. The local register of genetic test 

results was one of our four primary data sources when identifying fetuses with CHDs in study I.   

 

c) Astraia (2004–2018 Astraia software gmbh, Occamstr. 20, 80802 Munich, Germany©) 

Astraia Obstetrics and Astraia Fetal Echocardiography are commercial data capture systems used 

in all obstetric departments in Denmark. They hold locally the data arising from the prenatal 

ultrasound examinations. Astraia Obstetrics captures among other things: 

• complete ultrasound examination of fetus and maternal structures during pregnancy 

• automatic calculation of Z scores for most of the measured structures 

• detailed fetal echocardiography (optional) including cardiac biometry and Doppler 

• all invasive and non-invasive diagnostic procedures 

• complete 1st trimester risk assessment according to the Fetal Medicine Foundation 
London: Based on the detailed ultrasound examination and the maternal blood analysis 
and biochemistry, this module provides an algorithm that allows the calculations for fetal 
chromosomal defects and abnormalities in the 1st trimester (e.g. Trisome 21) and problem 
pregnancies. 

• follow-up examinations 

• diagnoses, conclusions and outcome of pregnancy 
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All pregnant women in Denmark are offered two publicly funded ultrasound scans during 

pregnancy, a nuchal translucency scan in GA week 11+3 to 13+6 that includes a combined risk 

assessment for trisomies and an anomaly scan in GA week 18 to 21+6. Fetal biometrics and 

flows are routinely measured, and the data are stored locally in Astraia.  

According to our national guidelines 

(http://www.dfms.dk/Guidelines/Biometriguideline%202008.pdf), GA based on the fetal crown-rump 

length (CRL) at the nuchal translucency scan determines the estimated due date 69. Therefore, per 

default, GA is adjusted according to CRL at the nuchal translucency scan. At nuchal translucency 

scan, the bi-parietal diameter (BPD) is measure for head size 

(http://www.dfms.dk/Guidelines/Biometriguideline%202008.pdf). At the anomaly scan, the head 

circumference (HC) is automatically calculated using the BPD and the occipital frontal diameter 70.  

Astraia AUH was one of our four primary data sources when identifying fetuses with CHDs in study 

I.   

The additional data arising from the supplementary ultrasound scans performed in study III were 

also captured by Astraia AUH. 

 

d) Patient data from the patient administrative system (PAS). 
The Patient Administrative System (PAS) is an integrated part of the electronic patient chart 

(MidtEPJ) used in all hospitals in Central Denmark Region. PAS holds the physician-assigned 

diagnoses (Since 1994; International Classification of Diseases, 10th revision (ICD-10)) for all 

regional hospital contacts (hospital admissions and visit in outpatient clinics) for individuals in 

Central Denmark Region. All data is affiliated to the personal CPR number. PAS reports to the 

Danish National Patient Registry. A list of patient data from PAS was one of our four primary data 

sources when identifying fetuses with CHDs in study I. 
 
e) The Danish Fetal Medicine database  
The Danish Fetal Medicine database (DFMD) holds, from September 2010 and onwards, data 

from all pregnant women in Denmark who attend the Danish prenatal screening program. 

Information regarding fetal measurements such as biometrics and chromosomal and congenital 

malformations diagnosed pre- or postnatal is included in the database 71.  

Three registries report data to the DFMD: 

-Astraia (see above). Astraia provides simultaneous data supplementation via a web service. 

-The Danish National Patient Registry (established in 1977). The Danish National Patient 

Registry contains information on all outpatient visits as well as inpatient admissions to all hospitals 

in Denmark since 2007 72. The Danish National Patient registry holds the physician-assigned 
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diagnoses (Since 1994; ICD-10) for all hospital contacts for individuals in Denmark. The Danish 

National Patient Registry supplies data to the DFMD on a monthly basis. 

-The Danish Cytogenetic Central Registry (established in 1968). The Danish Cytogenetic 

Central Registry contains information on every cytogenetic test (karyotype, multiplex ligation 

dependent probe amplification, fluorescence in situ hybridization and array CGH) performed pre- 

or postnatal in Denmark since 1960 73. The Danish Cytogenetic Central Registry supplies data to 

the DFMD on a yearly basis.  

The DFMD was one of our four primary data sources when identifying fetuses with CHDs in study 

I, and the DFMD provided the prenatal ultrasound data, placenta weight and birth weight for the 

entire cohort in study I. 

 

f) The Danish Medical Birth Registry 
The Danish Medical Birth Registry was established in 1968. It contains data on all Danish births – 

live births, home birth and stillbirths. The information in the registry was digitalized in 1973 and 

includes the unique CPR number of both the mother and the child. At birth, head circumference 

(HC), length and weight (BW) of the newborn and weight of the placenta are routinely measured 

within the first few hours of life 74. Midwives are required by law to register all births, and among the 

parameters registered from 1997 and onwards are gestational age (GA) at birth, BW, length and 

HC 75.  
Access to data at the individual level is subjected to special regulations prescribed by the Data 

Surveillance Authority and also requires permission from the National Board of Health 75. 

 

4.2. Array comparative genome hybridization 
Each person has 46 chromosomes (23 pairs) including 1 pair of sex chromosomes (women XX, 

men XY) (Figure 4).  

The deoxyribonucleic acid (DNA) of offspring consists of one 

chromosome from each of the 23 pairs from the mother and 

one chromosome from each of the 23 pairs from the 

father.A gene is a sequence of DNA that codes for a molecule 

with a function. The DNA is first copied into ribonucleic acid 

(RNA). The RNA can be directly functional or be the template 

for a protein that performs a function. These genes make up 

different DNA sequences called genotypes. Genotypes along 

with environmental and developmental factors determine what the 
Figure 4: A chromosome and 

the DNA. The base pairs are 

illustrated as small lines 
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phenotypes will be. Most biological traits are under the influence of many different genes as well as 

environmental interactions.  

Array CGH (Figure 5) can detect chromosomal copy number variations on a genome-wide and 

high-resolution scale 76. Array CGH provides the possibility for detecting chromosomal copy 

number changes in cell and tissue samples (often blood) similar to karyotyping, without the need 

for culturing and with a much higher resolution. Chromosomal microarray (CMA) being CGH and/or 

single-nucleotide polymorphism (SNP) has the main advantage of being able to detect very small 

quantitative changes in DNA; it is approximately 150–300-fold more detailed than conventional 

karyotype (resolution 10,000,000 bases), depending on the size of the target and the coverage and 

density of probes in the array. On January 1, 2012, if any of the routine prenatal screening tests 

indicated elevated risk of fetal malformations, the genetic examination of the chorionic villous 

sample or amniotic fluid in our institution (AUH) changed from karyotyping to array CGH. The 

standard platform used in our hospital is high-resolution oligo-array 180K CGH (Agilent 

Technologies Inc., Santa Clara, CA, USA) with 180 thousand probes per array (resolution 

approximately 60,000 bases). Thus, the 180K CGH has routinely been performed in the prenatal 

genetic test program described in study II. In study I, we intended to use a higher resolution 

platform 400K CGH+SNP (Agilent Technologies Inc., Santa Clara, CA, USA) with 400 thousand 

probes per array and also targeted SNP of cardiac candidate genes (resolution approximately 

30,000 bases). The reason for performing  CMA was that submicroscopic chromosomal or genetic 

imbalances could be a possible explanation for some cases of TGA. 
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Figure 5. Array CGH. Modified after NGG Thailand. 
 

 

 
 
4.3. Magnetic resonance imaging and transversal relaxation T2* 
Our body consists of atoms made of a nucleus and a shell of electrons. In the nucleus are protons, 

small positively charged particles. The protons are spinning around their own axis, thereby creating 

a magnetic dipole moment, which is comparable to a small bar magnet (Figure 6).  

 

	
Figure 6. Left: Illustration of the proton spin and precession. With permission from author (Marianne Munk 
Sinding, Aalborg University). Right: Protons possess a positive charge and are constantly spinning around 
their own axes. This generates a magnetic field making protons similar to bar magnets. Modified after 77. 
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When the small proton magnets are placed in an external magnetic field (the MR scanner), they 

align like small compass needles – either parallel (low-energy state) or anti-parallel (high-energy 

state). Proton magnets aligned in opposite directions cancel each other.  

In addition to spinning around their own axis, the small “compass needles” move like spinning tops 

a bit out of their orbit. They are not in phase but move independently. This is called precession, 

and it is induced by the external magnetic field (Figure 6).  

The precession frequency (how many times per second the protons rotate) is measured in Hz. The 

precession frequency depends on the strength of the magnet (measured in Tesla (T)) and the 

properties of the tissues. A stronger magnet induces a higher precession frequency. 

The most important nuclei, as regards MRI, are the hydrogen nuclei, as they are present in water 

and thus in all tissues in the body. When placed in an MR scanner, all the proton magnets align, 

thus the body is turned into a small bar magnet longitudinally in the MR scanner. 

During the MR scanning, radio frequency excitation is applied. When the precession frequency and 

the radio frequency are the same, resonance is created, allowing some of the small proton 

magnets to align anti-parallel (in the high-energy state) 77.  

Simultaneously, the radio frequency excitation makes some of the proton dipoles precess at the 

same phase, creating transversal magnetization. The transversal magnetization creates a current 

in a receiver coil: the MR signal. 

 

Transversal magnetization (T2) 
When the radiofrequency excitation is turned off, the proton dipoles return to their low-energy 

state. At the same time the transversal magnetism disappears. This is called transversal relaxation 

or spin-spin relaxation, and can be expressed as loss of transversal magnetization (T2) as a 

function of time, the T2 relaxation curve (Figure 7, left). The T2 relaxation time is defined as when 

transversal relaxation is reduced to 37%. 

 

 
Figure 7. The transversal relaxation curve (left). The transversal relaxation time (T2) depicts where 37% of 

the transversal relaxation time remains. The longitudinal recovery curve (right). The longitudinal recovery 

time (T1) depicts where 63% of the longitudinal relaxation is recovered. 
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Longitudinal magnetization (T1) 
Simultaneously, the longitudinal magnetism is re-established: longitudinal recovery (T1). 

The energy is released to the surrounding tissues (lattice); hence, the longitudinal relaxation is also 

called spin-lattice relaxation. T1 also happens gradually and can be expressed as a function of 

time, the T1 recovery curve (Figure 7, right). The T1 recovery time is defined as when 63% of the 

longitudinal magnetism is recovered.  

Thus, T1 and T2 are time constants that depend on the tissues. T1 is always longer than T2. T1 is 

typically 300–2,000 milliseconds (ms), T2 typically 30–150 ms. Liquids have a long T1 and a long 

T2. Fat has a shorter T1 and a shorter T2.  

By repeating the radiofrequency excitations, it is possible to distinguish between T1 and T2. TR 

(time to repeat) is the time between two excitations or pulses. TE (time to echo) is the time from 

the pulse or excitation to the signal/echo.  

TR is often between 500 and 1,500 ms. If TR is very long, all of the tissues complete full 

longitudinal relaxation, and, if TE at the same time is short, different tissue look alike. 

With a shorter TR, the longitudinal relaxation, T1, is interrupted at different stages on the T1 

relaxation curve depending on the tissue, making the difference in T1 relaxation the primary source 

of contrast. Hence, short TR and short TE give a T1-weighted image. 

To obtain a T2-weighted image, radiofrequency excitation of 90 degrees makes the proton 

magnets precess with the same phase. When the excitation is turned off, the proton magnets get 

out of phase, with those precessing fastest moving ahead.  If, at time TE/2, a 180-degree 

radiofrequency excitation is applied, the proton magnets are inverted. The fastest spinning has 

caught up to the slowest spinning after TE/2, and the proton magnets precess again at the same 

phase for a short while. Again, the fastest move ahead, and another 180-degree radio frequency 

excitation can be applied. This is the spin echo principle 77.  

 

 
Figure 8. Spin echo. T2 shows decay even though new excitations are applied (upper line). T2* decay (lower 

line) 
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T2 shows decay (relaxation) even though new excitations are applied (Figure 8), this is a 

consequence of small inhomogeneity in the magnetic field reducing the amount of spins in phase. 

In a T2-weighted image, differences in transversal relaxation are the primary source of contrast. A 

long TR and a long TE give a T2-weighted image. 

A short TE (<20 ms) creates the strongest MR signal, but the contrast is poor (Figure 9). A longer 

TE gives better contrast, but the consequence of a very long TE (> 60 ms) is a low signal-to-noise 

ratio.   

 

 
Figure 9. T2-relaxation (%; y axis), time (ms; x axis). Poor contrast at shorter time-to-echo. Good contrast at 

longer time-to-echo.  

 

In a T1-weighted image (Figure 10, left), water gives a low signal, thus water is black on T1-

weighted images. 

In a T2-weighted image (Figure 10, right, water provides high signal amplitude, thus water is bright 

in T2-weighted images. 

 

 
Figure 10. Right: T2-weighted image of the newborn brain, Left: T1-weighed image of the newborn brain. 

 

Transversal (T2) and longitudinal (T1) relaxation occurs simultaneously, but independently. The 
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MR signal from the total magnetization vector is called free induction decay, FID. FID represents 

the exponential T2* decay (Figure 8 and 11). 

 

 

 
Figure 11. Left: The spiraling motion of the total magnetization vector (M) during relaxation. Right: the 

corresponding free induction decay curve. With permission from author (Marianne Munk Sinding, Aalborg 

University). 
 

T2* relaxation 
The T2* relaxation depends on the intrinsic T2 value, which is dependent on the tissue 

composition, such as water content and cell density 78,79. Thus, the combined effect of T2 

relaxation and relaxation due to magnetic field inhomogeneity is called the T2* relaxation. In T2*-

weighted images, the difference in T2* relaxation is the primary source of contrast.  

 

Spatial encoding 
The FID signal is without spatial information, as it is the total magnetizing vector. Thus, to 

determine the exact position of the signal, linear magnetic field gradients are added to the main 

magnetic field. Thereby the precession frequency of the magnetization varies linearly with spatial 

position, allowing the spatial position to be determined by the signal frequency. There is a separate 

gradient for each of the three directions, hence a slice, a phase and a frequency gradient. 
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BOLD signal 
Blood oxygen level-dependent (BOLD) MRI is a functional MR imaging method in which the signal 

amplitude depends on the oxygenation state of hemoglobin. Deoxy hemoglobin is paramagnetic 

and thus acts as a natural MR contrast agent. The paramagnetic effect shortens T2* 80. Therefore, 

in areas rich in deoxyhemoglobin, the signal is darker. In areas rich in oxyhemoglobin, the signal is 

brighter 81,82. In BOLD MRI, dynamic signal intensities and changes in intensity are measured 

within the same individual 83,84,85. The magnitude of the echo signal can be described by the 

equation: 

S ∞ M0 e(-TE/T2*) 

In which S is the absolute BOLD signal, M0 is the equilibrium magnetization, TE is the time to echo 

and T2* is the T2* relaxation time. 

 

T2* mapping 
In T2* mapping, the T2* value in the above equation can be calculated by applying multiple echo 

signals (gradient echo, figure 10b) at varying TEs in a short breath-hold while obtaining an MR 

image at each TE. Using the multiple values of the averaged signal (S) at the different TEs, the 

equation can be solved for T2* using a non-linear least squares fitting algorithm 86. The reported 

T2* values were obtained by averaging the calculated T2* measurements of all the available 

slices. Since the T2* value is calculated based on multiple signals at varying TEs with M0 as a free 

parameter, T2* does not depend on M0 and can therefore be compared between individuals 87-89. 

 

 

	
Figure 12: Gradient echo. Radiofrequency excitation (RF) causes transverse magnetization and initiatiates 
free induction decay signal. This signal rapidly de-phases following the application of a magnetic field 
gradient. Application of a second magnetic field gradient in opposite direction to the first but with a slope of 
equal amplitude causes some rephasing. The signal increases again at time TE to a maximal signal termed 
a gradient echo. The maximum amplitude of the gradient echo is dependent on the specified TE and the T2* 
relaxation rate of the tissues in question. Modified from 77. 
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Chapter 5. Critical evaluation of the methodologies 
 
5.1. Data sources 
With the aim to identify all fetuses with CHDs in the pregnancy cohort in study I, we collected data 

regarding CHD diagnosis from four registers. Three of the registers were local: the register of 

prenatal test results, Astraia and the local/regional PAS. According to clinical guidelines, women 

with a fetus suspected of having a CHD and children suspected of having CHDs should be referred 

to the tertiary center, AUH, for an expert evaluation, and thus, the local registers would capture 

their data. This referral did not always take place. By including data from the DFMD, we identified 

additional CHD fetuses and likewise, we would expect to identify additional fetuses with CHDs if 

we collected data from The Danish Cytogenetic Central Registry as well as the Danish National 

Patient Registry instead of or in addition to the local registers. Fortunately, the DFMD includes data 

from both The Danish Cytogenetic Central Registry and the Danish National Patient Registry; 

nonetheless, due to delay in routines of data supplementation from these registries, the dataset we 

received from the DFMD was not fully updated with birth outcomes. In future studies I would 

recommend the use of data from national registers. 

 

5.2. Array CGH 
Array CGH was used as the primary method in study II and as the primary cytogenetic evaluation 

in study I. Array CGH can – as stated earlier – detect chromosomal copy number variations on a 

genome-wide and high-resolution scale 76. A limitation of study II is the unsuccessful use of higher 

resolution CMA. Nonetheless, although the resolution of the 400K CGH + SNP ought to be 

approximately twice as high as that of the 180K CMA, we found that in the experienced hands in 

our laboratory, more precise results were obtained using the standard 180K CMA. Next generation 

sequencing of the whole genome would be the most sensitive cytogenetic examination but not as 

specific.  Furthermore, with next generation sequencing, an increased chance of detecting 

associated findings of hereditary diseases and of variations of unknown importance may raise 

ethical questions, which in the setting of the present study was not considered ethically acceptable, 

as most participants were too young to decide for themselves whether they wanted this 

knowledge. 

 

5.3. MRI and T2* 
Magnetic resonance imaging, MRI, has been proven safe to use in pregnancy to get 

supplementary information about the fetus or mother 90. In our institution, MRI is a supplementary 
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examination, e.g., when in doubt about fetal cerebral malformations, since these lesions are less 

well visualized on ultrasound. 

 

Susceptibility artifacts in T2*-weighted images 
T2* is a superposition of the intrinsic T2 values 78,79, the local susceptibility caused by 

deoxyhemoglobin 91 and macroscopic inhomogeneity in the magnetic field (also called background 

fields) 92. Simply placing a patient within the magnetic field in the MR scanner reduces the 

homogeneity of the magnetic field. These susceptibility artifacts can be observed as signal voids 

arising from the outer parts of the field-of-view and growing inwards with increasing echo time.  

Additionally, local magnetic inhomogeneity near interfaces of tissues such as tissue-bone and 

tissue-air interfaces are generated due to the differences in intrinsic T2 values and thus the 

difference in the extent to which the tissues are magnetized. This inhomogeneity causes additional 

T2* decay and interferes with/or adds to the T2* signal caused by deoxyhemoglobin. The artifacts 

may be detected as image distortions or local signal dropouts 93. Due to artifacts, we had to 

discard 31% of the examinations in fetuses with CHDs and 42% of the examinations in fetuses 

without CHDs in study III. The reasons for the artifacts were a combination of susceptibility artifacts 

and fetal movements, making the method less attractive in a clinical setting. 
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Chapter 6. Summary of the studies in this dissertation 
 
6.1. Study I 
 
Study design 
This study is a cohort study: The study cohort consisted of all fetuses scanned in Western 

Denmark from January 1, 2012 to December 31, 2013 (Figure 13). 

 
Figure 13. The delimitation of the pregnancy cohort. DFMD indicates Danish Fetal Medicine Database. 

 

The fetuses and children in the cohort diagnosed with CHDs either during pregnancy or within the 

first year of life were identified via four data sources registering CHD diagnoses (Figure 14):  

• The local register of prenatal genetic test results 2012–2013 (n = 80),  

• PAS: We obtained a list of patient data from PAS limited to those potentially pregnancy 

scanned during 2012 and 2013, where the child within the first year of life was registered in 

the PAS system with at least one ICD-10 code for CHD (n = 253) 

• Astraia, AUH (n = 167)  

• DFMD (n = 165).  

Merging the data by making use of the mothers’ unique CPR number, a list of 610 individuals with 

a suspected CHD was produced. According to the definition of CHD in this dissertation, 194 were 

excluded since they did not have a structural heart defect and four were excluded, as we were 

unable to verify the diagnosis. Finally, 412 fetuses fulfilled the CHD criteria.  



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

30	

 

 
Figure 14. The identification of fetuses and children < 12 months of age with congenital heart defects 

(CHDs). AUH indicates Aarhus University Hospital, PAS indicates Patient Administrative System, DFMD 

indicates Danish Fetal Medicine Database. 
 

The study was approved by the Danish Health and Medicines Authority, Journal number (3-3013-

516/1/) and the Danish Data Protection Agency, Journal number (1-16-02-391-14). 

 

Methods  
To compare the biometrics of fetuses and newborns with isolated CHDs to those without CHDs in 

the pregnancy cohort, we excluded some minor CHDs (right-sided aortic arch, bilateral vena cava, 

dextrocardia, and mild tricuspid valve regurgitation) from the comparison analyses since they, 

although important to recognize owing to an increased risk of associated anomalies, were 

considered structurally as insignificant variations 40,94. 

Data from fetuses and newborns with other potential causes of reduced head size, such as 

multifetal gestation and fetuses or children with chromosomal or genetic abnormalities, were in 

both groups excluded from the analyses (Figure 15). Those with major extracardiac malformations 

or congenital viral infections were also excluded. In case of more than one pregnancy during the 2-

year period, we included data from the 1st pregnancy in each woman only. Pregnancy outcomes 

were not available for some of the fetuses scanned during the last 6 months of the study period. 

The fetal biometrics, obtained from the DFMD and the birth biometrics, obtained from the Medical 

Birth Registry, were merged through use of the mothers’ CPR number (Figure 15). 
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Figure 15. The delimitation of the data included in the study. RAA indicates right aortic arch, DFMD indicates 

Danish Fetal Medicine Database. 

 

We stratified the CHDs into two groups: major and minor (modified from 19) (Table 1). For sub 

analysis, we stratified the CHDs into six groups; 1: Univentricular: Heart with any univentricular 

physiology including HLHS, 2: Tetralogy of Fallot (ToF), 3: Transposition of the great arteries 

(TGA), 4: Aortic obstruction: Severe aortic stenosis, aortic atresia, hypoplastic aortic arch and/or 

coarctation of the aortic arch 66, 5: VSD: Ventricular septal defect, 6: ASD: Atrial septal defect. The 

remaining fetuses were not considered in the subgroup analyses because of the small number of 

these fetuses (Table 1).  
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Table 1: Major and minor congenital heart defects (CHDs) (modified from 19) “All” CHDs includes the fetuses 

with the CHD diagnosis before the exclusion of multifetal gestations and fetuses with major associated 

malformations and/or genetic syndromes. Isolated CHDs includes the fetuses with the CHD diagnosis after 

the exclusion of multifetal gestations and fetuses with major associated malformations and/or genetic 

syndromes. Isolated CHDs born after GA 23 includes the fetuses with the isolated CHD diagnoses born after 
23 weeks gestation. PDA: Patent arterial duct. GA: Gestational age. 

 
Data for comparison: 
We compared the Z scores of the bi-parietal diameter (BPD) at the nuchal translucency scan 

(between GA week 11+3 and 13+6), the Z scores of the head circumference (HC) at the anomaly 

scan (between GA week 18 and 21+6) and Z scores of the HC at birth between those with and 

those without CHDs. We calculated estimated fetal weight from femur length, HC and abdominal 

circumference according to Hadlock 95. Estimated fetal weight Z scores at the anomaly scan and 
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Minor Atrial septal defect  
Ventricular septal defect  
Vascular ring  
Mild pulmonary stenosis (no need for immediate intervention)  
Mild hypoplasia or coarctation of the aortic arch 
PDA after 37 weeks gestation 
Other  
 
 

Major Transposition of the great arteries  
 Hypoplastic left heart syndrome  
 Univentricular, other  
 Tetralogy of Fallot 
 Atrioventricular septal defect  
 Total or partial anomalous pulmonary venous connection  
 Double outlet right ventricle  
 Pulmonary atresia or severe Pulmonary stenosis 

Aortic atresia or severe aortic stenosis  
Severe mitral or tricuspid insufficiency  
Congenitally corrected transposition of the great arteries  
Severe hypoplasia or coarctation of the aortic arch  

 Other  
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the Z scores of BW and placenta weight were also compared between those with and those 

without CHDs.  

Data from all fetuses (live-born, still-born and aborted) were included in the analysis; however, 

birth biometrics from children born before GA week 30 were excluded due to the lack of plausible 

BW and HC Z scores at this age as well as the higher risk of associated maternal or fetal illness in 

these children born children very preterm 96. Data deviating more than five standard deviations 

(SD) from the mean was excluded from the analyses in all comparisons 18,97. 

 

Statistical analysis  
The data was analyzed using Stata 13.1 (StataCorp, College Station, TX, USA) statistical package.  

Using published normative data from large populations of healthy fetuses and children 18,97-99, the 

fetal and neonatal biometric data were converted into Z scores in order to account for differences 

in GA at the fetal scanning as well as at birth.  

A Z-score of 0 corresponds to the mean of the normal data, Z-scores of -/+1 corresponds to 1 

standard deviation (SD) below or above the mean, respectively. Student’s t-test was used to 

calculate mean differences between groups. Mean differences are presented with 95% confidence 

intervals (CI) and corresponding two sided p-values at a 5% level of significance.  

Wilcoxon rank sum test was used to compare medians when data was not normally distributed. 

Fishers exact test and Chi2 test were used to compare dichotomous variables. The association 

ofGA and head size Z scores was quantified by the use of linear regression with robust standard 

errors accounting for repeated measurements within the same fetus. Gestational age was 

modeled using restricted cubic spline with pre-specified knots at GA 12, 20 and 38 weeks’. 

 

Summary of results  
We obtained data from 63,349 pregnancies and identified 412 (0.66%) fetuses with CHDs. Of 

these, 173 (42%) were identified prenatally. Among the 197 fetuses with major CHD, 116 (59%) 

were identified before birth. Prenatal genetic testing was conducted in 153 fetuses with CHDs. The 

women opted for termination of pregnancy in 57 pregnancies with fetal CHDs; 53 with fetal major 

CHDs and 4 with fetal minor CHDs due to associated fetal malformations. 

After exclusion criteria were applied, the final cohorts consisted of 57,785 fetuses of which 295 

fetuses were identified with isolated CHDs. Of the included fetuses 145 (49.1%) had isolated major 

CHDs and 77 (53%) of these were diagnosed before birth. A total of 98 (33%) of the fetuses with 

any isolated CHD were diagnosed before birth. We found an increased risk of preterm birth among 

those with CHDs (Table 2). 
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	 Children without CHDs, n (%)	 Children with isolated CHDs, n (%)	
All (GA ≥ 23) 45.529 (100) 259 (100) 
Extremely preterm (GA ≥ 23 to < 28) 99 (0.2) 7 (2.7) 
Very preterm GA ≥ 23 to < 32 298 (0.7) 14 (5.4) 
Preterm GA ≥ 23 to < 37 2161(5.0) 48 (18.5) 

 

Table 2. Children with and without congenital heart defects (CHDs) and the distribution of birth at different 

gestational ages. GA indicates gestational age in weeks.		

 

Head size: 
The mean BPD Z score difference at the nuchal translucency scan (median GA 12+5) between 

fetuses with and those without CHDs was 0.03 (-0.07 to 0.13 p = 0.54). For 2nd trimester head 

circumference Z scores at the anomaly scan (median GA 20+0), the mean difference was -0.13 (-

0.24 to -0.01, p < 0.05). For HC Z scores at birth, the mean difference was -0.22 (-0.35 to -0.09, p 

< 0.001). Fetuses with major CHDs displayed more prominent reduction in HC Z scores. 

Furthermore, regression analyses of the absolute continuous Z score of the head biometrics (BPD 

and HC) (Y-axis) against GA (X-axis) illustrate that especially fetuses with ToF or univentricular 

physiology displayed reduced mean head size Z scores in early 2nd trimester compared to fetuses 

without CHDs, and from mid 2nd trimester and onwards, these differences in Z scores were 

statistically significant (Figure 16). 
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Figure 16. The head biometrics (biparietal diameter and head circumference) mean continuous Z scores (y-

axis) plotted against gestational age (x-axis) in individuals without congenital heart defects (CHDs) (solid 

line) compared to the different categories of CHDs (dashed lines). The confidence intervals are shown in soft 
grey. Aortic obstruction: Severe aortic stenosis, aortic atresia, hypoplastic aortic arch and/or coarctation of 

the aortic arch, univentricular: Heart with univentricular physiology, TGA: Transposition of the great arteries, 

ASD: Atrial septal defect, VSD: Ventricular septal defect. Definition of major and minor CHDs (Table 1). 

 

 

Weight:  
Mean differences in weight Z scores are displayed in Table 3.  Note that the estimated fetal weight 

Z scores and the birth weight Z scores in those with VSDs were significantly lower than that of 

fetuses and newborns without CHDs. And interestingly, the mean birth weight Z scores in 

newborns with ASDs were significantly higher than those without CHDs. 

 

Heads size in relation to birth weight: 
Overall, the head circumference in relation to birth weight did not differ between newborns with and 

those without CHDs (Table 3). However, newborns with univentricular physiology had smaller HC 

relative to the BW; mean Z score difference when compared to infants without CHDs; -0.73 (95% 
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CI -1.31 to -0.15, p < 0.05). Newborns with aortic obstructions had larger HC relative to the BW; 

mean Z score difference; 0.37 (95% CI 0.01 to 0.74, p < 0.05). 

 

Placental weight at birth: 
Generally, the placental weight was reduced in pregnancies carrying fetuses with CHDs (Table 3); 

however, in pregnancies carrying fetuses with ASDs, the mean difference of placental weight Z 

score compared to non-CHD pregnancies was 0.32 (95 % CI 0.04 to 0.66, p < 0.05). 

 

Comparison of measurements within subgroups: 
Comparing the 2nd trimester HC Z scores among fetuses diagnosed before and after birth, we 

found a tendency toward lower HC Z scores among the individuals diagnosed before birth, fetuses 

with aortic obstruction being the exception from this pattern. Nonetheless, only in fetuses with TGA 

was a statistically significant difference in 2nd trimester HC Z scores found between fetuses 

diagnosed before and individuals diagnosed after birth. At birth, no statistically significant 

differences in HC Z scores were present between those diagnosed before and after birth. 

Forty of the included pregnancies carried a fetus with univentricular physiology. In 28 of these 

pregnancies, the women opted for termination of pregnancy, thus only 12 were born after 23 

weeks gestation (Table 1). We found no difference in HC Z scores at the 2nd trimester between 

those with univentricular physiology born alive, and those who were not: -0.06 (95% CI -1.03 to 

0.91, p = 0.91).  
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Category BPD Z-score mean 
difference at the 
nuchal translucency 
scan (median GA 
12+5 weeks) 

HC Z-score mean 

difference at the 

anomaly scan 

(median GA 20+0 
weeks) 

Estimated fetal 

weight Z-score 

mean difference at 
the anomaly scan 
(median GA 20+0 
weeks) 

HC Z-score mean 

difference at birth 

(median GA 40+1 
weeks ) 

Birth weight Z-score 

mean difference 

(median GA 40+1 
weeks) 

HC minus birth 
weight Z-score mean 
difference (median 
GA 40+1 weeks) 

Placental weight Z -
score mean 
difference (median 
GA 40+1 weeks) 

All CHD 0.03(-0.07 to 0.13) -0.13(-0.24 to -0.01)* -0.17(-0.25 to -0.08)* -0.22 (-0.35 to -0.09)* -0.22(-0.34 to -0.10)* 0.04 (-0.08 to 0.16)  -0.21(-0.33 to -0.09)* 

Minor CHD 0.11(-0.03 to 0.25) -0.04(-0.20 to 0.12) -0.07 (-0.19 to 0.05) -0.03 (-0.20 to 0.14) -0.05(-0.21 to 0.11) 0.03(-0.13 to 0.18)  -0.04(-0.21 to 0.12) 

Major CHD -0.05(-0.19 to 0.09) -0.22(-0.38 to 0.06)* -0.28(-0.41 to -0.15)* -0.47(-0.67 to -0.28)* -0.41(-0.59 to -0.24)* 0.05 (-0.13 to 0.23) -0.41(-0.59 to -0.24)* 

Univentricular 0.10(-0.18 to 0.38) -0.21(-0.55 to 0.12) -0.51(-0.79 to -0.22)* -0.85(-1.48 to -0.21)* -0.03(-0.62 to 0.56) -0.73 (-1.31 to -0.15)* -0.03(-0.62 to 0.57) 

ToF -0.12(-0.51 to 0.27) -0.27(-0.73 to 0.18) -0.13(-0.47 to 0.22) -0.94 (-1.245 to -

0.43)* 

-0.94(-1.39 to -0.48)* 0.00(-0.45 to 0.45) -0.94(-1.39 to -0.48)* 

TGA 0.04(-0.40 to 0.47) -0.24(-0.68 to 0.20) 0.07(-0.28 to 0.41) -0.15 (-0.66 to 0.35) 0.06 (-0.37 to 0.49) -0.29 (-0.76 to 0.17)  0.06(-0.37 to 0.49) 

Aortic 

obstructions 

-0.05(-0.36 to 0.27) -0.08(-0.43 to 0.27) -0.18(-0.45 to 0.08) -0.35 (-0.75 to 0.05) -0.67(-1.03 to -0.31)* 0.37(0.01 to 0.74)* -0.39(-0.71 to -0.07)* 

VSD 0.10 (-0.10 to 0.30) -0.15(-0.38 to 0.07) -0.22(-0.39 to -0.05)*  -0.17 (-0.42 to 0.07) -0.37(-0.60 to -0.13)* 0.20 (-0.02 to 0.42)  -0.35(-0.59 to -0.12)* 

ASD 0.04(-0.22 to -0.30)  0.11(-0.21 to 0.40) 0.10 (-0.12 to 0.32) 0.25 (-0.07 to 0.56) 0.35(0.04 to 0.66)* -0.06 (-0.35 to 0.23)  0.32(0.04 to 0.66)*

  

Table 3. Mean Z score differences in fetuses and newborns with isolated congenital heart defects (CHDs) 

when compared to those without CHDs. Head size; Biparietal diameter (BPD) at the 1st trimester scan and 

head circumference (HC) measured by ultrasound at the 2nd trimester scan and with a measuring tape at 

birth. Estimated fetal weight at the 2nd trimester scan, birth weight (BW) and placenta weight as well as the 
difference between HC and BW Z scores. Aortic obstructions: severe aortic stenosis, aortic atresia, 

hypoplastic aortic arch and/or coarctation of the aortic arch, ASD: Atrial septal defect, TGA: Transposition of 

the great arteries, ToF: Tetralogy of Fallot, univentricular: Heart with univentricular physiology, VSD: 

ventricular septal defect. * Indicates p-value < 0.05. Definition of major and minor CHDs (Table 1). 
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Discussion of main results, strengths and limitations of study I 
We found that measures of cerebral size in fetuses with isolated CHDs were reduced as early as in 

the 2nd trimester, with a statistically significant reduction in head size from 20 weeks’ gestation. 

This was most predominant in fetuses with isolated major CHDs, especially in those with ToF or 

those with univentricular physiology. The regression curves demonstrate that especially fetuses 

with ToF or fetuses with univentricular physiology display compromised cerebral growth early in 

the 2nd trimester. 

At birth children with univentricular physiology demonstrated significantly smaller heads than 

bodies whereas those with ToF were symmetrically small.  

Strengths of the study: Due to prenatal ultrasound scans with a high attendance rate and 

comprehensive national registries, we were able to link postnatal diagnoses to the prenatal data 

and include data as early as from 11+3 weeks’ gestation, although, most likely, fetuses with CHDs 

were diagnosed later in pregnancy, or after birth.  

The CHD cohort is population-based and consists of individuals with both major and minor CHDs. 

The included data are routinely collected in all fetuses at the prenatal ultrasound scans and are 

therefore less likely to be influenced by knowledge of the diagnoses. However, we found a 

tendency toward smaller 2nd trimester HC in those diagnosed before birth, although this difference 

was only significant in fetuses with TGA. Consequently, some degree of information bias might be 

present.  

Forty-nine of those with isolated major CHDs were genetically tested; in most cases a 

chromosomal microarray was preformed; thus the chance of missing known genetic mutations is 

expected to be low. 

Limitation of the study: Our study is the lack of information on maternal characteristics, lifestyle 

factors and medical history. Consequently, we were unable to take these potential confounders, 

which may affect both the risk of CHD and the growth of the fetus, into account. Some of these 

possible confounders may increase the growth of the fetus, such as diabetes and obesity, whereas 

others, such as depression, smoking and hypertensive disorders may reduce the growth of the 

fetus 15-17,100. However, probably the most important confounder, congenital syndromes 18, was 

accounted for in the present study. 

Some women had scans performed outside the time slot or they missed a scan. During the 

analysis, data deviating more than 5 SD were considered unreliable and discarded, and some data 

were either not measured, e.g. in case of very ill neonates, or not reported to the registries. Most of 

the missing newborn biometrics, however, comes from the fetuses scanned during the last 6 

months of the study period due to delayed update of the register. These data are likely to be 

missing completely at random, and we have no reason to believe that these biometrics differed 
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significantly from those in the rest of the cohort; thus we believe that no significant bias has been 

introduced.  

A limitation to all studies of this kind is that some fetuses or children may have died due to major 

CHDs before the CHD was identified. Likewise, some individuals have minor CHDs not yet 

identified at 12 months of age 19,94.  

The prenatal detection rate in this study is comparable to other current studies of prenatal 

detection rates in countries with prenatal screening programs 19,54,101.  

The risk of preterm birth (GA<37 weeks) in pregnancies with a fetus with a CHD in our study 

population was substantially higher (18.5%) compared to the risk of preterm birth in pregnancies 

with no known fetal malformations (5%). This has previously been reported in a German study 94. A 

persistent arterial duct (PDA) is a frequent finding in preterm children; however, PDAs in those 

born before GA 37 weeks were excluded from our analyses. Nevertheless, an ongoing PDA 

screening program in extremely preterm born children may have induced detection bias because 

small septal defects not otherwise detected may have been diagnosed 102. 

The prevalence of CHD in the present study was 6.6/1000 birth (including live births, still births and 

termination of pregnancies). Recent publications report birth prevalences between 5.4 and 

15.3/1000 births 18,19,54. Please refer to chapter 7 for interpretation of the results in study I and 

please see attached manuscript for further details. 
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6.2. Study II 
 
Study design  
This study is a pilot study: Within a 6-year period between 2008 and 2013, 317 children with 

CHDs, admitted to AUH for diagnostic or therapeutic procedures, were enrolled in a research 

project “Genetic analysis in congenital heart disease” (KF 01-234/02) and thus blood samples were 

collected from both the enrolled children and their parents.  

We obtained permission from Central Denmark Region Committees on Health Ethics (1-10-72-

290-13) and the Danish Data Protection Agency (journal number 2007-58-0010) to utilize some of 

the blood samples to perform chromosomal microarray (CMA) on patients with TGA and their 

parents with the purpose of identifying new genetic causes of CHD. All study participants, or their 

legal guardian, provided repeat informed written consent prior to study enrollment.  

Seventeen of the children enrolled in the original research project had TGA. Thirteen of the 17 

patients with TGA accepted to participate in the study. Roughly half of the enrolled children had 

additional CHDs. 

 

Methods  
We initiated the study by performing CMA (Agilent Technologies Inc., Santa Clara, CA, United 

States; 400K CGH + SNP) on DNA extracted from blood leucocytes as per manufacturer’s protocol 

This was in order to obtain a higher resolution chromosomal examination than we would get by 

using the hospitals standard CMA (Agilent Technologies Inc., Santa Clara, CA, United States; 

180K CGH). Due to technical problems with the 400K CGH platforms, it could only be performed in 

five cases, and the 180K CGH was performed in most cases. In one case, both platforms were 

used with a normal result in both examinations. When copy number variations (CNVs) were 

encountered, parent analyzes were performed. 

 

Results  
In three cases, CNVs were identified and parent analyses performed. In one case, a possible 

causative 0.5 Mb 16p11.2 duplication (arr[hg19] 16p11.2([29664529-30198600)]x3 mat) covering 

the region involved in chromosome 16p11.2 duplication syndrome (OMIM 614671) was identified 

(An illustration of a 16p11.2. duplication is displayed Figure 17).  
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Figure 17. Illustration of a 16p11.2 duplication. Reproduced with the permission of Unique – The Rare 

Chromosome Disorder Support group (www.rarechromo.org). 

 

In addition to TGA, the patient had a pulmonary valve stenosis and a ventricular and atrial septal 

defect. An arterial switch operation was performed at birth and the Nikaidoh procedure performed 

at the age of 7 years. Postoperatively, the patient had no cardiac or respiratory discomfort. At 8 

years of age, after enrolment in the present study, the patient was diagnosed with attention deficit 

hyperactive disorder. The mother of the affected child was found to be asymptomatic carrier of the 

mutation. Please see attached manuscript for further details. 

 

Discussion of main results, strengths and limitations of study II 
We are the first to document the presence of a 16p11.2 microduplication in a patient with TGA. It is 

a limitation of this study that this patient also turned out to have attention deficit hyperactive 

disorder. Deletions and duplications of the recurrent 600 base pair region on chromosome 16p11.2 

are frequent findings in patients with neurodevelopmental affection such as autism spectrum and 

attention deficit disorders 45,103,104. Thus, his concomitant CHD may be an incidental finding not 

caused by the micro-duplication. Still it is well known that CHDs can occur in the context of 

duplications associated with susceptibility to intellectual disability. This patient underwent surgery 

right after birth, and neonatal surgery is proposed as a risk factor for attention deficit disorders 105; 

thus, competing causes for this patient’s challenges exist. 

Another limitation of this study is the unsuccessful use of the higher resolution CMA. Nonetheless, 

although the resolution of the 400K CGH + SNP ought to be twice as high as that of the 180K CMA 

(30 Kb and 60 Kb, respectively),	we found that in the experienced hands in our laboratory, more 

precise results were obtained using the standard 180K CMA. The SNP was not analyzed. Next 
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generation sequencing of the whole genome would be the most sensitive cytogenetic examination, 

but it is not as specific. 

A limitation of this study is the population from which we included the TGA patients. In simple TGA, 

the need for re-intervention after arterial switch operation is around 20% 106, consequently, the 

TGA patients re-admitted for diagnostic or therapeutic procedures are at increased risk of having 

associated cardiac defects – as did half of the included patients in the present study. Therefore, 

the external validity of our study is reduced.  

In contrast to some CHDs, such as atrioventricular septal defects and ToF, TGA is rarely 

associated with the most frequent genetic syndromes, such as Turner, Noonan, Williams or Marfan 

syndromes, and in Down syndrome, it is virtually absent 107.  

This patient had other cardiac malformations in addition to TGA, yet the TGA may constitute a part 

of the phenotypic spectrum associated with duplications at 16p11.2. Correspondingly, other rare 

copy number variations have recently been identified in patients with TGA 31,51,107,108. Please refer 

to chapter 7 for interpretation of the results in study II.  
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6.3. Study III 
 
Study design 
This study is a cohort study. Recruitment for study III took place at the Department of Obstetrics, 

AUH from October 2014 to June 2016. During the recruitment period, we identified 47 potential 

participants carrying fetuses with CHDs, which we believed caused disturbances of the flow of 

oxygenated and nutritious blood to the fetal brain (Figure 18):

 
Figure 18. Flowchart illustrating the recruitment of participants with CHDs in Study III. AVSD: Atrioventricular 

septal defect. 

 

We included 16 participants with CHDs (Figure 18):  TGA (n = 8), coarctation of the aorta or 

hypoplasia of the aortic arch (n = 5), hypoplastic right heart syndrome (n = 1), ToF (n = 1), and 

common arterial trunk (n = 1).  

We included 40 singleton fetuses without CHDs from 115 pregnant women. These women were 

approached after the nuchal translucency scan or at the anomaly scan. We provided brief oral and 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

44	

comprehensive written information, and if the women were interested, they provided us with their 

email address for further information. We excluded 73 women who chose not to reply to the 

subsequent email invitation. One woman chose to decline after receiving additional information, 

and one was excluded because of claustrophobia.  

The study was approved by the Institutional Review Committee (journal number 1-10-72-61-14) 

and by the Danish Data Protection Agency (1-16-02-86-14). All participating subjects gave written 

informed consent.  

 
Methods  
We obtained fetal cerebral MRI T2* measurements (Philips 1.5 T Ingenia system Philips, Best, the 

Netherlands) at two time points during the third trimester of pregnancy in fetuses with and without 

CHDs. The pregnant woman was placed in a left lateral position during the MRI scan, and a 

dStream Torso Coil was placed over the abdomen covering the entire uterus. A localizer (a 

structural T2 image) was initially obtained to facilitate the general orientation of the placenta and 

the fetus. A T2-weighted fetal cerebral examination in 3 planes, a T1-weighted scan and a 

diffusion-weighted examination in 1 plane followed to rule out cerebral malformations and bleeding. 

T2* mapping of the fetal brain was obtained using a multi echo gradient echo sequence with the 

following parameters: repetition time 123 ms; 5 or 16 echoes ranging from 1.42 to 80/121.5 ms in 

steps of 20/25/5.2 or 8 ms, respectively; field of view 350x350 mm, and acquisition matrix 176x123 

resulting in an in-plane resolution of 2.0x2.8 mm. The flip angle was 20°, and 1 average was used. 

Each slice was acquired within a single breath hold of 9 s. Two 10 mm slices were placed axially 

through the fetal brain. We performed at least 1 repeat cerebral T2* scan; more were performed if 

artifacts were observed during the examination. We commenced our study using a gradient echo 

sequence of 16 echoes ranging from 1.42 to 80 ms 87. Unfortunately, after the sixth examination, 

upgrades of the scanner software resulted in an unexpected loss of the 16-echo option, thus only 5 

echoes were available until a dedicated software upgrade was available. Of the first 19 

examinations, 14 were of poor quality (all fetuses without CHDs) and were discarded. The longest 

TE was thereafter increased to contain the full decay of the T2* signal from the fetal brain 109 

thereby aiming to improve the quality of the images.  

At the same day as the MR scanning, we also obtained fetal ultrasound measurements (Voluson 

E8 and Voluson E10, GE Healthcare) of fetal weight 97, the pulmonary and aortic valve diameter 

and the aortic isthmus diameter 110 performed by experts in fetal medicine. We calculated weight 

for gestational age (GA) Z scores, pulmonary and aortic valve Z scores, and the aortic isthmus Z 

scores 98,111. Furthermore, using Doppler flow, the experts in fetal medicine measured the 

pulsatility indices in the umbilical artery and the middle cerebral artery 112 and the flow in the 



CHAPTER 6. SUMMARY OF THE STUDIES IN THIS DISSERTATION	

	
	
	

45	

isthmus. Automatically, the cerebroplacental ratio was calculated by division of the pulsatility 

indices of the middle cerebral artery by the pulsatility indices of the umbilical artery. Z scores of the 

cerebroplacental ratio were also calculated 113. The newborns with CHDs had, as part of the 

routine work up, hemoglobin concentrations measured within the first 12 hours of life. Hemoglobin 

concentrations measurements were not performed in the children without CHDs. At birth, all the 

children had routine measurements of HC and BW. 

	

MRI Analysis  
The MR images were processed utilizing an in-house developed program written in MATLAB (The 

MathWorks Inc, Natick, MA, USA). In every T2* scan, a region of interest (ROI) was drawn on the 

image with the longest TE covering at least 50% of the fetal brain in an area without visible 

artifacts (Figure 19). This ROI was used for all the images with different TEs from each slice, 

however the ROI was repositioned if visible artifacts appeared on one of the images. The slice was 

abandoned from the analyses if artifacts affected more than half of the fetal brain on one of the 

images. The T2* value was calculated by fitting the averaged signal (S) within each region of 

interest as a function of the echo time. The fitting was performed using a mono-exponentially 

decaying function, with T2* and equilibrium magnetization (M0) as the free parameters;  

S = M0e (-TE/T2*)  

A nonlinear least squares fitting algorithm 86 was used to solve the equation, and each time point 

was weighted using the signal standard deviation in the ROI, thereby giving less significance to 

images with a high standard deviation. The reported T2* values were acquired by averaging the 

calculated T2* measurements of all the available slices. 
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Figure 19.  

Left: Two 10-mm slices axially through the fetal brain. 

Right: The mean magnetic resonance imaging signal, S (arbitrary units) of each cerebral region of interest (y 

axis) plotted at increasing echo time (TE; x axis). The orange line illustrates the T2* decay from the early 
scan and the green line illustrates the T2* decay from the late scan of the same fetus. For each scan, the 

T2* decay curve is obtained using a nonlinear least-squares fitting algorithm (S = M0 e(−TE/T2*)), where M0 is 

the equilibrium magnetization. Some of the corresponding T2*-weighted images and regions of interest (red 

circles) are depicted for each of the 2 scans. 

 

Statistical Analyses 
Multilevel mixed-effects linear regression accounting for recurrent measurements within each fetus 

was used to estimate the relationship between the fetal cerebral T2* value and GA. The linear 

regressions are presented with 95% prediction intervals (Figure 20). The mean difference in 

cerebral T2* values between fetuses with and without CHDs are presented with 95% confidence 

intervals (CI) and corresponding p values. Fetal ultrasound characteristics, BW, and HC at birth 

are presented as Z scores; linear regression and Student’s t test were used to compare Z scores 

between groups. The cerebral T2* values of the fetuses without CHDs were applied to calculate 

the cerebral T2* Z scores of both the fetuses with and without CHDs. Wilcoxon rank-sum test was 

used to compare parameters which were not normally distributed. Categorical variables were 

compared using the χ2 test. The reproducibility of the method was estimated using the variation in 

T2* acquired by repeat scans of a single cerebral slice in the fetuses without CHDs. Repeated, 

blinded analyses for inter-observer and intra-observer reproducibility of the segmentation were 

performed on twenty-four randomly chosen examinations. In 10 examinations, the T2* value was 

estimated using both 5 and 16 of the available TEs. Bland–Altman plots were used to depict the 

reproducibility and reliability of the method and to calculate the mean difference with 95% limits of 
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agreement as suggested by Bland and Altman 114. We used the statistical software package Stata 

13.1 (StataCorp LP, College Station, TX, USA) for all analyses. 

 

Main results 
We obtained one or more T2* measurements from 15 of the 16 fetuses with CHDs and from 28 of 

the 40 fetuses without CHDs. Twelve fetuses were only examined once. Among the fetuses with 

CHDs, the reasons for this were recruitment later than 35 weeks of gestation (n = 3), and maternal 

discomfort at the second examination (n = 1). Among fetuses without CHDs, onset of labor prior to 

the second examination (n = 2), gestational hypertension (n = 3), and maternal discomfort (n = 3) 

were the reasons why only one examination was performed. In six fetuses with CHDs and in 13 

fetuses without CHDs, we obtained T2* measurements at both examinations (Figure 20). 

The mean T2* value decreased with increasing GA in both groups. Among fetuses without CHDs 

the mean T2* value was 157 ms (95% CI 152 to 163) in GA week 32 (early) and 125 ms (95% CI 

120 to 130) in GA week 37 (late). Among fetuses with CHDs, the cerebral T2* values were 

significantly lower; 143 ms (95% CI 136 to 150) early and 111 ms (95% CI 104 to 118) late. The 

average cerebral T2* decline was 5.7 ms per gestational week in both groups. The fetuses with 

CHDs had on average cerebral T2* values 14 ms below than the fetuses without CHDs (95% CI 6 

to 22, p < 0.001) (Figure 20).  
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Figure 20. Fetal cerebral T2* (ms; y axis) by gestational age (weeks; x axis); the blue dots represent the 

fetuses with no heart defects (CHDs) and the red dots represent the fetuses with CHDs. The thick blue and 

the thick red line illustrate the regression line of the fetuses without and with CHDs, respectively. The thinner 

blue lines illustrate the 95% prediction interval for the fetuses without CHDs. A very thin dashed line 

connects results from the 2 scans of the same fetus. MRI indicates magnetic resonance imaging. 

 
Besides lower mean cerebral T2* values and reduced mean HC Z scores at birth, the individuals 

with CHDs did not differ significantly from the individuals without CHDs. Two of the newborns with 

CHDs had within the first 12 hours of life hemoglobin concentration measurements above the 

normal range of our laboratory (9.1–14.9 mmol/l). A higher hemoglobin concentration was 

associated with a slight, but not statistically significant reduction in the cerebral T2* Z score; -

0.29/mmol-1 (95% CI -0.9 to 0.3, p = 0.3) (Figure 21).  

 

 

 
Figure 21. The hemoglobin concentration (mmol/l; y axis) within 12 hours after birth in fetuses with 

CHDs and the calculated cerebral T2* Z scores (x axis) at the late MRI examination. 
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We found, that the fetal cerebral T2* value declined with increasing GA, and that fetal cerebral T2* 

was significantly lower among fetuses with CHDs already at 32 weeks of gestation.  

A limitation was that we had to discard 31% of the examinations in fetuses with CHDs and 42% of 

the examinations in fetuses without CHDs due to artifacts. The reasons for the artifacts were a 

combination of susceptibility artifacts and fetal movements. The loss of echoes encountered during 

the study period increased the confidence intervals of the measurements and, as a consequence, 

the vulnerability to artifacts. Therefore, in a higher number of the examinations with only five 

echoes were discarded. An artifact can appear dark or bright on the images, dark being the most 

common in our study. Thus, the acceptance of a higher share of the examinations from the fetuses 

with CHDs would potentially overestimate the difference between the groups. The risk of 

discarding an examination would have to depend on both the presence of CHDs (exposure) and 

the actual T2* value (outcome) for selection bias to occur. In the two groups, the proportion of 

discarded examinations was similar. Accordingly, we believe that selection bias caused by the 

discarded examinations is unlikely. Another limitation of the present study is the low number of 

included fetuses relative to the high number of different CHDs. 

Subclinical uterine contractions are known to affect the BOLD measurements of placenta 115. 

Theoretically uterine contractions may likewise affect the T2* value in the fetal brain. Therefore, we 

decided to use the wireless cardiotocograph (a technical means of recording the fetal heartbeat 

and the uterine contractions during pregnancy) AN24 (Monica Healthcare, Nottingham, UK) to 

monitor if subclinical uterine contractions were present during the cerebral T2* measurements. 

Paley et al. 116 had used the AN24 successfully to perform a fetal ECG-gated MRI scan. Although 

wireless, wires were still needed to attach the recorder to the womb. The wireless part was 

between the recorder and the receiver collecting the data from a distance. The AN24 was made for 

long-distance home monitoring. The wires were not MR compatible, and in collaboration with our 

engineer with expertise in MR technology, we produced wire extensions made from carbon fiber. 

We spend many months experimenting with different wire combinations and filters. Initially the 

resistance in the wires was too high, and then the MR signal was disturbed by “noise” from the 

AN24. We customized a filter to remove the “noise” from the AN24, and eventually we received a 

signal from the fetus/uterus without at the same time disturbing the MR signals. We then realized 

that noise from the MR scanner interfered with the signals from the fetus/uterus, and two MR 

physicists analyzed the data and concluded that it would not be possible to filter the noise from the 

MR scanner without also filtering the signals from the womb. As a final attempt, we borrowed the 

wires used by Paley 116, but, unfortunately, they were no longer working. Consequently, we gave 

up and accepted that we would not be able to monitor the subclinical uterine contractions in this 

study. We assumed the subclinical contractions to be equally distributed in the two groups.  
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We find it unlikely that significant confounding has been instituted by the slight overweight of males 

among fetuses with CHDs, the discrete overweight of nulliparous women between those expecting 

a child without a CHD, and yet unknown genetic mutations.  

A slightly raised hemoglobin concentration in fetuses with CHDs can possibly influence the mean 

cerebral T2* value due to of an elevated amount of deoxyhemoglobin at the same saturation level. 

Recently, Portnoy and colleagues published their in vitro T1 and T2 MRI measurements of fetal 

oxygen saturation and hematocrit. They found that T2 in fetal blood increases with increasing 

oxygen saturation and decline slightly with increasing hematocrit 117,118. Taking the range of the 

anticipated fetal cerebral saturation (40–70% 60,119) and the range of the anticipated fetal 

hematocrit (0.3 in GA week 17 raising to 0.45 in GA week 40 120) into account, we expect the 

influence of an elevated hematocrit on T2 (and thus T2*) to be negligible since the T2 of fetal blood 

is only just influenced by hematocrit in the 0.35 to 0.45 range 117. Please refer to chapter 7 for 

further interpretation of the results in study III and to attached manuscript for further details. 

. 
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Chapter 7. Reflective summary 
 
7.1. Main results in study I 
The main results from study I are that isolated fetal CHDs are associated with smaller head size 

from 20 weeks’ gestation and onwards. The fetuses with isolated major CHDs and notably those 

with ToF or those with univentricular physiology including HLHS displayed the earliest and most 

pronounced compromise in cerebral growth. Additionally, we found smaller bodies in individuals 

with major CHDs; again most pronounced in those with ToF morphology or in those with 

univentricular physiology. The latter displayed disproportionally smaller head circumference 

compared to birth weight.  

 

Possible explanations of the results in study I 
Disturbances in fetal-placental circulation:  

In theory, CHDs with the most reduced saturations or severe obstructions of the blood flow from 

the placenta to the fetal brain (such as HLHS and TGA) are at the highest risk of early disruption of 

cerebral growth in utero. Reports of impaired cerebral growth and delay in cerebral maturation in 

late gestation support this theory 27,39,60. Our study, including biometrics from 12 weeks’ gestation 

and onward, does not supply convincing evidence to support this theory, at least not for fetuses 

with TGA. It may to some extent be explained by lack of power; however, recent studies of fetal 

biometrics in CHD comply with ours 25,37,66.  

In contrast to other studies 18,121, we found only a non-statistically significant trend toward small 

heads relative to body weight in newborns with TGA compared to those without CHDs. In TGA, the 

most nutritious and oxygenated blood supplies the lower body and not the brain, potentially 

explaining the enhanced fetal body growth in TGA. Likewise, we found that in newborns with aortic 

obstructions, the head was large relative to body weight. The reasons why those with aortic 

obstruction have large heads compared to body weight at birth are less evident – but maybe, 

especially in those with coarctation of the aortic arch – the oxygenated blood is delivered to the 

brain at higher perfusion pressures thus facilitating brain growth 121.  

Due to the small sample size, we did not calculate Z score differences in fetuses/newborns with 

HLHS alone for our submitted manuscript. Of those with univentricular physiology, one half of the 

HC measurements at the anomaly scan in the 2nd trimester and three-quarters at birth concerned 

HLHS fetuses. For the purpose of this discussion, I made the calculations and found that only 

estimated fetal weight Z scores in HLHS fetuses deviated from those without CHDs in the 2nd 

trimester. Obstruction of the aortic flow to the brain in utero does not, therefore, by itself explain the 

early compromise of cerebral growth in fetuses with univentricular physiology. 
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Intracardiac mixing:  

The universally reduced fetal growth and placental size in fetuses/newborns with ToF could be 

suggestive of an altered fetal circulation. According to Rosenthal 121, who already in 1995 reported 

universally impaired fetal growth in newborns with HLHS and ToF, a possible common explanation 

is the intracardiac mixing of the oxygen- and nutrition-rich blood from the placenta and the less 

oxygenated and nutritious blood returning from the fetal body. In ToF, a ventricular septal defect 

and an overriding aortic outflow in combination with obstructed flow through the pulmonary artery 

prompt intracardiac mixing. Intracardiac mixing occurs in all hearts with univentricular physiology; 

thus it could be an explanation for the growth patterns of fetuses with ToF and the fetuses with 

univentricular physiology observed in our study. Additionally, Sun and colleagues have performed 

metric optimized gating MRI studies of the fetal circulation in seven fetuses with ToF and report 

trends toward reduced flow in the caval vein in these fetuses in late gestation and statistically 

significantly reduced cerebral oxygen consumption 60, suggestive of an altered fetal circulation. 

Other studies have reported equally small head sizes during pregnancy 66,122 or at birth 18,121 in 

fetuses with isolated ToF. Intracardiac mixing is thus a plausible mechanism. 

 

Factors influencing both cardiogenesis and brain development: 

The indices indicative of very early onset of impaired brain growth in fetuses with ToF and in those 

with univentricular physiology elucidated in our and also in other studies 66,122, as well as the 

universally smaller brain volumes reported 60,122, may on the other hand point toward affection of all 

major processes of cortical development (proliferation, migration and organization 123). Our study 

cohort is genetically well examined. Nonetheless, not all fetuses identified with CHDs have been 

genetically examined, and epigenetic alterations and known as well as yet unknown genetic 

mutations affecting both cardiogenesis and brain development cannot be ruled out. 

 

Brain sparing physiology:  

We did not include data on cerebral blood flow in study I. Thus we were not able to reach 

conclusions regarding the physiology of brain sparing. However, many of the fetuses with major 

CHDs had small bodies in addition to small heads (thus they were to some extent growth 

restricted) and the placentas were also small, potentially adding to the relative hypoxic state in fetal 

life 63. Fetal growth restriction is associated with brain sparing physiology as well as an increased 

risk of impaired neurodevelopment 63 even when head size is proportionate to body size. Masoller 

et al. found in their studies of 58 healthy fetuses and 58 fetuses with CHDs classified into two 

groups, high or low levels of placental (oxygen-rich) perfusions to the brain, no correlation between 
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brain development at birth and the expected flow pattern in utero. However, they classified those 

with intracardiac mixing as delivering high levels of placental blood to the brain and only those with 

reversed flow in the aortic arch and those with TGA as delivering low levels of placental blood to 

the brain. They conclude that the presence of brain sparing physiology (cerebral-placental ratio <1) 

and reduced HC at the time of diagnosis were independent predictors of abnormal brain 

development at birth estimated by MRI (cerebral volume, cortical folding and metabolic profile) 
36,37. Thus, brain sparing physiology may predict adverse outcomes 35 in fetuses with CHDs, and 

inadequate cerebral flow, despite brain sparing, may alter brain growth 62.  

 

Predictive value of a small head:  

Small head circumference at birth is associated with impaired cognitive development at the age 

of 13 to 18 years in patients with ToF, TGA and VSD 23. On the other hand, in a large meta-

analysis from 2015, low birth weight is reported to be a risk factor for impaired neurodevelopment 

after surgery 13. And Williams demonstrated in a study of 68 fetuses with CHDs followed from 

early gestation that the chance of finding a normal cognitive score at 18 months of age increased 

as abdominal circumference increased relative to HC 124.  Consequently, we do not know whether 

the predictive value of a small head for neurodevelopment in fetuses/newborns with CHD may be 

independent of whether the body is equally small. 

 

Vulnerability: 

MRI studies of fetal cerebral maturation in late gestation measured by total maturation score (a 

semi-quantitative scoring system including myelination and folding of the fetal brain) in fetuses with 

HLHS and TGA 27 have reported delayed cerebral maturation along with reduced brain volumes. 

MRI measurements of fetal cerebral metabolism have reported delayed cerebral maturation and 

reduced brain volumes in mid to late gestation in fetuses with HLHS, TGA, pulmonary atresia and 

other CHDs 39. Preoperative cerebral MRI in newborns with univentricular physiology – most 

pronounced in those with aorta obstruction – showed delayed microstructural development 

estimated by spectroscopy (metabolism) and diffusion weighted images (myelination and brain 

maturation) 125. Possibly, insufficient nutrition and oxygen supply to the developing fetal brain can 

impede cerebral maturation 5,125-127, and this may potentially add to the risk of abnormal 

neurodevelopment since a less mature brain may be more vulnerable to hypoxic ischemic insults 
5,125,127,128. If these findings of delayed cerebral maturation and thus vulnerability apply in many 

cases of CHDs where the head growth is affected, then it is most likely that the predictive value of 

a small head for neurodevelopmental outcomes is independent of whether the body is also small. 
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Neurodevelopmental outcomes:  

There is no doubt that patients with major CHD suffer from neurodevelopmental outcome 

problems. 

 

Univentricular physiology:  

Children with HLHS had more severe brain injuries after surgery compared to TGA and those with 

increased white matter injury had the most reduced perioperative brain growth 129. Children with 

univentricular physiology are at increased risk of death; approximately 75% survive to 1-year 

follow-up 130. At 2 years of age, Bayley Scales of Infant Development third edition (III) of 48 

children with univentricular physiology showed language composite scores significantly below the 

norm 131. Those with univentricular physiology and especially those with HLHS have, at 10-year 

follow-up, subjectively reduced exercise tolerance, educational concerns and need for other 

specialist services 132. A single center follow-up of children 6–16 years of age showed lower formal 

intelligence by Wechsler (mean index 85.5) compared to healthy children 133. Rates of executive 

function impairments in children and adolescents (age 10–19) with univentricular physiology, ToF 

or TGA were twice as high as in controls, with a greater severity of CHDs associated with worse 

executive function outcomes 134. 

 

ToF:  

Few studies have evaluated the effects on neurodevelopmental outcomes in fetuses/newborns 

with ToF; a German study from 2006 found mild neurologic dysfunction with motor function, 

academic achievement, and expressive and receptive language significantly reduced in 20 patients 

with ToF and 20 patients with VSDs 5–10 years after corrective surgery. Motor dysfunction was 

significantly worse and formal intelligence reduced in the ToF group 135. Health-related quality of 

life in 13- to16-year-old patients with ToF repair has been reported to be worse compared with a 

control group of healthy adolescents, and psychosocial health status was highly associated with 

concurrent executive dysfunction and attention deficit hyperactivity disorder 136. 

Neuropsychological assessment of patients with ToF, TGA and VSDs in the study by Matos 23 

showed lower scores in the CHD patients than in a small control group of 13- to 18-year-old 

children, the lowest scores being most prevalent in the cyanotic patients. 

 

Minor CHDs:  

Interestingly, fetuses with VSDs seems to follow a more asymmetric growth pattern than fetuses 

with most other CHD, although a VSD is normally perceived as a minor CHD. In newborns with 

VSDs we found increased head circumference relative to birth weight, significantly reduced fetal 
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weight at the 2nd trimester scan, and reduced placenta size and body weight at birth. An 

asymmetric growth pattern has previously been reported in newborns with VSD and in their 

placentas 18,99. The flow across a VSD is minimal during pregnancy due to pressure equilibration 

between the systemic and pulmonary circulation. Thus, we speculate if the function of the heart 

may be altered by the presence of a VSD already during pregnancy. At least there is a complex 

interplay not yet fully understood in the fetal circulation complicated by CHDs 25. Follow-up of 20 

young VSD patients 5–10 years after corrective surgery revealed mild neurologic dysfunction with 

reduced academic achievement and expressive and receptive language 135. And additionally, 

follow-up studies in adults with small, unrepaired VSDs have demonstrated reduced exercise 

capacity137. 

We found that the newborns with ASDs were symmetrically larger and had larger placentas than 

the newborns without CHDs. To our knowledge, we are the first to report this pattern of 

anthropometry in newborns with major and minor ASDs; however, an increased birth and placenta 

weight in those with major but not minor ASDs has previously been reported 99. Although 

statistically significant in the present study, further studies are needed to confirm whether ASD 

fetuses are generally larger, since reports on fetal growth in these patients are conflicting 138.  

Thus, the results from study I support the assumption that fetal cerebral blood supply is important 

for cerebral development. Nonetheless, there is a complex interplay of the impaired brain growth 

and development in CHD fetuses that is not yet fully understood. 

 
7.2. Main results in study II  
In study II, we genetically examined 13 patients with TGA using Array CGH with a resolution of 30–

60,000 bases. One patient was diagnosed with a possible causative 16p11.2 duplication covering 

the region involved in chromosome 16p11.2 duplication syndrome. This patient had other cardiac 

malformations in addition to TGA, yet the TGA may constitute a part of the phenotypic spectrum 

associated with duplications at 16p11.2. Other rare CNVs have recently been identified in patients 

with TGA 31,51,107,108.  

 

TGA and the risk of neurodevelopmental impairment:  

Follow-up studies of patients with TGA have reported an approximately 30% risk of below normal 

psychomotor and 15% risk of below normal mental development at 12–18 months of age 13 

evaluated by Bayley Scales of Infant Development second edition (II). A trend toward 

normalization was found in one study 3 years after surgery 139; nonetheless, evaluations 3–10 

years after the arterial switch operation report increased risk of motor and neurological impairment 
49,50, whereas follow-up 4–13 years after arterial switch operations report more subtle challenges in 
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language and behavior 48. The Boston circulatory arrest trial 16-year follow-up reports that 40% 

need tutoring for schoolwork and that specific developmental tests show a high risk of impaired 

executive functions and cognitive deficits in the adolescents with TGA 46,47. Additionally, an 

increased risk for need of psychiatric medication was encountered 45,46. 

Thus, patients with TGA often encounter neurodevelopmental challenges. Disturbances in the flow 

of oxygenated blood to the brain in fetuses with TGA contribute to these challenges, and neonatal 

surgery is also a risk factor. However, it is important to acknowledge that genetic factors may also 

contribute to the etiology of these problems.  

 

7.3. Main results in study III  
We found in study III that fetal cerebral MRI transversal relaxation, T2* (as a measure of tissue 

oxygenation), declines with gestational age, and that fetal cerebral T2* already at 32 weeks of 

gestation was lower in fetuses with CHDs than in fetuses without CHDs. The lower cerebral T2* 

persisted at 37 weeks’ gestation. T2* depends – among other factors – on the tissue concentration 

of deoxyhemoglobin.  

 

BOLD, T2* and measures of oxygenation:  

BOLD MRI has been proposed as a non-invasive way of measuring tissue oxygenation 83,140. In 

healthy pregnant human volunteers, Sorensen et al. confirmed increased signal intensity in the 

fetal liver, spleen and kidney with maternal hyper-oxygenation, but measured no change in the 

fetal brain, 141. They concluded that brain sparing physiology in the healthy fetuses, as a response 

to the increased oxygen-supply, was a possible explanation for the lack of change in the fetal 

brain. Nonetheless, subsequently Schoennagel and colleagues reported changes in the BOLD 

MRI signal intensity (S) in the brain of fetal sheep as a response to maternal hypooxygenation, and 

they found these signal changes to correlate with changes in the fetal cerebral tissue oxygenation 
85. They created an algorithm to convert the BOLD T2* measurements to cerebral oxygen 

saturations 
85.  

In study III, we examined awake pregnant human volunteers. Consequently, the fetuses moved 

during the MR scan, and dynamic BOLD measurements were not applicable. Using T2* mapping, 

we obtained fetal cerebral T2* measurements within a maternal breath hold of 9 seconds, and 

some of these challenges of fetal movements were overcome. T2* mapping allows for comparison 

of the calculated T2* value between individuals 87-89,91,142. A higher calculated T2 * value 

corresponds to a higher tissue oxygenation level (in a setting of comparable intrinsic T2 values, 

magnet inhomogeneities and other factors influencing the T2* value).  However, a conversion of 

the calculated T2* value into exact cerebral tissue saturations is not possible. 



CHAPTER 7. REFLECTIVE SUMMARY	

	
	
	

57	

 

Interpretation of the results in study III: 

A progressing hypoxic state of the placenta and fetus during the third trimester of pregnancy may 

explain the decrease in the mean T2* value as GA increases. Soothill et al. described a decrease 

in the partial pressures of oxygen in umbilical venous samples from 40 mmHg in GA week 32 to 32 

mmHg in GA week 38 143. The mean placental T2* value has, in accordance with Soothill’s 

findings, been shown to decrease as pregnancy advances 87. It must, however, also be taken into 

account that the cerebral T2 value in preterm born infants declines with increasing GA 144. This 

change is likely to be caused by the natural maturation of the cerebral tissues and corresponding 

changes in tissue composition 39. When the T2 value decreases with GA, the T2* value decreases 

accordingly, and we found that the fetal cerebral T2* values on average declined by nearly 6 ms 

per gestational week. Additionally, we found that fetuses with CHDs had a mean cerebral T2* 

value below the normal level. This finding may be due to reduced tissue oxygenation. Delayed 

cerebral maturation is a frequent finding in fetuses with major CHDs 27,39,145. If cerebral maturation 

in the fetuses with CHDs in our study was delayed by just 1 week, this could result in a potential 

overestimation of the cerebral T2* value in fetuses with CHDs of approximately 6 ms. This would 

lead to an underestimation of the difference between the fetuses with and without CHDs. 

Consequently, the phenomenon cannot explain our results.  

Our findings corroborate previous reports of altered prenatal oxygen delivery to the brain in fetuses 

with CHDs. Accordingly, our results support those of Sun and colleagues. Their cross-sectional 

measurements in fetuses after GA 35 weeks indicate reduced cerebral oxygen supply and 

consumption in fetuses with CHDs 60. 
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Chapter 8. Conclusions of the studies in this dissertation 
 
8.1. Study I  
Our results show that fetuses with CHD exhibit  

• Unaffected head size during the 1st trimester. 

• Compromised head growth already during the 2nd trimester.  

• Fetuses with major CHDs and especially those with univentricular physiology and those 

with ToF exhibited the earliest and most pronounced compromise in cerebral growth.  

We speculate whether intracardiac mixing of oxygenated and deoxygenated blood (common to 

ToF and univentricular physiology) is a plausible mechanism for some of our findings of early and 

pronounced compromise in fetal head growth. Nonetheless, fetal cerebral blood supply is only one 

of several factors in the complex interplay of the impaired brain growth and development in fetuses 

with CHDs. 

 

8.2. Study II  
• We genetically examined 13 patients with TGA using Array CGH with a resolution of 30–

60,000 bases. 

• One patient was diagnosed with a possible causative 16p11.2 duplication covering the 

region involved in chromosome 16p11.2 duplication syndrome. 

Rare CNVs (microdeletions and microduplications) may be of relevance to the etiology not only in 

TGA but also, with reference to the results in study I, in many other CHDs. By acknowledging 

possible genetic associations, recognition of associated phenotypic effects may be encouraged.  

 

8.3. Study III  
• We compared the fetal cerebral MRI transversal relaxation, T2*, in 28 fetuses without 

CHDs to that of 15 fetuses with major CHDs. 

• Fetal cerebral transversal relaxation, T2* as a measure of tissue oxygenation, declines with 

gestational age.  

• Fetal cerebral T2* was, already at 32 weeks of gestation, lower in fetuses with CHDs than 

in fetuses without CHDs. The lower cerebral T2* persisted at 37 weeks’ gestation. 

These results support the hypothesis that cerebral tissue hypoxia may be a potential pathogenic 

factor that possibly affects brain development in fetuses with CHDs. Due to the small sample size 

of individuals with heterogeneous CHDs in our study, our results should be interpreted as 

hypothesis generating only.  
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The clinical consequence of reduced cerebral T2* as a measure of tissue oxygenation in fetuses 

with CHDs is yet to be established.  

 

8.4. Overall conclusion  

The genetic makeup combined with the maternal-placental-fetal environment plays an important 

role in the early brain development. In this dissertation, evidence suggests that CHDs adds 

unfavorably to neurodevelopment. In other words: The Heart Matters in Brain Matters.
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Chapter 9. Clinical implementations of the results in this dissertation 
 

• Prenatal or postnatal Array CGH examinations are offered in all cases of CHDs. In case 

of suspected syndromes in spite of normal Array CGH, then full genome sequencing 

should be considered. 	

• Counseling in pregnancy includes information about risk of neurodevelopmental 

impairment in all major CHDs. 	
• Due to early impact on brain development I recommend systematic and long-term 

neurodevelopmental follow-up in addition to the cardiac follow-up of CHD patients, thus 

allowing for earlier identification of any special needs and institution of support.
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Chapter 10. Future research 
 

• Association between fetal cerebral T2* and neurodevelopmental outcomes: 

o Fetal cerebral maturation score at the early scan in study III. Analysis in progress. 

o Cerebral and cerebellar volumes as well as grey and white matter volumes in 

neonates from study III. Analyses in progress. 

o Diffusion-weighted images (reflects myelination and thus maturity) in the newborns 

in study III. Awaits analysis. 

o Neurodevelopmental follow-up after 18 months and 36 months in the participants in 

study III. By us of the Bayley Scales of Infant Development 3rd edition (III) and Ages 

and Stages Questionnaires 3rd edition, we aim to evaluate the association between 

neurodevelopment and fetal cerebral T2* and the neonatal cerebral volumes. 

Studies are ongoing. 

• Does a 20-minute maternal oxygen challenge influence fetal cerebral T2*? Analysis in 

progress. 

o A perspective is long-term oxygen treatment. However, before oxygen potentially 

becomes a therapeutic option in selected CHD pregnancies, the long-term 

consequences of oxygen therapy need thorough evaluation. 

• Placental pathology in CHD-pregnancies 

o The placentas from some of the pregnancies described in study III have been 

collected for pathological examination. Analysis in progress. 

• Some other studies on fetal neuroprotection: 

o Apolipoprotein E epsilon 2 allele has been associated with neurodevelopmental 

dysfunction after cardiac surgery 146.  

o In vitro studies suggest a role for EPO in fetal neural development 

and neuroprotection 147.  

o  Antenatal magnesium sulfate in very preterm birth reduces risk of cerebral palsy 
148. 

o Studies on estrogen as a neuroprotective agent. 

• In theory, fetal cerebral MRI T2* measurements could be used in the clinical setting to 

evaluate candidate treatments directed toward improving fetal brain oxygenation. However, 

due to artifacts from the fetal movements and the susceptibility artifacts, the method is less 

attractive in a clinical setting. 
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English summary 
 
Brain Matters in Heart Matters – from early Fetal Development 
Congenital heart defects (CHDs) are the most common major birth defect. Newborns with major 

CHDs have smaller heads at birth compared to newborns without CHDs, and they are at increased 

risk of impaired neurodevelopment. The brains in fetuses with major CHDs are affected before 

birth; however, the timing and etiologies of the impaired brain growth remain unsettled.  

 

Aims 1) to compare the fetal biometrics of those with isolated CHDs to those without CHDs in 

order to estimate the timing and extent of prenatal brain affection in fetuses with isolated CHDs 

(study I), 2) by using array comparative hybridization to genetically examine some patients with 

transposition of the great arteries (TGA) (study II), 3) to estimate cerebral oxygenation in fetuses 

with and without CHDs in late gestation and compare the measurements between the groups 

(study III).  

  

Methods 1) in a populations-based cohort, we included data on fetuses and newborn children in 

Western Denmark (North, Central and South Regions, with a total population of 3 million 

inhabitants) who attended at least one of two pregnancy scans between January 1, 2012 and 

December 31, 2013. We identified those diagnosed with an isolated CHD either during pregnancy 

or during the first year of life. Multifetal gestation and fetuses or children with genetic or 

chromosomal abnormalities were excluded from the analyses in both groups. Fetuses and children 

with major extra-cardiac malformations or congenital viral infections were also excluded. We 

obtained data from local and central registries. The brain growth parameters were converted to Z 

scores standardized to gestational age and compared between those with and those without CHDs 

(study I), 2) Thirteen children with TGA, and their parents, admitted to Aarhus University Hospital, 

Aarhus, Denmark, for diagnostic or therapeutic procedures gave permission to perform array 

comparative hybridization which is 150-300-fold more detailed than conventional karyotype (study 

II), 3) At gestational age mean 32 weeks (early) and mean 37 weeks (late), we compared the fetal 

cerebral  MR T2* measurements in 15 fetuses with major CHDs to that of 28 fetuses without 

CHDs. MR T2* is low in areas with high concentrations of deoxyhemoglobin (study III) 

 

Results Study I: Head circumference Z scores in fetuses with CHDs were significantly below those 

of fetuses without CHDs from 20 weeks gestation. Fetuses with major CHDs displayed even 

smaller head circumference Z scores. Fetuses with univentricular physiology or tetralogy of Fallot 

morphology showed the earliest and most pronounced deviations in cerebral growth. Study II: One 
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patient with a possibly causative 16p11.2 microduplication not previously described in patients with 

TGA was identified. Study III: The mean MR T2* declined with gestational age in both fetuses with 

and fetuses without CHDs. The mean MR T2* value was lower among fetuses with CHDs (p < 

0.001).  

 

Conclusion and perspective: Study I: Fetuses with CHDs exhibit normal cerebral growth during 

the1st trimester, but growth could be compromised already during the 2nd trimester. Fetuses with 

major CHDs and especially those with univentricular physiology and those with tetralogy of Fallot 

exhibited the earliest and most pronounced compromise in cerebral growth. The reasons for this 

remain to be established. Study II: By acknowledging possible genetic associations to TGA, 

recognition of associated phenotypic effects may be encouraged. Study III: From 32 weeks 

gestation our findings suggest that fetal cerebral tissue oxygenation estimated by T2* is lower in 

fetuses with CHDs compared to fetuses without CHDs. This substantiates the hypothesis that 

tissue hypoxia can be a potential pathogenic factor that may affect brain development in fetuses 

with CHDs.  

Overall conclusion. Children with CHDs are at increased risk of impaired brain growth already 

during fetal life. This adverse prenatal brain affection contributes to the increased risk of 

neurodevelopmental impairment later in life. The adverse brain affection is a result of a complex 

interplay, including both tissue hypoxias during pregnancy and genetic mutations. In other words: 

The Heart Matters in Brain Matters.
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Dansk resume 
 
Hjertefejl påvirker også hjernen - allerede i fostertilstanden 
Hjertefejl (CHD) er den mest almindelig alvorlige fødselsdefekt. Nyfødte med alvorlig hjertefejl har 

mindre hovedomfang end de nyfødte, der er hjerteraske. Børn med hjertefejl har desuden en 

højere risiko for at få udviklingsmæssige problemer. Hjernerne hos fostre med alvorlig hjertefejl er 

påvirkede allerede før fødslen, men det er uafklaret, hvor tidligt i fostertilstanden, hjernen hos 

fostre med hjertefejl bliver påvirket. Årsagerne til hjernepåvirkningen er også fortsat under 

afklaring. 

 

Hensigten med ph.d.-forløbet: 1) At sammenligne mål af hovedomfang og vægt indsamlet 

rutinemæssigt i forbindelse med graviditetsskanningerne og ved fødslen imellem fostre med 

hjertefejl og fostre uden hjertefejl (studie I). 2) Ved hjælp af array CGH at undersøge børn født 

med transposition af de store kar (dvs. ombyttet hovedpulsåre og lungepulsåre) for mulige 

genetiske årsager til deres hjertefejl (studie II). 3) Sidst i graviditeten ved hjælp af MR modaliteten 

T2* at sammenligne hjernevævets iltning hos fostre med og uden hjertefejl (studie III). 

 

Metode:  
1) Vi inkluderede mål på fostre og nyfødte børn i en befolkningsbaseret kohorte bestående af 

Vestdanmark (Region Nord, Midt og Syd), hvis der var registreret mindst en graviditetsskanning i 

løbet af hele 2012 og hele 2013. Vi identificerede de fostre i kohorten, der enten i løbet af 

graviditeten eller i løbet af de første 12 måneder efter fødslen, var diagnosticeret med en hjertefejl. 

Fostre fra flerfoldsgraviditeter og fostre med genetiske- eller kromosomale sygdomme blev 

ekskluderet fra den sammenlignende analyse, det samme gjorde fostre med andre alvorlige 

misdannelser end hjertefejl. De nødvendige mål og informationer blev indhentet fra lokale og 

nationale databaser. Målene blev standardiserede til graviditetsuge for at kunne sammenlignes 

(studie 1).  

2) Tretten børn med transposition af de store kar og deres forældre sagde ja til at få undersøgt 

deres arvemasse med metoden array CGH, som er 150-300 gange så følsom for forandringer i 

arvemasse som en standard kromosom undersøgelse (studie II).  

3) Vi MR-skannede fostre med og uden hjertefejl to gange sidst i graviditeten. Vi undersøgte 

vævsiltningen i fostrehjernen hos fostre med og uden hjertefejl ved hjælp af MR-metoden T2*.  MR 

T2* er lav i områder med meget af-iltet blod. Vi skannede første gang omkring graviditetsuge 32 

(tidligt) og anden gang omkring graviditetsuge 37 (sent) (studie III). 
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Resultater:  
Studie I: Vi fandt at hovedomfanget (standardiseret til graviditetsuge) var signifikant mindre hos 

fostre med hjertefejl sammenlignet med hovedomfanget hos dem uden hjertefejl fra 20. 

graviditetsuge. Fostre med alvorlig hjertefejl havde relativt endnu mindre hoveder. I to 

undergrupper af hjertefejl, hhv. dem med Fallots tetralogi og dem, der kun har et pumpekammer, 

begyndte hovedomfanget endnu tidligere i graviditeten at afvige fra dem uden hjertefejl. og det var 

også de to undergrupper af hjertefejl, der adskilte sig mest fra dem uden hjertefejl senere hen.  

Studie II: En patient med transposition af de store kar ud af de tretten patienter, vi undersøgte, 

havde en forandring i arvemassen (16p11.2 mikroduplikation), som muligvis kan være forklaringen 

på barnets hjertefejl og de adfærdsmæssige problemer, som barnet havde.  

Studie III: Vi fandt, at MR T2* generelt faldt med stigende graviditetsuge hos både fostre med og 

uden hjertefejl. Vi fandt også, at de fostre med hjertefejl i gennemsnit havde tydeligt lavere MR T2* 

(som mål for hjernevævets iltning) end fostre uden hjertefejl. 

 

Konklusion:  
Studie I: Fostre med hjertefejl udviser normal hjernevækst i første tredjedel af graviditeten, men 

hjernevæksten kan være påvirket allerede i løbet af 2. tredjedel af graviditeten. Hos fostre med 

alvorlig hjertefejl er hjernevæksten endnu mere påvirket, og særligt hos dem med Fallots tetralogi 

eller dem med kun et pumpekammer er hjernens vækst nedsat tidligt. På fødselstidspunktet er det 

også hos dem, vi fandt den største afvigelse i forhold til dem uden hjertefejl.  

Studie II: Vi mener, det er vigtigt at være bevidst om, at forandringer i arvemassen kan give en 

mulig forklaring på flere typer af hjertefejl. Dermed forestiller vi os, at man også er ekstra 

opmærksom på, hvis der skulle være andre afledte effekter af forandringer i arvemassen, så som 

adfærdsmæssige eller udviklingsmæssige problemer. Med den viden vil børnene med disse 

udfordringer hurtigere kunne få den rigtige behandling og støtte.  

Studie III: Vores resultater tyder på, at fostre med hjertefejl allerede fra graviditetsuge 32 har 

nedsat iltning af hjernevævet, når man sammenligner med alderssvarende fostre uden hjertefejl. 

Således kan nedsat vævsiltning hos fostre med medfødte hjertefejl muligvis være en del af 

forklaringen på, hvorfor deres hjerners vækst er påvirket i graviditeten. 

 
Samlet konklusion: Børn med hjertefejl er i øget risiko for hjernepåvirkning allerede i graviditeten, 

og det er med til at forhøje deres risiko for udviklingsmæssige problemer senere i livet. Der er flere 

mulige årsager, men både nedsat iltning og genetik kan spille en rolle. Hjernen påvirkes af 

hjertefejl.
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Abstract: 

Objectives: Children with congenital heart defects (CHDs) have smaller heads at birth and are at 

increased risk of impaired neurodevelopment. How and when during fetal development the growth 

of the brain is compromised remains unknown. 

We estimated the association between fetal CHDs and measures of brain growth throughout 

pregnancy, from the end of the 1st trimester to birth. 

 

Methods: The cohort consisted of all fetuses scanned in Western Denmark from January 1, 2012 

to December 31, 2013. The brain growth measures in fetuses with isolated CHDs diagnosed 

during pregnancy or within 12 months after birth were compared to those in the fetuses without 

CHDs. Z-scores standardized to gestational age were calculated for 1st trimester biparietal 

diameter, 2nd trimester head circumference and estimated fetal weight, birth head circumference, 

birth weight, and placental weight.  

 

Results: We obtained data from 63,349 pregnancies and identified 413 fetuses with CHDs, 295 of 

which had isolated CHDs (major n = 148, minor n = 147). 

Compared to fetuses without CHDs, the mean difference in 1st trimester biparietal diameter Z-

score was 0.03 (95% confidence interval (CI) −0.07 to 0.13 p = 0.5) in fetuses with CHDs. For 2nd 

trimester head circumference, the mean difference was −0.13 (95% CI −0.24 to −0.01, p < 0.05). 

For head circumference at birth the mean difference was −0.22 (95% CI −0.35 to −0.09, p < 

0.001). Fetuses with major CHDs displayed even smaller head circumference Z-scores. Fetuses 

with univentricular physiology or tetralogy of Fallot showed the earliest and most pronounced 

compromise in cerebral growth. 

 

Conclusion: Our results show that fetuses with CHDs exhibit normal cerebral growth during the1st 

trimester but that growth may be compromised already during the 2nd trimester. Fetuses with major 
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CHDs and especially those with univentricular physiology or tetralogy of Fallot exhibited the 

earliest and most pronounced compromise in cerebral growth.  

 

Keywords: 

Congenital heart defects, fetal growth, head circumference, fetal neurodevelopment, pregnancy  
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Introduction: 

Congenital heart defects (CHD) affect six to eight children per 1000 live births [1], and the risk of 

impaired neurodevelopment among these children is well established [2-11] The association 

between CHDs and small head size at birth is well described [1,12,13], and impaired 

neurodevelopment has been associated with small head size at birth [14]. Magnetic resonance 

imaging (MRI) of the fetal brain has been used to explore the potential explanations for these 

associations and has shown that fetuses with major CHDs exhibit smaller cerebral volumes and 

delayed cerebral maturation [6,15-17] as well as a reduction in cerebral oxygen supply and tissue 

oxygenation during late gestation [18,19]. However, the MRI studies have primarily focused on 

fetuses with hypoplastic left heart syndrome (HLHS) and transposition of the great arteries (TGA), 

whereas the impact of other types of CHDs remains less well examined. Recent studies have 

reported an increased risk of placental pathology and possibly preeclampsia [20-22] as well as 

reduced placental size at birth [23] in women carrying a fetus with a CHD. It is unknown at which 

time point during the course of pregnancy the fetal heart defects may affect brain growth. However, 

recent studies have reported indices of impaired brain growth as early as mid gestation in fetuses 

with prenatally detected CHDs [24,25].    

 

Most fetuses with isolated CHDs survive birth and heart surgery [26,27], but they carry an 

increased risk of neurodevelopmental impairment. The search for potential neuroprotective 

strategies has recently been expanded into fetal life [28].  

We estimated the association between CHDs and measures of fetal brain size at three different 

time points during pregnancy in a population-based cohort of fetuses with CHDs diagnosed both 

before and after birth and hypothesized that cerebral size may be affected as early as during the 

2nd trimester.	

Methods: 
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All pregnant women in Denmark are offered two routine ultrasound scans free of charge during 

pregnancy, a nuchal translucency scan at gestational age (GA) 11+3 to 13+6 weeks that includes a 

risk assessment for Down syndrome and a fetal anomaly scan at GA 18+0 to 21+6 weeks. These 

scans are done in more than 90% of all pregnant women [29,30], and the data are stored in a local 

Fetal Medicine database (2000–2017 Astraia Software Gmbh, Occamstr. 20, 80802 Munich, 

Germany©) used by all obstetric departments in Denmark. All data are transferred to a nation-wide 

database, the Danish Fetal Medicine Database [29]. According to the national guidelines 

(http://www.dfms.dk/Guidelines/Biometriguideline%202008.pdf), the GA at the time of the nuchal 

translucency scan is based on the fetal crown-rump length (CRL) [31]. 	

Women with fetuses with malformations, increased nuchal translucency, or increased risk of 

trisomies after combined first trimester screening are offered invasive testing (chorionic villous 

sampling or amniocentesis) and high-resolution chromosomal microarray or standard 

chromosome analysis. The results are reported to both a local and a national register of genetic 

test results. Fetuses and children with suspected CHDs are referred to a tertiary center at Aarhus 

University Hospital (AUH) for further examination and counseling.  

The study was approved by the Danish Data Protection Agency (1-16-02-391-14) and Danish 

Health and Medicines authority (journal number 3-3013-516/1/). 

 

Definition of the cohort: 

In this population-based cohort study, we included data on fetuses and newborn children in 

Western Denmark (North, Central and South Regions, with a total population of 3 million 

inhabitants) who attended at least one of the two pregnancy scans between January 1, 2012 and 

December 31, 2013. We identified fetuses with CHDs defined as structural defects in the heart or 

intrathoracic great vessels of actual or potential functional significance (modified from [32]) 

diagnosed during pregnancy or up to 12 months after birth. 
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Prenatal ultrasound biometrics, birth weight, and placental weight were obtained from the Danish 

Fetal Medicine Database. Head-circumference and length at birth were obtained from The Danish 

Medical Birth Registry [33].  

Using the Personal Identification number assigned to all live born children and all citizens residing 

in Denmark (allowing unambiguous individual-level record linkage of all Danish registers [34]), we 

identified fetuses with CHDs by the integration of four sources of data: 1) The local register of 

prenatal genetic test results, 2) The Local Fetal Medicine Database, 3) The Danish Fetal Medicine 

Database, and 4) A list of patient data from the Patient Administrative System including the 

Personal Identification number of both the mother and the child. Relevant data from the medical 

records of the mother and child were obtained to verify the diagnoses. 

 

Exclusion criteria: 

The initial search identified individuals of potential interest. According to our definition of CHDs, 

arrhythmias, cardiomyopathies, tumors, and minor anatomical abnormalities, such as patent 

arterial duct (PDA) before 37 weeks gestation, persistent oval foramen, and pulmonary branch 

stenosis, were not included. Individuals with diagnoses who could not be verified were also 

excluded (Fig.1).	 

Thus, the initial cohort consisted of 63,349 pregnancies including 412 (0.66%) fetuses with CHDs. 

Prenatal genetic testing was conducted in 153 fetuses with CHDs. Fifty-seven of the women 

carrying a fetus with a CHD (53 major CHDs and four minor CHDs due to associated fetal 

malformations) opted for termination of the pregnancy.  
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Figure 1	

	

Figure 1: Illustration of the identification of fetuses and children < 12 months of age diagnosed with 

congenital heart defects (CHDs). AUH: Aarhus University Hospital, PAS: Patient Administrative System.  

 

Some minor CHDs (bilateral vena cava, right-sided aortic arch, mild tricuspid valve regurgitation, 

and dextrocardia) were excluded from the analyses because they were considered insignificant 

structural variations [32,35]. Data from fetuses and children with other potential causes of reduced 

brain size such as multifetal gestation and fetuses or children with genetic or chromosomal 

abnormalities, major extra cardiac malformations, or congenital viral infections were excluded from 

the analyses in both groups (Fig. 1 and Fig.2). We only included data from the 1st pregnancy of 

each woman. Pregnancy outcomes were not available for some of the fetuses scanned during the 

last 6 months of the study period. 

Birth biometrics from children born before GA 30 weeks were excluded due to the lack of plausible 

birth weight- and HC Z-scores at this age as well as the higher risk of associated maternal or fetal 

illness in these children born very preterm [36]. Observations deviating more than 5 standard 

deviations (SD) from the mean were excluded from the analyses in both groups [1,37]. 
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Figure 2 

 

Figure 2: Flowchart illustrating the delimitation of the ultrasound data and birth biometrics from the included 

fetuses with and without congenital heart defects (CHDs) scanned between January 1, 2012 and December 

31, 2013. RAA: right aortic arch. 
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Stratification: 

CHDs were initially stratified into major and minor CHDs (Table 1) (modified from [38]) and further 

stratified into six subgroups; 1) Univentricular: heart with any univentricular physiology including 

HLHS, 2) Tetralogy of Fallot, 3) TGA: transposition of the great arteries, 4) Aortic obstructions: 

severe aortic stenosis, aortic atresia, hypoplastic aortic arch, and/or coarctation of the aortic arch 

[39], 5) VSD: ventricular septal defect, 6) ASD: atrial septal defect (Tables 1 and 4 and Figure 3). 

The remaining fetuses were not considered in the subgroup analyses due to sparse data. 

 

Data included in the analyses: 

We compared measures of fetal anthropometry at three different time points during pregnancy (the 

end of the 1st trimester, mid 2nd trimester, and at birth). According to the national guidelines, the bi-

parietal diameter (BPD) at the nuchal translucency scan (between GA 11+3 to 13+6) was the 

preferred measure of brain size. At the anomaly scan (GA 18+0 to 21+6 weeks), the head 

circumference (HC) was calculated based on the BPD and the occipital frontal diameter [40]. 

Estimated fetal weight was calculated according to Hadlock’s formula based on femur length, HC, 

and abdominal circumference [41].   

At birth, head circumference, weight, and length of the newborn and the weight of the placenta are 

routinely measured within the first hour of life [42]. 

Data from all fetuses (live-born, still-born, and aborted) were included in the analysis.   
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Table 1	

Table 1: The included major and minor congenital heart defects (CHDs) (modified from [1]) “All” CHDs 

indicates the number of fetuses with the different types of CHDs before any were excluded. Isolated CHDs 

indicate the number of fetuses with CHDs after the exclusion of multifetal gestations and fetuses with 
congenital syndromes and/or major associated malformations. Isolated CHDs born after GA 23 weeks 

indicate the number of fetuses with isolated CHDs born after 23 weeks of gestation. GA: gestational age.	 	
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Minor Atrial septal defect  
Ventricular septal defect  
Vascular ring  
Mild pulmonary stenosis (no need for immediate intervention)  
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Statistical analyses: 

The data were analyzed using Stata 13.1 (StataCorp, College Station, TX, USA).  

The fetal and neonatal biometric data were converted into Z-scores using published normative 

data from large populations of healthy fetuses and children [1,23,37,43] to account for differences 

in gestational age at both the fetal scanning and at birth.  

A Z-score of 0 corresponds to the mean of the normal data; Z-scores of +/− 

1 correspond to 1 standard deviation (SD) above or below the mean, respectively. Student’s t-test 

was used to calculate mean differences between groups. Mean differences are presented with 

95% confidence intervals (CIs) and two-sided p-values at a 5% level of significance.  

The Wilcoxon rank sum test was used to compare variables between groups when the variables 

were not normally distributed. The chi2 test and Fisher’s exact test were used to compare 

dichotomous variables. The association between GA and brain size Z- scores was estimated 

using linear regression with robust standard errors to account for repeated measurements within 

the same fetus. GA was modeled using restricted cubic splines with pre-specified knots at 12, 20, 

and 38 gestational weeks. 

 

Results: 

The final cohorts consisted of 57,785 fetuses including 295 fetuses with isolated CHDs (Table 1, 

Fig. 2). One hundred and forty-five (49.1%) of the included fetuses had isolated major CHDs 

(Table 1), 77 of these (53%) were diagnosed before birth. Overall 98 (33%) of the included fetuses 

with isolated CHDs were diagnosed before birth. Forty-nine fetuses with isolated major CHDs were 

genetically tested, 44 of which had chromosomal microarray performed. The women opted for 

termination of pregnancy in 29 pregnancies with isolated major CHDs. 

The median correction of the GA from the CRL measurements was plus 1 day in those without 

CHDs and 0 days among those with CHDs (Table 2). The GA at birth differed between the two 

groups: the median GA was 40+1 weeks among those without and 39+2 among those with CHDs 
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(Table 2). Overall, the risk of preterm birth was 5% in the children without CHDs and 18.5% in the 

children with CHDs.  
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Table 2 
 

 No CHD Isolated CHD Difference 
GA at the nuchal translucency scan, weeks 
(IQR) 

 
12+5 (12+2, 13+0) 

 
12+4 (12+2, 13+0) 

 

Median BPD, mm (IQR)  
21.8 (20.1, 23.3 

 
21.6 (20.0, 23.3) 

 

Correction of GA at the first scan, days (IQR)  
+1 (−2, 3)  

0 (−3, 2) 
 
* 

GA at the anomaly scan, weeks (IQR)  
20+0 (19+5, 20+2) 

 
20+0 (19+4, 20+3) 

 
 

Median HC at the anomaly scan, mm (IQR)  
171.4 (166.0, 176.9) 

 
170.7 (164.5, 177.2) 

 
 

GA at birth, weeks (IQR)  
40+1 (39+0, 41+0) 

 
39+2 (37+5, 40+4) 

 
* 

HC at birth, cm (IQR)  
35 (34, 36) 

 
34 (33, 36) 

 
* 

Birth weight, g (IQR)  
3530 (3190, 3860) 

 
3260 (2800, 3655) 

 
* 

Placental weight, g (IQR)  
660 (570-760) 

 
600 (500, 720) 

 
* 

Table 2: Basic characteristics and differences between individuals with and without congenital heart defects 

(CHDs). Medians are compared using Wilcoxon rank sum test. GA: Gestational age; BPD: biparietal 

diameter; IQR: interquartile range; HC: head circumference, * Indicates p-value < 0.05 
 

 

Measures of brain size: 

At the nuchal translucency scan (median GA 12+5 weeks), the mean Z-score difference between 

fetuses with and without CHDs was 0.03 (95% CI −0.07 to 0.13, p = 0.5). At the anomaly scan 

(median GA 20+0 weeks), the mean HC Z-score difference was −0.13 (95% CI −0.24 to −0.01, p < 

0.05) between fetuses with and those without CHDs. At birth, the mean HC Z-score difference was 

−0.22 (95% CI −0.35 to −0.09, p < 0.001). The differences between fetuses with major CHDs and 

those without CHDs were even more pronounced, with a mean HC Z-score difference of −0.22 

(95% CI −0.38 to −0.06, p < 0.01) at the anomaly scan and −0.47 (95% CI −0.67 to −0.28, p < 

0.001) at birth. In the subgroup analyses, newborns with univentricular physiology or tetralogy of 

Fallot had substantially smaller mean HC Z-scores at birth than newborns without CHDs (Table 4). 

Regression analyses of the absolute continuous Z-score of the head biometrics (BPD and HC) (Y-

axis) plotted against GA (X-axis) illustrate that especially fetuses with tetralogy of Fallot or 

univentricular physiology present with reduced mean brain size Z-scores during early pregnancy 

compared to fetuses without CHDs. The differences were statistically significant from the mid 2nd 

trimester and onwards (Figure 3).  
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Table 4 

Category BPD Z-score mean 
difference at the 
nuchal translucency 
scan (median GA 
12+5 weeks) 

HC Z-score mean 
difference at the 
anomaly scan 
(median GA 20+0 
weeks) 

Estimated fetal 
weight Z-score 
mean difference at 
the anomaly scan 
(median GA 20+0 
weeks) 

HC Z-score mean 
difference at birth 
(median GA 40+1 
weeks ) 

Birth weight Z-score 
mean difference 
(median GA 40+1 
weeks) 

HC minus birth 
weight Z-score mean 
difference (median 
GA 40+1 weeks) 

Placental weight Z -
score mean 
difference (median 
GA 40+1 weeks) 

All CHDs 0.03(-0.07 to 0.13) -0.13(-0.24 to -0.01)* -0.17(-0.25 to -0.08)* -0.22 (-0.35 to -0.09)* -0.22(-0.34 to -0.10)* 0.04 (-0.08 to 0.16)  -0.21(-0.33 to -0.09)* 

Minor CHDs 0.11(-0.03 to 0.25) -0.04(-0.20 to 0.12) -0.07 (-0.19 to 0.05) -0.03 (-0.20 to 0.14) -0.05(-0.21 to 0.11) 0.03(-0.13 to 0.18)  -0.04(-0.21 to 0.12) 

Major CHDs -0.05(-0.19 to 0.09) -0.22(-0.38 to 0.06)* -0.28(-0.41 to -0.15)* -0.47(-0.67 to -0.28)* -0.41(-0.59 to -0.24)* 0.05 (-0.13 to 0.23) -0.41(-0.59 to -0.24)* 

Univentricular 0.10(-0.18 to 0.38) -0.21(-0.55 to 0.12) -0.51(-0.79 to -0.22)* -0.85(-1.48 to -0.21)* -0.03(-0.62 to 0.56) -0.73 (-1.31 to -0.15)* -0.03(-0.62 to 0.57) 

ToF -0.12(-0.51 to 0.27) -0.27(-0.73 to 0.18) -0.13(-0.47 to 0.22) -0.94 (-1.245 to -

0.43)* 

-0.94(-1.39 to -0.48)* 0.00(-0.45 to 0.45) -0.94(-1.39 to -0.48)* 

TGA 0.04(-0.40 to 0.47) -0.24(-0.68 to 0.20) 0.07(-0.28 to 0.41) -0.15 (-0.66 to 0.35) 0.06 (-0.37 to 0.49) -0.29 (-0.76 to 0.17)  0.06(-0.37 to 0.49) 

Aortic 

obstructions 

-0.05(-0.36 to 0.27) -0.08(-0.43 to 0.27) -0.18(-0.45 to 0.08) -0.35 (-0.75 to 0.05) -0.67(-1.03 to -0.31)* 0.37(0.01 to 0.74)* -0.39(-0.71 to -0.07)* 

VSD 0.10 (-0.10 to 0.30) -0.15(-0.38 to 0.07) -0.22(-0.39 to -0.05)*  -0.17 (-0.42 to 0.07) -0.37(-0.60 to -0.13)* 0.20 (-0.02 to 0.42)  -0.35(-0.59 to -0.12)* 

ASD 0.04(-0.22 to -0.30)  0.11(-0.21 to 0.40) 0.10 (-0.12 to 0.32) 0.25 (-0.07 to 0.56) 0.35(0.04 to 0.66)* -0.06 (-0.35 to 0.23)  0.32(0.04 to 0.66)*

  

Table 4: Mean Z-score differences in individuals with congenital heart defects (CHDs) compared to 

individuals without CHDs. Measures of brain size: biparietal diameter (BPD) at the nuchal translucency scan 

and head circumference (HC) measured by ultrasound at the anomaly scan and with a measuring tape at 

birth. Estimated fetal weight at the anomaly scan, birth weight, and placental weight as well as the difference 

between HC and birth weight Z-scores are given. Univentricular: heart with univentricular physiology; ToF: 

tetralogy of Fallot; TGA: transposition of the great arteries; Aortic obstructions: severe aortic stenosis, aortic 

atresia, hypoplastic aortic arch, and/or coarctation of the aortic arch; VSD: ventricular septal defect; ASD: 

atrial septal defect. * Indicates p-value < 0.05. For definition of major and minor CHDs, see Table 1.	

 

Weight:  

The mean differences between fetuses with and those without CHDs regarding fetal weight and 

birth weight Z-scores were −0.17 (95% CI −0.25 to −0.08, p < 0.001) and −0.22 (95% CI −0.34 to 

−0.10, p < 0.001), respectively. The mean difference between birth weight Z-score among fetuses 

with major CHDs compared to infants without CHDs was −0.42 (95% CI −0.59 to −0.24, p < 

0.001). Of note, the estimated fetal weight Z-score and the birth weight Z-scores in fetuses and 

newborns with VSDs were significantly lower than those without CHDs (Table 4). 

 

Proportionality of the newborn: 
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Overall, the HC Z-scores compared to the birth weight Z-scores in newborns did not differ between 

those with and those without CHDs. However, in the subgroup analyses, newborns with 

univentricular physiology had a smaller head circumference compared to the birth weight. The 

mean Z-score difference in these newborns compared to infants without CHDs was −0.73 (95% CI 

−1.31 to −0.15, p < 0.05). Newborns with aortic obstructions had larger head circumferences 

compared to the birth weight. The mean Z-score difference was 0.37 (95% CI 0.01 to 0.74, p < 

0.05). 

 

Placental weight at birth: 

The mean placental weight Z-score difference between newborns with and without CHDs was 

−0.21 (95% CI −0.33to −0.09, p < 0.001). Further details about placenta weight Z-score differences 

are provided in Table 4.   

 

Additional analyses: 

Comparing the HC Z-scores at the anomaly scan between fetuses diagnosed before and after 

birth, we found a non-significant trend toward lower HC Z-scores among the individuals diagnosed 

before birth. At birth, no statistically significant differences in HC Z-scores were present between 

new borns diagnosed before and after birth. 

In 28 pregnancies carrying a child with univentricular physiology, the women opted for termination 

of pregnancy; consequently only 12 children were born after 23 weeks of gestation (Table 1). We 

found no difference in HC Z-scores at the anomaly scan between those with univentricular 

physiology who were terminated and those who were not: −0.06 (95% CI −1.03 to 0.91, p = 0.9).  
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Figure 3

 

Figure 3 illustrates the absolute mean continuous Z-scores of head biometrics (biparietal diameter and head 

circumference) (Y-axis) during pregnancy plotted against gestational age (X-axis) in individuals without a 

congenital heart defect (CHD) (solid line) compared to the different categories of CHDs (dashed lines). The 

confidence intervals are depicted in soft grey. ToF: tetralogy of Fallot; Univentricular: heart with univentricular 

physiology; Aortic obstructions: severe aortic stenosis, aortic atresia, hypoplastic aortic arch, and/or 

coarctation of the aortic arch; TGA: transposition of the great arteries; VSD: ventricular septal defect; ASD: 

atrial septal defect. Please refer to Table 1 for the definition of major and minor CHDs. 
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Discussion: 
In the present study, brain size in fetuses with CHDs was reduced at 20 weeks of gestation and 

onwards, but not at 12 weeks’ gestation.  This finding was more prominent in fetuses with major 

CHDs, especially in those with univentricular physiology or tetralogy of Fallot. In these subtypes, 

head growth was compromised from the early 2nd trimester and onwards. 

It is a limitation of our study and prior studies in this field that we cannot exclude confounding 

caused by genetic mutations and epigenetic alterations. Even though we excluded 50 fetuses due 

to genetic or chromosomal anomalies, 95 (66%) of those with isolated major CHDs were not 

genetically tested. Because information was lacking, there may have been unknown factors 

(maternal characteristics, lifestyle, and obstetric and medical history) resulting in residual 

confounding [44-47]. The majority of the missing newborn biometrics originated from fetuses 

scanned during the last 6 months of the study period. These data are likely to be missing 

completely at random, and are thus unlikely to have introduced bias. In fetuses with univentricular 

physiology, the HC Z-scores at 20 weeks of gestation did not differ according to whether the child 

was later born alive. Consequently, we consider the risk of selection bias to be limited. We found it 

reassuring that HC Z-scores measured at birth in fetuses with CHDs were not statistically different 

between those diagnosed before and those diagnosed after birth. Nonetheless, some degree of 

measurement error and information bias cannot be ruled out.  

It is a major strength of the present study that we were able to include measurements as early as 

12 weeks of gestation, linking later diagnoses during pregnancy as well as postnatal diagnoses of 

both major and minor CHDs to early prenatal measures.  

 

Interpretation of results: 

We speculate whether the early onset of compromised cerebral growth in fetuses with 

univentricular physiology or tetralogy of Fallot may be explained by intracardiac mixing of 

oxygenated and deoxygenated blood, leading to a state of relative cerebral hypoxia [18,48]. The 
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early onset of deviations in fetal and placental growth may on the other hand point toward factors 

affecting both cardiogenesis and brain development [49] such as genetic or epigenetic factors. 

Previous studies have also associated major CHDs with decreased cerebral size at mid gestation 

[24,39,50]; however, to our knowledge this is the first study to report cerebral measures before 20 

weeks of gestation in fetuses with major and minor CHDs. 

HC was smaller in newborns with isolated CHDs than in newborns without CHDs. Newborns with 

major CHDs accounted for the majority of this difference, confirming previous findings [1,51]. In 

newborns and fetuses with CHDs, we also found a smaller body size and that the placenta was 

smaller (potentially adding to the risk of a relative hypoxic state in utero [52]).  

Aortic obstructions and ventricular septal defects (VSDs) were associated with increased head 

circumference relative to birth weight. This anthropometric pattern has previously been reported in 

newborns with VSD [1]. During pregnancy, the flow across a VSD is minimal due to pressure 

equilibration between the pulmonary and systemic circulations. Intrauterine growth restriction in 

fetuses without CHD, which has generally been associated with an asymmetrically large head 

relative to body size, has also been associated with lower left ventricular end-systolic and end-

diastolic diameters as well as smaller posterior wall diameter in both systole and diastole [53]. 

Noteworthy is the reduced fetal weight already at the 2nd trimester scan, and the low placental 

weight and weight at birth in children with VSDs in the present as well as in a previous study [23]. 

Whereas these mechanisms are far from fully understood, a recent follow-up study has also 

demonstrated reduced exercise capacity in adults with small, unrepaired VSDs [54]. Even though 

a VSD is usually considered to be a minor CHD, we speculate that the presence of a VSD may 

alter the function of the heart already during fetal life.  

We do not know whether the brain suffers less if the body and the head are equally affected by 

reduced growth. Fetal brain sparing physiology (reduced resistance to cerebral flow) has been 

associated with impaired neurodevelopment in children with CHDs [55,56], and low birth weight is 

reported to be a risk factor for impaired neurodevelopment [57]. Consequently, we are unable to 
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determine whether neurodevelopment may be better in children with CHDs who are symmetrically 

small than in those where only the head is small.  

We found a prevalence of CHDs of 6.6 per 1000 births (including live-births, still-births, and 

termination of pregnancies). Previous publications reported birth prevalences between 5.4 and 

15.3 per 1000 births [1,38,58]. The higher risk of preterm birth in individuals with CHDs observed 

in our study has previously been reported [35]. Children with a persistent arterial duct (PDA) born 

before GA 37 weeks were excluded from our analyses; nonetheless, a PDA screening program in 

children born very preterm may have induced detection bias owing to the finding of small septal 

defects that otherwise would not have been found [59]. 

 

Conclusion:  

In the present study, measures of brain size in fetuses with CHDs begin to deviate from those of 

fetuses without CHDs already during the 2nd trimester. Fetuses with major CHDs and especially 

those with univentricular physiology or tetralogy of Fallot exhibited the earliest and most 

pronounced compromise in cerebral growth.  

 

 

Disclosures: 

None. 

 

Acknowledgements: 

We thank research nurse Vibeke Lausen for her assistance in obtaining the relevant data from the 

medical records. 

 

References: 

 
 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

104	

 
[1] Matthiesen NB, Henriksen TB, Gaynor JW, Agergaard P, Bach CC, Hjortdal VE, et al. 
Congenital Heart Defects and Indices of Fetal Cerebral Growth in a Nationwide Cohort of 924 422 
Liveborn Infants. Circulation 2016 Feb 9;133(6):566-575. 
 
[2] Bean Jaworski JL, Flynn T, Burnham N, Chittams JL, Sammarco T, Gerdes M, et al. Rates of 
autism and potential risk factors in children with congenital heart defects. Congenit Heart Dis 2017 
Jul;12(4):421-429. 
 
[3] Khalil A, Suff N, Thilaganathan B, Hurrell A, Cooper D, Carvalho JS. Brain abnormalities and 
neurodevelopmental delay in congenital heart disease: systematic review and meta-analysis. 
Ultrasound Obstet Gynecol 2014 Jan;43(1):14-24. 
 
[4] Dimitropoulos A, McQuillen PS, Sethi V, Moosa A, Chau V, Xu D, et al. Brain injury and 
development in newborns with critical congenital heart disease. Neurology 2013 Jul 16;81(3):241-
248. 
 
[5] Martinez-Biarge M, Jowett VC, Cowan FM, Wusthoff CJ. Neurodevelopmental outcome in 
children with congenital heart disease. Semin Fetal Neonatal Med 2013 Oct;18(5):279-285. 
 
[6] Owen M, Shevell M, Donofrio M, Majnemer A, McCarter R, Vezina G, et al. Brain Volume and 
Neurobehavior in Newborns with Complex Congenital Heart Defects. J Pediatr 2013 Dec 21. 
 
[7] Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor JW, et al. 
Neurodevelopmental outcomes in children with congenital heart disease: evaluation and 
management: a scientific statement from the American Heart Association. Circulation 2012 Aug 
28;126(9):1143-1172. 
 
[8] Donofrio M, T., Duplessis A, J., Limperopoulos C. Impact of congenital heart disease on fetal 
brain development and injury. Curr Opin Pediatr 2011 10;23(5):502-511. 
 
[9] Gardiner HM. Head start for heart babies: perspectives on neurodevelopmental outcome. 
Ultrasound Obstet Gynecol 2009 Dec;34(6):616-617. 
 
[10] Olsen M, Hjortdal VE, Mortensen LH, Christensen TD, Sorensen HT, Pedersen L. Educational 
achievement among long-term survivors of congenital heart defects: a Danish population-based 
follow-up study. Cardiol Young 2011 Apr;21(2):197-203. 
 
[11] Olsen M, Sorensen HT, Hjortdal VE, Christensen TD, Pedersen L. Congenital heart defects 
and developmental and other psychiatric disorders: a Danish nationwide cohort study. Circulation 
2011 Oct 18;124(16):1706-1712. 
 
[12] Cheong JL, Thompson DK, Spittle AJ, Potter CR, Walsh JM, Burnett AC, et al. Brain Volumes 
at Term-Equivalent Age Are Associated with 2-Year Neurodevelopment in Moderate and Late 
Preterm Children. J Pediatr 2016 Jul;174:91-97.e1. 
 



PAPER I	

	
	
	

105	

[13] Hallioglu O, Gurer G, Bozlu G, Karpuz D, Makharoblidze K, Okuyaz C. Evaluation of 
Neurodevelopment Using Bayley-III in Children with Cyanotic or Hemodynamically Impaired 
Congenital Heart Disease. Congenit Heart Dis 2015 Nov-Dec;10(6):537-541. 
 
[14] Matos SM, Sarmento S, Moreira S, Pereira MM, Quintas J, Peixoto B, et al. Impact of Fetal 
Development on Neurocognitive Performance of Adolescents with Cyanotic and Acyanotic 
Congenital Heart Disease. Congenit Heart Dis 2013 Dec 3. 
 
[15] Jowett V, Allsop J, Fox M, Kyriakopoulou V, Rutherford M, Gardiner H. Brain growth is 
impaired in fetuses with congenital heart disease-MR volumetric assessment of the fetal brain. 
Cardiol Young 2013;23:S15. 
 
[16] Zeng S, Zhou QC, Zhou JW, Li M, Long C, Peng QH. Volume of intracranial structures on 
three-dimensional ultrasound in fetuses with congenital heart disease. Ultrasound Obstet Gynecol 
2015 Aug;46(2):174-181. 
 
[17] Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW, Brown DW, Robertson 
RL,Jr, et al. Brain volume and metabolism in fetuses with congenital heart disease: evaluation with 
quantitative magnetic resonance imaging and spectroscopy. Circulation 2010 Jan 5;121(1):26-33. 
 
[18] Sun L, Macgowan CK, Sled JG, Yoo SJ, Manlhiot C, Porayette P, et al. Reduced fetal cerebral 
oxygen consumption is associated with smaller brain size in fetuses with congenital heart disease. 
Circulation 2015 Apr 14;131(15):1313-1323. 
 
[19] Lauridsen MH, Uldbjerg N, Henriksen TB, Petersen OB, Stausbol-Gron B, Matthiesen NB, et 
al. Cerebral Oxygenation Measurements by Magnetic Resonance Imaging in Fetuses With and 
Without Heart Defects. Circ Cardiovasc Imaging 2017 Nov;10(11):e006459. 
 
[20] Ruiz A, Ferrer Q, Sanchez O, Ribera I, Arevalo S, Alomar O, et al. Placenta-related 
complications in women carrying a foetus with congenital heart disease. J Matern Fetal Neonatal 
Med 2016 Jan 8:1-5. 
 
[21] Thilaganathan B. Preeclampsia and Fetal Congenital Heart Defects: Spurious Association or 
Maternal Confounding? Circulation 2017 Jul 4;136(1):49-51. 
 
[22] Auger N, Fraser WD, Healy-Profitos J, Arbour L. Association Between Preeclampsia and 
Congenital Heart Defects. JAMA 2015 Oct 20;314(15):1588-1598. 
(23) Matthiesen NB, Henriksen TB, Agergaard P, Gaynor JW, Bach CC, Hjortdal VE, et al. 
Congenital Heart Defects and Indices of Placental and Fetal Growth in a Nationwide Study of 924 
422 Liveborn Infants. Circulation 2016 Nov 15;134(20):1546-1556. 
 
[24] Ruiz A, Cruz-Lemini M, Masoller N, Sanz-Cortes M, Ferrer Q, Ribera I, et al. Longitudinal 
changes in fetal biometry and cerebroplacental hemodynamics in fetuses with congenital heart 
disease. Ultrasound Obstet Gynecol 2017 Mar;49(3):379-386. 
 
[25] Turan S, Rosenbloom JI, Hussein M, Berg C, Gembruch U, Baschat AA, et al. Longitudinal 
analysis of head and somatic growth in fetuses with congenital heart defects. J Clin Ultrasound 
2017 Feb;45(2):96-104. 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

106	

 
[26] Larsen SH, Olsen M, Emmertsen K, Hjortdal VE. Interventional Treatment of Patients With 
Congenital Heart Disease: Nationwide Danish Experience Over 39 Years. J Am Coll Cardiol 2017 
Jun 6;69(22):2725-2732. 
 
[27] Oster ME, Lee KA, Honein MA, Riehle-Colarusso T, Shin M, Correa A. Temporal trends in 
survival among infants with critical congenital heart defects. Pediatrics 2013 May;131(5):e1502-8. 
 
[28] Porayette P, Madathil S, Sun L, Jaeggi E, Grosse-Wortmann L, Yoo SJ, et al. MRI reveals 
hemodynamic changes with acute maternal hyperoxygenation in human fetuses with and without 
congenital heart disease. Prenat Diagn 2016 Mar;36(3):274-281. 
 
[29] Ekelund CK, Kopp TI, Tabor A, Petersen OB. The Danish Fetal Medicine database. Clin 
Epidemiol 2016 Oct 25;8:479-483. 
 
[30] Crombag NM, Vellinga YE, Kluijfhout SA, Bryant LD, Ward PA, Iedema-Kuiper R, et al. 
Explaining variation in Down's syndrome screening uptake: comparing the Netherlands with 
England and Denmark using documentary analysis and expert stakeholder interviews. BMC Health 
Serv Res 2014 Sep 25;14:437-6963-14-437. 
 
[31] Ohuma EO, Papageorghiou AT, Villar J, Altman DG. Estimation of gestational age in early 
pregnancy from crown-rump length when gestational age range is truncated: the case study of the 
INTERGROWTH-21st Project. BMC Med Res Methodol 2013 Dec 7;13:151-2288-13-151. 
 
[32] Mitchell SC, Korones SB, Berendes HW. Congenital heart disease in 56,109 births. Incidence 
and natural history. Circulation 1971 Mar;43(3):323-332. 
 
[33] Knudsen LB, Olsen J. The Danish Medical Birth Registry. Dan Med Bull 1998 Jun;45(3):320-
323. 
 
[34] Schmidt M, Pedersen L, Sorensen HT. The Danish Civil Registration System as a tool in 
epidemiology. Eur J Epidemiol 2014 Aug;29(8):541-549. 
 
[35] Lindinger A, Schwedler G, Hense HW. Prevalence of congenital heart defects in newborns in 
Germany: Results of the first registration year of the PAN Study (July 2006 to June 2007). Klin 
Padiatr 2010 Sep;222(5):321-326. 
 
[36] Swanson JR, Sinkin RA. Early births and congenital birth defects: a complex interaction. Clin 
Perinatol 2013 Dec;40(4):629-644. 
 
[37] Snijders RJ, Nicolaides KH. Fetal biometry at 14-40 weeks' gestation. Ultrasound Obstet 
Gynecol 1994 Jan 1;4(1):34-48. 
 
[38] Dolk H, Loane M, Garne E, European Surveillance of Congenital Anomalies (EUROCAT) 
Working Group. Congenital heart defects in Europe: prevalence and perinatal mortality, 2000 to 
2005. Circulation 2011 Mar 1;123(8):841-849. 
 



PAPER I	

	
	
	

107	

[39] Jansen FA, van Zwet EW, Rijlaarsdam ME, Pajkrt E, van Velzen CL, Zuurveen HR, et al. 
Head growth in fetuses with isolated congenital heart defects: lack of influence of aortic arch flow 
and ascending aorta oxygen saturation. Ultrasound Obstet Gynecol 2016 Sep;48(3):357-364. 
 
[40] Chitty LS, Altman DG, Henderson A, Campbell S. Charts of fetal size: 2. Head measurements. 
Br J Obstet Gynaecol 1994 Jan;101(1):35-43. 
 
[41] Hadlock FP, Harrist RB, Sharman RS, Deter RL, Park SK. Estimation of fetal weight with the 
use of head, body, and femur measurements--a prospective study. Am J Obstet Gynecol 1985 Feb 
1;151(3):333-337. 
 
[42] Arendt LH, Ramlau-Hansen CH, Wilcox AJ, Henriksen TB, Olsen J, Lindhard MS. Placental 
Weight and Male Genital Anomalies: A Nationwide Danish Cohort Study. Am J Epidemiol 2016 
Jun 15;183(12):1122-1128. 
 
[43] Marsal K, Persson PH, Larsen T, Lilja H, Selbing A, Sultan B. Intrauterine growth curves 
based on ultrasonically estimated foetal weights. Acta Paediatr 1996 Jul;85(7):843-848. 
 
[44] Grigoriadis S, VonderPorten EH, Mamisashvili L, Tomlinson G, Dennis CL, Koren G, et al. 
The impact of maternal depression during pregnancy on perinatal outcomes: a systematic review 
and meta-analysis. J Clin Psychiatry 2013 Apr;74(4):e321-41. 
 
[45] Oyen N, Diaz LJ, Leirgul E, Boyd HA, Priest J, Mathiesen ER, et al. Prepregnancy Diabetes 
and Offspring Risk of Congenital Heart Disease: A Nationwide Cohort Study. Circulation 2016 Jun 
7;133(23):2243-2253. 
 
[ 46] Jimenez-Solem E, Andersen JT, Petersen M, Broedbaek K, Jensen JK, Afzal S, et al. Exposure 
to selective serotonin reuptake inhibitors and the risk of congenital malformations: a nationwide 
cohort study. BMJ Open 2012 Jun 18;2(3):10.1136/bmjopen-2012-001148. Print 2012. 
 
[47] Liu S, Joseph KS, Lisonkova S, Rouleau J, Van den Hof M, Sauve R, et al. Association 
between maternal chronic conditions and congenital heart defects: a population-based cohort study. 
Circulation 2013 Aug 6;128(6):583-589. 
 
[48] Rosenthal GL. Patterns of prenatal growth among infants with cardiovascular malformations: 
possible fetal hemodynamic effects. Am J Epidemiol 1996 Mar 1;143(5):505-513. 
 
[49] Barkovich AJ, Guerrini R, Kuzniecky RI, Jackson GD, Dobyns WB. A developmental and 
genetic classification for malformations of cortical development: update 2012. Brain 2012 
May;135(Pt 5):1348-1369. 
 
[50] Masoller N, Martinez JM, Gomez O, Bennasar M, Crispi F, Sanz M, et al. Evidence of second 
trimester changes in head biometry and brain perfusion in fetuses with congenital heart disease. 
Ultrasound Obstet Gynecol 2014 Mar 29. 
 
[51] Barbu D, Mert I, Kruger M, Bahado-Singh RO. Evidence of fetal central nervous system injury 
in isolated congenital heart defects: microcephaly at birth. Am J Obstet Gynecol 2009 
Jul;201(1):43.e1-43.e7. 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

108	

 
[52] Miller SL, Huppi PS, Mallard C. The consequences of fetal growth restriction on brain 
structure and neurodevelopmental outcome. J Physiol 2016 Feb 15;594(4):807-823. 
 
[53] Cinar B, Sert A, Gokmen Z, Aypar E, Aslan E, Odabas D. Left ventricular dimensions, systolic 
functions, and mass in term neonates with symmetric and asymmetric intrauterine growth 
restriction. Cardiol Young 2015 Feb;25(2):301-307. 
 
[54] Maagaard M, Heiberg J, Hjortdal VE. Small, unrepaired ventricular septal defects reveal poor 
exercise capacity compared with healthy peers: A prospective, cohort study. Int J Cardiol 2017 Jan 
15;227:631-634. 
 
[55] Masoller N, Sanz-CorteS M, Crispi F, Gomez O, Bennasar M, Egana-Ugrinovic G, et al. Mid-
gestation brain Doppler and head biometry in fetuses with congenital heart disease predict abnormal 
brain development at birth. Ultrasound Obstet Gynecol 2016 Jan;47(1):65-73. 
 
[56] Williams IA, Tarullo AR, Grieve PG, Wilpers A, Vignola EF, Myers MM, et al. Fetal 
cerebrovascular resistance and neonatal EEG predict 18-month neurodevelopmental outcome in 
infants with congenital heart disease. Ultrasound Obstet Gynecol 2012;40(3):304-309. 
 
[57] Gaynor JW, Stopp C, Wypij D, Andropoulos DB, Atallah J, Atz AM, et al. 
Neurodevelopmental outcomes after cardiac surgery in infancy. Pediatrics 2015 May;135(5):816-
825. 
 
[58] Jorgensen DE, Vejlstrup N, Jorgensen C, Maroun LL, Steensberg J, Hessellund A, et al. 
Prenatal detection of congenital heart disease in a low risk population undergoing first and second 
trimester screening. Prenat Diagn 2015 Apr;35(4):325-330. 
 
[59] Garne E, Olsen MS, Johnsen SP, Hjortdal V, Andersen HO, Nissen H, et al. How do we define 
congenital heart defects for scientific studies? Congenit Heart Dis 2012 Jan-Feb;7(1):46-49. 
 
 

 
 

 
(1] Dolk H, Loane M, Garne E, European Surveillance of Congenital Anomalies (EUROCAT) 
Working Group. Congenital heart defects in Europe: prevalence and perinatal mortality, 2000 to 
2005. Circulation 2011 Mar 1;123(8):841-849. 
 
 
 
 

 

 



PAPER I	

	
	
	

109	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper II

 

  



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

110	



PAPER II	

	
	
	

111	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

112	
 



PAPER II	

	
	
	

113	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

114	



PAPER III	

	
	
	

115	

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper III  



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

116	



PAPER III	

	
	
	

117	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

118	

 



PAPER III	

	
	
	

119	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

120	

 



PAPER III	

	
	
	

121	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

122	

 



PAPER III	

	
	
	

123	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

124	

 
 



PAPER III	

	
	
	

125	
	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

126	

 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	

	
	
	

127	 



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

128	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	

	
	
	

129	



 BRAIN MATTERS IN HEART MATTERS - FROM EARLY FETAL DEVELOPMENT 
	

	
	

	

130	

 


