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CHAPTER 1

The organization of prenatal care in the Netherlands is unique and differs greatly from
neighboring countries. Of all pregnant women, currently approximately 180.000 annually,
80% commence their prenatal care in a midwives practice.1 As a consequence, the majority
of women receive their counseling on prenatal screening and testing from the midwife. A
minority of 15% present directly to a secondary or tertiary care obstetrician, either on maternal
or social indication, another 5% present to their general physician. Prenatal health care in the
Netherlands is well organized and invasive prenatal testing is based on uniform indications.2
In the past 10 years several significant changes and modifications have been made in the
prenatal screening policy. During the same period, progress has been made in technical
possibilities and reduction in the time taken to report and interpret prenatal genetic diagnosis.
Advances were made from low resolution standard karyotyping to rapid aneuploidy detection
and whole genome array analysis. The establishment of high quality fetal ultrasound providers
and concomitant improvement of fetal anomaly detection rate has resulted in an increasing
demand for prenatal syndrome diagnosis and targeted DNA-analysis for fetal genetic
disorders. The combination of changes in prenatal screening policy and increasing possibilities
in prenatal genetic diagnosis has led to changes in the uptake of screening and invasive
testing, and in alterations in the number and types of chromosomal anomalies detected.
In this chapter I will first outline the history and current status of both prenatal screening and
prenatal diagnosis. The first section will elaborate on prenatal screening. In general, screening
is offered to asymptomatic people, in the prenatal setting pregnant women without signs of
fetal anomalies. Screening is performed to determine whether a diagnostic test should be
offered. The result of prenatal screening is an estimate of the level of risk; the risk of a child
with Down syndrome (DS) (after finding an increased risk at first trimester combined testing),
or the risk off a child with a chromosomal anomaly or genetic syndrome (after detection of
fetal anomalies at ultrasound screening). Screening in general is often noninvasive and the
cut-off set towards high sensitivity, with many of the positive results being false-positive. The
second section provides background information on prenatal genetic diagnosis. Prenatal
diagnosis, as opposed to screening, provides a definitive diagnosis, with the cut-off set towards
high specificity.3 As prenatal diagnosis currently implies performing an invasive procedure,
prenatal diagnosis is preferably offered to women who, based on a positive screening test or
an a priori known genetic risk, are at an increased risk off a child with a genetic disorder. In
short: prenatal screening determines whether the fetus is at an increased risk for a (genetic)
disorder; prenatal diagnosis determines whether this (genetic) disorder is absent or present.
Sections three to five provide background information on prenatal screening and prenatal
diagnosis in pregnancies conceived through artificial reproduction technology (ART); on
noninvasive prenatal diagnosis (NIPD) of fetal trisomies, which is expected to, in the future,
partially replace invasive diagnosis; and on genetic counseling in pregnancies in which the
fetus is diagnosed with a structural or chromosomal anomaly, or in which a fetal syndrome
diagnosis is made.
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1. PRENATAL SCREENING IN THE NETHERLANDS
Prenatal screening before 2007
Prior to 2003, there was no national governmentally approved prenatal screening program
in the Netherlands. The official Dutch governmental policy was to offer women who had
reached the age of 36 years a diagnostic invasive test for Down syndrome.4,5,6,7,8 Offering
pregnant women information on a risk estimation test for DS or NTD (Neural Tube Defect)
was only allowed on her explicit request. A policy concerning fetal anomaly ultrasound scans
did not exist. Ultrasound investigation was performed by the gynaecologist as well as the
midwife, but not in all women and took place at random time points during pregnancy. Since
2004, it has been approved by the parliament to inform women ≥ 36 years on the possibility
of a screening test for DS, with the first trimester combination test as a first choice. More
information on the first trimester combined test is provided further on in this chapter.
Prior to 2006, ultrasound screening was only offered to women with an increased risk for
fetal congenital anomalies, because at that time there was deemed insufficient scientific
evidence for the benefits of ultrasound screening (e.g. improved care and survival). Ultrasound
screening was therefore not officially offered to all women8.
Prenatal screening since 2007
As of January 2007 a national governmentally sanctioned program for prenatal screening
was officially started.9 The RIVM (Rijksinstituut voor Volksgezondheid en Milieu; National
Institute for Public Health and the Environment) is responsible for the coordination of this
program. In each of the eight University Medical Centers a Regional Center (RC) was
founded, which are the WBO licensees (Wet op het Bevolkings Onderzoek; population
screening act) for prenatal screening. Within the national screening program counselors are
obliged to offer information on screening (first trimester combined test and fetal anomaly
ultrasound) to all pregnant women. When this offer is declined, no further information is
provided. When a woman decides to receive the information she can opt in or out on both
tests. Health insurance companies reimburse the cost of 155 euro’s for the fetal anomaly
scan (SEO = Structureel Echoscopisch Onderzoek; fetal anomaly scan) for all women,
however the 150 euro’s for the first trimester combined test are not reimbursed for women
< 36 years. The effect of the changes in prenatal screening policy between 2000 and 2009
on the indications for invasive testing and efficacy of prenatal screening are analyzed and
discussed in chapter 2.
Advanced maternal age
The rate of infants with Down syndrome per 1000 live births increases exponentially with
maternal age [Figure 1].10,11 Advanced maternal age (AMA) in the Netherlands is defined as
36 years or older at the gestational age of 18 weeks. For political reasons AMA stayed an
approved indication for invasive diagnosis after the introduction of the first trimester
combined test. This enables women ≥ 36 years to choose to have invasive testing regardless
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of their risk estimate, or whether prenatal screening was performed. The aneuploidy risk in
women < 36 years is generally considered too low to justify the risk of a miscarriage (0.30.6%) following an invasive procedure.12,13,14,15
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Figure 1. The combined results of three studies on the relationship between the Down syndrome
risk and maternal age.10,11,16

The second trimester triple test
The association between low maternal serum alpha-1-fetoprotein (AFP) and fetal
chromosomal abnormalities was first described in 1984.17 The combination of low AFP, low
unconjugated estriol (uE3) and high free ß subunit of human chorion gonadotrophin (fßhCG) levels in maternal serum predict the pregnancy of a DS fetus.18,19 The triple test was an
algorithm that translated this association, combined with maternal age, into a DS risk.10,20 In
1990 the triple test was introduced in The Netherlands.21 Blood sampling was performed
between 14 and 23 weeks of gestation. With an OAPR (Odds of being Affected given a
Positive Result) of 1 in 41 for Down syndrome, the triple test was considered a fairly good
second trimester screening test. In the Netherlands the triple test detected 50% of trisomy
13 and 68% of trisomy 18 fetuses.22 After 2004, the offer of the first trimester combined
test to all women, with the advantage of early screening and a superior OAPR (of 1 in 14)23
resulted in a steady decline of the number of triple tests.22 Since the 1st of October 2010 the
triple test is no longer available in the Netherlands. Due to the small number of triple tests
performed, adequate quality-control could no longer be maintained.
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The first trimester combined test
The first trimester combined screening test is composed of measurements of the
concentrations of pregnancy-associated plasma protein-A (PAPP-A) and the free ß subunit of
human chorionic gonadotropin (fß-hCG) levels in maternal serum combined with a nuchal
translucency (NT) measurement and the maternal age between 9 and 14 weeks gestational
age.24,25,26
PAPP-A and fß-hCG are glycoproteins produced by the placenta. PAPP-A is an insulin growth
factor binding proteinase, which is produced in high levels during pregnancy by the
syncytiotrophoblast.28,29 It is involved in the implantation of the fertilized egg and is relatively
decreased in Down syndrome pregnancies compared to euploid pregnancies. HCG consists
of two subunits, an -subunit and a ß-subunit, which are both secreted as free subunits by
the placenta (free-alpha and free-beta hCG). Fß-hCG stimulates progesterone synthesis in
the corpus luteum and is relatively increased in Down syndrome pregnancies. The
concentration of PAPP-A and fß-hCG is measured in the maternal serum and converted into
a multiple of the median concentration (MoM) in unaffected pregnancies of the same
gestational age. The MoM is a measure of how far an individual test result deviates from the
median. A low PAPP-A MoM and a high fß-hCG MoM are correlated with an increased risk
of carrying a Down syndrome fetus.10,30 Aberrant PAPP-A and free ß-hCG levels, together
with early ultrasound anomalies, may also raise the suspicion for a fetal triploidy, trisomy 13
or 18.31,32 An unexplained low PAPP-A (< 0.4 MoM) and/or a low fß-hCG (< 0.5 MoM) in the
first trimester (in contrast to high levels of fß-hCG in DS pregnancies) have additionally been
found to be associated with an increased frequency of adverse obstetrical outcome.33
NT refers to the normal subcutaneous fluid-filled space between the back of the fetal neck
and the overlying skin, which is generally increased in aneuploid fetuses.34 According to the
Dutch protocol for NT measurement, an NT ≥ 3.5 mm is defined as an ultrasound abnormality.
This means that invasive testing is offered, regardless of the outcome of the first trimester
risk estimates. Furthermore, because of the increased chance of cardiac anomalies, skeletal
dysplasia and syndromal disorders in fetuses with an increased nuchal fold, GUO (Geavanceerd
Ultrageluid Onderzoek; advanced ultrasound investigation) is indicated. Overall the incidence
of adverse outcome in pregnancies with an increased NT and a normal karyotype is 19%,
ranging from 9% to 80%, depending on the degree of NT enlargement.35,36,37,38 However, if
the second trimester scan is normal, the chance of a normal pregnancy outcome is 4%,
irrespective of the initial NT enlargement. It has been shown that NT measurement alone in
the first trimester is not sufficient to screen for congenital malformations.39 For example,
although an increased NT is associated with an increased chance of structural cardiac
anomalies, NT measurement alone will miss up to 85% of all cardiac anomalies.40,41 Moreover,
a normal NT measurement cannot be a reason to refrain from second trimester ultrasound
examination, as 77% of the fetuses with major anomalies have a normal NT and over half of
these major anomalies will be detected with the SEO screening at 18-22 weeks of gestation.42
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A recent study on array-CGH in fetuses with an enlarged NT and a normal karyotype showed
that in 8.3% of fetuses pathogenic gain or losses can be identified.43
When, in 2005, the introduction of a national prenatal screening program was being
prepared by a joint committee of the NVOG (Nederlandse Vereniging voor Obstetrie en
Gynaecologie; Dutch Society for Obstetrics and Gynaecology), VKGN (Vereniging Klinische
Genetica Nederland; Dutch Society for Clinical Genetics), KNOV (Koninklijke Nederlandse
Organisatie van Verloskundigen; Royal Dutch Society for Midwifes) and the VSKG (Vereniging
van Stichtingen Klinische Genetica; Society of Clinical Genetics Foundations), it was estimated
that the uptake of the first trimester combined test would be 60%. This estimate was based
on the first trimester screening uptake in London44 and the Dutch uptake of 45% of invasive
testing among women ≥ 36 years in 2003. In the years following the introduction, it became
clear that the uptake of first trimester screening varied greatly between centers, from 19%
uptake in the Groningen region, to 42% in the Amsterdam region, with a national average
of 25% participation. In 2010 an average of 5.2% of women performing first trimester
testing, received a high risk test result (Down syndrome risk estimate ≥ 1 in 200).45 Factors
influencing the choice of women to opt for invasive testing, when the magnitude of their
first trimester DS risk is ≥ 1 in 200, are studied in chapter 3.
Cut-off risk and Detection rates
From 2004 to 2007 a cut-off risk for invasive testing of 1 in 250 at the time of birth was
maintained. After 2007 a cut-off risk of 1 in 200 at the time of testing was agreed upon. This
risk is in the same order of magnitude as the Down syndrome risk of a 36-year old pregnant
woman at 12 weeks gestation. Additionally, it was close to the 1 in 220 risk, which was
shown to be associated with an optimal balance between FPR (False Positive Rate: the
number of pregnancies incorrectly identified to be at risk for Down syndrome) and DR
(Detection Rate: the number of pregnancies correctly identified to be at risk for Down
syndrome).46 Women < 36 years are hence only offered an invasive test when their first
trimester combined test risk is ≥ 1 in 200. Between 2004 and 2006 the DR of the first
trimester combined test for DS was 75.9%, with a FPR of 3.3%.47 Over the years, minor
algorithm adjustments, accepting an FPR of 6.6%, led to an increase of the DR to 95.2%.48
Trisomy 13 and trisomy 18 risk estimates in the first trimester screening
The initial governmental WBO license for the screening program was restricted to screening
for trisomy 21. It was therefore not allowed to report on trisomy 13 and 18 risk estimates,
even when the PAPP-A and / or fß-hCG MoMs indicated an increased risk for these trisomies.
This led to conflicting situations for the health providers having to communicate these
results, especially when the Down syndrome risk was not ≥ 1 in 200 (thus not yielding an
indication for invasive testing), but the aberrant MOM-values did point towards an increased
risk for trisomy 13 or 18. After a Down syndrome algorithm, adjusted to also detect trisomy
13 and 18, was shown to have a 77% DR for trisomy 18 and an 80% DR for trisomy 13, at
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only 0.2% extra FPR32, a request was filed by the Center for Population Screening (CVB;
Centrum voor Bevolkingsonderzoek) to extend the WBO license to include screening for
trisomy 13 and 18. In March 2010 the Health Council advised the issue of a temporary
permit to communicate the trisomy 13 and 18 risk estimates to the woman, providing that
the right not-to-be informed was included in the counseling (making it possible for a woman
to decide to only be informed on the trisomy 21 risk and not on the trisomy 13 or 18 risks).
Moreover, information on trisomy 13 and 18 would have to be included in the patient
information leaflets.
Ultrasound examination (SEO and GUO)
Since January 2006 all women are offered a second trimester ultrasound scan. The uptake of
the scan increased to 90% in 2007 (data SPSRU). This fetal anomaly scan, the ’SEO’, is
performed between 18-22 weeks of gestation. The SEO was originally introduced to screen
for neural tube defects (NTDs).7 As of January 2006 the SEO [see table 1 for the SEO protocol]
was reimbursed for women of all ages, which was previously not the case. In addition to the
SEO, two types of advanced fetal ultrasound investigation (GUO: Geavanceerd Ultrageluid
Onderzoek) can be distinguished. As opposed to SEO screening, GUO is regarded as a
diagnostic ultrasound examination. A GUO type 1 is indicated in case of an increased prior
risk of fetal congenital anomalies, (for example: a previous affected child or a first degree
relative with a congenital malformation). A GUO type 2 is indicated when the SEO raises the
suspicion of functional or structural fetal congenital anomalies. In 2010, 4.2 % of pregnant
women in the Utrecht region were referred for a GUO type 2 (Jaarverslag SPSRU 2010).
Advances in transducer as well as signal-processing technology have enabled the acquisition,
processing and display of high-resolution ultrasound pictures. Three-dimensional (3D)
ultrasound imaging and 4D ultrasound (depth-enhanced movie imaging) have become a
complementary tool with the 2D ultrasound examination and valuable in the evaluation of
e.g. fetal brain, heart and face.49,50,51
After five years of performing SEO and GUO, it has become clear that the prenatal detection
rate of congenital malformations has improved. For example, spina bifida aperta and
gastroschisis are now being detected by prenatal ultrasound in over 95% of fetuses (missed
cases concerned two NTDs where cerebellar ultrasound was normal), cleft lip and palate in
over 80%52 and congenital cardiac malformations in over 50% of fetuses (personal data L.
Pistorius, gynaecologist UMCU).
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Table 1: SEO assessment © NVOG model protocol fetal biometrics (2.0)

Evaluation fetal anatomy
The following structures must be evaluated:
1. Central nervous system:
Skull: shape and echodensity
Cerebrum: presence of a ‘midline’, cavum septum pellucidum. Evaluation
cerebellum and lateral ventricles, measurements posterior horn.
2. Spine:
Evaluation vertebrae in two directions. Evaluation of the continuity of the skin.
3. Face:
Evaluation orbitae
Evaluation profile
Evaluation upper lip (optional until 2012)
4. Thorax:
Evaluation shape of the thorax
Evaluation echogenicity of the lungs
Evaluation of the intactness of the diaphragm
5. Heart:
Evaluation of the position and size
Evaluation 4-chamber view: symmetry, identification both AV-valves, crux
Evaluation aorta arising from left ventricle, pulmonary artery arising from the right
ventricle
Evaluation crossing of the large vessels
Evaluation ‘three-vessels view’ (optional until 2012)
6. Abdomen:
Evaluation abdominal wall
Evaluation stomach- and bladder filling
Evaluation bowel
Evaluation presence both kidneys, evaluation echogenicity renal parenchyma
Size pyelum
7. Extremities:
Evaluation both upper and lower extremities, including evaluation of the long
bones
Evaluation of the presence and position of hands and feet

In rare cases, additional imaging by fetal MRI is performed. It is mainly used in case of a strong
suspicion of cerebral pathology and can produce images when maternal factors complicate
ultrasound investigation. Abnormalities that can be visualized include ventriculomegaly,
intracerebral hemorrhage and the molar tooth sign, which is caused by hypoplasia of the
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cerebral vermis, as seen in Joubert syndrome and related disorders.53 In chapter 6 we report
on prenatal genetic diagnosis in a fetus with intracerebral hemorrhage detected by ultrasound
and MRI imaging. Furthermore we describe mutations in a sarcomeric gene (MYH7) in fetuses
with prenatal cardiac failure and structural cardiac malformations, which were detected by
SEO and GUO.

2. PRENATAL GENETIC DIAGNOSIS IN THE NETHERLANDS
Depending on the reason for referral, different types and quantities of material will be
requested. During pregnancy invasive testing, comprising amniocentesis (AC) and chorionic
villi sampling (CVS), and rarely cordocentesis, can be performed to collect fetal cells for
genetic analysis. CVS, AC and cordocentesis can be performed transabdominally. CVS can
also be performed through a transvaginal procedure.
In the Netherlands, invasive prenatal diagnosis and karyotyping are, by law, strictly assigned
to the University Medical Centers. Invasive tests are currently only offered to women with an
increased risk for a chromosomal abnormality, because these procedures carry a miscarriage
risk of about 0.3-1.0%.14 AMA has been the main indication for invasive prenatal diagnosis
for many years, which is reflected in the age of women presenting for invasive prenatal
diagnosis at the UMCU, as depicted in figure 2.
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Figure 2. Distribution of the maternal age at invasive testing in the UMCU (University Medical
Center Utrecht) from 2000 to 2008.
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Chorionic villus sampling
In most pregnancies the chromosomal anomaly present in the fetus, will also be detected in
the placenta. After sampling cells of the placenta (chorionic villus sampling (CVS)), which can
be performed as early as 11 weeks gestational age, the placental cells are cultured in the
laboratory. Within two to three days the preliminary results of the short term culture (STC)
are available and within two to three weeks the definite result of the long term culture (LTC)
is known. The sensitivity of CVS for prenatal detection of chromosomal aberrations is 98.9–
99.6 %, with a speciﬁcity of 98.5–98.8 %, a positive predictive value of 72.6–78.3 %, and
a negative predictive value of 99.95–99.98 %.54,55,56 False-negative CVS results are extremely
rare (< 0.1 %) and occur mostly when STC alone is performed and in pregnancies with a high
a priori risk for a chromosomal anomaly.57 Chorionic villi consist of different cell lines: the
cytotrophoblast cell line and the mesenchymal core cell line and genetic discrepancies
between these cell lines can occur. It is known that in approximately 1-2% of CVSs carried
out between 9 and 12 weeks gestation chromosomal abnormalities are found in the extra
embryonic tissue, which are not present in the fetal tissue.54,58 This phenomenon is called
confined placental mosaicism (CPM) [figure 3]. It has also been reported that about 10% of
suspected CPM are in fact true fetal chromosomal abnormalities.59,60 The distinction between
a true fetal chromosomal anomaly and CPM can be further investigated by offering
amniocentesis to the parents in a pregnancy where different cell lines are detected in the CVS.

Gametes

1

2

Zygote
n=2

3 n=4
n=8
n=16
n=32 (morula)
Cytotrophoblast (Direct chromosome preparation)
Extra-embryonic structures: yolk sac, amnion, chorion,
mesodermal core of villi (long-term culture of CVS)
Only two cells are destined to form the embryo

Figure 3 Schematic representation of the formation of CPM61 Arrow 1: CPM type 1, arrow 2:
CPM type 2; arrow 3: mosaic only in LTC
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Three types of CPM are described, depending on the localization in the placenta of the
chromosomal abnormality:
type 1: limited to the cytotrophoblast			
type 2: limited to the mesenchymal core		
type 3: cytotrophoblast and mesenchymal core		

observed only in STC
observed only in LTC
observed both in STC and LTC

The importance of defining which type of CPM is present, lies in the fact that CPM type 1
and 2 are usually associated with normal fetal outcome, whereas type 3 carries an increased
risk of adverse pregnancy outcome, including intrauterine growth retardation (IUGR) and
premature delivery.62 Moreover, when a fetus, which was originally trisomic, has undergone
trisomy rescue, there is an increased risk of uniparental disomy (UPD). CPM for a trisomy can
therefore be an indication of UPD in the fetus. Finding CPM for a trisomy of a chromosome
known to have imprinted regions will therefore be a reason to consider testing for UPD in the
fetus.60 The phenotypic effects of UPD depend on the presence of imprinted genes in the
chromosome pair involved, the parental origin, and on whether the UPD causes homozygosity
of an autosomal recessively inherited mutation.63 UPDs and their phenotype effects have
been described for a number of chromosomes (chromosome 6, 7, 11, 14 and 15).
Amniocentesis
Amniocentesis (AC) can be performed from the gestational age of 16 weeks onwards. The
amniotic fluid contains cells of fetal origin, derived from the skin, urinary and respiratory
system, and also cells derived from the amniotic membrane. These cells are collected from
the fluid and cultured for genetic analysis. DNA can be isolated directly from the amniotic
cells or obtained from cell cultures. For almost 35 years fetal AFP in amniotic fluid was
routinely analyzed for NTD risk determination. This was shown to have a sensitivity of 100%
for detecting an open NTD.64 It was shown that with the increased detection rate of NTDs by
ultrasound, AFP measurement contributed very little to early detection of NTDs.65 Another
argument for abolishing measurement of amniotic fluid AFP was the fact that it cannot be
performed in CVS samples and therefore was never available for women who chose to have
CVS on similar indications as women opting for AC. Fetal AFP is therefore no longer routinely
analyzed in amniotic fluid, in the UMCU as of January 2012.
Cordocentesis
Cordocentesis (transabdominal puncturing of the umbilical cord to collect fetal blood) will
only be performed in rare instances. It has a much higher procedure related pregnancy loss
rate than CVS and AC, estimated to be 3-7% depending on operator experience and
whether fetal anomalies are present.66 Therefore, cordocentesis will only be considered in
pregnancies with severe fetal anomalies, when fetal demise or termination of pregnancy is
in the line of expectation, or when AC is technically not feasible (absence of amniotic fluid)
and fast results are needed in order to determine optimal perinatal management.
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Prenatal karyotyping
In 2–3% of all pregnancies presumed to be at risk of a chromosomal anomaly (all regular
indications taken together) an abnormal karyotype is detected. In pregnancies with the
indication fetal ultrasound anomalies this percentage increases to 35%, depending on the
number and type of structural anomalies present.67,68 Conventional karyotyping of amniocytes
and chorionic villi can detect aneuploidy as well as large duplications or deletions of at least
3–10 Mb, along with structural rearrangements.69
Rapid aneuploidy detection
Depending on the reason for referral rapid aneuploidy detection (RAD) methods can be
performed to avoid the delay in reporting time resulting from cell culture. For many years the
main method applied was fluorescence in situ hybridization (FISH) on interphases. For a
number of years now most cytogenetic laboratories in the Netherlands have switched to
Quantitative Fluorescence Polymerase Chain Reaction (QF-PCR) for rapid aneuploidy testing:
a robust and reliable DNA technique which permits results to be obtained within 1-2 days
after sampling and is suitable for high throughput testing.70 In 2004, the UK National
Screening Committee suggested that rapid screening tests, such as FISH or QF-PCR, should
replace prenatal diagnosis of Down syndrome by conventional karyotyping to reduce costs.
Further studies however showed that if a stand-alone RAD would be performed in patients
referred for an increased Down syndrome risk, a substantial number of chromosomal
anomalies with serious phenotypic consequences (0.9% for all indications) would be
missed.71 In the Netherlands this discussion was also held on a national and local level. This
has led to the introduction of various policies differing between the prenatal centers. Some
centers offer RAD ánd karyotyping in pregnancies referred for AMA or increased Down
syndrome risk at first trimester combined testing with a normal NT, while other centers let
women chose whether they prefer karyotyping ór RAD or offer RAD as a stand-alone test in
these pregnancies, with subsequent confirmation by karyotyping on a limited number of
cells in case of abnormal results.
Prenatal array-CGH and SNP array
Array techniques use slides arrayed with small segments of DNA. In array-CGH (comparative
genome hybridization), thousands of gene segments (probes) are immobilized on a glass
slide at high density. Patient and control DNA are labeled with fluorescent dyes and applied
to the array to hybridize. A scanner measures the fluorescence signals to determine whether
there is equal hybridization, or evidence for copy number gains or losses. In SNP-arrays
(single nucleotide polymorphism arrays), as currently used in most UMC’s, arrays contain up
to one million SNP probes or even more. For SNP-array analysis, patient DNA is labeled,
hybridized to the array and after scanning an ‘in silico’ reference is used. Like array-CGH,
SNP-arrays can detect copy number variation. The availability of allelic information on the
SNPs, enables SNP-arrays to additionally detect copy number neutral regions of homozygosity
(ROH and UPD).
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The two types of arrays currently available are targeted and genome-wide arrays. In genomewide arrays, the whole genome is represented. Targeted arrays detect only chromosomal
abnormalities for known genetic syndromes. Probes are dense in regions of known
microdeletion and duplication syndromes, thereby reducing the chance of detecting copy
number variations of unknown significance. Targeted arrays, however, can miss novel
pathologic copy number variants, which may explain a constellation of congenital anomalies
that do not fit any particular known syndrome. In case a CNV (Copy Number Variation) is
detected in a patient, array on DNA from the biological mother and father is indicated to
distinguish between CNVs that were inherited from the parents versus CNVs that are absent
in the parents and therefore arose spontaneously (de novo) in the child. In general de novo
alterations are more likely to be pathogenic than variants inherited from healthy parents.
Prenatal array can be performed on DNA directly isolated from amniotic fluid with wholegenome amplification, on DNA from chorionic villi samples with amplification, and on DNA
from cultured cells without amplification. With array (CGH or SNP) small gains (duplications)
and losses (deletions) can be detected over the whole genome, which are not visible with
standard karyotyping. Array has a resolution for detecting deletions and duplications of
approximately 100 kb. Compared to karyotyping with a resolution of 3-10 Mb, the resolution
of array is therefore increased with a factor 100. Moreover, with a SNP-array regions of UPD
and regions of homozygosity can also be detected, the latter being especially valuable in
pregnancies of consanguineous couples. A recent meta-analysis of eight prenatal studies
using array technology on various platforms, concluded that array-CGH detected 3.6%
additional genomic imbalances when conventional karyotyping was normal, regardless of
the reason for referral.72 In chapter 5 we review the differences in detection rate and range
between karyotyping, array-CGH and SNP-array.
Prenatal DNA-analysis
Fetal DNA can be isolated from (cultured) chorionic villi, from (cultured) amniocytes and from
maternal plasma. Prenatal DNA-analysis is indicated when there is a significantly increased
risk for the fetus to have an inherited disorder, and the parents have the intention to
terminate the pregnancy when the fetus is affected. It may also be indicated when the
finding that the fetus is (un)affected would significantly alter perinatal management of the
pregnancy and / or the fetus or newborn: e.g. in case of a male fetus confirmed to be
affected with Hemophilia A, a number of constraints are placed on the intrapartum
management in order to avoid procedures that have an increased risk of cranial bleeding.73
In the past decade the number of genes identified for monogenic disorders has increased
rapidly and the speed and sensitivity of DNA-analysis have improved. Results are available
within two weeks. As a consequence, prenatal DNA-analysis, and thereby early prenatal
diagnosis, is feasible. Prenatal DNA-analysis has consequently replaced most indications for
biochemical, enzymatic and histological analysis. In a growing number of cases, prenatal
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DNA-analysis is requested based on ultrasound anomalies and suspicion of a monogenetic
disorder during pregnancy, without the prior knowledge of a familial mutation.

3. PRENATAL SCREENING AND PRENATAL DIAGNOSIS IN ART PREGNANCIES
The main aim of assisted reproductive technology (ART) is to artificially achieve a pregnancy
when natural conception has failed. Since the first IVF (In Vitro Fertilization) birth in 1978 74, the
field of ART has evolved at a rapid rate. In 2008 ART accounted for 2.4% of all live births in the
Netherlands.75 In 2011, 1 out of every 37 babies (2.7%) was born after an IVF conception.76
IVF / ICSI
With IVF an oocyte is fertilized by the sperm outside the body. Although the large majority
of births resulting from assisted reproduction is free from birth defects, treatment with
assisted reproductive techniques is associated with an increased risk of birth defects, as
compared to spontaneous conception.77 Several studies have found that IVF singleton
pregnancies are associated with a greater incidence of adverse perinatal outcomes than
spontaneous singleton pregnancies, e.g. intrauterine growth retardation.78,79,80,81 In chapter 4
we investigate whether localized chromosomal anomalies in the placenta could be the cause
of these adverse perinatal outcomes in IVF pregnancies.
ICSI (Intracytoplasmatic Sperma Injection) will be mainly applied when the sperm quality is
insufficient to expect spontaneous conception or fertilization by IVF. With ICSI a single
spermatozoon is injected through the oocyte membrane and fertilization can ensue from
sperm which could never have been used previously in fertility treatment.81 It has been
hypothesized that there is a higher risk of post-zygotic events as a consequence of the ICSI
procedure leading to a higher proportion of chromosomal mosaicism.83,84 In addition, an
increased frequency of ART conceptions has been reported in children with imprinting
disorders, such as Beckwith-Wiedemann syndrome and Angelman syndrome.85,86 The
absolute risk of imprinting disorders in children born after ART however, is small (< 1%).87,88
Prenatal screening in IVF / ICSI pregnancies
Several studies have shown that, because of the decreased PAPP-A values in pregnancies
conceived by IVF/ ICSI, the FPR of the first trimester combined test is higher, leading to
increased rates of invasive testing in this group.89,90 Since January 2012 this has prompted
correction of the Down syndrome risk estimate in this group in the Netherlands. A recent
study demonstrated that the PAPP-A is also lowered in pregnancies conceived spontaneously
after an increased time-to-pregnancy, suggesting that the lowered PAPP-A could be related
to subfertility rather than to the use of ART.91 Further studies found that the association of
PAPP-A and ß-hCG with adverse pregnancy outcomes, including small-for-gestational-age
(SGA) infants, preeclampsia and pregnancy loss, is also influenced by the mode of conception.92
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Prenatal diagnosis in IVF /ICSI pregnancies
The mean maternal age in women conceiving through ART is higher than in women who
conceive without fertility treatment. As a consequence, they are more likely to carry a child
with a chromosomal anomaly.93 IVF has been shown to be associated with a high rate of
embryo aneuploidy in day 3 blastomeres and day 5 embryos.84 The clinical significance of
early mosaicism is largely unknown, but is likely to depend on its persistence in advanced
gestation and on the localization of the aneuploid cells.
In ICSI offspring, a significantly higher rate of de novo chromosomal anomalies (1.6 versus
0.5% in amniocentesis) was observed when compared to spontaneous pregnancies, mainly
relating to a higher number of sex chromosomal anomalies and partly to a higher number of
autosomal structural anomalies.83,94 This could be due to the higher aneuploidy rate in the
sperm of fathers with morphologically abnormal spermatozoa.95 In this light, invasive testing
is offered to all couples pregnant after ICSI. To couples pregnant after IVF, invasive testing is
only offered in the case of an a priori increased risk for a chromosomal anomaly (e.g. one of
the parents carries a balanced translocation).
Ultrasound examination in IVF / ICSI pregnancies
In the general population, approximately 3-5% of live born infants are affected with a
congenital malformation or an inherited disorder. Pregnancies after ICSI, not IVF, are
associated with an increased prevalence of cardiovascular, musculoskeletal, urogenital and
gastrointestinal defects and cerebral palsy, even when adjusted for maternal age and several
other risk factor.77 Pregnancies by ICSI therefore have an indication for GUO type 1. In most
studies NT thickness does not seem to be affected by ART.96,97
Preimplantation genetic diagnosis
Preimplantation genetic diagnosis (PGD) is a method used to identify chromosomal anomalies
and/or monogenic disorders in preimplantation embryos.98 After IVF/ICSI, the blastomere is
biopsied at day three and 1-2 blastocysts are subjected to genetic analysis [Figure 4]. PCRbased techniques are performed to diagnosis single gene disorders. FISH techniques and
array-CGH are applied to exclude inherited chromosome abnormalities. The goal of PGD is
to transfer only embryos unaffected for a given genetic condition to the uterus, thus avoiding
prenatal diagnosis and termination of pregnancy or the birth of an affected child. The main
goal of PGD for chromosomal disorders is to increase the chance of achieving an ongoing
pregnancy.
Since 1995 PGD is being performed in the Netherlands in the University Medical Center
Maastricht (MUMC), which holds the Dutch PGD license. Since 2007 the UMCU and the
UMCG (University Medical Center Groningen) have joined the MUMC as so called ‘transport
centers’ in the Dutch PGD Consortium to meet the increasing need for PGD capacity.99 All
patients are seen at least once for intake at the MUMC. Within this collaboration genetic
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Figure 4. Harvesting a single cell from the blastomere for PGD

diagnosis and counseling takes place in the referring or transport center, fertility screening
and IVF / ICSI are being performed in the transport center. The biopsied cells are transported
to the MUMC for genetic analysis. When a pregnancy is achieved through PGD, prenatal
diagnosis is indicated and offered to all women. The main reason for offering invasive testing
is the false-negative rate of 0.5% after PCR-PGD, and 0.1% after PGD by FISH analysis100,101,
which may have led to the transfer of an affected embryo.

4. NONINVASIVE PRENATAL DIAGNOSIS
In 1997 the presence of cell-free fetal DNA in maternal plasma was discovered, thereby
offering a new noninvasive source of fetal genetic material.102 This opened the way for
noninvasive prenatal diagnosis (NIPD). For now, NIPD mostly refers to noninvasive prenatal
trisomy detection. With the application of massive parallel sequencing techniques, progress
was made in the field of noninvasive detection of trisomies. In 2008 two groups showed to
be able to accurately detect trisomy 21 and trisomy 18, and trisomy 13 with less accuracy, in
maternal plasma.103,104 Subsequently, several prospective studies were published reporting
detection of trisomy 21, with false positive rates < 1%.105,106 China and the United States
were the first to offer NIPD of trisomy 21 on a clinical and commercial base. In a large scale
validation study on the efficacy of massively parallel maternal plasma DNA sequencing to
screen for fetal trisomy 21 among high risk pregnancies with a 2-plex protocol, trisomy 21

22

INTRODUCTION

fetuses were detected at 100% sensitivity and 97.9% specificity. This resulted in a positive
predictive value of 96.6% and negative predictive value of 100%.107 Noninvasive prenatal
testing for fetal trisomies in a routinely screened first-trimester population in the United
Kingdom yielded a DR of > 99%, with a FPR of < 1%. In 4.9% of cases, no results could be
generated due to insufficient fetal fraction or assay failure.108

5. PRENATAL GENETIC COUNSELING
When a woman is pregnant with a child that has a chromosomal anomaly or a fetus with
one or more congenital malformations or when she has an increased risk for a child with an
inherited disorder, genetic counseling by the clinical geneticist is indicated. Owing to the
combination of medical information and reproductive choices, close involvement of a
(genetic) social worker is of major importance during the counseling process. This involvement
includes care during and after the communication of the genetic results, the decision to opt
for or refrain from invasive testing, and the choice to continue or terminate the pregnancy.
Although a significant percentage of fetal ultrasound anomalies can be explained by
chromosomal abnormalities (aneuploidies, unbalanced translocations, deletions, or
duplications), others may be the first symptom of a recognizable syndrome with another
genetic cause (autosomal dominant, recessive, or X-linked inheritance). Determining the
cause or likely syndrome diagnosis in the fetus enables the parents to be provided with
accurate information on prognosis and treatment options of the disorder and on reproductive
genetic counseling to these couples and their families, thereby allowing them to make
informed decisions on the current and future pregnancies.109
In most families where one (or both parents in case of an autosomal recessive inherited
disorder) of the parents is a carrier of, or affected with, the genetic disorder, a genetic cause
has already been identified in one of the parents, one or more relatives, or in a previously
affected child. In these cases, counseling will have taken place prior to conception and the
magnitude of the risk of having an affected child, the clinical spectrum of the disorder and
treatment and reproductive options will have been discussed. Only in families where an
unambiguous (genetic) cause for the fetal anomalies can be demonstrated, prenatal genetic
diagnosis or PGD can be offered in future pregnancies. In addition, alternative options
(sperm donation, oocyte donation), to minimize or avoid the increased risk of having an
affected child, can be explored and discussed with the couple.
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Aims and outline of this thesis

Chapter

1

In this thesis a series of studies is presented concerning the efficacy and utilization of prenatal
screening and prenatal diagnosis in the Netherlands and the increasing options for prenatal
genetic diagnosis in general.
The aim of this thesis was to study the trends and outcomes of prenatal screening and
prenatal genetic diagnosis, resulting from changes in the Dutch prenatal screening policy, in
addition to the expanding possibilities in the field of prenatal genetics.
In chapter 2 data from the RIVM on prenatal screening and the UMCU cytogenetic database
over a ten-year period (2000-2009) are combined to investigate the impact of changes in
prenatal screening on the utilization and efficacy of fetal karyotyping.
In chapter 3 follow-up is performed over a five year period (2007-2011) of women who
chose to perform the first trimester test. Differences in variables were analyzed between
women who opted for invasive testing and those who chose not to.
In chapter 4 we aimed to investigate whether localized chromosomal anomalies in the
placenta explain the increased incidence of intra-uterine growth retardation in IVF/ICSI
pregnancies. Multicenter data from departments of reproductive medicine and gynaecological
and cytogenetic databases were analyzed to compare the incidence of CPM in IVS/ICSI
pregnancies and spontaneous conceptions.
In chapter 5 we review the outcome of studies on prenatal array-CGH and the clinical
relevance of array CGH when compared to standard fetal karyotyping with respect to
differences in detection rate and range.
In chapter 6 prenatal diagnosis by SEO and GUO of fetal cardiac malformations in three
unrelated fetuses and subsequent genetic diagnosis of MYH7 mutations in these fetuses
exemplifies how prenatal genetic diagnosis can have important consequences for future
pregnancies of the carrier mothers, as well as the follow-up and treatment of living carrier
family-members. A further case report on a COL4A1 mutation in a fetus with prenatal
intracranial hemorrhage illustrates that prenatal genetic diagnosis of a monogenetic disorder
is feasible and facilitates perinatal management.
In chapter 7 the main findings are summarized and discussed in the context of similar
related studies. The impact of our findings for the future of prenatal screening and prenatal
diagnosis and the concept of personalized fetal genetics are outlined.
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ABSTRACT
Objective To analyze trends in the number and type of invasive procedure, reasons for
referral, maternal age and chromosomal abnormalities over a ten year period and correlate
the trends to changes in the national prenatal screening policy.
Methods Data from 10,706 invasive prenatal procedures yielding a full karyotype, performed
between 2000 and 2009, were extracted from the cytogenetic database in the central region
of the Netherlands. Trends were analyzed.
Results Over a ten year period, the number of invasive procedures halved and the percentage
of chromosomal abnormalities detected, increased from 5.5% to 9.4%. After 2007,
however, 5.7% of karyotypes in women over 36 years were found to be abnormal, versus
18.1% in women below 36 years. In 2009, 71.5% of women over 36 are still referred for
invasive prenatal diagnosis on the indication advanced maternal age.
Conclusions Changes in prenatal screening policy significantly increased referral after
screening and improved the efficacy of invasive prenatal diagnosis. We show the continuing
effect of the different policies applied in the past to women below and above the age of 36
years. To further improve efficacy of invasive prenatal diagnosis, first trimester combination
screening should be actively offered to women of all ages.

34

TRENDS IN INVASIVE PRENATAL DIAGNOSIS

INTRODUCTION
Prenatal health care in the Netherlands is well organized and invasive prenatal testing is
based on uniform indications (Leschot et al., 1997). Of all pregnant women, currently
ACproximately 185 000 annually, 80% begin their antenatal care in a midwives practice
(Amelink-Verburg et al., 2009). Thus, the majority of women receive their counselling on
prenatal testing from the midwife. A minority of 15% present directly to a secondary or
tertiary care obstetrician, either on maternal- or social indication. Facilities for invasive
prenatal diagnosis are available in the eight academic centres and their satellite centres.
Women eligible for invasive prenatal diagnosis in the central region of the Netherlands are
referred to the University Medical Center Utrecht (UMCU).
In the Netherlands, no national governmentally approved prenatal screening program existed
until 2003, because a parliamentary majority considered it unacceptable to endorse a
program using a test with limited performance and termination of pregnancy as a possible
outcome (Cornel, 1994). Providing information on a risk estimation test for Down syndrome,
at that time predominantly the triple test, was only allowed on explicit request by the woman.
The official policy was, as in most Western countries (Boyd et al., 2008), to offer a diagnostic
invasive test for Down syndrome to women aged 36 years and over (≥ 36). The low aneuploidy
risk in women younger than 36 years (< 36) was considered not to justify the risk of a
miscarriage (0.3-0.5%) following an invasive procedure (Cornel, 1994). Therefore advanced
maternal age (AMA) has been the main indication for invasive prenatal diagnosis for many
years. A policy concerning fetal anomaly scans did not exist at that time. Ultrasound
investigation was performed by the gynaecologistand the midwife, but not in all practices
and at random time points during pregnancy.
Since 2004, it has been approved by the parliament to inform women ≥ 36 years on the
possibility of a screening test for Down syndrome, with the first trimester combined test as
first choice (Letter to the Parliament, 2004). To women < 36 years, information on this test
was only given on request. Because of the higher odds of the first trimester combined test of
having a positive test result in case of a Down syndrome pregnancy of 1:14, compared to
1:41 of the triple test, thereafter the number of triple tests declined to insignificant numbers
(Wortelboer et al., 2008). The absolute numbers of first trimester screening tests in the
central region of the Netherlands before 2004 were around 500, this figure rapidly increased
to approximately 2.000 in 2004, 3.800 in 2007 and ACproximately 4.700 in 2009 (Koster et
al., 2010). From 2004 up to 2007, a cut-off risk of 1:250 at term for Down’s syndrome was
used for referral for invasive prenatal diagnosis. As of January 2005, a second trimester
ultrasound was offered to all women, to screen for neural tube defects. The costs of the scan
were not reimbursed until January 2006, when the fetal anomaly scan was introduced and
reimbursed for women of all ages. In the same year the uptake of the scan doubled and
went up to 90% in 2007.
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As of January 2007, a national governmentally sanctioned program for prenatal screening
was officially started. Within this program, counselors are obligated to offer information on
screening to all pregnant women. The screening consists of the first trimester combined test
[maternal serum concentrations of pregnancy-associated plasma protein A (PAPP-A) and the
free ß-subunit of human chorionic gonadotrophin between 8 and 14 weeks of gestation,
combined with first trimester ultrasound measurement of the fetal nuchal translucency (NT)
and maternal age] and a fetal anomaly ultrasound scan between 18-20 weeks. When a
woman decides to receive the information, she can then choose to opt in or out of either or
both tests. As a consequence, personalized Down syndrome risk assessment became
available to women of all ages. A cut-off risk of 1 in 200 at sampling for Down syndrome
was agreed upon. Insurance companies reimburse the cost of 90 euros for the ultrasound
scan to women of all ages, whereas the 130 euros for the first trimester combined test are
not reimbursed to women < 36 years (Schielen et al., 2007). This split in age categories < 36
years and ≥ 36 years can be understood given the evolving history of prenatal screening
policy in the Netherlands.
The aim of this population-based cohort study was to analyze trends in invasive prenatal
diagnosis over a ten year period (from January 2000 to December 2009), reflected by the
type and number of invasive procedures, indications for invasive prenatal diagnosis, maternal
age and the numbers and type of chromosomal abnormalities detected, and to further
assess whether these trends can be correlated to changes in the national prenatal screening
policy. We focus particularly on 2004, when it was first permitted to actively offer the first
trimester combined test to women ≥ 36 years and also on 2007, when a national prenatal
screening policy was implemented for women of all ages.

MATERIALS AND METHODS
In the Netherlands, invasive prenatal diagnosis and karyotyping are, by law, strictly assigned
to the University Medical Centers. There are no commercial cytogenetics laboratories. Our
analysis is based on data acquired from the cytogenetic database of the Medical Denetics
Department in the UMCU. This hospital serves as a prenatal diagnosis unit for the central
region of the Netherlands and is certified to perform invasive prenatal diagnosis. Within this
region, all women who are eligible for invasive diagnostics are referred to this centre by their
midwife or gynaecologist. Owing to the fact that the place of residence governs which
center a women is referred to, there is no selection for aneuploidy-risk per center.
From the database, we extracted all prenatal invasive procedures (n = 10,778), including
amniocentesis (AC), chorionic villi sampling (CVS) and cordocentesis, performed between
January 2000 and December 2009. For each case, data was collected on the following: the
indication for the invasive procedure, maternal date of birth, type and date of the procedure
and fetal karyotype. Maternal age at the time of the procedure was calculated by extracting
the maternal date of birth from the date of the procedure. Duplicate cases (n = 13),
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procedures not resulting in a full karyotype (n = 6) and cordocentesis (n = 25) were excluded.
When the CVS karyotype was reported abnormal and subsequently found to be normal in
amniotic fluid, thus confirming placenta confined mosaicism, the CVS procedure was
excluded (n = 10). Furthermore, a limited number of cases with ultrasound abnormalities and
a normal AC karyotype, performed to obtain a higher banding resolution after a normal CVS
karyotype by the direct method, were excluded (n = 18).
Chapter

OUTCOME
We categorized normal karyotypes, balanced translocations, inversions and familial markers
as ‘phenotypically normal’. Autosomal trisomies and monosomies, sex chromosomal
abnormalities, deletions and duplications, unbalanced translocations, triploidies, tetroploidies
and de novo markers were marked ‘phenotypically abnormal’. The seven main indication
groups were: 1. AMA 2. abnormal ultrasound, comprising mainly second trimester ultrasound
anomalies and isolated enlarged NT before introduction of the first trimester serum 3. abnormal
serum screening, 4. procedures performed for DNA-analysis, 5. parental indication (translocation
or positive family history), 6. anxiety; assigned in case of parental distress in women < 36
years and 7. other indications, comprising fetal demise and biochemical testing. In the time
period 2000-2009 assignment of the indications was invariably done by the same two
gynaecologists and two cytogeneticists. In 18% of cases more than one indication was
assigned. In these cases the first indication was used, with the highest relative risk on an
abnormal karyotype. For example: when a 38 year old women had a first trimester combined
test performed, which yielded an increased risk of 1 in 10 for Down’s syndrome, the first
indication would be abnormal serum screening (and the second AMA).
The analyses were carried out for all cases, and for some trends stratified for women <36
years and women ≥ 36 years. We checked the normal distribution of the continuous variables;
using Two-Sample Kolmogorov-Smirnov (K-S) Test. Frequencies and means of outcomes were
compared between groups using the Chi2 test, ANOVA if the data was distributed normally;
the Mann-Whitney, or the Kruskal-Wallis test were used between groups and across different
intervals. Linear regression models were used to test the differences in trend between age
categories or indications. P-values of < 0.01 were considered significant. All analyses were
conducted with the statistical software package SPSS 15.0 (SPSS, Chicago, IL, USA).

RESULTS
A total of 10,706 procedures were included in the analysis. Baseline characteristics are shown
in Table 1.
Number and type of invasive procedures
The total number of procedures performed per year for women of all ages decreased by
50%, from 1601 procedures in 2000, to 800 procedures in 2009 (Table 1 and Figure 1). After
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2004, a decrease in the total number of procedures was seen, mainly due to a decrease in
the number of AC in women ≥ 36 years (Figure 1, top panel). After 2007, when the national
screening policy was introduced, the total number of procedures did not decrease significantly.
Of all procedures 78.8% was AC, 21.0% was CVS and 0.2% cordocentesis. In women < 36
years, the percentage of CVS showed a decreasing trend after 2005, but increased again in
2009 (Figure 1, bottom panel). In women ≥ 36 years, the percentage of CVS showed an
increasing trend over all the years, with only a temporary decrease in 2007 (Figure 1, top
panel). In 2009, the percentage of invasive tests that were CVS performed on women < and
≥ 36 years were practically similar, 31.0% and 33.0% respectively.
Maternal age
The mean maternal age of all women presenting for invasive diagnosis gradually decreased
from 36.8 years in 2000, to 36.2 years in 2009 (Table 1). After 2004, a decreasing maternal
age was observed for procedures with a normal karyotype and those where an autosomal
trisomy was detected (Figure 2), when compared to the years before (P < 0.01). Due to a
significantly increased proportion of women < 36 years after 2007 (25.3% versus 19.3%;
P < 0.01, data not shown), the distribution of the maternal age before and after 2007 was
significantly different (K-S test, P = 6.5 × 10-5 ) and the mean maternal age of the women
undergoing invasive prenatal diagnostics significantly lower after 2007. The mean maternal
age in pregnancies with an autosomal trisomy decreased after 2007 (Figure 2).
Indications
In women < 36 years, the majority of the invasive procedures was performed on the
indication ultrasound anomalies, which decreased from 44.5% of all indications in 2000 to
36.1% in 2004 and thereafter increased gradually up to 2008. The indication serum
screening showed a similar trend after 2004, with a significant increase in 2008 to 25.7%,
decreasing again to 20.5% in 2009. The indication anxiety was seen in low percentages
before 2007, but went down to insignificant numbers after 2007 (Figure 3, top panel).
In women ≥ 36 years, the majority of invasive procedures were performed on the indication
AMA, which decreased from an average of 87.1% of all indications between 2000-2003, to
82.7% between 2004-2006, and 76.3% between 2007-2009. The indication serum
screening showed an increasing trend after 2004, rising at first gradually from 4.6% in 2004
to 11.6% in 2007 and thereafter to 17.5% in 2009. Throughout the entire decade the
detection of ultrasound anomalies was the reason for referral in around 4% of procedures
(Figure 3, bottom panel).
Chromosomal abnormalities
Of all the 10,731 karyotypes, an average of 7.1% per year was abnormal. The percentage
of chromosomal abnormalities detected for women of all ages, increased from 5.5% in 2000
to 9.4% in 2009 (Figure 4, top panel). From 2007, this rise was almost exclusively due to
an increase in the number of abnormal karyotypes detected in women <36 years. In women

38

106

other indications

1
0

mosaic tetraploidy

autosomal monosomy

16080

93

31

10

93

140

960

192

1131

1090

233

1323

15807

n/a

0

1

3

5

6

9

48

72

36.92

2001

72

20

12

77

118

794

197

896

888

205

1093

16101

4.5

1

0

3

1

4

9

55

73

36.87

2002

73

18

21

86

122

828

222

926

946

202

1148

16222

6.3

0

0

3

3

5

6

50

67

36.98

2003

92

26

13

93

108

959

265

1020

1058

227

1285

15771

5.1

1

1

2

3

11

12

59

89

37.08

2004

75

17

20

84

125

603

232

689

721

200

921

15395

3.5

6

3

4

4

5

7

51

80

36.68

2005

68

31

20

108

111

485

259

562

629

192

821

15423

3.9

0

1

1

5

4

4

53

68

36.54

2006

71

18

17

122

144

515

236

647

653

230

883

15453

3.9

1

3

2

2

3

13

51

75

36.30

2007

1
0

1

4.8

0
2

15462

3
0

4.0

5
5

15456

10

29

16

4

27

8

56

147

130

7

131

125

75

402

503

58

257

247

77

541

587

64

561

635

36.20

237

119

36.58

798

834

2009

55

2008

# the first indication is the indication with the highest risk on a chromosomal anomaly, assigned as such by the gynaecologist and cytogeneticist.
* SPR is calculated from all samples (including those from our region) received in that year by the RIVM (National institute for Public Health and the Environment).
From 2002-2006 a cut-off risk of 1:250 was applied; from 2007-2009 a cut-off risk of 1:200 was applied.
§ CBS Medline 2011, Live births for the province of Utrecht are cited to show the trend of a decreasing number of live births. However, the province of Utrecht does do not
correspond exactly to the prenatal diagnosis referral region of the University Medical Center Utrecht (UMCU).

Live births§

Screen Positive Risk (SPR)*

n/a

1

unbalanced translocation

Characteristic serum screening

4

triploidy

16

sex chromosomal anomalies
9

57

autosomal trisomies

deletion / duplication

88

all chromosomal anomalies detected

Chromosomal anomalies

36.76

26

parental indication

Mean maternal age

15

156

serum screening

DNA-analysis

186

ultrasound

AMA

1112

232

number of CVS

First indications#

1368

number of AP

Type of procedure

1292

in women > 36 yrs

1600
308

2000

in women < 36 yrs

Number of procedures
total number of procedures

Year

Table 1 Baseline characteristics of the study population, shown per year
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≥ 36 years, a significant rise in the percentage of abnormal karyotypes was seen after 2004,
when serum screening was introduced. In women < 36 years, only after 2007, when they
were also actively offered first trimester serum screening, a significant rise in the percentage
of abnormal karyotypes was observed (Figure 4, top panel). No significant changes were
seen in the types of chromosomal abnormalities detected. During the whole study period, an
average of 70.7% of all chromosomal abnormalities detected were autosomal trisomies, with
no significant changes in the proportions of trisomy 13, 18 and 21 (data not shown).
Focusing on trisomy 21 detection, before 2007 two thirds of Down syndrome pregnancies in
women < 36 years were detected by ultrasound anomalies and one third by serum screening.
After 2007, these numbers became equal (Figure 5, top panel). In women ≥ 36 yrs, a decrease
was seen in the indication AMA from 2004, and an increasing trend in the indication serum
screening. Up to 2007 around 30% of Down syndrome pregnancies were detected by
ultrasound anomalies. In 2009 however, no Down syndrome pregnancies were detected by
ultrasound anomalies, 81.2% by serum screening and 18.8% by AMA (Figure 5, bottom panel).
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Positive Predictive Value
The positive predictive value (PPV) (expressed as the percentage of abnormal karyotypes per
invasive procedure performed on that specific indication) of the indication AMA was stable
over all years, resulting in an abnormal karyotype in around 3%. For women of all ages, the
PPV of the indication serum screening improved after 2007, yielding an abnormal karyotype
in 10.3% after 2007, compared to 8.3% before 2007. An abnormal karyotype was detected
in 30% of the procedures performed on the indication abnormal ultrasound (Figure 6).
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DISCUSSION
The trends we observe in this population-based cohort study of 10.706 invasive prenatal
procedures demonstrate that the introduction of the first trimester combined test in 2004
led to a reduction in the number of AC procedures, a reduction of procedures performed on
the indication AMA and an increased PPV of the indication serum screening. Following the
introduction of a governmentally sanctioned screening policy in 2007, making it mandatory
for counselors to offer information on prenatal screening, the efficacy of invasive prenatal
diagnosis again significantly improved among all pregnant women, but more pronounced in
women < 36 years. This was due to an increased rate of referral for invasive prenatal diagnosis
based on the well-performing indications ultrasound abnormalities and abnormal serum
screening. However, in 2009, two years after the start of the national program for prenatal
screening, 71.5 % of women ≥ 36 years still opted for invasive prenatal diagnosis on the
indication AMA, which resulted in 93.6% of the karyotypes being normal. Concomitantly, in
women < 36 years, 50% of Down’s syndrome pregnancies were still detected by abnormal
findings at the second trimester ultrasound.
The strength of this study is that we collected data over a long period of time, resulting in a
large number of pregnancies from the same center, from which we know the timing of
policy changes over the years and were able to collect all resulting karyotypes, thus avoiding
possible bias towards normal or abnormal karyotypes. In anticipation of the introduction of
the new screening policy in 2007, counselors nationwide were trained for this new situation.
This may already in 2006 have influenced counseling and thus the types of screening chosen
by pregnant women. A weakness of this study concerns the assignment of the indication
serum screening for both the triple test and the first trimester combined test. However, the
uptake of the triple test versus first trimester combined testing is reported in literature, which
showed clearly that the number of triple tests reduced to insignificant numbers after 2004,
implicating that the reason for referral ‘serum screening’ before 2004 was mainly the triple
test and after 2004 the first trimester combined screening (Wortelboer et al., 2008). We
considered similar arguments when including both procedures performed because of first
trimester enlarged NT and second trimester ultrasound anomalies in the indication ultrasound.
Prior to 2007, the percentage of enlarged NT within this indication was stable around 25%,
decreasing to insignificant numbers after 2007, when NT measurement was mainly performed
as part of the first trimester combined test. However, the percentage of the indication
abnormal ultrasound of all referrals and the PPV were stable over the whole period. Separate
analysis of these indications therefore would not significantly influence the trends described.
In our region, after 2007, a high uptake of 90% of the second trimester anomaly ultrasound
scan was observed, compared to a low uptake of 23.7% of the first trimester combined test.
Offering first trimester screening to AMA women in Washington D.C., USA, resulted in
75.6% of women opting for this screening (Wray et al., 2005). Likewise, on introduction of
the same policy in a public hospital in China, the uptake was 97%. This policy, however,
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dictated abolishment of the AMA indication (Lo et al., 2009). This was not part of the Dutch
program, in which the main goal of the prenatal screening guidelines implemented in 2007
was stated as: ‘to offer all pregnant women information on the possibilities regarding
prenatal screening, in order to enable her to make an informed choice’. This is in line with
the finding that informed choice in prenatal testing is highly valued in the Netherlands (Van
den Heuvel et al., 2009; Hall et al., 2007). It has been concluded from studying different
populations that only when significant numbers of women, especially in the age group ≥ 36
years, opt for the first trimester combined test, the total number of procedures will decline
and the proportion of CVS’s will increase (Chasen et al., 2004; Benn et al., 2004; Benn et al.,
2005; Muller et al., 2007; Wray et al., 2005; Nakata et al., 2010). In Denmark, the number
of prenatal invasive procedures decreased by over 50% over a ten year period (1996 to
2006), which led the authors to conclude that this decrease resulted from implementation of
the first trimester combined test (Ekelund et al., 2008; Vestergaard et al., 2009). However,
despite the low uptake of the first trimester combined test in The Netherlands, in this study
we also observed a 50% decrease in the number of invasive procedures over a ten year
period, while maintaining the indication AMA. After 2006, no further decrease in the
number of invasive procedures is seen, which is most likely due to the increased referral on
the indication ultrasound anomalies. This implies that, although the introduction of prenatal
screening is a major contributing factor, this decrease likely has a multi-factorial background.
It cannot be excluded that the attitude of the counselors also contributed (Dormandy et al.,
2004). Another factor is the 3.8 % decrease in the total number of pregnancies in the
Province of Utrecht between 2000 and 2008 (CBS Statline, 2011).
The PPV of the serum screening increased after 2007. This was partly due to increased quality
of the NT measurement, which hereafter is strictly monitored as part of the national screening
program (Crossley et al., 2002; Koster et al., 2009). The detection rate for Down syndrome
in women of all ages was 71% between 2002 and May 2004, and significantly improved to
75.9% between June 2004 and December 2006. This number is comparable to the reported
detection rates in other countries (Wortelboer et al., 2009). In a recent study, the yearly birth
prevalence rates of children with Down syndrome in the Netherlands in the period 19862007 were constructed. This study showed that this prevalence in the Netherlands, in
contrast to other European countries, had risen as a result of the rising maternal age (De
Graaf et al., 2011).
Our study shows that in women < 36 years, the percentage of chromosomal abnormalities
found over the past decade has been higher than in women ≥ 36 years. After the start of the
prenatal screening policy in 2007 this became even more pronounced, with the percentage
of abnormal karyotypes in women < 36 years becoming more than twice that of women ≥ 36
years. This is most likely due to the fact that the majority of women ≥ 36 years still choose to
have invasive testing without prenatal screening.
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CONCLUSION
Our results show significant changes in the type and number of invasive procedure,
indications for invasive prenatal diagnosis, maternal age and the numbers of chromosomal
abnormalities detected in the Netherlands from 2000 to 2009. The implementation of the
first trimester combined test in 2004 and the start of a national prenatal policy in 2007 have
improved the efficacy of prenatal testing. We conclude however that, with the majority of
women ≥ 36 years still opting for invasive diagnosis on the indication AMA, the improved
efficacy has been confined to women opting for prenatal screening, resulting in 16.3% of
karyotypes being abnormal in women < 36 years, versus 6.4% in women ≥ 36 years.
Our findings imply that to further increase the efficacy of invasive prenatal diagnosis in the
Netherlands, the proportion of women referred for AMA alone needs to be reduced. Ideally,
replacing the conventional AMA indication by the better performing indication first trimester
combined testing would further decrease the total number of invasive procedures with a
normal karyotype in women ≥ 36 years and would thus lower the ratio fetal loss per
chromosomal anomaly detected. In women < 36 years, in whom 50% of trisomies are
detected by fetal anomaly ultrasound screening in the second trimester, increased uptake of
the first trimester combined test would lead to an earlier diagnosis of trisomies, causing a
shift from late and psychologically more stressful pregnancy terminations after ultrasound
fetal anomalies, to early induced abortions. This implies that a future prenatal screening
policy should not only include actively offering the first trimester combined test to women of
all ages, but also the reimbursement of this test for women < 36 years, to enable all women
to make a well informed and financially autonomous choice.
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ABSTRACT
Objective This study aims to analyze differences in characteristics between women who
opted for invasive testing after first trimester combined testing, and those who did not.
Method Follow-up was performed of 20,215 combined tests conducted between 2007 and
2011 in the central region of the Netherlands. Multivariate logistic regression analysis
compared variables (Down syndrome risk estimate, maternal age, previous Down syndrome
pregnancy, IVF/ICSI, parity, nuchal translucency measurement) between different groups.
Results 65.4 % of women with a Down syndrome risk estimate ≥ 1 in 200 opted for invasive
testing. In a multivariate model, women opting for invasive testing were significantly younger
(OR 0.92; CI 0.88-0.95) and less likely to have had IVF/ICSI (OR 0.57; CI 0.37-0.87) than
women opting out on invasive testing. In this high risk group, women < 36 years opted for
invasive testing more frequently, regardless of their Down syndrome risk estimate magnitude.
Women ≥ 36 years let the magnitude of the risk estimate count significantly in their decision
to opt for invasive testing.
Conclusion Due to dissimilarity in the offer of prenatal screening and invasive diagnosis in
the Dutch prenatal screening policy, women < 36 years and women > 36 years make different
choices when confronted with similar Down syndrome risk estimates.

52

INVASIVE PRENATAL DIAGNOSIS AFTER THE COMBINED TEST

INTRODUCTION
In January 2007, a national governmentally sanctioned program for prenatal screening
started in the Netherlands. Within this program, midwifes and gynaecologists have the
obligation to offer information on the first trimester combined test to all pregnant women.
The first trimester combined test consists of measurement of maternal serum concentrations
of pregnancy-associated plasma protein A (PAPP-A) and the free ß-subunit of human
chorionic gonadotrophin between 8 and 14 weeks of gestation, combined with first trimester
ultrasound measurement of the fetal nuchal translucency (NT) and maternal age. Using this
strategy, 85-95% of all Down syndrome cases are detected in the Dutch population, with a
3% false-positive rate (FPR).1 Dutch insurance companies reimburse the 150 Euros for the
first trimester combined test for women ≥ 36 years, but not for women < 36 year.2 A cut-off
risk of 1 in 200 for Down syndrome at the time of testing was agreed upon, mainly because
this is in the same order of magnitude as the Down risk of a 36-year-old pregnant woman at
12 weeks of gestation (0.3-0.5%).3 Women < 36 years are hence only offered invasive
testing when their combined test risk estimate is 1 in 200 or higher. Women ≥ 36 years
however, can choose to have invasive testing regardless of their risk estimate, or whether a
combined test was performed, because advanced maternal age (AMA: defined as 36 years
or older at the gestational age of 18 weeks) is an approved indication for invasive testing.
It is common knowledge that not all women with a Down syndrome risk estimate ≥ 1 in 200
opt for invasive testing. There is however limited data on the distribution of women in
various subgroups and on their motives for choosing for or against invasive testing. We
performed a follow-up study of all women having a first trimester combined test (n = 20,215)
performed in our laboratory adherence region during four and a half year after the start of
the national Down syndrome screening program. Our aim was to determine the proportion
of women who opted for invasive testing after receiving a risk estimate above or equal to the
present cut-off value of 1 in 200, and to analyse their characteristics. We also tabulated and
discuss the indications for invasive testing in the group of women who received a Down
syndrome risk estimate < 1 in 200.

METHODS
Prospectively collected data on all combined tests (n = 20,215) performed between April 1st
2007 and December 31st 2011 were obtained from the National Institute for Public Health
and the Environment (RIVM). Available variables included: maternal age and date of birth,
referring center, date of sampling, whether a previous fetus or child was diagnosed with
Down syndrome, whether the pregnancy was conceived naturally or with artificial
reproduction techniques (ART: IVF / ICSI), parity (nullipara or multipara), nuchal translucency
thickness and the magnitude of the combined test risk estimate. Parity was only registered
from 2010 and therefore available for 58% of the women.
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Data on all invasive procedures, including amniocentesis and chorionic villus sampling,
performed between April 2007 and December 2011 (n = 4,210) were extracted from the
cytogenetic database of the Department of Medical Genetics at the University Medical
Center Utrecht (UMCU). This hospital serves as a prenatal diagnosis unit for the central
region of the Netherlands and is certified to perform invasive prenatal diagnosis. Within this
region, all women eligible for invasive diagnostics are referred to the UMCU. Available
variables included: maternal age and date of birth, date of the procedure and the indication
for the invasive procedure. Indications included: 1. ultrasound anomaly, comprising both
structural fetal anomalies and isolated enlarged NT (≥ 3.5 mm), 2. combined test risk estimate
≥ 1 in 200, 3. AMA, 4. DNA-analysis, 5. parental translocation and 6. other indications,
including parental anxiety and fetal demise. In case of multiple indications, the indication
with the highest risk is listed first.
The two databases were digitally matched in order to determine which women had combined
testing performed and in the same pregnancy had invasive testing for chromosomal analysis.
Because within the central region of the Netherlands women eligible for invasive diagnostics,
with only few exceptions, are exclusively referred to the UMCU by their midwife or
gynaecologist we assumed that if no match was found, invasive testing had not been
performed. The final database comprised all available variables on the 20,215 combined
tests and eventual subsequent invasive testing.
Baseline characteristics were determined and compared using Chi-square tests. Multivariate
logistic regression analysis was used to calculate odds ratios for different variables. To analyze
the influence of the magnitude of the Down syndrome risk estimate in more detail, we
created five risk categories: 1 in 5-10, 1 in 11-50, 1 in 51-100, 1 in 101-150 and 1 in 151200. All analyses were performed with the statistical software package SPSS 20.0. P-values
< 0.05 were considered statistically significant.

Table 1 Baseline characteristics of the entire study population (n = 20,215)
variable
multiparity*

number of women (%)
6,362 (54,0)

previous child with Down syndrome

74

ART pregnancy

801 (4,0)

nuchal translucency ≥ 3.5 mm

108 (0,5)

invasive testing performed

1,047 (5,3)

maternal age < 36 years
*available in 2010 and 2011 (missing = 42%);
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RESULTS
During the study-period 20,215 combined tests were performed in the central region of the
Netherlands. Baseline characteristics of the total study population are summarized in Table 1.
The median maternal age at combined testing was 34 (range 15-53) years. The majority of
women performing combined testing had a maternal age < 36 years (n = 13,291; 65.8%).
A risk estimate of ≥ 1 in 200 was obtained in 1,065 of all women (5.3%) (Figure 1). Subdivision
by maternal age category showed that in the group of women < 36 years 2.4% received a
Down syndrome risk estimate ≥ 1 in 200, versus 10.7% in the group of women ≥ 36 years.
Analysis of the group of women with a Down syndrome risk estimate ≥ 1 in 200
Of the 1,065 women with a risk estimate ≥ 1 in 200, 696 (65.4%) women subsequently
opted for invasive testing. A total of 75% of women < 36 years opted for invasive testing,
which is significantly higher than the 61% in the group of women ≥ 36 years (p < 0.001).
Data on the group of women with a risk estimate ≥ 1 in 200 are shown in Table 2. Significant
differences were found for: maternal age, whether the pregnancy was conceived by ART,
and NT measurement ≥ 3.5 mm.
In women < 36 years, multivariate logistic regression analysis, using the lowest risk category
(1 in 151-200) as a reference, showed that none of the risk estimate categories had a
significantly different odds ratio for invasive testing, indicating that in this subgroup the
magnitude of the risk estimate did not influence their decision to opt for or against invasive
testing (Table 3).

Figure 1 Flowchart of study population (n = 20,215)
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Table 2 Percentage of women performing invasive testing (risk estimate ≥ 1 in 200),
shown per variable.
variable

Number of
women

% performing
invasive testing

age < 36 yrs

243

75.5

age ≥ 36 yrs

453

61.0

nullipara

151

65.9

multiparaa

288

63.3

no previous Down

691

65.4

5

62.5

645

66.8

51

51.0

NT < 3.5 mm

609

63.6

NT ≥ 3.5 mm

87

81.3

a

previous Down
natural conception
IVF / ICSI

p-value
< 0.001*

0.543

0.865

0.002*

< 0.001*

NT, nuchal translucency.
a

Available in 2010 and 2011 (missing = 42%). *Statistically significant.

Further analysis showed that there were also no differences in the other variables between
women < 36 years who performed invasive testing and those who did not. Multivariate
logistic regression analysis in women ≥ 36 years however showed that specifically this age
category was less likely to opt for invasive testing with an increasing maternal age, when the
pregnancy was conceived by ART, and with a decreasing risk estimate. In figure 2 the
significant trend of being less likely to opt for invasive testing with a decreasing risk estimate
is visualized for women of all ages and women ≥ 36 years.
Analysis of the group of women with a Down syndrome risk estimate < 1 in 200
The majority of women (n = 19,150; 94.7%) received a Down syndrome risk estimate < 1 in
200. In this group 351 (1.8%) women had invasive testing performed (Figure 1). According
to the Dutch prenatal screening policy, women < 36 years are not offered invasive testing
in this situation, whereas women ≥ 36 years can still opt for invasive testing on the
indication AMA. We therefore analyzed the referral indications in women < 36 years and
women ≥ 36 years separately. In the group of women < 36 years 0.7% of women (n = 94)
had invasive testing, despite their low risk estimate. Fetal ultrasound anomalies comprised
the majority (60%) of referrals in this group. In the group of women ≥ 36 years 4.0% of
women (n = 261) had invasive testing, the majority (74%) on the indication AMA (Figure 3).
Also in the low risk category (< 1 in 200), the trend continued that with a decreasing Down
syndrome risk estimate, women ≥ 36 years were less likely to perform invasive testing.
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Multivariate analysis showed no significant difference of the variables parity, ART and
previous Down syndrome pregnancy in the group of women ≥ 36 years between those
performing invasive testing and those who did not (data not shown).
Table 3 Odds ratio (OR) and corresponding confidence intervals (CIs) to have an invasive test for
women who received a risk estimate > 1in 200, shown per variable.
Variables

Women of all ages

Risk category

Women < 36 years
CI

Women ≥ 36 years

OR

CI

OR

1:5 - 1:10

3.88*

1.86-8.09

0.98

0.30-3.23

7.08*

2.59-19.39

1:11 - 1:50

2.47*

1.63-3.74

1.53

0.65-3.58

3.00*

1.84-4.89

1:51 - 1:100

1.86*

1.28-2.68

1.27

0.58-2.79

2.15*

1.41-3.29

1:101 - 1:150

1.56*

1.09-2.23

1.46

0.70-3.05

1.58*

1.04-2.40

1:151 - 1:200

ref.

ref.

ref.

maternal age

0.92*

0.88-0.95

1.01

0.93-1.09

0.86*

0.80-0.93

ART

0.57*

0.37-0.87

0.51

0.20-1.31

0.55*

0.34-0.89

NT ≥ 3.5 mm

0.89

0.42-1.90

1.09

0.38-1.14

1.59

0.45-5.71

ref.

OR

ref.

CI
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Multivariate logistic regression analysis was used to calculate odds ratios. The magnitude of the Down syndrome
risk estimate is subdivided in five risk categories: 1 in 5–10, 1 in 11–50, 1 in 51–100, 1 in 101–150 and 1 in
151–200. ART, artificial reproduction techniques; NT, nuchal translucency; ref, used as reference category.
*Statistically significant.

DISCUSSION
We analyzed the decision for or against invasive prenatal diagnosis in 20,215 women who
had chosen the first trimester combined test as first tier in Down syndrome testing in the
central region of the Netherlands between April 1st 2007 and December 31st 2011. Data
show that women with a combined test risk estimate ≥ 1 in 200 who subsequently opted for
invasive testing were younger, less likely to have had their pregnancy conceived by ART, and
more likely to have had an NT measurement ≥ 3.5 mm, when compared to women who
chose not to have invasive testing performed.
The strength of our study is that we studied data on the uptake of invasive testing after first
trimester combined screening in a large group of women collected in a nearly 5-year period
without prenatal screening policy changes. We knew their individual Down syndrome risk
estimate, as well as several other maternal variables. Also, our follow-up did not depend on
questionnaires or medical files, but was obtained from the cytogenetic database. This
enabled full inclusion of all women performing a first trimester combined test and avoidance
of a possible bias from selective participation. Previous studies on this subject mainly
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reported on second trimester screening, but did not have access to the magnitude of the
Down syndrome risk estimate, looked solely at the influence of the risk estimate, but did not
have other variables available, or studied exclusively women with AMA.4-10
A possible weakness of our study is that, when no match was found in the UMCU cytogenetic
database, we concluded that no invasive testing was performed. In the Netherlands invasive
prenatal diagnosis and karyotyping are, by law, strictly assigned to the University Medical
Centers. There are no commercial cytogenetic labs. Because residence determines to which
of the centres a woman is referred, there is no selection for combined test risk estimate or
maternal age per center. Although we cannot exclude that in exceptional cases women went
abroad or to another University Medical Center to undergo invasive testing, we considered
their numbers to be very small and therefore of no significant impact on our results.
Our finding that the rate of invasive testing increased significantly with increasing combined
test risk estimate was restricted to the group of women ≥ 36 years. Nicolaides et al.8 also
showed maternal age to be a factor in determining whether women would opt for invasive
testing, but they did not analyze maternal age subcategories.

% of women opting for invasive
testing

100
90

women of all ages
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60

women

36 years

women

36 years

50
40
30
20
10
0

1:5 - 1:10

1:11 - 1:50 1:51 - 1:100 1:101 - 1:150 1:151 - 1:200

Down syndrome risk categories
Figure 2 Women opting for invasive testing, shown per risk estimate category

In our study, women < 36 years had a significantly higher uptake of invasive testing after
receiving a Down syndrome risk estimate ≥ 1:200 (p < 0.001), but in this age group the
choice for invasive testing was independent of the magnitude of the risk estimate. The a
priori attitude towards invasive testing could explain the observed differences in uptake
between the maternal age categories.7 When offered the first trimester combined test,
women ≥ 36 years know a priori that, even if their risk is < 1 in 200, they can still opt for
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Figure 3 First indications in women with a combined test risk estimate < 1:200; shown per
maternal age category.

invasive testing. Women ≥ 36 years who prefer to avoid invasive testing, would therefore be
more likely to opt for the combined test as first tier and act upon the magnitude of the risk
estimte. Because women < 36 years can only have invasive testing when their combined test
risk estimate is ≥ 1 in 200, and possibly also because they have to pay for the combined test,
women < 36 years who chose to have combined testing a priori are more likely to have the
intention to opt for invasive testing when being confronted with a high risk estimate. In
addition, most women are aware of their a priori age dependent Down syndrome risk
estimate. As a result of this, women < 36 years, when compared to women ≥ 36 years
receiving a similar risk estimate, are more likely to experience a risk estimate ≥ 1 in 200 as
exceeding their a priori age risk, and therefore to opt for amniocentesis.4,6,9
The fact that an increased NT was also related to a higher uptake of invasive testing in the
group of women with an increased combined test risk estimate is in line with the observation
that significantly more women opt for diagnostic testing after abnormal ultrasound findings.7
Additionally, in the Netherlands, an NT of ≥ 3.5 mm is regarded as an ultrasound anomaly
and therefore an indication for invasive testing in women of all ages. In practice this means
that women with an increased combined test risk magnitude including an NT ≥ 3.5 mm
receive different counseling from women with an increased risk estimate with a normal NT
measurement, which subsequently could have influenced their choice for invasive testing.
Our analysis showed that women ≥ 36 year who became pregnant through ART, when being
confronted with similar risk estimates, were less likely to opt for invasive testing than women
≥ 36 years who conceived naturally. This finding has not been reported before and is likely
due to the fact that in these particular valuable pregnancies the procedure-related miscarriage
risk is valued higher. Several studies have shown that in pregnancies conceived by IVF/ ICSI,
the FPR is higher, leading to increased rates of invasive testing in this group.11 In the
Netherlands this has prompted correction of the risk estimate in this group since January
2012. Because women pregnant by ART were never counseled on their higher FPR, this has
not influenced their decision to perform invasive testing.
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Our finding that a previous pregnancy affected with Down syndrome does not affect the
choice for invasive testing is likely to be due to the small number of women in this group. It
could also be related to the Dutch invasive testing policy, because women with a previous
Down syndrome child or pregnancy have an indication for invasive testing, regardless of their
age. Women, who in their current pregnancy wished to be reassured about the chromosomal
status of their fetus, would have been more inclined to choose invasive testing as first tier. By
contrast, women who are more aware of the miscarriage risk, would be more inclined to
choose prenatal screening and subsequently let their choice for invasive testing depend on
the combined test risk estimate.5,10
The percentage of women opting for invasive testing after receiving a Down syndrome risk
estimate ≥ 1 in 200 in this study (65.4%) is relatively low compared to other studies.
Nicolaides et al.8 and Spencer et al.12 found an uptake of 77% in their groups with a risk
estimate ≥ 1 in 300. Uptake of first trimester screening in their studies was also very high
(97.5%). In Denmark, after introduction of the first trimester combined screening, 84.4% of
pregnant women opted for combined testing, of whom 4.2% received a risk estimate ≥ 1 in
300 and subsequently 81.4% opted for invasive testing.13 Also in a recent study on contingent
screening in Spain, the majority of the women (81%) with a high-intermediate risk at first
trimester screening (1 in 101–250) opted for an invasive procedure.14 The finding that a
relatively low percentage of women in the Netherlands opt for invasive testing, when being
confronted with a high risk estimate, is in line with previous reports on the Dutch prenatal
screening policy and its uptake. In 2010 the national uptake of the combined test was
reported to be as low as 27.0%.15 We previously showed that after the introduction of the
national prenatal screening program in 2007, the rate of referral for invasive testing on the
indication serum screening increased. In 2009 however, still 71.5% of invasive testing in
women ≥ 36 years was performed on the indication AMA.16 In dept interviews and focus
groups are currently being held in the UMCU to study the motivation of women to opt in or
out on prenatal screening.

CONCLUSION
This study shows that pregnant women < 36 years and ≥ 36 years make different choices
when confronted with similar Down syndrome risk estimates. This is due to the fact that in
the Netherlands the manner in which the first trimester combined test and invasive testing
are being offered, differs between these two groups of women. There is no reimbursement
of the first trimester combined test for women < 36 years and they can only opt for invasive
testing when their combined testing risk estimate is ≥ 1 in 200, while women ≥ 36 years can
opt for invasive testing either with or without screening. The introduction of rather arbitrary
cut-offs, like maternal age of 36 years and magnitude of Down syndrome risk assessment of
1 in 200, does not do justice to the linear relationship between maternal age and Down
syndrome risk, nor to the ability of women to weigh a combination of maternal and
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pregnancy related factors when opting in or out on invasive testing. This ability is clearly
reflected in our finding that in the Netherlands women ≥ 36 years, who are not restricted in
their choices by maternal age or cut-off risk, include the magnitude of their personalized
Down syndrome risk estimate in their choice, as well as their maternal age and the modus of
conception. The present test offer contradicts the objective of the Dutch prenatal screening
policy that women should make an autonomous choice, based on their personalized risk
assessment. In general, when an autonomous choice is valued, no conflicting restrictions
should be allowed. This should be taken into account with the future implementation of a
national policy for noninvasive prenatal diagnosis for Down syndrome in the Netherlands.
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ABSTRACT
BACKGROUND: IVF singletons have poorer perinatal outcomes than singletons from
spontaneous conceptions. This may be due to the inﬂuence of ovarian stimulation on the
chromosomal constitution of the embryos which could be translated into localized
chromosomal anomalies in the placenta. The aim of this study was to compare the incidence
of conﬁned placental mosaicism (CPM) in IVF/ICSI pregnancies and spontaneous conceptions.
METHODS: We conducted a multi-centre retrospective analysis of karyotype results obtained
by chorionic villus sampling (CVS), performed due to advanced maternal age (36 years at 18
weeks of gestation), in the Netherlands between 1995 and 2005.
RESULTS: From a total of 322.246 pregnancies, 20,885 CVS results were analysed: 235 in
the IVF/ICSI group and 20.650 in the control group. The mean age of women in both groups
was 38.4 years (mean difference -0.08, 95% CI -0.35 to 0.18). Data relating to the fetal
karyotype were missing in 143 cases in the control group. When taking into account missing
data, the incidence of CPM was lower in the IVF–ICSI group than in the control group, 1.3%
versus 2.2% (odds ratio 0.59, 95% CI 0.19–1.85), whereas the incidence of fetal
chromosomal anomalies was increased 4.3% versus 2.4% (odds ratio 1.81, 95% CI 0.95–
3.42). Neither differences were statistically signiﬁcant.
CONCLUSIONS: The incidence of CPM is not increased in IVF/ICSI pregnancies compared
with spontaneous conceptions. CPM probably does not account for the adverse perinatal
outcomes following IVF/ICSI.
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INTRODUCTION
Almost 30 years after its introduction, IVF now accounts for about 3% of all live births in
western countries (Andersen et al., 2007). Although initial efforts were largely directed
towards improving the pregnancy rate from IVF, increasing attention is now being paid to
reducing the associated risks and burden of treatment. The negative consequences of the
epidemic of multiple pregnancies which resulted from widespread implantation are now
becoming clear (Fauser et al., 2005). Moreover, the short-term and possible long-term risks
associated with high stimulation protocols have lead to a questioning of current approaches
(Edwards, 1999; Fauser et al., 2005). Thanks to new insights and approaches to ovarian
stimulation for IVF and improved laboratory technologies, practices are starting to change.
Milder hormonal stimulation followed by the transfer of a single embryo is now becoming
more widespread, and results to date are encouraging (Thurin et al., 2004; Heijnen et al.,
2007). Although the trend of transferring fewer embryos can be expected to reduce perinatal
morbidity arising from IVF multiple pregnancies, recent data have indicated that IVF singleton
pregnancies are still associated with a greater incidence of adverse perinatal outcomes, such
as intrauterine growth retardation, than spontaneous singleton pregnancies (Schieve et al.,
2002; Helmerhorst et al., 2004; Jackson et al., 2004).
The reasons behind these observations remain unclear (Dhont et al., 1999; Koudstaal et al.,
2000; Schieve et al., 2002). Although subfertile couples may represent a population at
increased risk of poor perinatal outcomes, a recent study showed worse outcomes in
subfertile couples who conceived with IVF compared with those who became pregnant by
other means (Kapiteijn et al., 2006). There is also increasing evidence that ovarian stimulation
rather than the IVF procedure itself is the primary cause (Ombelet et al., 2006). IVF has been
shown to be associated with a high rate of embryo aneuploidy (Delhanty et al., 1997; Munne
et al., 1998; Wells and Delhanty, 2000; Wilton, 2002; Bielanska et al., 2005; Baart et al.,
2006). In particular, the rate of chromosomal mosaicism appears to increase following
stimulation with exogenous gonadotrophins (Baart et al., 2006). Moreover, the incidence of
aneuploidy in Day 3 embryos appears to be related to the level of ovarian stimulation. In a
recent study, the incidence of chromosomal mosaicism in Day 3 embryos was reduced
following mild versus a conventional stimulation protocol (Katz-Jaffe et al., 2005; Baart et
al., 2007).
The clinical signiﬁcance of early mosaicism is largely unknown but is likely to depend on its
persistence in advanced gestation, on the speciﬁc chromosome and aberration involved, and
on whether it affects embryonic or extra-embryonic cell lines. Chromosomal anomalies
present in a proportion of the cells of Day 3 embryos can persist into later gestation in several
ways. They can affect either the placenta or embryo, or both, and be present in all cells or in
mosaicism. Localized mosaicism in the placenta, termed conﬁned placental mosaicism
(CPM), has been associated with intrauterine growth retardation (IUGR) (Kalousek et al.,
1991; Lestou and Kalousek, 1998; Wilkins-Haug et al., 2006). The higher frequency of
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adverse perinatal outcomes such as IUGR in IVF singletons could therefore be due to
persistence of chromosomal mosaicism into later gestation.
The aim of this study was to test the hypothesis that increased rates of embryo mosaicism
during IVF persist into pregnancy and are revealed as a higher incidence of CPM than that
observed in spontaneous pregnancies. This was done by comparing the incidence of CPM
determined following chorionic villus sampling (CVS) at 10 – 14 weeks of gestation in IVF/
ICSI pregnancies and spontaneous conceptions.

MATERIALS AND METHODS
Data pertaining to 8,870 IVF/ICSI pregnancies and 313,376 spontaneous pregnancies in
older women (≥ 36 years old at 18 weeks of gestation) in the Netherlands between 1995 and
2005 were analysed. The results of all CVS procedures performed at 10 –14 weeks gestation
in these pregnancies were obtained. In order to avoid a possible referral bias arising from
highly scrutinized pregnancies, CVS data performed for other indications were excluded
except if, in addition to maternal age, it concerned ICSI. Those pregnancies which had arisen
from an IVF or ICSI procedure were identiﬁed by analysing the registries of 11 of the 12 IVF
clinics in the Netherlands for the corresponding period. Patient information was treated
anonymously in accordance with the guidelines of the institutional ethical review board. The
results of the CVS procedure were analysed in all centres using uniform criteria for the
deﬁnition of CPM based on the ﬁndings of large-scale studies (Breed et al., 1991; Ledbetter
et al., 1992; Adler, 1994; Hahnemann and Vejerslev, 1997b; Smith et al., 1999). Karyotypes
were considered abnormal if 2 or more cells analysed presented the same anomaly or if 3 or
more cells presented the same anomaly in the case of a missing autosome. To establish the
diagnosis of CPM, both the presence of chromosomal anomalies in placental cells and their
absence in fetal material were required. Therefore, when abnormal karyotypes were found
and there was a reason to suspect the presence of CPM, cytogenetic information was sought
on material of fetal origin, fetal cells from amniotic ﬂuid or cord-blood or tissue biopsy. No
conﬁrmatory analysis of fetal material was required in the following cases: 1, non-mosaic
structural chromosomal anomaly; 2, non-mosaic trisomy 21; 3, non-mosaic trisomy 18 and
13 if both trophoblastic and mesenchymal cell lines had been analysed, i.e. both short-term
(STC) and long-term culture (LTC), or 4, chromosomal anomaly found only in the trophoblast
but not in the mesenchymal cells. In situations 1–3, the anomaly is considered to affect the
fetus whereas in situation 4, the embryo is considered normal.

RESULTS
A total of 20,885 CVS procedures were performed in the Netherlands during the period
1995 - 2005 because of advanced maternal age. Of these, 235 were identiﬁed as concerning
pregnancies following IVF/ICSI. Patients of one of the 12 IVF clinics could not be identiﬁed
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Table 2 Results: incidence of abnormal karyotypes at CVS, fetal chromosomal anomalies, CPM and missing data in the IVF/ICSI group and the control group.

*IVF–ICSI group, number of intact pregnancies at 8 weeks of gestation; controls, number of deliveries. **Mean difference.
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Table 1 Characteristics of the IVF–ICSI and spontaneous conception groups.
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and may therefore have been erroneously classiﬁed as spontaneous conceptions. Their
inﬂuence on the results is, however, negligible as they were estimated to represent, 0.1% of
the control group. Given those numbers and assuming a CPM rate of 2% in the general
population, the study has 80% power to detect a difference in incidence of CPM of 3.8%.
The study and control groups obtained were identical in mean maternal age, although the
age distribution differed slightly (Table 1) and the presented analyses were therefore corrected
for this effect. The technique used to analyse chorionic villus samples differed between the
groups: in the IVF - ICSI group, they were less often analysed using one cell line only (STC or
LTC) than in the control group. This does not reﬂect a difference in policy but a different
distribution of IVF/ICSI patients and controls over the various centres.
The incidence of CVS procedures in women whose indication was advanced maternal age
was estimated in both groups. In the IVF – ICSI group, this was done by dividing the number
of CVS procedures in women aged 36 or more by the number of intact pregnancies at 8
weeks, this being the criteria used routinely to assess the success of an IVF procedure. In the
control group, data relating to early ultrasound assessment were lacking and the incidence
was therefore calculated by dividing by the number of deliveries in women aged 36 or more.
The rate of performing of CVS was found to be low in both groups but signiﬁcantly lower in
the IVF - ICSI group than in the control group; 2.6% versus 6.6% (odds ratio 0.34, 95% CI
0.34 - 0.44). Evaluation of the policies in terms of invasive prenatal diagnosis of the different
centres involved in the study revealed that in most cases (76.4%), counselling given to the
IVF - ICSI group on the risks of the procedure did not differ from that provided to women
who had spontaneously conceived.
Abnormal karyotypes at CVS were found in a similar proportion in the IVF - ICSI and in the
spontaneous conception groups (5.5%, respectively, and 4.6%) (Table 2). Of these, about half
required further cytogenetic examination of fetal material to investigate the involvement of
embryonic cell lines (Fig. 1). This could be performed in all ﬁve cases in the IVF/ICSI group, but
cytogenetic examination of fetal material was lacking in 143 cases (26.8%) in the control group.
Detailed overviews of the anomalies found are provided in Tables 3 and 4. The number of cases
is too low to make statistical comparison between the incidence of the different anomalies
between the IVF - ICSI group and controls meaningful. The comparison between the anomalies
found in the control group for which follow-up analysis was available and the missing data
showed that, in a majority of cases, this concerns non-mosaic trisomy 13 and 18 and sex
chromosomal anomalies. This is most likely due to a difference in the policies regarding the
need for further cytogenetic testing used in certain participating centres and the unique criteria
deﬁned in the current study. The reasons in the remaining cases could, unfortunately, not be
established with certainty but may have been due to refusal by the parents, or fetal anomaly on
ultrasonic examination compatible with cytogenetic defect or spontaneous abortion before an
amniocentesis could be performed without subsequent cytogenetic analysis of the fetus.
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Figure 1 Flow diagram of the analysis of CVS results

In those cases where fetal karyotype was available, fetal cytogenetic anomalies were observed
signiﬁcantly more frequently in the IVF/ICSI group, 4.3%, than in the control group, 2.1%
(odds ratio 2.21, 95% CI 1.16 - 4.21). In contrast, CPM occurred less often in the IVF/ICSI
group (1.3% versus 1.8%), although this difference was not signiﬁcant. The difference
observed in the incidence of fetal anomalies is signiﬁcant but should be interpreted with
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Table 3 Chromosomal anomalies found in each group.
Chromosomal anomaly
found at CVS*

IVF/ICSI
CPM

Controls
Fetal anomaly

CPM

Fetal anomaly

Missings

Trisomy 21, 18, 13
Non-mosaic (%)

4 (40)

Mosaic (%)

1 (33.3)

3 (0.8)

258 (61.3)

27 (18.9)

35 (9.3)

14 (3.3)

6 (4.2)

Other trisomies
Non-mosaic (%)

15 (4)

Mosaic (%)

5 (1.2)

5 (3.5)

132 (35.1)

10 (2.4)

17 (11.9)

12 (3.2)

16 (3.8)

40 (28)

39 (10.4)

15 (3.6)

11 (7.7)

8 (2.1)

4 (1)

Sex chromosomal anomalies
Non-mosaic (%)

2 (20)

Mosaic (%)

1 (33.3)

Tri-, tetraploidy
Non-mosaic (%)
Mosaic (%)

64 (17)

1 (0.2)

6 (4.2)
13 (9.1)

Supernumerary marker chrom.
Non-mosaic (%)

1 (10)

Mosaic (%)

2 (0.5)

62 (14.7)

2 (0.5)

Balanced translocation
Non-mosaic (%)

1 (0.3)

Mosaic (%)

3 (0.8)

Unbalanced translocation
Non-mosaic (%)
Mosaic (%)

1 (10)
1 (33.0)

Other anomalies (%)

2 (20)

1 (0.3)

5 (1.2)

20 (5.3)

1 (0.2)

4 (2.8)
3 (2.1)

39 (10.4)

30 (7.1)

11 (7.7)

*When multiple chromosomal anomalies were found, classification was according to the anomaly present in the
largest number of cells. This was the case in 16 CVS samples (13 controls and 3 missing).

Table 4 Chromosomal anomalies found in the IVF/ICSI group.
Case nr

Chromosomal anomaly

CPM/Fetal

1

47, XX, +13/46, XX (STC)/46, XX (LTC)

CPM

2

45, X/46, XX

CPM

3

46, XX, -21, +mar/46, XX

CPM

4, 5, 6

47, XY, +21

Fetal

7

47, XX, +18

Fetal

8

47, XYY

Fetal

9

45, X

Fetal

10

47, XX, +mar(pat)/46, XX

Fetal

11

46, XX, der(9p)

Fetal

12

45, XY, t(13;14)(q10;q10)

Fetal

13

46, XY, inv(12)(p13.1q21.2)mat

Fetal
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caution as cases with missing fetal karyotype data are not included in this comparison. These
‘missing data’ cases probably represent either CPMs or fetal anomalies and as such will
inﬂuence the incidence found in the control group. To estimate their inﬂuence, we considered
a ﬁrst scenario in which the missing data were distributed between fetal chromosomal
anomalies and CPM according to the ratio observed in those cases where additional data
were available: 75 out of the 143 were thus assumed to be fetal chromosomal anomalies
and 68 were CPM. This estimate is supported by the fact that in at least half of the cases,
data were considered ‘missing’ according to the criteria of the current study but were
assumed to represent fetal anomalies with the clinical consequences thereof in the various
centres concerned. On this basis, the incidence of fetal chromosomal anomalies in the
control group increased, so that the difference with the IVF/ICSI group was no longer
signiﬁcant (IVF/ICSI group 4.3%, controls 2.4%, odds ratio 1.81, 95% CI 0.95 - 3.42).
Applying this scenario, the incidence of CPM also increased in the control group but the
difference with that found in the IVF - ICSI group still failed to reach signiﬁcance (IVF/ICSI
group 1.3%, controls 2.2%, odds ratio 0.59, 95% CI 0.19 - 1.85). To test the robustness of
this conclusion, a second scenario was considered in which all missing data cases were
assumed to represent cases of CPM. The incidence of CPM in the control group increased
accordingly but once again not enough to reach statistical signiﬁcance (IVF/ICSI group 1.3%,
controls 2.5%, odds ratio 0.5, 95% CI 0.16 - 1.57). In summary, a non-signiﬁcant trend
towards an increased incidence of fetal chromosomal anomalies in IVF/ICSI compared with
spontaneous conceptions was observed. No statistical difference was observed in the
incidence of CPM in the IVF/ICSI group compared with the control populations (1.3% versus
1.8%, OR 0.59, 95% CI 0.19 - 1.85).

DISCUSSION
The present study aimed to address two pressing issues in the ﬁeld of reproductive medicine:
the uncertain clinical importance of the high rate of chromosomal mosaicism observed in
early IVF embryos and the lack of explanation for the adverse perinatal outcomes observed
in IVF singletons. We hypothesized that these two issues might be linked. Mosaicism in the
embryo could lead to adverse perinatal outcomes if it were found to persist in a localized
form in the placenta throughout gestation. To test this hypothesis, we conducted the largest
study to date on the occurrence of CPM in IVF pregnancies. The principal ﬁndings are that
CPM does not occur more frequently in IVF pregnancies than in spontaneous conceptions,
although there is a non-signiﬁcant trend towards an increased incidence of fetal chromosomal
anomalies at this stage of gestation in IVF pregnancies.
The frequency of fetal chromosomal anomalies was found to be approximately twice as high
in the IVF - ICSI group as in the control group (4.3% versus 2.1% or 2.4%, depending on the
treatment of the missing data). This is in agreement with earlier studies which have found
incidences in IVF or ICSI pregnancies above 4% at CVS (In’t Veld et al., 1995; Loft et al.,
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1999). After accounting for the missing data, however, this difference was not statistically
signiﬁcant.
The most important ﬁnding of this study was the demonstration that the incidence of CPM is
not signiﬁcantly different in IVF pregnancies compared with that in spontaneous conceptions.
This robust ﬁnding, which was not affected by missing data, is in contrast with the only other
study of similar design (In’t Veld et al., 1995) which reported a signiﬁcantly higher rate of CPM
in IVF pregnancies. The rate of chromosomal anomalies found at CVS was much higher than
in our study: 13.8%: divided between fetal chromosomal anomalies, 7.5%, and CPM, 6.2%.
They also compared the rate of chromosomal anomalies found using amniocentesis for similar
indications but found no difference between IVF and spontaneous conceptions in that case.
The causes for the differences observed between this study and ours are not obvious given
the similarity in design. The discrepancy between the rates of anomalies found by In’t Veld et
al. at CVS and using amniocentesis could suggest a possible bias in the selection of patients
for one of the procedures. The smaller size of the IVF group, 80 in the study by In’t Veld et al.
versus 235 in the current study, is another possible explanation for these differences. However,
since the conﬁdence intervals in both studies intersect, the differences may not be signiﬁcant.
The retrospective, multi-centre, design of the present study carries the inherent risk of
dealing with incomplete datasets and differing policies regarding the use of CVS or
amniocentesis and criteria for deﬁning CPM. The policies on the use of CVS or amniocentesis
were reviewed per centre to identify possible differences between how they were applied to
IVF-ICSI pregnancies and spontaneous conceptions. The counselling offered regarding the
choice of CVS or amniocentesis was in most cases either similar in both groups or based on
the risks or advantages of the procedure itself and not on its outcome. Speciﬁc counselling
for IVF - ICSI pregnancies was offered in only about one-ﬁfth of pregnancies in this group.
This limits the possibility that a referral bias would signiﬁcantly distort the analysis. Moreover,
the results of CVS procedures from all centres were analysed using the same criteria. The
presence of missing data did not affect the validity of our main conclusion that there is no
signiﬁcant difference in incidence of CPM between IVF and non-IVF pregnancies. Moreover,
the incidence of both CPM and fetal chromosomal anomalies found in spontaneous
conceptions are within the range reported in other studies (Lippman et al., 1992; Pittalis et
al., 1994; In’t Veld et al., 1995; Hahnemann and Vejerslev, 1997a).
In conclusion, the present study indicates that the incidence of CPM is not increased in IVF
pregnancies compared with spontaneous conceptions. This would imply that early mosaicism
in IVF embryos is not translated into localized chromosomal anomalies in the placenta and
that CPM itself cannot account for the adverse perinatal outcomes observed in IVF singletons.
Early mosaicism is more likely to be a phenomenon restricted to the ﬁrst stages of
embryogenesis (Baart et al., 2006) with little clinical signiﬁcance beyond the peri-implantation
period or for perinatal outcomes.

74

CONFINED PLACENTAL MOSAICISM IN IVF PREGNANCIES

FUNDING
The study was funded by the Department of Reproductive Medicine and Gynaecology,
University Medical Center, Utrecht, The Netherlands.

Chapter

4

75

CHAPTER 4

REFERENCES
1. Adler A. Cytogenetic analysis of chorionic villi for prenatal diagnosis: an ACC collaborative study
of U.K. data. Association of Clinical Cytogeneticists Working Party on Chorionic Villi in Prenatal
Diagnosis. Prenat Diagn 1994;14:363–379.
2. Andersen AN, Goossens V, Gianaroli L, Felberbaum R, de Mouzon J,Nygren KG. Assisted
reproductive technology in Europe, 2003. Results generated from European registers by ESHRE.
Hum Reprod 2007;22:1513–1525.
3. Baart EB, Martini E, van den Berg I, Macklon NS, Galjaard RJ, Fauser BC, Van Opstal D.
Preimplantation genetic screening reveals a high incidence of aneuploidy and mosaicism in
embryos from young women undergoing IVF. Hum Reprod 2006;21:223–233.
4. Baart EB, Martini E, Eijkemans MJ, Van Opstal D, Beckers NG, Verhoeff A, Macklon NS, Fauser BC.
Milder ovarian stimulation for in-vitro fertilization reduces aneuploidy in the human
preimplantation embryo: a randomized controlled trial. Hum Reprod 2007;22:980–988.
5. Bielanska M, Jin S, Bernier M, Tan SL, Ao A. Diploid–aneuploid mosaicism in humanembryos
cultured to the blastocyst stage. Fertil Steril 2005;84:336–342.
6. Breed AS, Mantingh A, Vosters R, Beekhuis JR, Van Lith JM, Anders GJ. Follow-up and pregnancy
outcome after a diagnosis of mosaicism in CVS. Prenat Diagn 1991;11:577–580.
7. Delhanty JD, Harper JC, Ao A, Handyside AH, Winston RM. Multicolour FISH detects frequent
chromosomal mosaicism and chaotic division in normal preimplantation embryos from fertile
patients. Hum Genet 1997;99:755–760.
8. Dhont M, De Sutter P, Ruyssinck G, Martens G, Bekaert A. Perinatal outcome of pregnancies after
assisted reproduction: a case–control study. Am J Obstet Gynecol 1999;181:688–695.
9. Edwards RG. Widening perspectives of intracytoplasmic sperm injection. Nat Med 1999;5:377–
378.
10. Fauser BC, Devroey P, Macklon NS. Multiple birth resulting from ovarian stimulation for subfertility
treatment. Lancet 2005;365:1807–1816.
11. Hahnemann JM, Vejerslev LO. Accuracy of cytogenetic findings on chorionic villus sampling
(CVS)—diagnostic consequences of CVS mosaicism and non-mosaic discrepancy in centres
contributing to EUCROMIC 1986–1992. Prenat Diagn 1997a;17:801–820.
12. Hahnemann JM, Vejerslev LO. European collaborative research on mosaicism in CVS
(EUCROMIC)—fetal and extrafetal cell lineages in 192 gestations with CVS mosaicism involving
single autosomal trisomy. Am J Med Genet 1997b;70:179–187.
13. Heijnen EM, Eijkemans MJ, De Klerk C, Polinder S, Beckers NG, Klinkert ER, Broekmans FJ,
Passchier J, Te Velde ER, Macklon NS et al. A mild treatment strategy for in-vitro fertilisation: a
randomised non-inferiority trial. Lancet 2007;369:743–749.
14. Helmerhorst FM, Perquin DA, Donker D, Keirse MJ. Perinatal outcome of singletons and twins
after assisted conception: a systematic review of controlled studies. BMJ 2004;328:261–265.
15. In’t Veld PA, Van Opstal D, Van den Berg C, Van Ooijen M, Brandenburg H, Pijpers L, Jahoda MG,
Stijnen TH, Los FJ. Increased incidence of cytogenetic abnormalities in chorionic villus samples from
pregnancies established by in vitro fertilization and embryo transfer (IVF-ET). Prenat Diagn
1995;15:975–980.
16. Jackson RA, Gibson KA, Wu YW, Croughan MS. Perinatal outcomes in singletons following in vitro
fertilization: a meta-analysis. Obstet Gynecol 2004;103:551–563.
17. Kalousek DK, Howard-Peebles PN, Olson SB, Barrett IJ, Dorfmann A, Black SH, Schulman JD,
Wilson RD. Confirmation of CVS mosaicism in term placentae and high frequency of intrauterine
growth retardation association with confined placental mosaicism. Prenat Diagn 1991;11:743–750.

76

CONFINED PLACENTAL MOSAICISM IN IVF PREGNANCIES

18. Kapiteijn K, de Bruijn CS, de Boer E, de Craen AJ, BurgerCW, van Leeuwen FE, Helmerhorst FM.
Does subfertility explain the risk of poor perinatal outcome after IVF and ovarian hyperstimulation?
Hum Reprod 2006;21:3228–3234.
19. Katz-Jaffe MG, Trounson AO, Cram DS. Chromosome 21 mosaic human preimplantation embryos
predominantly arise from diploid conceptions. Fertil Steril 2005;84:634–643.
20. Koudstaal J, Braat DD, Bruinse HW, Naaktgeboren N, Vermeiden JP, VisserGH. Obstetric outcome
of singleton pregnancies after IVF: a matched control study in four Dutch university hospitals. Hum
Reprod 2000;15:1819–1825.
21. Ledbetter DH, Zachary JM, Simpson JL, Golbus MS, Pergament E, Jackson L, Mahoney MJ, Desnick
RJ, Schulman J, Copeland KL et al. Cytogenetic results from the U.S. Collaborative Study on CVS.
Prenat Diagn 1992;12:317–345.
22. Lestou VS, Kalousek DK. Confined placental mosaicism and intrauterine fetal growth. Arch Dis
Child Fetal Neonatal Ed 1998;79:F223–F226.
23. Lippman A, Tomkins DJ, Shime J, Hamerton JL. Canadian multicentre randomized clinical trial of
chorion villus sampling and amniocentesis. Final report. Prenat Diagn 1992;12:385–408.
24. Loft A, Petersen K, Erb K, Mikkelsen AL, Grinsted J, Hald F, Hindkjaer J, Nielsen KM, Lundstrom P,
Gabrielsen A et al. A Danish national cohort of 730 infants born after intracytoplasmic sperm
injection (ICSI) 1994–1997. Hum Reprod 1999;14:2143–2148.
25. Munne S, Marquez C, Reing A, Garrisi J, Alikani M. Chromosome abnormalities in embryos
obtained after conventional in vitro fertilization and intracytoplasmic sperm injection. Fertil Steril
1998;69:904–908.
26. Ombelet W, Martens G, De Sutter P, Gerris J, Bosmans E, Ruyssinck G, Defoort P, Molenberghs G,
Gyselaers W. Perinatal outcome of 12,021 singleton and 3108 twin births after non-IVF-assisted
reproduction: a cohort study. Hum Reprod 2006;21:1025–1032.
27. Pittalis MC, Dalpra L, Torricelli F, Rizzo N, Nocera G, Cariati E, Santarini L, Tibiletti MG, Agosti S,
Bovicelli L et al. The predictive value of cytogenetic diagnosis after CVS based on 4860 cases with
both direct and culture methods. Prenat Diagn 1994;14:267–278.
28. Schieve LA, Meikle SF, Ferre C, Peterson HB, Jeng G, Wilcox LS. Low and very low birth weight in
infants conceived with use of assisted reproductive technology. N Engl J Med 2002;346:731–737.
29. Smith K, Lowther G, Maher E, Hourihan T, Wilkinson T, Wolstenholme J. The predictive value of
findings of the common aneuploidies, trisomies 13, 18 and 21, and numerical sex chromosome
abnormalities at CVS: experience from the ACC U.K. Collaborative Study. Association of Clinical
Cytogeneticists Prenatal Diagnosis Working Party. Prenat Diagn 1999;19:817–826.
30. Thurin A, Hausken J, Hillensjo T, Jablonowska B, Pinborg A, Strandell A, Bergh C. Elective singleembryo transfer versus double-embryo transfer in in vitro fertilization. N Engl J Med 2004;
351:2392–2402.
31. Wells D, Delhanty JD. Comprehensive chromosomal analysis of human preimplantation embryos
using whole genome amplification and single cell comparative genomic hybridization. Mol Hum
Reprod 2000;6:1055–1062.
32. Wilkins-Haug L, Quade B, Morton CC. Confined placental mosaicism as a risk factor among
newborns with fetal growth restriction. Prenat Diagn 2006;26:428–432.
33. Wilton L. Preimplantation genetic diagnosis for aneuploidy screening in early human embryos: a
review. Prenat Diagn 2002;22:512–518.

77

Chapter

4

78

Karyotyping and array in prenatal diagnosis

From karyotyping to array-CGH in prenatal diagnosis
K.D. Lichtenbelt, G.H. Schuring-Blom, N.V.A.M. Knoers
Division of Biomedical Genetics, Department of Medical Genetics, University Medical Center Utrecht, Utrecht,
The Netherlands

Chapter

5

Cytogenet Genome Res 2011; 135: 241-250.

79

CHAPTER 5

ABSTRACT
Conventional karyotyping detects chromosomal anomalies in up to 35% of pregnancies
with fetal ultrasound anomalies, depending on the number and type of these anomalies.
Extensive experience gained in the past decades has shown that prenatal karyotyping is a
robust technique which can detect the majority of germline chromosomal anomalies. For
most of these anomalies the phenotype is known. In postnatal diagnosis of patients with
congenital anomalies and intellectual disability, array-CGH/SNP array has become the firsttier investigation. The higher abnormality detection yield and its amenability to automation
renders array-CGH also suitable for prenatal diagnosis. As both findings of unclear
significance and unexpected findings may be detected, studies on the outcome of arrayCGH in prenatal diagnosis were initially performed retrospectively. Recently, prospective
application of array-CGH in pregnancies with ultrasound anomalies, and to a lesser extent in
pregnancies referred for other reasons, was studied. Array-CGH showed an increased
diagnostic yield compared to karyotyping, varying from 1–5%, depending on the reason for
referral. Knowledge of the spectrum of array-CGH anomalies detected in the prenatal setting
will increase rapidly in the years to come, thus facilitating pre- and posttest counseling.
Meanwhile, new techniques like non-invasive prenatal diagnosis are emerging and will claim
their place. In this review, we summarize the outcome of studies on prenatal array-CGH, the
clinical relevance of differences in detection rate and range as compared to standard
karyotyping, and reflect on the future integration of new molecular techniques in the
workflow of prenatal diagnosis.
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Approximately 3% of liveborns have congenital malformations, which may have a genetic,
environmental or multifactorial etiology. In 2–3% of pregnancies, presumed to be at risk of
a chromosomal anomaly, an abnormal karyotype is detected. In pregnancies with fetal
ultrasound anomalies, this number increases to 35%, depending on the number and type of
structural anomalies present [Rizzo et al., 1996; Benn et al., 2004; Lichtenbelt et al., 2011].
Extensive experience gained in the past has shown that karyotyping in prenatal diagnosis is
a robust technique which detects the majority of germline chromosomal anomalies.
In the early 1970s, chromosome analysis became available for prenatal diagnosis. In 1966,
Steele and Breg demonstrated that amniocytes could be cultured and, with sufficient
numbers of mitoses available, used to determine the karyotype of the fetus [Steele and Breg,
1966]. Sampling was successfully performed in the second trimester of pregnancy. This
method has undergone improvements over the years and continues to be used to this day.
Results are available within 2–3 weeks. When an abnormality is detected, parents can be
counseled on the expected phenotype in their child and the implications for perinatal
management.
In the early 1980s, a second invasive test became available for prenatal diagnosis. Mohr had
already described a method to use chorionic villi for chromosomal analysis of the fetal
karyotype [Mohr, 1968]. A Chinese group [Tietung Hospital of Anshan Iron and Steel Co.,
Anshan, 1975] showed that chorionic villi sampling (CVS) could be performed in the first
trimester of pregnancy and used for fetal sex prediction. Simoni et al. introduced the socalled direct method, in combination with transcervical CVS and showed that cytotrophoblast
cells yielded relatively high proportions of mitosis, enabling direct chromosome analysis
[Simoni et al., 1983]. This new technique enabled chromosome analysis before the 14th
gestational week.
In the 1980s and 1990s various groups reported on false-positive findings in first trimester
CVS, due to confined placental mosaicism (CPM) [Simoni et al., 1985; Leschot et al., 1989;
Pittalis et al., 1994; Leschot et al., 1996]. Nowadays, chromosomal analysis of trophoblast
cells is usually combined with analysis of cells derived from the mesenchymal core of the
chorionic villi. These cells, like amniocytes, need to be cultured in order to analyze metaphases.
A full karyotype, based on analysis of both cell types, is therefore available from 8 days to 3
weeks after CVS.
Conventional karyotyping of amniocytes and chorionic villi can typically detect aneuploidy as
well as large duplications or deletions of at least 3–10 Mb [Hultén et al., 2003] along with
structural rearrangements. These tests are only offered to women with an elevated risk for a
chromosomal abnormality because both amniocentesis and CVS carry a procedure-related
miscarriage risk of about 0.3–1%. The majority of women are referred either because of
their advanced maternal age, or because of an elevated Down’s syndrome risk after
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performing first trimester combined screening (maternal serum biochemical analysis
combined with ultrasound measurement of the fetal nuchal translucency and maternal age).
Karyotyping detects trisomies, but can for example also detect (mosaic) sex-chromosomal
abnormalities, with an uncertain phenotype [Van Zwieten et al., 2005]. A lot of experience
has been gained over the years in the counseling of expected and unexpected chromosomal
anomalies.
In situ hybridization, which can detect and localize the presence or absence of specific DNA
sequences on chromosomes, has been a true impulse for further development of cytogenetics,
even more so in prenatal diagnosis, with its urgent character. For the first time cytogenetics
and molecular biology merged into one technique. In situ hybridization was introduced in
1969 by Gall and Pardue, with radioactive detection [Gall and Pardue, 1969]. The introduction
of fluorescent dyes [Cremer et al., 1986; Hopman et al., 1986] allowed for a more practical
use and, as a consequence, fluorescence in situ hybridization (FISH) rapidly became a widely
applied technique for the detection of numerical aberrations in interphase nuclei. FISH can
also be applied to metaphases to detect deletions or duplications or to identify the origin of
marker chromosomes. A major limitation of FISH is that prior knowledge of ultrasound
anomalies or an otherwise increased risk is necessary to make an informed decision on which
probes to use. Because of the limited amount of material available, only a small number of
targets can be reasonably investigated. Additional techniques were introduced which did not
require cell culturing. Nowadays, most laboratories for prenatal diagnosis also offer
quantitative fluorescence PCR or multiplex ligation-dependent probe amplification which
can detect the most common aneuploidies [Faas et al., 2011]. These ‘rapid aneuploidy
detection’, or RAD-tests, provide rapid diagnosis and are suitable for high throughput
testing. The residual risk of a clinically significant chromosomal aberration after normal RAD
results has been estimated to be overall 0.9% for all indications [Caine et al., 2005; Speevak
et al., 2011]. It has therefore been argued that RAD may safely replace G-banded karyotyping
in low-risk pregnancies, or be complemented with karyotyping, depending on the reason for
referral [Hills et al., 2010].
Even in high risk pregnancies referred for fetal ultrasound anomalies, conventional
karyotyping yields a normal result in the majority of cases. The chance of detecting a
chromosomal anomaly depends on the type and combination of fetal anomalies, and on the
gestational age [Wilson et al., 1992; Rizzo et al., 1996; Daniel et al., 2003]. Because of its
increased resolution, array-CGH or SNP array has a greater yield in these high risk pregnancies.
In addition to chromosomal aneuploidy and large segmental aneuploidies, array can reliably
detect submicroscopic gains (duplications) and losses (deletions). The resolution depends on
probe coverage, probe location and the array platform applied (targeted vs. whole genome).
The diverse types of arrays (BAC-arrays, oligonucleotide-arrays and SNP arrays, in-house
made or commercial) will be discussed elsewhere in this volume. In selecting pregnancies
with a high risk of submicroscopic anomalies, there is an absence of uniform criteria. Most
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women with advanced maternal age or an increased Down’s syndrome risk after performing
first trimester combined screening are not at an increased risk of submicroscopic anomalies.
In this review we discuss retrospective and prospective studies on the application of array in
prenatal diagnosis. In addition, we comment on the differences in the detection spectrum
and rate between karyotyping and array based techniques (array-CGH and SNP array) and
the clinical relevance of these differences for the prenatal practice. Finally, recent developments
and future incorporation of new techniques in the prenatal workflow are explored.
Experiences with Array-CGH and SNP Array in the Prenatal Setting
After a high diagnostic yield of postnatal array-CGH and SNP array was demonstrated in
children with idiopathic mental retardation and multiple congenital anomalies [de Ravel et
al., 2007; Lu et al., 2007; Stankiewicz and Beaudet, 2007; Hochstenbach et al., this volume]
a debate started on whether this new technique could reliably be applied to DNA isolated
from amniotic fluid or chorionic villi [Rickman et al., 2005; Shaffer et al., 2007; South et al.,
2008]. Since 2005, numerous series and case reports have been published on the application
of array-CGH in a prenatal setting.
Initially, studies described confirmation of microscopically detected unbalanced rearrangements
by array-CGH in prenatal samples. In 2006, Rickman et al. were the first to successfully
perform array-CGH on uncultured amniocytes. They concluded that 29 out of 30
chromosomal aberrations were detected using two types of platforms, both a small custom
designed array, and a larger array containing clones covering the entire genome at an
approximate resolution of 1 Mb. They demonstrated failure of these types of array-CGH to
identify triploidy and noted clone ratios suggestive of less than a single copy gain in 2 of 3
mosaics tested, with the third case being identified as a partial deletion of the Y-chromosome
[Rickman et al., 2006]. They concluded that array-CGH is a rapid and less labor-intensive
technique and a favorable alternative to replace standard karyotyping and rapid aneuploidy
screening, owing to its increased resolution, genome-wide screening and amenability to
automation [Rickman et al., 2005]. Furthermore, Bi et al. demonstrated the feasibility of
performing oligonucleotide array-CGH on DNA extracted from uncultured amniocytes, by
obtaining interpretable results in all 15 samples analyzed, including two samples with a
limited amount of DNA available [Bi et al., 2008]. Because of the risk of detecting DNA copy
number changes of unknown significance during pregnancy [van den Veyver and Beaudet,
2006], array-CGH assays of fetuses were initially performed retrospectively, after termination
of pregnancy for ultrasound anomalies.
To demonstrate the increased yield of array-CGH, Le Caignec et al. applied a commercially
available genomic human P1, BAC and PAC array-CGH with 287 DNA clones using DNA
isolated from frozen tissue of fetuses with three or more significant anomalies and a normal
karyotype. They detected causative chromosomal imbalances in 8% (4/49) after exclusion of

83

Chapter

5

CHAPTER 5

inherited anomalies and polymorphisms [Le Caignec et al., 2005]. A study with SNP array by
Tyreman et al. identified 35 CNVs in 106 retrospectively randomly selected samples with
abnormal ultrasound and a normal karyotype. Ten CNVs (9%) were considered pathogenic.
Correct identification of a triploid control sample with SNP array was also demonstrated
(Tyreman et al., 2009). In another retrospective study involving oligonucleotide array-CGH
analysis in 50 fetuses with multiple anomalies and a normal karyotype, pathogenic CNVs
were identified in 10% [Valduga et al., 2010]. This percentage was found to be as high as
16% in a Dutch study, describing the application of the genome-wide 250 k SNP array
analysis in 32 fetuses with ultrasound anomalies and a normal karyotype [Faas et al., 2010].
Two out of five detected submicroscopic array-CGH aberrations involved uniparental disomy
(UPD), respectively, paternal UPD 4 and maternal UPD 16. This specifically illustrated the
additive value of analysis with SNP array over array-CGH, which cannot detect UPD.
In the first prospectively conducted study by Sahoo et al., array-CGH was offered parallel to
karyotyping in 98 pregnancies with an increased risk of chromosomal anomalies. When
offered the choice between karyotyping and array-CGH, 74% of the parents chose the array.
Array-CGH was performed on DNA directly isolated from amniotic fluid with whole-genome
amplification, on DNA from chorionic villi samples with amplification as necessary, and on
DNA from cultured cells without amplification. Array-CGH and karyotyping yielded complete
concordance in all pregnancies and correctly identified four cases of trisomy 21 and one
unbalanced translocation [Sahoo et al., 2006]. As expected, one case with a balanced
translocation was not detected by array-CGH. In a prospective study examining 151 prenatal
specimens using a targeted microarray platform, Shaffer et al. detected clinically significant
chromosome abnormalities in two out of 151 cases, providing a diagnostic yield of 1.3%
[Shaffer et al., 2008]. In this study, the most prevalent indication for prenatal referral was
abnormal ultrasound (73%), but pregnancies referred for parental anxiety (13.2%) and
family history (12.6%) were also included. In 0.6% of cases a finding of unclear significance
was detected. When using targeted arrays in evaluating 300 prenatal samples, van den
Veyver et al. reported a yield of 1.4% clinically significant array-CGH findings and 1.0%
chromosome alterations of uncertain clinical significance [van den Veyver et al., 2009]. When
applying whole-genome prenatal array to 182 prenatal specimens, Coppinger et al. detected
an increased yield of 2.7%, without an increase of findings of unclear significance, compared
with targeted array-CGH [Coppinger et al., 2009].
The accumulating evidence on the distinct advantages of array-CGH over classic cytogenetics
led the ACOG (American Committee on Genetics) to publish an opinion on the use of arrayCGH in prenatal diagnosis in November 2009 [ACOG committee 2009]. This document
recommended that conventional karyotyping remains the principal tool in prenatal diagnosis,
advocated the use of targeted array CGH, and stressed the need for careful pre- and posttest
genetic counseling. They concluded that a large population-based study, as currently
performed in the United States, was needed before array-CGH could be introduced in
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routine clinical practice in prenatal diagnosis. Most experience on the added value of prenatal
array is on the use of array-CGH in pregnancies with ultrasound anomalies and a normal
karyotype. Because of the relatively small number of pregnancies studied in each series and
the different inclusion criteria applied, the percentages of significant abnormal array-CGH
results vary strongly. A recent meta-analysis of eight prenatal studies using array technology
of various platforms, concluded that array-CGH detected 3.6% additional genomic
imbalances when conventional karyotyping was normal, regardless of indication for referral.
When the referral indication was abnormal ultrasound, this percentage increased to 5.2%
[Hillman et al., 2011]. A Canadian study performing whole-genome array in 49 fetuses,
detected a high percentage of 8.2% additional significant findings in fetuses with major
malformations and a normal karyotype. The same study also reported a relatively high
percentage of findings of unclear significance of 12.2% [D’Amours et al., 2011], partly due
to the unavailability of parental samples.
Another recent study was carried out on retrospectively conducted array-CGH in fetuses with
increased nuchal translucency (13.5 mm). It utilized a targeted high resolution 44K
oligonucleotide array, which was specifically constructed for prenatal screening, with
inclusion of most known microdeletion and microduplication syndromes and telomeric and
pericentromeric regions [Leung et al., 2011]. Clinically significant or pathogenic CNVs were
seen in four out of 48 fetal samples (8.3%), of which two cases had no visible structural
anomalies on ultrasound. The additive value of array-CGH is particularly high when the
referral indication is intrauterine fetal demise. In these cases cell culture failure can be as high
as 30%, whereas array-CGH has a 98% success rate and an increased yield of anomalies of
9.8% [Schaeffer et al., 2004; Menten et al., 2009; Robberecht et al., 2009].
In 2010, a review by the International Standard Cytogenomic Consortium stated that the
increased diagnostic yield of array-CGH in individuals with developmental disabilities and
congenital anomalies of 15–20%, versus the 3% yield of standard karyotyping, strongly
supports the use of array-CGH as a first-tier test in postnatal evaluation of patients with
intellectual disability / developmental disability, autism spectrum disorder, or multiple congenital
anomalies [Miller et al., 2010]. For prenatal evaluation the debate of whether array-CGH will
replace traditional cytogenetics in the near future and whether there is still a role for
karyotyping and FISH is still ongoing [Bui et al., 2011].
Clinical Relevance of Differences in Detection Rate and Spectrum between
Karyotyping and Array-CGH
Unlike chromosome analysis, array-CGH does not require time-consuming and laborintensive culturing of cells. In this way, the introduction of mitotic errors during cell culture is
avoided. Moreover, array-CGH can also be accurate in cases where limited material has been
obtained. The higher yield of array-CGH when compared to karyotyping is for the larger part
due to the detection of submicroscopic gains and losses. This yield increases with the number
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and the higher density of spacing of the probes on the array [Lu et al., 2007]. While most
studies highlight the increased yield of whole-genome array over standard karyotyping, the
clinical significance in prenatal diagnosis of the differences in detection spectrum related to
the rate of balanced translocation, polyploidies, mosaicism, UPD and supernumerary marker
chromosomes (SMCs) are rarely mentioned. This is summarized in table 1. We have not
included RAD, because the detection rate and limitations of these techniques and the
comparison with standard karyotyping have been extensively reviewed elsewhere [Shaffer
and Bui, 2007; Speevak et al., 2008, 2011; Faas et al., 2011].
Experience with array-CGH analysis in chorionic villi is currently limited [Filges et al., 2011].
The chance of detecting CPM with karyotyping has been estimated to be around 1%. This
mainly concerns whole-chromosome aneuploidies. In most cases, subsequent amniocentesis
is able to confirm CPM with a high degree of certainty. Array-CGH can additionally detect
segmental aneuploidy. However, the rate of segmental aneuploidy confined to the placenta,
and its distribution between cytotrophoblast and mesenchymal villus core are not known. It
has been suggested that, because the mosaic abnormal cell line may have a growth
disadvantage in culture, true fetal or placental mosaicism may actually be detected at a
higher rate with array-CGH than with karyotyping [Schaeffer et al., 2004].
Regarding counseling, prenatal array-CGH also lags behind karyotyping. The extensive
experience with karyotyping in pregnancies with fetal ultrasound anomalies has yielded
figures which can be applied in clinical practice when counseling parents of a fetus with
ultrasound anomalies. For many specific structural anomalies the likelihood that a
chromosomal anomaly will be detected with karyotyping is known [Daniel et al., 2003;
Wimalasundera and Gardiner, 2004; Carbone et al., 2011]. The a priori probability that
array-CGH will detect a pathogenic aberration per fetal structural anomaly, or per combination
of anomalies, is not yet known [Machado et al., 2011]. This complicates accurate counseling
on the risk-benefit ratio of an invasive procedure for array-CGH in the case of specific fetal
anomalies. The same applies to findings of unclear significance with array-CGH. For the vast
majority of chromosomal anomalies prenatally detected by karyotyping, their significance is
currently known. With higher resolution of array-CGH, the proportion of CNVs with uncertain
significance is also expected to rise, thus increasing the risk of parental anxiety, which may
even lead to termination of the pregnancy of a healthy fetus. Even more complicating in
prenatal diagnosis are findings with reduced penetrance and variable expression, which are
increasingly being detected by array-CGH. The demonstration of such deletions or
duplications (e.g. gains and losses at 16p11.2) in the postnatal setting can be communicated
with the parents in light of the presenting symptoms of their child [Shinawi et al., 2010].
When detected prenatally, however, the communication of an increased risk of epilepsy,
autism disorder or intellectual disability, together with the likelihood that their future child
will present none of these symptoms, requires not only knowledge on the spectrum of
symptoms, but also excellent counseling skills. Risks derived from postnatal studies will have

86

KARYOTYPING AND ARRAY IN PRENATAL DIAGNOSIS

to be interpreted and communicated with caution, bearing in mind the ascertainment bias
for array-CGH of patients towards the more severe end of the spectrum.
The use of a targeted array, as recommended by the ACOG committee [ACOG committee,
2009], could reduce this problem. This is, however, expected to simultaneously reduce the
number of pathogenic findings [Aston et al., 2008; Coppinger et al., 2009]. Moreover,
targeted arrays do not allow for detection of new genetic syndromes. Postnatal array-CGH
has, in previous years, shown a rapid increase in detection of new genetic deletion or
duplication syndromes [Shaffer et al., 2007]. A similar effect can be suspected with wide
application of array-CGH in a prenatal setting, which might show a different spectrum,
considering that some of the anomalies are prenatally lethal.
For correct and rapid interpretation of the fetal array-CGH results, simultaneous array-CGH
must be performed in both biological parents [South and Brothman, this volume]. All
pregnancies where one of the biological parents is not available or not willing to donate
blood are at increased risk for uncertain findings with array-CGH. Moreover, genome-wide
array-CGH in both the fetus and the parents can detect anomalies which not only have
consequences for the health of the child, but also for one of the parents (e.g. heterozygous
deletion of a cancer gene). When prenatal karyotyping is performed, parental karyotyping is
only indicated in a limited number of cases (e.g. a SMC or translocation in the fetus). In those
cases prenatal karyotyping never detects anomalies, which will have consequences for the
health of one of the parents, except for future reproductive risks.
Finally, one must bear in mind that both karyotyping and array-CGH do not discover
monogenic disorders. When karyotyping and/or array-CGH yield negative results, but fetal
anomalies are highly suspicious for a genetic disorder, the available material and remaining
time for additional genetic testing are limited. Proper counseling of the posttest risk of
additional anomalies and intellectual disability can therefore, with karyotyping as well as
array-CGH, only be given by a syndrome expert. Adequate knowledge of the limitations and
residual risks of each technique is indispensable for this counseling.
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Array-CGH/SNP
array

- small gains and losses
are detected with a high
resolution, depending on
the platform

- balanced Robertsonian
and reciprocal
translocation, inversions
and balanced insertions
are not detected

- neither triploidies (except
69,XXY) nor tetraploidies
are readily detected with
array-CGH; using 47,XXY
DNA as a control, the
aberrant X and Y ratio
can provide an indication
- SNP array can detect
polyploidy

Type of
aberration

Duplications and
deletions

Balanced
translocations;
inversions and
insertions

Polyploidy

- full polyploidy is always
detected

- balanced Robertsonian
translocations are
detected
- most reciprocal
translocations are
detected, some are
submicroscopic
- some inversions and
insertions can be detected

- gains and losses of
minimally 3–10 Mb in size
are detected, but in some
chromosomal regions with
few bands, the resolution
is lower

Karyotyping

- 1–2% of all clinically recognized conceptions are triploid, with only one-third
surviving beyond 15 weeks’ gestation
- distribution of triploidy: 37% XXX, 60% XXY and 3% XYY
- virtually always lethal during fetal life and generally visible on prenatal
ultrasound, thus prompting rapid aneuploidy detection

- the total frequencies of balanced rearrangements are 0.09% on amniotic fluid
and 0.08% on chorionic villi
- the risk of a congenital anomaly is 6.1% for a de novo reciprocal translocation,
3.7% for a Robertsonian translocation and 9.4% for an inversion detected by
karyotyping
- de novo translocations without detectable gains or losses can rarely lead to a
phenotype in the fetus by disruption of a gene at the breakpoint
- the risk of UPD in the fetus with a balanced translocation is smaller than 1%
- the translocation can be inherited, signifying an increased risk of future
unbalanced offspring for the parents

- array-CGH detects 3.6% additional genomic imbalances when karyotyping
is normal, regardless of referral indication and 5.2% more when the referral
indication is ultrasound
- array-CGH detects findings of unclear significance and reduced penetrance in
0.5–1.0% of pregnancies

Clinical significance

Table 1. Differences in detection spectrum and rate between standard karyotyping and whole-genome array

Forrester and Merz,
2003
McWeeney et al., 2009

Warburton, 1991
Sahoo et al., 2006
Park et al., 2010
Faas et al., 2011
Bui et al., 2011

Shaffer et al., 2008
Van de Veyver et al.,
2009
Coppinger et al., 2009
Maya et al., 2010
Hillman et al., 2011

References

CHAPTER 5

low levels of mosaicism can
remain undetected

can detect sSMCs, but
additionally FISH is required,
which cannot always
identify the origin of the
marker, thus impeding
adequate counseling

UPD remains undetected,
unless specifically requested
in cases of a balanced
translocation or suspicion of
trisomy rescue after fetal
karyotyping

- low levels of mosaicism
can remain undetected
- array can detect
mosaicism not revealed
by karyotyping
- array can detect
mosaicism in rare cases
where the abnormal
cell line was lost in cell
culture, because of a
growth disadvantage

- can detect and identify
the origin of sSMCs,
thus describing the gene
content and predicting
the clinical phenotype.
In case of exclusively
heterochromatin content,
the parents can be
reassured.

- Array-CGH does not
detect UPD
- SNP array can detect
both whole chromosome
and segmental significant
UPD (chromosomes 4,
6, 7, 11, 14, 15, 16 and
20), but only isodisomy
and not heterodisomy

Mosaicism

SMCs

UPD

Karyotyping

Array-CGH /
SNP array

Type of
aberration

Table 1. continued
References
Hsu et al., 1996
Ballif et al., 2006
Cheung et al., 2007
Scott et al., 2010

Warburton, 1991
Crolla, 1998
Huang et al., 2006
Liehr and Weise, 2007
Liehr et al., 2010

Robinson, 2000
Ginsberg et al., 2000
Kantarci et al., 2008
Kotzot, 2008
Faas et al., 2010

Clinical significance
- in 0.4% of postnatal cases mosaicism is detected by array-CGH, versus 0.3%
with karyotyping
- array has been shown to detect as low as 10% mosaicism for wholechromosome aneuploidy and 30% for segmental aneuploidy
- karyotyping and array-CGH might be additive in detecting mosaicism

- SMCs are present in less than 0.08% of unselected pregnancies and in 0.204%
of pregnancies with ultrasound anomalies
- markers are 10 times more frequent in individuals with intellectual disability
(0.426%) than in the normal population (0.043%)
- 71.8% of prenatally detected SMCs are de novo, carrying a risk of an abnormal
phenotype of 13% in general and 28% for nonacrocentric chromosomes
- de novo SMCs have a very variable phenotype, depending on their size, shape,
gene content and mosaicism
- at least 50% of sSMCs are present in mosaicism
- the frequency of UPD in the newborn is considered to be 0.029%
- the prevalence of segmental UPD is not exactly known
- in rare instances UPD can lead to monogenic disease, by homozygosity for an
autosomal recessive disorder
- at least one third of UPD cases emerge in conjunction with or due to a
chromosomal rearrangement
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Abnormal
Normal

Invasive prenatal
diagnosis: rapid
aneuploidy detection

Non-invasive
prenatal diagnosis
(NIPD)

Trisomy very likely*

Increased DR or
trisomy 13/18

Normal
Fetal ultrasound
Low risk
First trimester
combined testing
#

Abnormal

Invasive prenatal
diagnosis: array-CGH

Abnormal

Posttest counseling

Pregnancy

Pretest counseling

Fig. 1. Example of possible future workflow in prenatal diagnosis.
# To improve the readability of this flowchart, it is not indicated that after each outcome parents
can choose to have no further investigations. * NIPD has already been shown to have a very high
sensitivity (100%) and specificity (97.9%) [Chui et al., 2001]. With further improvement of NIPD, a
subsequent performance of an invasive procedure might no longer be necessary.
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Application of Array-CGH in the Light of Future Developments in Prenatal Diagnosis
Recent research shows that trisomy 21 (and trisomies 13 and 18) can be reliably determined
from the analysis of cell-free fetal DNA from maternal plasma [Chiu et al., 2011; Papageorgiou
et al., 2011]. In the past, a lot of effort was put into analysis of intact fetal cells in the
maternal circulation [Bianchi et al., 1992; Gänshirt-Ahlert et al., 1993; Bianchi, 1999; Lim et
al., 2001; Christensen et al., 2005], with limited success. Although these cells are a pure
source of fetal genomic material and a widely available technique like FISH could be used for
analysis, isolation of these scarce fetal cells until now has proven problematic and laborious
[Hahn et al., 2011]. Therefore, most current research focused on cell-free fetal DNA or fetal
RNA. Lo was the first to demonstrate that cell free-fetal DNA was present in the maternal
plasma [Lo et al., 1997]. Nowadays, PCR-based techniques can establish the presence of a
Y-chromosome in pregnancies at risk for an X-linked disorder, can determine the rhesus
status of the fetus and detect paternally inherited autosomal recessive and dominant
mutations [Akolekar et al., 2010; Voelderking and Lyon, 2010; Savage et al., 2011]. When
non-invasive prenatal diagnosis becomes feasible and its costs manageable, it is likely that
the number of pregnant women opting for prenatal diagnosis will increase. Especially
women with an increased risk for Down’s syndrome could benefit from these recent
developments. A likely development is that first trimester screening, which is cheap but still
has a high false-positive rate, will become first-tier. Non-invasive testing, using potential
biomarkers such as placenta-derived peptides, could become the second-tier. This sequential
testing leaves only a very limited number of pregnancies, with a high probability for Down’s
syndrome, eligible for invasive testing [Hahn et al., 2011]. An example of a possible future
workflow for prenatal diagnosis is shown in figure 1.
For the application of techniques now under development, one should probably distinguish
between the reasons for referral for prenatal genetic testing. On the one hand, there is a
large group of women with an increased Down’s syndrome risk, either because of maternal
age or an increased Down’s syndrome risk after first trimester screening. In this group a RAD
test would suffice, because the likelihood of finding an additional abnormality using arrayCGH in this group is considered to be very low [Maya et al., 2010; Speevak et al., 2011]. On
the other hand, there is a smaller group of women at increased risk of diverse chromosomal
abnormalities because of ultrasound anomalies, previous offspring with a chromosomal
abnormality or family history. Array-CGH and SNP array with their high detection rate would
be more suitable for this group. It is likely that other techniques will soon become available
for prenatal testing and replace the current ones. For non-invasive prenatal diagnosis there
are a variety of options and within the next few years it will become evident which technique
will function best within a clinical setting. This may be either proteomics, or RNA-, or DNAbased techniques [Go et al., 2011; Hahn et al., 2011]. It is not inconceivable that, for prenatal
diagnosis, array-CGH will be by-passed for other techniques, for example next generation
techniques, such as whole-genome sequencing, which are rapidly gaining ground. Once
implemented for postnatal detection of abnormalities, prenatal application will be considered.
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With this technique it is possible to obtain high-quality nucleic acid sequence data of whole
genomes. This will consequently increase the detection rate of abnormalities even further,
but at the same time lead to an increased rate of unexpected findings and findings of unclear
significance, with variable penetrance or information on late-onset diseases. Therefore,
extensive pretest counseling is mandatory when genomewide tests are offered prenatally.
Another possibility will be to offer a targeted test, for example an array with all genes known
to cause syndromal and isolated heart malformations, in the case of prenatal ultrasound
detection of a heart defect.

CONCLUSION
Given the new opportunities for prenatal diagnosis by array-CGH and other novel techniques,
the important challenge for professionals will be to provide optimal prenatal care, without
creating a prenatal roadblock for life [Shuster, 2007; Benn and Chapman, 2010]. This
includes implementation and operation of these prenatal tests and adequate pre- and posttest counseling. Meanwhile, research is needed on the decision making process of pregnant
women and their partners when opting for prenatal diagnosis. Do they really want to be
offered several choices and are they, following appropriate pretest counseling, able to make
an informed decision? What is the impact of abnormal findings with array-CGH, findings of
uncertain significance or findings of reduced penetrance and variable expression? How do
these findings influence on parental anxiety levels and their decision-making process
regarding continuation or termination of the pregnancy? As summarized above, over 50
years of experience have been accumulated in dealing with unclear and unexpected results
in standard karyotyping. All skills obtained during this period will be required when
interpreting and communicating the results of array-CGH, next generation sequencing or
any other new technique in the prenatal setting.
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ABSTRACT
Mutations in the sarcomeric gene MYH7 are known to be associated with various forms of
cardiomyopathy and rarely with Ebstein’s anomaly. We detected novel inherited MYH7
mutations in two unrelated fetuses, associated with pulmonary valve atresia and intact
ventricular septum in case 1 and with absent pulmonary valve and unguarded tricuspid valve
in case 2. Both fetuses developed prenatal cardiac output failure. Their mothers and several
further family members were shown to be carriers and affected with left ventricular
noncompaction. The severe fetal phenotypes and finding of rare structural congenital
abnormalities, comprising pulmonary valve anomalies, expand the spectrum of severity and
types of congenital cardiac anomalies associated with MYH7 mutations. We further discuss
the possible genotype-phenotype correlation between mutations in and around the ATPase
active site in the globular myosin-head domain of MYH7 and congenital structural cardiac
anomalies.
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INTRODUCTION
Sarcomeres are the fundamental contractile units of cardiac muscle. Mutations in sarcomeric
genes lead to various forms of hereditary heart disease. MYH7 encodes the beta heavy chain
subunit of cardiac myosin. MYH7 is predominantly expressed in the cardiac ventricles, with
low expression levels in the atria.1 Mutations in this gene were originally identified to be a
common cause of autosomal dominantly inherited hypertrophic cardiomyopathy (HCM), the
most prevalent cause of isolated left ventricular noncompaction (LVNC) in adults and were
shown to account for at least 10% of familial dilated cardiomyopathy (DCM).2,3,4,5,6 Recently,
mutations in the myosin heavy chain genes MYH6 (alpha subunit) and MYH7 (beta subunit)
were also identified in patients with structural congenital cardiac malformations, assuming a
role for MYH7 in cardiac development7,8,9 Here, we report two novel inherited MYH7
mutations in unrelated fetuses with lethal congenital structural cardiac defects, comprising
pulmonary valve (PV) and tricuspid valve (TV) anomalies, yielding additional support for an
essential role of the beta myosin heavy chain protein in early cardiac morphogenesis.

CASE REPORTS
Case 1 concerns the second pregnancy of a non-consanguineous Caucasian couple. Cardiac
evaluation of the mother was performed two years before pregnancy, in the context of
follow-up after treatment for Hodgkin’s disease. This showed mild LVNC and mild regurgitation
of the mitral and tricuspid valves. Left ventricular ejection fraction and Holter registration
were both normal. Cardiac screening of the maternal parents and sister at that time showed
no abnormalities. Another sister had died at the age of five months after surgical repair of a
ventricular septum defect (VSD). Because of the family history, fetal echocardiography was
performed at 19+3 weeks of gestation. This revealed PV atresia, dilatation of the right
ventricle, severe TV regurgitation, a hyperechogenic left ventricle with irregular endocard, and
cardiac output failure. The parents opted for pregnancy termination because of the fatal
prognosis. Chromosomal analysis of amniotic fluid cells yielded a normal female karyotype.
Case 2 concerns the fourth pregnancy of a non-consanguineous Caucasian couple. Their
first three pregnancies had resulted in intrauterine fetal demise around 14-15 weeks of
gestation. Because of maceration, pathological examination of the first fetus could not be
performed reliably. In the second fetus however, autopsy revealed a subarterial VSD and a
mild subvalvular aortic stenosis. In the third fetus a retroplacental hematoma and multiple
placental infarctions were considered to be the cause of fetal demise. Parental karyotyping
was normal. Because of the obstetrical history, fetal echocardiography was performed at
17+5 and 18+3 weeks of gestation. This showed an absent PV with severe regurgitation, TV
dysplasia with severe regurgitation, dilatation of the right ventricle and a hyperechogenic left
ventricle with irregular echogenicity of the endocardium. The fetal heart showed severely
reduced biventricular systolic function resulting in cardiac failure. The fatal prognosis was
discussed with the parents, who then opted for pregnancy termination. Cardiac screening
and MRI showed LVNC in the mother.
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Informed consents comprised autopsy and skin biopsies for further genetic investigations.
Detailed prenatal ultrasound and postnatal autopsy findings of both cases are shown in table
1. Pedigrees of the families, depicting mutation carriers and their cardiac phenotype, are
shown in figure 1.

MATERIAL AND METHODS
Molecular analyses
Sanger sequencing of all coding regions and intron-exon boundaries of MYH7 (NM_000257.2.
Cases 1 and 2), MYBPC3 (NM_000256.3. Case 2) and NOTCH1 (NM_017617.3. Case 2) was
performed.
Morphological and microscopic investigations
Autopsy was performed according to standard protocols for fetal and neonatal pathology.10
Array hybridization and analysis
Array-CGH analysis was performed using 180K (amadid 019015) microarray slides from
Agilent technologies (Santa Clara, CA, USA) and following manufacturer’s protocols. Data
analysis was performed using DNA analytics 4.76 software from Agilent technologies using
the ADM-2 algorithm. Interpretation of CNV-data was performed as described in the
guidelines of Vermeesch et al. [2007].11

RESULTS
Sequencing of MYH7 in case 1 resulted in the identification of the nucleotide substitution
c.1196T>C, resulting in the change of a hydrophobic leucine residue at position 399 into a
proline residue (p. (Leu399Pro)). This mutation was found to co-segregate with disease within
the family, as the mother and several affected family members were shown to carry this
mutation (figure 1a).
In case 2, a c.940T>C mutation was detected in MYH7, resulting in a change from a polar
uncharged serine residue to a hydrophobic proline residue at position 314 (p.(Ser314Pro)).
The mutation was subsequently detected in the mother, maternal grandmother and maternal
aunt, who were all shown to be affected with LVNC (Figure 1b).
Both mutations affect evolutionary strongly conserved amino acid residues within the
functionally important MYH7 myosin motor head domain and are neither reported before
nor present in relevant databases. (1000 genomes and Exome Sequencing Project databases:
http://www.1000genomes.org/, http://evs.gs.washington.edu/EVS/). In addition, both
mutations are predicted to be pathogenic according to in silico prediction programs SIFT and
PolyPhen-2 (http://sift.jcvi.org/; http://genetics.bwh.harvard.edu/pph2/). Together with the
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co-segregation of the mutations with cardiac phenotypes within the families this strongly
supports the pathogenic nature of these mutations.
DNA-analysis of MYBPC3 (case 1) and NOTCH1 (case 2) did not show any abnormalities.
Array-CGH analysis in both fetuses showed only functionally neutral copy number variations
(CNVs) (data not shown).
Autopsy largely confirmed prenatal findings in both fetuses. Detailed autopsy findings are
summarized in table 1. Both cases showed macroscopic and microscopic signs of noncompaction
cardiomyopathy and mild fibroelastosis of both ventricles (Figure 2). The tricuspid valve in
case 1 was abnormally formed. The presence of the inferior leaflet could not be visualized,
most likely classified as dysplastic TV or unguarded TV (Figure 2). None of the fetuses showed
extra-cardiac anomalies.
DISCUSSION
We report novel inherited MYH7 mutations causing lethal cardiac structural anomalies in
two fetuses. Pulmonary valve atresia with an intact ventricular septum (PA-IVS), as present in
case 1, is a very rare entity, occurring in 4.5 per 100,000 live-births.12 Familial occurrence of
this very rare congenital heart disease has been described in cousins, sibs and monozygous
twins, suggesting autosomal dominant inheritance with incomplete penetrance.13,14 It is
often accompanied by TV anomalies, like TV dysplasia, unguarded TV or Ebstein’s anomaly.
Ebstein’s malformation has been shown to be present in 10% of cases.15 Sporadic occurrence
with a 22q11 deletion has been reported.16 The unguarded tricuspid valve, as seen in case 2,
is also a rare congenital structural heart malformation. It consists of partial or complete
agenesis of the TV tissue and its apparatus, and is often associated with pulmonary valve
atresia, comprising complete absence of the pulmonary valvular structures.17 It needs to be
differentiated from the more common Ebstein’s anomaly of the tricuspid valve, a defect in
which the TV leaflets are fused and displaced inferiorly into the right ventricular cavity.
Unguarded tricuspid valve orifice has sporadically been reported in fetuses with a trisomy.18
Up to this report there was no genetic etiology or risk factor known for either PA-IVS or
absent PV with unguarded TV.
In 2009 McNally et al. reported the low, but definite, incidence of congenital heart
malformations, mainly septal defects, in families with mutations in the sarcomeric MYH7
gene.19 They concluded that this indicates that normal myocardial and sarcomeric function
are required for proper compaction, but also for septation. Septum defects were excluded in
all our index cases, but in total there were three family members diagnosed with a VSD
(figure 1), including one cousin, who was operated on a VSD in childhood and diagnosed
with LVNC and left ventricular dysfunction at the age of 44 years. Unfortunately, DNAanalysis could not be performed in the deceased sister of the mother of case 1 and in the
second fetus of the mother of case 2 to confirm causality of the mutations with their cardiac
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phenotypes. Medical records of the deceased sister of the mother of case 1 however mention
enlarged ventricles and left atrium on radiology and severe fibroelastosis of the left atrium
and ventricle on autopsy, signs unlikely to have resulted from an isolated VSD and suggestive
for the presence of cardiomyopathy.
Wessels and Willems reviewed previously reported families with mutations in sarcomeric
genes and structural congenital cardiac malformation, showing that deficiencies in the
sarcomeric protein network can lead to septal defects and valve anomalies.20 Although in
MYH7 positive families from HCM, LVNC and DCM cohorts, structural congenital anomalies
are rarely reported or even absent21,22,23, it is striking that in the MYH7 positive families from
an Ebstein’s anomaly cohort 6 out of 18 (1/3) mutation carriers have a cardiac anomaly other
than LVNC or Ebstein’s9. (Table S1) This may indicate that congenital anomalies were
overlooked or underreported in the cardiomyopathy cohorts. Since cardiac ultrasound
evaluation is part of the screening routine for cardiomyopathy patients, this however seems
unlikely. We therefore speculated that a genotype-phenotype correlation exists, putting
carriers of specific mutations in MYH7 at an increased risk for cardiomyopathies as well as
structural cardiac anomalies. This is supported by the finding that both mutations of case 1
and case 2, as well as five mutations of previously described patients (in total: 7/11 mutations
= 64%) with congenital cardiac anomalies (Table 2), cluster in and around the ATPase active
(AA) site of the globular head motor domain of the MYH7 protein (figure 3), which is
essential for the movement of actin relative myosin. Already Klaassen et al. noticed that
LVNC mutations in MYH7 appear to cluster within the genomic sequence of exon 8 to exon
9, whereas mutations that cause HCM and DCM are distributed throughout the molecule
but found more frequently around specific locations in the myosin head, at the actin myosin
interface, around the nucleotide binding site, and the ELC (essential light chain) and RLC
(regulatory light chain) binding interface6,21. Driest et al found that the majority of HCM
patients with MYH7 mutations had alterations within the functional head and neck domains
(exons 3 through 23), and 21% had mutations affecting the rod portion (exons 24 through
40) of the protein. However, they detected no difference in phenotype21. For alpha cardiac
myosin heavy chain (MYH6), it has been shown that mutations affecting formation of
myofibrils in the developing heart are associated with a wide spectrum of congenital heart
disease displaying incomplete penetrance and phenotypic variability.8 Variable expression
and reduced penetrance are also observed within families with MYH7 mutations, suggesting
an interaction between pathological sarcomeric mutations and genetic and environmental
factors.22 Additionally, the structural cardiac anomalies might have arisen secondary to the
fetal cardiomyopathy and disturbance of the intracardiac haemodynamics, which have been
shown to be a key epigenetic factor in embryonic cardiogenesis24. The lethal phenotypes in
case 1 and 2 are likely to have resulted from the combination of structural anomalies and
cardiomyopathy. Although there is no doubt about the causality of the mutations in MYH7
in our cases, we cannot exclude that mutations or copy number variations in additional
sarcomeric genes contribute to the severe phenotype. Intrafamilial variable expression is a
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well known phenomenon in MYH7 mutation families25. The uncertainty about this variability
has been reported to lead parents to opt for prenatal genetic diagnosis and subsequent
pregnancy termination of a fetus carrying a familial MYH7 mutation, which caused right
ventricular HCM at the age of two years in their previous child.26 Third trimester ultrasound
detection of LVNC in two fetuses carrying a mutation in MYH7 was described recently27. This
is however the first report on MYH7 mutations in fetuses with severe prenatal cardiac output
failure and hydrops due to rare structural cardiac anomalies and ventricular noncompaction.

CONCLUSION
We describe novel familial mutations in MYH7 to cause noncompaction cardiomyopathy
with fibroelastosis in combination with rare congenital malformations of the pulmonary and
tricuspid valve (absence of the pulmonary valve with tricuspid dysplasia and intact ventricular
septum; atresia of the pulmonary valve with unguarded tricuspid valve) in two fetuses. The
clustering of MYH7 mutations in and around the ATPase active domain in the myosin head
of the MYH7 protein suggests a genotype-phenotype correlation with LVNC and congenital
structural cardiac malformations. These findings have important implications for genetic
counseling of families with MYH7 mutations and show that fetal echocardiography
surveillance of pregnant women carrying an MYH7 mutation is indicated. Future studies
should address the prevalence of MYH7 mutations in children with pulmonary valve
anomalies, and genotype-phenotype studies to confirm that specific MYH7 mutations put
their carriers and offspring at an increased risk for structural heart defects as well as
cardiomyopathy.
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Figure 1a: Family tree case 1
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Figure 1b: Family tree case 2, with the cardiac phenotypes of both families members tabulated
below.
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Figure 2: Patient 1 (A-C): A, opened right ventricle with atretic pulmonary valve and subtle
white discoloration of the endocardial surface compatible with mild fibroelastosis.
B, noncompaction cardiomyopathy with increased trabeculation in both ventricles and C, the left
ventricle with increased trabeculation and mild fibroelastosis (elastica van Giesson stain).
Patient 2 (D-F): D, absence of the pulmonary valves (pulmonary trunk in between both tweezers).
E, hypertrabeculation (non-compaction) of both ventricles and F shows the microscopical
presence of a very small pulmonary valve leaflet.

Figure 3: Schematic representation of MYH7 protein. AAS: ATPase active site in globular
Myosin-head domain. ELC: binding domain of essential light chain (MYL3). RLC: binding domain
of regulatory light chain (MYL2). Mutations in bold: novel mutations discussed in present study.
Other mutations: previously identified variants associated with cardiac structural anomalies6,23,25
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LETTER TO THE EDITOR
While the antenatal onset of intracranial lesions associated with COL4A1 has been reported
by us and others, this diagnosis has always been made after birth1–3 (Table 1). This is the first
report of the diagnosis of a mutation in the COL4A1 gene in a fetus. A 35-year-old woman
was referred after detection of a cystic lesion in the fetal posterior cranial fossa during
ultrasound screening. She had no family history of anomalies or recent history of maternal or
fetal trauma. Screening for TORCH and alloimmune antithrombocyte antibodies in maternal
plasma, and polymerase chain reaction (PCR) for cytomegalovirus and quantitative fluorescent
(QF)-PCR for trisomies 13, 18 and 21 in amniotic fluid were negative. Fetal neurosonography
at 21+6 weeks’ gestation revealed hyperechogenic walls of the lateral ventricles and leftsided periventricular echogenicity. A large germinal matrix hemorrhage extended with a
wedge-shaped echogenic lesion into the left thalamus. The left cerebellar hemisphere was
replaced by an echolucent area with displacement of the right cerebellar hemisphere (Figure
1a). At 23+4 weeks, fetal MRI confirmed the ultrasound findings. The posterior fossa mass
had expanded and had the appearance of an organizing hematoma with destruction of the
left cerebellar hemisphere (Figures 1b and c). Repeat ultrasound scans showed mild
progressive dilatation, more obvious echogenicity of the lateral ventricles and wedge-shaped
cystic evolution of the left thalamus (Figure 2a).
By 30 weeks’ gestation the results of sequence analysis of the COL4A1 gene using fetal DNA
isolated from amniotic fluid became known, showing a de-novo pathogenic missense
mutation (G1103R). At 41+6 weeks a female infant was delivered vaginally with normal
Apgar scores, birth weight (3355 g) and head circumference (34 cm). Neonatal MRI confirmed
a wedge-shaped area of cavitation in the left basal ganglia. There was lack of myelination of
the posterior limb of the internal capsule and absence of the left cerebellar hemisphere
(Figures 2b and c). Ophthalmological investigation showed sporadic small retinal hemorrhages.
Renal sonography was normal. The infant developed a hemiplegia.
Rates of fetal intracranial hemorrhage of 0.46 per 1000 deliveries and 0.9 per 1000
pregnancies have been reported at referral centers4. In an unknown proportion of fetuses, a
Mendelian genetic disorder, associated with an increased risk for cerebral arteriopathy, can
be detected. The COL4A1 gene encodes for the alpha-1 chain of type IV collagen, a basement
membrane protein, which is expressed widely in all tissues, including the vasculature5.
Mutations in the COL4A1 gene lead to an altered COL4A1 protein, which compromises the
basement membrane of the vasculature, thus predisposing to hemorrhage. In 2005 Gould et
al.6 were the first to report COL4A1 mutations in mice with perinatal hemorrhage and in
human families with porencephaly. Since then COL4A1 mutations have been reported in
association with a wide spectrum of symptoms, including familial porencephaly, intracranial
aneurysms, muscle cramps, hemorrhagic stroke, infantile hemiparesis7–9 and intraventricular
hemorrhage in preterm infants with parenchymal hemorrhage of antenatal onset2, 3, 10. More
extensive supratentorial lesions, in combination with cerebellar injury, have recently been
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Figure 1. (a) Prenatal coronal ultrasound image at 21+6 weeks’ gestation showing a wedge-shaped echogenic lesion of the thalamus adjacent to the left
lateral ventricle. (b) Prenatal coronal T2SE-weighted magnetic resonance image (MRI) at 23+4 weeks’ gestation, confirming the lesion and showing a lowsignal-intensity area at the border, suggestive of a hemorrhagic component. (c) Prenatal MRI at 23+4 weeks’ gestation, showing the absent left cerebellar
hemisphere on posterior coronal view.
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Figure 2 (a) Prenatal ultrasound image at 32+4 weeks’ gestation showing cystic evolution of the echogenic lesion into a porencephalic cyst. (b) Postnatal
magnetic resonance imaging (T2SE-weighted), axial views. The left cerebellar hemisphere is absent. There is an area of cavitation in the left basal ganglia.
(c) Myelination is only seen as low signal intensity in the right posterior limb of the internal capsule.
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reported2. In our case, the combination of a supratentorial hemorrhage and a cerebellar
lesion led to prenatal diagnosis of a COL4A1 mutation. Making this diagnosis has important
implications for perinatal management and genetic counseling.
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In this chapter a review of the main findings of this thesis will be discussed in the context of
research carried out by other specialists in the field and recent developments regarding
prenatal screening and prenatal genetic diagnosis. Furthermore, opportunities and challenges
in the field of prenatal genetic diagnosis will be discussed. I will finish with a personal view
on the impact of these changes, along with new developments in preconception genetic
screening, prenatal genetic diagnosis and counseling, and challenges on the road towards
‘personalized fetal genetics’.
The utilization of invasive prenatal diagnosis in the Netherlands
In chapter 2 we show that between 2000 and 2009 the number of invasive procedures
decreased by almost half (chapter 2, figure 1), whereas the number of chromosomal anomalies
detected nearly doubled (from 5.5% to 9.4%) (chapter 1, figure 4). In 2000 most women ≥ 36
years were referred for invasive testing solely based on their advanced maternal age (AMA).
The increased use of the ﬁrst trimester combined test after 2004 and the start of a national
prenatal policy in 2007 significantly improved the efficacy of prenatal testing. This trend
resembles that observed in other countries.1,2,3,4,5 It can be explained by the increased referral
for invasive testing based on well performing indications, like the first trimester combined test,
with a positive predictive value (PPV) of 10.3% and ultrasound anomalies, with a PPV of 30%
(chapter 1, figure 6). This is favorable because finding the same / more chromosomal anomalies,
whilst performing less invasive procedures, reduces the numbers of iatrogenic miscarriages. In
spite of these achievements, there is still a need for further improvement.
Maternal Age
In chapter 2 and chapter 3 we show that in 2009 the majority of women ≥ 36 years who
opted for invasive testing still had the indication AMA, a poorly performing indication with a
PPV of 3%. Therefore the positive effect of the increased utilization of prenatal screening on
the efficacy of invasive prenatal diagnosis remained relatively confined to the younger
women. This is illustrated by the finding that in 2009, 16.3% of the fetal karyotypes in
women < 36 years was abnormal, versus 6.4% in women ≥ 36 years. We conclude that in
order to further improve the efficacy of invasive prenatal diagnosis in the Netherlands, the
proportion of women referred for AMA alone needs to be reduced by replacing the
conventional AMA indication by ﬁrst trimester combined testing, or, alternatively, in the
future, by noninvasive prenatal testing. Engels et al. found that in AMA women, the Down
syndrome DR (detection rate) was higher, but the FPR (false positive rate) increased
disproportionally.6 They suggested lowering the cut-off risk for offering invasive testing to
1:100 in AMA women, thereby improving the balance between DR en FPR and screening
performance. Other studies have suggested eliminating the maternal age from the risk
assessment to reduce the FPR in older women and to use the absolute risk screening approach
(ﬁnal risk at first trimester combined test/maternal age risk).7,8,9 However, because this
screening approach could not measure up to screening methods which include maternal age
in their primary algorithm, it never became implemented in clinical prenatal practice.
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Owing to the long tradition of offering invasive testing to women ≥ 36 years, abolishment of
the indication AMA for invasive testing is a delicate matter. The results of our study in
chapter 2 clearly show that with the introduction of first trimester screening, the indication
AMA has become outdated. In December 2011 the Central Organ for Prenatal Screening
(COPS: Centraal Orgaan Prenatale Screening) sent a letter to the Minister of Public Health
and Sports (VWS; Volksgezondheid, Welzijn en Sport), citing, among others, our findings in
chapter 2. The advice was to abolish AMA as an indication for invasive testing and to
reimburse the costs of the first trimester combined test for women < 36 year.10 In May 2012
the Minister replied with a short letter stating that the College of Health Insurances (College
van Zorgverzekeringen, CVZ) first needed to assess the consequences of changes in prenatal
screening policy in more detail.11 The fact that the ≥ 36 years cut off (and the reasoning
behind its introduction) over the years has become an imbedded fact is illustrated by the fact
that in her letter the Minister asks why the COPS advises to abolish the 36 years cut-off,
while the rationale for its introduction at the time was the fact that women of ≥ 36 years
have an increased risk for a child with Down syndrome. Until now, no significant changes in
the prenatal screening policy have been implemented.
Several studies have shown that on both sides of the maternal age spectrum pregnancies are
subject to various maternal and fetal risks. These risks are not addressed by defining arbitrary
maternal age cut-offs, but they necessitate tailored preconceptional counseling, prenatal
screening and perinatal care.12,13,14,15,16 Although there is strong evidence of an association
between very advanced maternal age (VAMA: maternal age ≥ 45 years) and adverse maternal
and perinatal outcomes (increased rates of congenital malformations, stillbirth, perinatal
death, preterm birth and low birth weight) and pregnancy complications among women ≥
45 years, this appears to be a gradual increase as women age, rather than a dramatic increase
at 45 years. Lowest rates of complications are seen among healthy women who had been
screened for pre-existent disease and became pregnant naturally.12 Hospital based studies in
VAMA women show very low rates of fetal/ infant loss suggesting that specialized pregnancy
care may impact positively on pregnancy outcomes.13,14 On the other side of the maternal
age-spectrum teenage, pregnancies are known to be at a higher risk of adverse pregnancy
outcome with respect to fetal loss or IUGR, prematurity and maternal complications such as
preeclampsia or anemia.15
Increased incidences of fetal malformations in teenage pregnancies of up to 8.3% have been
reported.16 Gastroschisis is a well known example of a fetal anomaly that is strongly associated
with young maternal age. Already, ultrasound screening identifies well over 90% of
gastroschisis prenatally (Lou Pistorius, personal data), allowing optimal perinatal management
of affected pregnancies in order to minimize the risk of late third trimester fetal demise.
The current low uptake of prenatal screening
Currently, more than five years after the start of the national program, the nationwide
average uptake of the first trimester combined testing is as low as 25%.17 This is in line with
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our findings in chapter 2 that the majority of women ≥ 36 years is still referred for invasive
testing on the indication AMA and the majority of trisomies in women < 36 years is still
detected after demonstrating ultrasound anomalies (chapter 1, figure 3). Apart from the
finding that informed consent is highly valued in the Netherlands, when compared to
neighboring countries18, we do not have full insight into why large numbers of women opt
out of prenatal screening in the Netherlands. A recent cross-sectional survey in the North of
the Netherlands, showed that the main reasons to decline first trimester testing was that
Down syndrome would not be a reason to consider termination of pregnancy and that they
considered their prior DS risk to be low.19 Another recent study revealed that only 10 % of
pregnant women had a realistic idea of their age-dependent specific Down syndrome risk
(within double standard deviation). This mother’s self-risk assessment was independent of
maternal age, education, parity and gestational age.20 Future studies are expected to give
further insight into the main arguments that influence the decision of women to opt in or out
of prenatal screening. If, for example, financial grounds or insufficient knowledge of their
individual risks are found to be causal, changes in the prenatal screening policy are necessary.
Although the introduction of prenatal screening programs has the potential of leading to a
decrease in the live birth prevalence of Down syndrome21, the low uptake of prenatal
screening and the increasing maternal age of pregnant women over the years have been
shown to be stronger determinants of the prevalence of DS births in the Netherlands. This is
reflected by the finding that the birth prevalence of Down syndrome during the period 19972007 has remained stable at 14.57 per 10,000 births.22
Invasive testing after a first trimester combined test estimate > 1:200
Women ≥ 36 years can opt for invasive testing when their first trimester risk estimate is
higher than the cut-off of 1:200 and also based solely on their advanced maternal age.
Women < 36 years can only opt for invasive testing when they perform the first trimester
combined test (and pay the costs of 155 euro’s themselves) and when their subsequent
Down syndrome risk estimate is ≥ 1:200. In chapter 3 we show that pregnant women < 36
years and women ≥ 36 years make different choices when confronted with similar Down
syndrome risk estimates. The main finding is that 75% of women < 36 years with a Down
syndrome risk estimate ≥ 1:200 opt for invasive testing, regardless of the exact magnitude of
their risk estimate (chapter 3, tables 2 and 3). Women ≥ 36 years, who are not restricted in
their choice of prenatal screening, are able to weigh a combination of maternal and pregnancy
related factors when opting in or out of invasive testing. They are less likely to opt for
invasive testing when they had become pregnant through artificial reproduction technology
(ART) and/or with every year that they age (chapter 3, figure 2). We argue that the difference
between both age groups results from the manner in which the first trimester combined test
and invasive testing are currently being offered in the Netherlands. In view of our findings a
policy without restrictive arbitrary cut-offs (maternal age of 36 years, DS risk of 1:200) is
likely to restore the relationship between the maternal age, the risk of a fetal chromosomal
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anomaly in the current pregnancy and the risk women are prepared to take to detect a child
with a chromosomal anomaly. Counseling should emphasize that a woman’s a priori risk of
giving birth to a child with a trisomy 13, 18 or 21 (determined on the basis of her maternal
age, whether she had a previous child with a trisomy and whether the pregnancy was
conceived spontaneously or by ART) are already included in the DS risk estimate algorithm.
Counseling on the decision of subsequent invasive testing should, besides the magnitude of
the personalized DS risk derived from first trimester combined testing, include individual
maternal and fetal factors concerning obstetric history and findings in the current pregnancy,
to ensure that women and their partners make the choice that does justice to their personal
situation, needs and beliefs.23 With the future implementation of noninvasive diagnosis, the
number of women opting for invasive testing is expected to decrease.
Noninvasive prenatal diagnosis (NIPD)
NIPD is currently offered in the USA, China, Germany and Belgium, but not yet in the
Netherlands. Our current findings and previous studies6,24 show that screening performance
and (Dutch) women are unique in their choices and accordingly, the uptake of NIPD in the
future cannot be predicted from experiences in other countries. As with first trimester
combined testing, the uptake of NIPD will only gradually become clear in the years after its
introduction in the Netherlands. The current Dutch policy regarding first trimester combined
testing, with its cut-off of 36 years for invasive testing and reimbursement of the first
trimester combined test, is not doing justice to the right and the capability of pregnant
women to make autonomous choices regarding prenatal screening. In general, when an
autonomous choice is valued, no conflicting restrictions (offering it to all women, but
reimbursing it for some) should be permitted. This should be taken into account with the
future implementation of a national policy for NIPD in the Netherlands.
On the 10th of May 2011 the RIVM organized a meeting on the subject of NIDP. From there
on a national consortium named NITRO (Niet Invasief Trisomie Onderzoek; noninvasive
trisomy research) was established, in which all eight University Medical Centers (UMC’s), the
RIVM, Sanguin (Sanguin Bloedvoorziening; Sanguin Bloodbank), VKGN (Vereniging Klinische
Genetica Nederland; society for clinical genetics in the Netherlands), NVOG (Nederlandse
Vereniging van Obstetrie en Gynaecologie; Dutch society for obstetrics and gynaecology),
VSOP (Vereniging Samenwerkende Ouder- en Patiëntenverenigingen; society for cooperating
parents- and patient societies), VKGL (Vereniging Klinisch Genetische Laboratoriumdiagnostiek;
Society for clinical genetic laboratory diagnostics), NVHG (Nederlandse Vereniging voor
Humane Genetica; Dutch society for Human Genetics) and EMGO (Institute for Health and
Care Research and Midwifery Science) are represented. The consortium is performing
research on the technical and practical feasibility of NIPD. Its main goal is the implementation
of NIPD in the Netherlands. Validation in routine diagnostics of NIPD by the genomic
laboratories and development of appropriate patient educational materials are in progress.
So far, most NIPD studies have been performed in pregnancies with a high aneuploidy risk,
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meaning that specificity and sensitivity in low risk populations are not yet widely available.
Furthermore, because NIPD is considered prenatal screening, a WBO permit will have to be
granted in order to be able to offer NIPD to all pregnant women in the Netherlands. A national
WBO application for a pilot study on prenatal noninvasive trisomy screening in the Netherlands
has been submitted in March 2013.
Given the very high sensitivity and specificity of noninvasive trisomy detection, with the
introduction of NIPD, boundaries between screening and diagnosis fade. Although NIPD is
(still) considered prenatal screening, a trisomy suspicion with NIPD screening has a high
probability and is expected to be confirmed with subsequent prenatal invasive diagnosis. In
2010, a study by van den Heuvel et al. provided empirical evidence that practitioners may
view the consent process for NIPD differently from the one for invasive prenatal testing.25
They concluded that the introduction of NIPD might potentially undermine women making
informed choices in the context of prenatal diagnostic testing for conditions like Down
syndrome. Given the importance of informed choice in reproductive decision-making,
implementation of any NIPD program should be designed to facilitate this. Whether NIPD, as
part of a future prenatal screening policy, will meet the aim of giving pregnant women a true
choice, will largely depend on the mode of implementation. Will NIPD of trisomies become
first tier investigation, or second tier investigation after first trimester screening has been
performed? Can adequate pretest counseling be sustained when an increasing number of
women opt for NIPD? Will it be offered to and reimbursed by the health insurance companies
for women of all ages? These are important issues to discuss and address before
implementation of NIPD. When noninvasive prenatal diagnosis becomes feasible and its
costs manageable, it is likely that the number of pregnant women opting for prenatal
diagnosis will increase. Also at an organizational level, a number of questions will have to be
answered, e.g.: can high quality posttest counseling be realized in case the number of
trisomies detected prenatally rises rapidly after NIPD introduction?
Finally, it is important to recognize that NIPD is not (yet) fully diagnostic and therefore
constitutes an advanced screening test. If NIPD shows a high suspicion of a fetal trisomy,
confirmation by invasive testing is required, especially when pregnancy termination is
considered. Moreover, for women who are screen-positive using current screening protocols,
Down syndrome represents only about half of the fetal chromosomal abnormalities identified
through AC and CVS.26 This implies that currently NIPD will reduce the number of invasive
procedures, but that in the case of an increased NT or structural fetal anomalies and normal
NIPD results, invasive testing for additional investigations, for example for array-CGH, is still
indicated.
Ultrasound anomalies and genetic counseling
Since the start of the official prenatal screening policy in 2007, offering structural ultrasound
screening between 18-22 weeks (SEO) to all pregnant women, its uptake has increased to
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over 90% in 2010. EUROCAT (European Registration of Congenital Anomalies and Twins)
reported a significant decrease in the number of births of infants with lethal malformations.
This is likely to be due to the increased detection by SEO of children with anencephaly, severe
spina bifida and chromosomal anomalies with a high mortality like trisomy 13 and 18
(Nieuwsbrief Eurocat 2010). These findings might explain some of the success reported by
the College for Prenatal Care (CPZ, College voor Perinatale Zorg), which has been assigned
the important task of reducing the number of perinatal deaths in the Netherlands, shown to
be increased compared to neighboring West-European countries.27,28 They reported a 40%
reduction in perinatal mortality in infants born after 37 weeks of gestation in 2012 and are
expecting to achieve even better outcomes in the near future with improved cooperation
and communication between the various perinatal health care professionals (Jaarcongres
(annual conference) CPZ 30/11/12).
The PPV of fetal structural anomalies detected at prenatal ultrasound for chromosomal
anomalies is high: in 30% of pregnancies a chromosomal anomaly is detected. In chapter 2
we show that the low uptake of first trimester prenatal screening results in 50% of trisomies
in women < 36 years being detected by ultrasound screening. SEO is performed between
18-22 weeks of gestation. Thereafter, there is limited time available for genetic analysis
because in the Netherlands, after 24 weeks of gestation, pregnancy termination is no longer
an option in case of a fetus with non-lethal anomalies. In addition, second trimester termination
of pregnancy has been shown to be more stressful when compared to first trimester
termination.29,30 Increased uptake of the ﬁrst trimester combined test in women < 36 years,
or the offer of NIPD, could lead to an earlier diagnosis of trisomies.
Moreover, although not routinely offered in the Netherlands at present, first trimester
ultrasound anomaly screening is also being advocated by some. First trimester ultrasound
has been reported to detect almost half (43%) of the fetal structural anomalies. Detection
varies per type and severity of anomaly, ranging from a low detection of pes talipes and renal
anomalies, to 50% of lethal skeletal dysplasias and diaphragmatic hernia, to nearly 100% of
acrania and alobar holoprosencephaly.31 A first trimester ultrasound scan, although beneficial
in detecting first trimester anomalies, is not included in the Dutch prenatal screening policy.
Arguments against are that a large proportion of the detected anomalies will be lethal (thus
not improving prognosis by early diagnosis) and most would also be detected at the SEO. A
normal first trimester scan will have to be followed by a second trimester scan, because a
proportion of the fetal anomalies will only be visible in the second trimester. Furthermore,
detection in the first trimester has not been demonstrated to increase postnatal survival of
infants with non-lethal anomalies. First trimester ultrasound diagnosis would however
provide more time for genetic analysis, allowing parents to decide on continuation or
termination of pregnancy based on a definite diagnosis. For lethal anomalies (e.g.
anencephaly) first trimester detection seems uncontroversial and advantageous. First
trimester termination, however, for some of these pregnancies may impede proper diagnosis
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of the underlying cause (because of incomplete manifestation of the disorder) and thereby
accurate counseling of the parents on recurrence risk in future pregnancies.31
When an increased risk for a child with congenital malformations, and the type of fetal
anomalies expected, are known a priori, it can be determined at what gestational age
detailed ultrasound is indicated (and useful) in individual women. Depending on the type of
structural defects, ultrasound is expected to show anomalies as early as 12 weeks gestation
(e.g. Meckel-Gruber syndrome32,33) or is expected not to be conclusive until after 20 weeks
(developmental anomalies of the fetal cortical brain34).
Prenatal diagnosis in ART pregnancies
The main finding of our study in chapter 4 was that the incidence of confined placental
mosaicism (CPM) is not significantly increased in IVF pregnancies compared to that in
spontaneous conceptions (chapter 4, table II). This implies that early mosaicism in IVF
embryos is not translated into localized chromosomal anomalies in the placenta and that
CPM itself cannot account for the adverse perinatal outcomes observed in IVF singletons.
Concerning the first trimester screening, this implies that the lower PAPP-A MoMs generally
found in the group of pregnancies after ART can probably also not be explained by the
higher frequency of CPM. In general, women considering CVS are counseled on a 2% risk of
unclear findings, necessitating further investigations. Our results suggest that women who
became pregnant through IVF/ICSI do not have to receive different counseling concerning
the risk of unclear findings. A recent meta-analysis into why singletons conceived after ART
have adverse perinatal outcome, showed that subfertility is a major risk factor for adverse
perinatal outcome in ART singletons. However, even in the same mother an ART singleton
has a poorer outcome than the non-ART sibling. Factors related to the hormone stimulation
and/or IVF methods may therefore also play a role.35,36
In chapter 3 we demonstrated that the modus of conception plays a significant role in the
choice of women to opt for invasive testing. In a follow-up study of 20,215 women who
performed first trimester combined testing, we found that women receiving a risk estimate of
≥ 1: 200 were less likely to opt for invasive testing when they became pregnant through ART.
In chapter 4 we found that the frequency of fetal chromosomal anomalies was approximately
twice as high in the IVF-ICSI group when compared to the control group (4.3% versus 2.4%),
although this was not statistically significant (chapter 4, table III). Future research will hopefully
identify additional (epi)genetic and environmental factors responsible for the increased risk of
chromosomal anomalies and congenital malformation, especially in ICSI pregnancies. With a
growing number of women becoming pregnant after ART, it is increasingly important to offer
this subgroup of women individualized prenatal screening and diagnosis. Moreover, it is
necessary to more precisely identify those couples pregnant after ART that are at an increased
risk of giving birth to a child with congenital anomalies or a genetic syndrome, and as such
would be eligible for an intensified perinatal surveillance protocol.
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Prenatal array analysis in pregnancies with fetal anomalies
Parallel with the increased uptake of prenatal screening and the improved quality of
ultrasound screening, the resolution of genetic analysis steadily increased. In chapter 5 we
review the increased detection of chromosomal anomalies by the introduction of array
techniques in prenatal diagnosis, specifically in pregnancies with ultrasound anomalies.
Prenatal utilization of this technique has increased rapidly over the past years. The resolution
has increased stepwise from BAC (bacterial artificial chromosome) to oligo- and SNP array,
leading to an increased yield of anomalies. Equally as important is the reduction in reporting
time of the array results. These results used to be available in two to three weeks, but
nowadays are available in one and a half week and sometimes even sooner. Since the
majority of prenatal arrays are performed for fetal anomalies detected with SEO, at a
gestational age of 20 weeks or more, there is an enormous time pressure. With faster results,
valuable time has been gained, which can be used for detailed interpretation of the array
findings in the light of the ultrasound anomalies, genetic counseling by the clinical geneticist
and social worker and subsequent contemplation and decision making by the parents.
Accurate pretest genetic counseling is essential for informed consent by parents, given the
risk of whole genome array for detecting uncertain findings, findings with variable penetrance
and findings revealing information on late-onset disease.37,38,39,40 In performing array, the
controversy of screening versus diagnosis is an issue. The array in intent is a diagnostic test,
but because of its whole genome coverage, performing array also implicates screening of the
fetal genome. A recent study found that in 0.6% of patients referred for intellectual disability
and congenital anomalies, postnatal array detected genomic imbalance involving cancer
predisposition genes.41 Another important issue in prenatal array is the detection of genomic
gains or losses which are known risk factors for symptoms like autism, epilepsy or learning
disability. In the postnatal setting a finding like this can explain symptoms already present in
the patient, or make parents aware of a susceptibility of their child. In the prenatal setting
the detection, in an otherwise normal pregnancy, of for instance a deletion or duplication
15q11.2, known to be associated with an increased risk of intellectual disability and language
delay, but also seen in healthy individuals42, might have a different impact. In exceptional
cases this could lead parents to decide to terminate the pregnancy of a fetus at risk of
symptoms, which it would never have developed. The chance of finding variants of unknown
significance can be reduced to 1.5% by the use of a targeted array.43 In general, the
incremental yield of array over chromosomal analysis is agreed to outweigh the risk of
detection of additional findings, but this debate is ongoing.44,45 With a continuously growing
number of disease genes being identified, (SNP) array will offer increasing opportunities to
link structural anomalies, hydrops foetalis, growth retardation and fetal demise to known
manifestations of previously reported genetic disorders.
More recently, several studies reported on detection rates of CNVs in pregnancies with a low
a priori risk of a fetal chromosomal abnormality. In 1.3% of these low risk pregnancies
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known pathogenic deletions and duplications, with a potential for clinical significance, are
detected.46,47 This prompts discussion about whether offering invasive testing and microarray
analysis to all pregnant women would be appropriate. In the current era of invasive testing
one could argue that a magnitude of risk of 0.5-0.6% does not justify the risk of miscarriage,
but future availability of noninvasive testing will again change the scope on prenatal array
and other types of whole genome analysis. Others have propagated that the issue of using
highest resolution arrays to maximize detection against the drawbacks of novel or uncertain
findings may best be managed by giving parents the option of high-resolution versus lowresolution, targeted, prenatal analysis.45 A recent quantitative study among Dutch women
and professionals, regarding diagnostic test options for women at increased risk for common
aneuploidies, showed that preferences differ. Although narrow testing (targeted testing, e.g.
QF-PCR for trisomy 13, 18 and 21) was preferred for its limited effect on emotional and
organizational burdens, individual choice (targeted testing / karyotyping / array-CGH) was
preferred for assuring women’s decisive influence.48 The preferences of parents in this context
and the impact of prenatal arrays will be the subject of a multicenter study (UMCG, AMC
(Amsterdam Medical Center), UMCU (University Medical Center Utrecht)) expected to start
in 2013. Hopefully this will give more insight into whether women want to be offered several
choices in prenatal genetic diagnosis and on the impact on parental anxiety levels of abnormal
and unexpected findings with prenatal array.
In case of a normal array result, the chance of the fetus having a chromosomal anomaly
decreases significantly. With the increased resolution, normal array results have therefore
become a valuable tool in prenatal counseling of ultrasound anomalies. This is especially
evident in single or non-lethal and operable structural anomalies not suspicious for a genetic
syndrome, in which case a normal array result can give parents reassurance to continue the
pregnancy with confidence in a good outcome.49 Therefore, both abnormal and normal
findings with array in pregnancies with ultrasound anomalies give the health care professionals
involved in perinatal care increasing opportunities to provide individualized counseling to the
parents on the etiology (isolated versus syndromic or chromosomal) and expected outcome
of fetal structural anomalies.
Prenatal array in consanguineous pregnancies
In chapter 5 we tabulate the difference in detection between karyotyping and array-CGH /
SNP array (chapter 5, table 1). SNP arrays have currently been implemented in the postnatal
setting in most Dutch laboratories and can facilitate diagnosing an autosomal recessive
disorder in consanguineous parents. Of all registered children with a congenital disorder in
the EUROCAT registration (European surveillance of congenital anomalies) 1.2% has
consanguineous parents. Although the proportion of autosomal recessive disorders among
newborns with hereditary and structural anomalies in the Netherlands is small, there is much
to gain in this specific group. A recent study showed that, although primary care professionals
are aware of their task to inform consanguineous couples of the increased risk of a child with
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a congenital disorder, it is only briefly discussed during preconception consultation.50 As a
result of this, and other causes (e.g. language barrier), the proportion of consanguineous
couples asking for preconception genetic counseling is low.51 One of the conclusions of the
RIVM report was that consanguinity should be regarded as one of the risk factors for having
a child with a congenital disorder.51
The main impact of consanguinity is the increased expression of rare autosomal recessive
genetic disorders (as compared to nonconsanguineous couples), which, in marriages of first
cousins, occurs with an increased frequency of 2% and have a high mortality and morbidity.
GUO is being offered routinely in consanguineous pregnancies, but many autosomal
recessive disorders are not detectable by ultrasound. An SNP array can reveal regions of
homozygosity, which may harbor genes known to be associated with autosomal recessive
disorders, and possibly be linked to the anomalies in the fetus / child. Technological advances
in rapid high-throughput genome sequencing offer a significant opportunity to identify
genotype-phenotype correlations, focusing on autozygosity.52 Over the past 25 years, over
1150 genes that cause Mendelian recessive diseases have been identified.52 Identification of
the mutations in an autosomal recessive gene offers parents the opportunity to consider
prenatal diagnosis or PGD (preimplantation genetic diagnosis) in future pregnancies.
Ideally, carriers are identified even before a first affected child is born. Population genetic
screening in consanguineous populations has been shown to be able to significantly reduce
the number of affected children.53 An example of improvement in this field of care in the
Netherlands is the initiative of the AMC/VUMC (Vrije Universiteit Medisch Centrum; free
university medical center) to launch an outpatient clinic for preconception genetic screening
in Volendam. Screening is offered for four genetic disorders which are known to occur at an
increased frequency in this village as a result of several founder mutations. New techniques,
such as the use of DNA chips and next generation sequencing, will allow carrier status to be
simultaneously determined for many more recessive conditions than are included in current
screening programs, without significantly increasing the costs.54
Prenatal diagnosis of monogenic disorders:
Making a prenatal syndrome diagnosis in case of ultrasound anomalies, and confirming this
by DNA-analysis before 24 weeks of gestation, is still a major challenge. However, the
likelihood of establishing a prenatal monogenic diagnosis has increased over the past years.
Worldwide large-scale application of fetal ultrasound in the past decade has yielded
increasing knowledge, resulting in a large quantity of publications on prenatal features of
multiple monogenetic disorders and syndromes55,56,57,58,59, thereby facilitating prenatal
recognition of monogenetic disorders. A shortened turnaround time of DNA-analysis for
monogenic disorders, rapid identification of new genes and the increasing availability of next
generation sequencing (NGS) have facilitated rapid sequencing of multiple relevant genes
and increase the chance of detecting a causative mutation prenatally in relevant cases (versus
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after birth or after termination of pregnancy). An example of successful application of NGS
techniques in the prenatal situation is the identification of disruption of the CHD7-gene
(CHARGE syndrome) by large-insert (mate pair) sequencing of DNA extracted from amniotic
fluid cells from a fetus with a balanced translocation and multiple congenital anomalies.60
In chapter 6 we discuss two examples of the identification of a monogenetic disorder in
fetuses with ultrasound anomalies. In one fetus, the combination of a supratentorial
hemorrhage and a cerebellar lesion detected by prenatal ultrasound and MRI led to the
suspicion of an inherited susceptibility for prenatal hemorrhage and the confirmation of a de
novo mutation in the COL4A1 gene. Establishing this diagnosis had important implications
for genetic counseling and perinatal management (no instrumental delivery, indication for
renal and ophthalmological investigations after birth, no further investigations into the cause
of the prenatal hemorrhage). The de novo character of the mutation implied that further
investigations in relatives were not indicated allowed the parents to be counseled and
reassured on the low recurrence risk (<1%) in future pregnancies.
Recurrence risks and family screening are important issues within the families of the fetuses
diagnosed prenatally with cardiac malformations and cardiomyopathy, as described in
chapter 6. These cardiac anomalies were shown to be caused by familial MYH7 mutations.
In the family of patient 1, this mutation was already known within the family and therefore
fetal ultrasound screening was performed. In patient 2, however, the fetus was the first in
the family to be diagnosed with cardiac malformations and cardiomyopathy. The mother was
only secondarily shown to be affected with left ventricular non compaction (LVNC) and to
carry the MYH7 mutation. These findings may have important implications for genetic
counseling of families with MYH7 mutations and indicate that fetal echocardiography
surveillance is indicated in pregnancies where one of the parents carries a MYH7 mutation.
Future studies should address the prevalence of MYH7 mutations in fetuses with pulmonary
and tricuspid valve anomalies. More elaborate genotype-phenotype studies are needed to
study which (type of) MYH7 mutations put their carriers and offspring at an increased risk for
cardiomyopathy as well as structural heart defects.
NIPD of monogenic disorders
For several disorders some form of non genetic non-invasive testing has already been realized
by highly sophisticated prenatal ultrasound imaging. Examples include ultrasound screening
for neural tube defects (NTDs), replacing measurement of alpha fetoprotein (AFP) in amniotic
fluid of fetuses at an increased risk of this disorder, and Doppler ultrasonography to measure
the peak velocity of systolic blood flow in the middle cerebral artery, safely replacing invasive
testing in fetuses at risk for anemia.61,62 For many disorders ultrasound anomalies are not
present, or only late in pregnancy. At the present time, therefore, in most families with
monogenic disorders, CVS is carried out to perform DNA analysis of the familial mutation(s)
in an early stage of pregnancy.
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In 2010 it was shown by Lo and coworkers that the entire fetal and maternal genomes are
represented in maternal plasma at a constant relative proportion.63 Their results suggest that
it is feasible to diagnose fetal genetic disorders prenatally in a noninvasive way by massive
parallel sequencing of the whole fetal genome. They assembled a complete fetal genomic
map using the paternal genotype and maternal haplotype. This opens the door for wholegenome analysis in prenatal genetic diagnosis. The potential negative effects of whole fetal
genome sequencing must be balanced against the possible benefits it might offer for
reproductive decision-making.64 Traditionally, it was the goal of PND to allow reproductive
choices of pregnant women and couples.65 Whole-genome analysis, however, will identify
genetic susceptibilities for late-onset diseases, heterozygous mutations in recessive disease
genes and variants of unknown significance in every fetus. Some of this genetic information
may be relevant prenatally, or in childhood. However, by disclosure of all available information
to the parents in the prenatal setting, the child’s ‘right not to know’ is at stake.
NIPD is expected to offer great advantage in the category of referrals for invasive testing
concerning monogenic etiology, as well as in parents of a previously affected child with a de
novo defect, associated with a low recurrence risk. In these cases prenatal testing is mainly
performed for reassurance. Successful examples in the Netherlands, where NIPD is being
used to minimize the number of invasive procedures being performed, include fetal sex
determination by real time PCR of the SRY (sex determining region of Y) -gene in maternal
plasma. This was shown to have a 100% sensitivity and specificity in case of a 25% increased
risk for a child with adrenogenital syndrome.66 Further examples include the application of
noninvasive fetal blood group genotyping of rhesus D, c, E and K in alloimmunised pregnant
women66 and noninvasive testing of the paternal allele in maternal plasma in families with
beta-thalassemia or sickle-cell disease.68 In the latter case an invasive procedure can be
avoided when the paternal allele appears to be normal. This technique is still only applicable
for paternally inherited genetic disease. An additional application of NIPD concerns targeted
DNA-analysis in maternal plasma of a de novo mutation, which has already been shown to
be feasible in a case of Apert syndrome.69 This can however only be performed after the
suspicion of a fetal syndrome by detection of ultrasound anomalies (often second trimester)
and prior molecular design for detection of the, in this case recurrent, mutation. The fact
that the risk for fetal anomalies is not known in advance (de novo disorder) and therefore
mostly detected later in pregnancy, and the fact that many genetic syndromes are caused by
mutations spread throughout the gene, and not by recurrent mutations, currently limits the
application of targeted DNA-analysis in the prenatal setting.
From an affected fetus to an at risk parent
The increased knowledge available on prenatal features of genetic syndromes, the growing
number of genes for monogenetic syndromes with variable expression and the high resolution
of array techniques and NGS, means that it will be increasingly common for the fetus to be
the first to be diagnosed with a hereditary monogenetic disorder.70 The inherited MYH7
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mutations discussed in chapter 6, initially detected in the fetuses after cardiac ultrasound
anomalies, are examples of this situation. Subsequent cardiac screening of one of the
grandparents in case 1 identified late stage dilated cardiomyopathy, necessitating implantation
of an intracardiac device (ICD).
When AMA was the main indication for invasive prenatal diagnosis and conventional
karyotyping the golden standard, incidental chromosomal findings were rare and most fetal
chromosomal anomalies detected were de novo and therefore carried no important
consequences for the health of the parents themselves.71 Detection of a chromosomal
anomaly in the fetus, resulting from a parental translocation, indicated an increased risk for
future offspring, but in general did not have health risk implications for the parents, except
for a few rare cases. An example of such a rare case is the prenatal detection of a parentally
inherited balanced translocation associated with increased tumor risk, e.g. renal cell
carcinoma.72
When a postnatal array is performed in a child with intellectual disability and / or multiple
congenital anomalies, this will only prompt array in the minority of the parents to determine
the inheritance of the gains and losses (CNVs) detected in the child. Owing to the limited
time available for an array during pregnancy, prenatal arrays are usually simultaneously
performed in DNA of the fetus and parents to facilitate rapid interpretation of CNVs. As a
consequence of this workflow, microdeletions or microduplications can be demonstrated
that are associated with an increased health risk, not only in the fetus, but also in the
parents.41,73 For a proportion of these abnormalities genetic analysis, follow-up or even
treatment of one of the parents / sibs / further relatives will be indicated. Owing to the rarity
of most findings, and limited knowledge available on the exact significance of some array
findings for the postnatal phenotype, especially when detected prenatally, interpretation of
the array findings will have to be performed in the light of the family history and tailored to
the specific fetal anomalies present.
Prenatal fetal therapy
Currently, the main options for couples, who are confronted with a child with congenital
anomalies during pregnancy, are to terminate the pregnancy or to accept the birth of an
affected baby. For some conditions, options for prenatal treatment are available, successfully
improving the chance of pre- and postnatal survival. Examples include: fetoscopic laser
ablation of placental vascular anastomoses in the treatment of severe twin-twin transfusion
syndrome74, prenatal tracheal occlusion (and release) as a treatment for congenital
diaphragmatic hernia-induced lung hypoplasia75, intrauterine fetal transfusions in the
management of fetal anemia and fetal thrombocytopenia76 and prenatal repair of fetal
meningomyelocele to reduce the need for postnatal shunting and improve motor function.77
Most of these prenatal interventions, however, are still associated with a significant risk of
premature birth or even fetal death. Thus, a preventative strategy, such as prenatal gene
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therapy, would have distinct advantages. This is currently in an experimental phase. Prenatal
gene therapy aims to deliver genes to cells and tissues early in prenatal life, allowing the
correction of a genetic defect, before irreparable tissue damage has occurred.78 Other
options for prenatal therapy include gene transfer to modify disease, therapy with stem cells,
or a combined gene therapy stem cell approach.79 Human fetal mesenchymal stem cells have
already been isolated from routinely sampled prenatal amniotic fluid or chorionic villus
specimens and expanded in vitro. These cells could be used to provide tissue engineered
implants either at birth or even prenatally and thereby improving surgical repair of a defect.
For example, heart valve tissue could be engineered to replace a dysplastic heart valve
detected with prenatal ultrasound.80
Multi- and interdisciplinary cooperation optimize perinatal care
For correct interpretation of fetal ultrasound anomalies and counseling of the detected
anomalies, optimal cooperation between the specialists involved in perinatal care is essential.
Perinatologists, gynaecologists, neonatologists, clinical geneticists and pathologists each
have different skills and knowledge necessary to deliver optimal perinatal care. Increasingly,
subspecialists (pediatric cardiologists, nephrologists, and neurologists) are involved in
prenatal diagnosis and counseling on prognosis and treatment of structural anomalies. This
is essential as a higher proportion of (genetic) diagnoses is made in the prenatal setting,
thereby creating a timeframe for prenatal counseling, prenatal treatment and the optimization
of perinatal care to improve postnatal outcome.
Future perspectives:
Summarizing the studies presented in this thesis we can conclude that over the past decade
the efficiency of prenatal invasive testing has improved, illustrated by the finding that we are
performing less invasive tests and make a fetal genetic diagnosis more often. There is
nevertheless room for improvement, which could be realized by increasing the uptake of
prenatal screening, either serum screening or trisomy detection in maternal plasma, or both.
Women ≥ 36 years, in contrast to women < 36 years, who perform first trimester combined
testing were shown to weigh several personal factors when opting in or out of invasive
testing. Part of the differences between these age groups likely is likely due to the design of
the Dutch prenatal screening policy. In pregnancies with ultrasound anomalies where no
fetal aneuploidy was detected by standard karyotyping, the application of prenatal array has
resulted in an increased detection of genetic causes. The detection rate of genetic causes of
prenatal ultrasound anomalies will further increase with the implementation of next
generation sequencing for specific types of anomalies. A cardiome (an array with all genes
known to cause syndromal and isolated heart malformation) could for instance be performed
in the case of prenatal ultrasound detection of a heart defect, or DNA-analysis of the RASMAPK genes could be carried out in case of first trimester nuchal hygroma and another
feature suspect of Noonan syndrome (e.g. polyhydramnion, pyelectasia).70
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In the coming years, large number of whole exome data, and the association of genetic
findings with clinical phenotypes, risks and knowledge on gene-gene interactions, altogether
are expected to become powerful tools in postnatal genetic diagnosis. NGS techniques are
rapidly being introduced in the postnatal diagnostics. With these techniques it is possible to
obtain high-quality sequence data of whole exomes (coding sequences) or even full genomes.
Preconception carrier screening for recessive disease has the potential to identify couples at
increased risk for a child with an inherited disorder, even before the birth of an affected child.
Whole genome sequencing should only be applied for diagnostic purposes in a prenatal
setting, when technical issues and interpretation issues have been addressed. Finding a
genetic cause will have consequences not only for the fetus in that particular pregnancy, but
also for future pregnancies, reproductive decisions and in an unknown proportion of cases,
for further family members. Outcome of the fetal genetic analysis can only be interpreted in
the light of expanding knowledge on the correlation between fetal findings, family history,
and postnatal outcome.81,82,83,84,85 This increasing complexity demands personalized fetal
genetics: prenatal fetal genetic diagnosis that is performed according to the findings at
prenatal screening and fetal ultrasound, where the extent of subsequent fetal genetic
analysis is guided by these findings and also the gestational age along with what parents
want to be informed about. Depending on the outcome of this maternal and fetal risk
assessment, women at risk (increased nuchal translucency (NT), fetal anomalies at first
trimester ultrasound, consanguinity, and aberrant biochemical markers in maternal plasma)
will be counseled and offered further investigations and follow-up. Low risk pregnancies will
receive standard care (chapter 5, figure 1).
Challenges on the road towards personalized fetal genetics
Although individual Mendelian diseases are uncommon in general populations, collectively,
they have been calculated to account for ~20% of infant mortality and ~10% of pediatric
hospitalizations.86,87 Preconception genetic screening and prenatal genetic diagnosis will
therefore increasingly become an important factor in the process of individualized maternal
and fetal care.88 With the continuously expanding possibilities to diagnose fetal conditions,
technically all genetic variations can become the target of prenatal testing. Along with the
new opportunities for preconception carrier detection by next generation sequencing, and
prenatal diagnosis by array techniques and next generation sequencing, comes the important
challenge for professionals to provide optimal prenatal care, without creating a prenatal
‘roadblock for life’.89,90,91 Detection of disease mutation genotypes by NGS in the diagnostic
setting must be accurate and robust, especially when applied for prenatal diagnosis. To be
able to correctly classify all variants identified with NGS, development of functional assays
and establishment of an authoritative database of disease mutations, free of disease
mutations that are incorrect, incomplete, or common polymorphisms, are needed.53 With
the future implementation of noninvasive diagnosis, eliminating the miscarriage risk,
effective pretest counseling will be essential to ensure that women are aware of the possible
implications of results. Clinical geneticists and professional societies must play an active role
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in educating other clinicians on how whole genome sequencing differs from traditional
prenatal genetic tests, and on how to educate parents about the tradeoffs.64 The introduction
of genome-wide testing questions the feasibility of informed consent as traditionally
understood and urges society to consider the acceptability of so-called generic consent,
where applicants are only more generally informed about types of possible test outcomes
and their implications.92 Moreover, given the extraordinary degree of genetic variability, we
need to define what ‘genetic health’ actually means.93
Personalized maternal and fetal risk assessment implies screening for risk factors and
addressing and minimizing these factors for mother and fetus. Nicolaides has collected
scientific evidence for his statement that, in order to achieve early detection of pregnancy
complications, the pyramid of care should be inverted, with the main emphasis placed on the
first, rather than the third trimester.94,95 This could be achieved by combining maternal
characteristics, the family history and the findings of biochemical tests, as well as fetal
characteristics, such as growth and structural anomalies.
A future prenatal screening policy should enable women of all ages to make a well informed
and autonomous choice for prenatal screening and prenatal diagnosis. Furthermore, it
should enable doctors to perform, with a minimum of invasive investigations, optimal risk
selection for pregnancy-related maternal as well as for fetal disorders.
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ENGLISH SUMMARY
During the past ten years, we have witnessed impressive progress in technical possibilities of
prenatal genetic diagnostics and a significant reduction in the time necessary to report and
interpret the results. Advances were made from low resolution standard karyotyping to rapid
aneuploidy detection and whole genome array analysis. Implementation of next generation
sequencing (NGS) and noninvasive prenatal diagnosis is ongoing.
In the same period several significant changes and modifications have been made in the
prenatal screening policy. As of January 2007, a national governmentally sanctioned program
for prenatal screening was officially started in the Netherlands. The screening consists of the
first trimester combined test [maternal serum concentrations of PAPP-A and fß-hCG between
8 and 14 weeks of gestation, combined with first-trimester ultrasound measurement of the
fetal nuchal translucency and maternal age] and a fetal anomaly ultrasound scan between 18
and 20 weeks. Women ≥ 36 years, however, can choose to have invasive testing directly
regardless of their risk estimate, or whether a combined test was performed, because
advanced maternal age is an approved indication for invasive testing. Women < 36 years are
only offered invasive testing when their combined test risk estimate for Down syndrome is 1
in 200 or higher. The costs for the first trimester combined test are not reimbursed for women
< 36 years.
In this thesis we studied the efficacy and utilization of prenatal screening and prenatal diagnosis
in the Netherlands and the increasing options for prenatal genetic diagnosis in general.
The history and current status of prenatal screening and prenatal genetic diagnosis are
outlined in chapter 1. Background information on prenatal screening and diagnosis in
pregnancies conceived through artificial reproductive technologie and on noninvasive
prenatal diagnosis is given.
Chapter 2 describes the study of a population-based cohort of 10,706 invasive prenatal
procedures, analyzing trends in invasive prenatal diagnosis from January 2000 to December
2009, as reflected by the type and number of invasive procedures, indications for invasive
prenatal diagnosis, maternal age and the numbers and type of chromosomal abnormalities
detected. During the whole study period an average of 7.1% of karyotypes were abnormal.
In pregnancies with ultrasound anomalies this increased to 30%. We demonstrated that the
introduction of the first trimester combined test in 2004 led to a reduction in the number of
amniocenteses, a reduction in procedures performed on the indication advanced maternal
age and an increased positive predictive value of the indication serum screening. Following
the introduction of the new screening policy in 2007, the efficacy of invasive prenatal
diagnosis again significantly improved among all pregnant women, but more pronounced in
women < 36 years. In women < 36 years, the percentage of chromosomal abnormalities
found over the past decade was higher than in women ≥ 36 years. After 2007 the percentage
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of abnormal karyotypes in women < 36 years became more than twice that of women ≥ 36
years. Our findings imply that in order to further increase the efficacy of invasive prenatal
diagnosis in the Netherlands, advanced maternal age as indication for invasive testing should
be abolished. In line with our findings, the Central Organ for Prenatal Screening sent a letter
with this advice to the minister of Public Health and Sports in December 2011.
In chapter 3 we present a follow-up study of all women who had a first trimester combined
test performed during four and a half years after the start of the national screening program
(n = 20,215). Our aim was to determine the proportion of women who opted for invasive
testing after receiving a risk estimate above or equal to the present cut-off value of 1 in 200,
and to analyze their characteristics. We show that women with a combined test risk estimate
≥1 in 200, who subsequently opted for invasive testing, were younger, less likely to have had
their pregnancy conceived by artificial reproductive techniques, and more likely to have had
a nuchal translucency measurement ≥ 3.5 mm, when compared with women who chose not
to have invasive testing performed. Moreover, we found that in women ≥ 36 years, the rate
of invasive testing increased significantly with increasing combined test risk estimate, whereas
in women < 36 years the choice for invasive testing was independent of the magnitude of the
risk estimate. We concluded that pregnant women < 36 years and women ≥ 36 years make
different choices when confronted with similar Down syndrome risk estimates. These
differences are likely to be due to the different manner in which the first trimester combined
testing and invasive testing are being offered to these two age groups in the Netherlands.
This is a finding that should be taken into account with the future implementation of a
national policy for noninvasive prenatal trisomy detection in the Netherlands, because the
present test offer is not in line with the objective of the Dutch prenatal screening policy that
women should make autonomous choices, based on their personalized risk assessment.
In chapter 4 we studied the hypothesis that the increased incidence of confined placental
mosaicism (CPM) in IVF pregnancies, compared to spontaneous conceptions, might account
for the poorer perinatal outcomes as observed in IVF singletons. This was done by comparing
the incidence of CPM determined in 20,885 CVS procedures (235 IVF/ICSI; 20,650 controls),
which were performed on the indication advanced maternal age, between IVF/ICSI
pregnancies and spontaneous conceptions. Although the frequency of fetal chromosomal
anomalies was found to be approximately twice as high in the IVF–ICSI group as in the
control group, the incidence of CPM was not increased in IVF pregnancies compared with
spontaneous conceptions. This finding implies that embryo mosaicism is a phenomenon
restricted to the first stages of embryogenesis, with little clinical significance beyond the periimplantation period and for perinatal outcome. Other causes for the increased rates of
adverse outcome in ART pregnancies will have to be identified.
For the application of techniques in prenatal diagnosis one should distinguish between the
different indications for prenatal genetic testing. There is a large group of women with an
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increased Down’s syndrome, trisomy 13 or 18 risk, either because of advanced maternal age
or because of an increased risk after first trimester screening. In this group rapid aneuploidy
detection would probably suffice. In the group of women at increased risk of diverse
chromosomal abnormalities because of ultrasound anomalies, previous offspring with a
chromosomal abnormality or family history, array based techniques with a higher detection
rate, can be offered. In chapter 5 we summarize the outcome of studies on prenatal arrayCGH and SNP array and the clinical relevance of differences in detection rate and range as
compared to standard karyotyping. Given the higher yield of array based techniques,
compared to karyotyping, a greater detection rate of genomic anomalies in the prenatal
setting is expected to facilitate prenatal diagnosis and parental counseling. We further
explore the possible future workflow of prenatal diagnosis, with integration of new molecular
techniques, including noninvasive prenatal diagnosis.
Both karyotyping and array-CGH / SNP array do not discover monogenetic disorders. In case
of fetal ultrasound anomalies, this necessitates close involvement of a clinical geneticist
experienced in syndromology. The opportunities to establish a prenatal monogenic diagnosis
by DNA-analysis have increased over the past years. Both reports in chapter 6 show that
with the rapid identification of new genes, the shortened turnaround time of DNA-analysis
for monogenic disorders, and the increasing availability of NGS, prenatal detection of a
causative mutation is feasible. In chapter 6a we report on novel inherited MYH7 mutations,
which were detected in two unrelated fetuses and several family members. Both fetuses
presented with prenatal cardiac output failure and rare structural cardiac anomalies affecting
the pulmonary and tricuspid valve. We speculate on a possible genotype-phenotype
correlation between mutations in and around the ATPase active site in the globular myosinhead domain of MYH7 and congenital structural cardiac anomalies. Our findings yield
additional support for the role of the beta myosin heavy chain in early cardiac morphogenesis
and imply that when one of the parents carries an MYH7 mutation, fetal echocardiography
is indicated. In chapter 6b prenatal detection of a de novo mutation in COL4A1 is reported
in a fetus with the combination of a supratentorial hemorrhage and a cerebellar lesion
observed with prenatal ultrasound and MRI. Finding a genetic cause has important
consequences not only for the fetus in that particular pregnancy, but also for future
pregnancies, reproductive decisions and in an unknown proportion of cases, for other further
family members.
In chapter 7 opportunities and challenges in the field of prenatal genetic diagnosis are
discussed. With the new opportunities for preconception carrier detection by next generation
sequencing and for prenatal diagnosis by array techniques and NGS, prenatal genetic
diagnosis will increasingly become an important element in the process of individualized
maternal and fetal care. With the continuously expanding possibilities to diagnose fetal
conditions, technically all genetic variations can become the target of prenatal testing. There
are, however, still various challenges on the road towards personalized fetal genetics. To be
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able to correctly classify variants detected with NGS, functional arrays and authoritative
databases of disease mutations are needed. With the future implementation of noninvasive
prenatal diagnosis, eliminating the miscarriage risk, effective pretest counseling will be
essential to ensure that women are aware of the possible implications of results. A future
prenatal screening policy, however, should enable women of all ages to make a well informed
and autonomous choice for prenatal screening and prenatal diagnosis, without creating a
‘roadblock for life’. The increasing opportunities for early diagnosis of fetal congenital
malformations and / or genetic disorders are expected to yield improving possibilities to
optimize perinatal management and treatment and thereby maximize the chance of pre- and
postnatal survival.
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In de afgelopen tien jaar werd indrukwekkende vooruitgang geboekt in de technische
mogelijkheden binnen de prenatale genetische diagnostiek. Daarnaast is de uitslagtermijn
van genetische onderzoeken aanzienlijk verkort. Stapsgewijs werd overgegaan van het
standaard chromosomenonderzoek, met een lage resolutie, naar snelle aneuploïdie detectie,
middels FISH en QF-PCR, en het opsporen van deleties en duplicaties van het gehele genoom,
met array technieken (array-CGH en SNP array). Op dit moment wordt een begin gemaakt
met het invoeren van next generation sequencing technieken en niet-invasief onderzoek in
de prenatale diagnostiek.
In dezelfde periode zijn een aantal belangrijke wijzigingen aangebracht in het Nederlandse
prenatale screeningsbeleid. In januari 2007 ging officieel een nationaal programma voor
prenatale screening van start. Deze screening bestaat uit de eerste trimester combinatietest
(meting van de concentraties van PAPP-A en ß-hCG in maternaal serum tussen de 8ste en de
14de week van de zwangerschap, in combinatie met de dikte van de foetale nekplooi en de
leeftijd van de moeder) en structureel echoscopisch onderzoek (SEO) tussen 18 en 20 weken
zwangerschapsduur. Een verhoogde maternale leeftijd (36 jaar of ouder bij een zwanger
schapsduur van 18 weken) is een erkende indicatie voor invasief onderzoek. Vrouwen ≥ 36
jaar kunnen op grond van deze leeftijdsindicatie kiezen voor een vlokkentest of vrucht
waterpunctie ongeacht of ze screenend onderzoek hebben ondergaan en ongeacht of met
deze screening een verhoogde kans op Down syndroom werd aangetoond. Vrouwen < 36
jaar komen alleen in aanmerking voor invasief onderzoek als ze een kans van 1 op 200 of
hoger hebben op een kind met Down syndroom bij de combinatietest. Voor vrouwen < 36 jaar
worden de kosten van de eerste trimester combinatietest (155 euro) niet vergoed door de
verzekering.
In dit proefschrift hebben we de effectiviteit en het gebruik van prenatale screening en
diagnostiek in Nederland onderzocht. De toenemende mogelijkheden voor prenatale
genetische diagnostiek komen ook aan de orde. Hoofdstuk 1 bevat achtergrondinformatie
over huidige status van prenatale screening en prenatale genetische diagnostiek en de
ontwikkelingen in de voorgaande jaren. Verder wordt ingegaan op prenatale screening en
diagnostiek in zwangerschappen tot stand gekomen door geassisteerde voortplantings
technieken (IVF / ICSI) en op de niet-invasieve prenatale diagnostiek (NIPD).
In hoofdstuk 2 worden de resultaten van een cohort onderzoek van 10.706 invasieve
ingrepen, verricht tussen 2000-2009, beschreven. Aan de hand van het type ingreep
(vlokkentest / vruchtwaterpunctie), de aantallen ingrepen, de maternale leeftijd en de
gevonden chromosomenafwijkingen, hebben we trends in de invasieve diagnostiek in die
periode in kaart gebracht en geanalyseerd. We tonen aan dat de invoering van de eerste
trimester combinatietest in 2004 heeft geleid tot een significante daling van het aantal
vruchtwaterpuncties, een daling van het aantal ingrepen dat werd uitgevoerd op de indicatie
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’maternale leeftijd’ (zonder dat eerst screenend onderzoek was verricht) en een toegenomen
positief voorspellende waarde van de indicatie serumscreening. Gedurende de gehele
periode werd gemiddeld in 7.1% van de invasieve ingrepen een chromosoomafwijking
aangetoond. In zwangerschappen waarbij echoafwijkingen bij de foetus de reden waren
voor de ingreep, was dit percentage 30%. Nadat in 2007 het nationale screeningsprogramma
van start was gegaan, nam de effectiviteit van de invasieve prenatale diagnostiek (minder
ingrepen, maar een hoger percentage afwijkingen) opnieuw toe, het meest uitgesproken in
de leeftijds
categorie < 36 jaar. Bij vrouwen < 36 jaar was het percentage gevonden
chromosoomafwijkingen over de gehele periode van 10 jaar hoger dan bij de vrouwen ≥ 36
jaar. Na 2007 was het percentage afwijkingen bij de vrouwen < 36 jaar zelfs twee keer zo
hoog als bij de vrouwen ≥ 36 jaar. De data in deze studie laten zien dat door de invoering
van de eerste trimester combinatietest en het starten van een nationaal screeningsprogramma
de effectiviteit van invasieve prenatale diagnostiek is verbeterd. Dit is wenselijk, omdat deze
ingrepen een risico van 0.3% hebben op een miskraam. Onze bevindingen laten tevens zien
dat er nog ruimte is voor verdere verbetering. In lijn met deze bevinding heeft het Centraal
Orgaan voor Prenatale Screening (COPS) in december 2011 de minister van VWS geadviseerd
om de indicatie ‘maternale leeftijd’ af te schaffen.
Tevens hebben we onderzocht waarom vrouwen met een verhoogde kans op Down
syndroom bij de eerste trimester combinatie test al dan niet kozen voor invasief onderzoek.
In hoofdstuk 3 wordt dit onderzoek beschreven: een follow-up studie van 20.215 zwanger
schappen van vrouwen die een eerste trimester combinatietest hadden laten verrichten.
Allereerst hebben we gekeken naar de groep vrouwen met een kans van ≥ 1 op 200 op
Downsyndroom bij de eerste trimester combinatietest. Hierbij vonden we dat de vrouwen die
kozen voor invasief onderzoek significant jonger waren, vaker op natuurlijke wijze zwanger
waren geworden (niet middels IVF / ICSI) en vaker een verdikte foetale nekplooi ≥ 3.5 mm
hadden dan vrouwen die niet kozen voor invasief onderzoek. Een tweede bevinding was dat
vrouwen ≥ 36 jaar hun keuze voor invasief onderzoek lieten afhangen van de grootte van
hun kans op een kind met Downsyndroom bij de eerste trimester combinatietest: hoe groter
deze kans, hoe hoger het percentage vrouwen dat een vlokkentest / vruchtwaterpunctie liet
verrichten. Bij vrouwen < 36 jaar was dit verband echter niet aantoonbaar. Zij kozen significant
vaker (71%) voor een ingreep, ongeacht de grootte van hun kans op een kind met
Downsyndroom. Hieruit concluderen we dat vrouwen < 36 jaar en vrouwen ≥ 36 jaar bij een
zelfde risico op een kind met Downsyndroom andere keuzes maken. We beargumenteren
dat dit verschil het gevolg is van de ongelijke wijze waarop we in Nederland de combinatietest
(niet vergoed voor vrouwen < 36 jaar) en invasieve prenatale diagnostiek (vrouwen ≥ 36 jaar
hebben een leeftijdsindicatie) aanbieden aan deze twee leeftijdsgroepen. De wijze van het
aanbieden van het prenatale screeningsprogramma en de arbitraire afkapgrenzen (1 op 200;
36 jaar) beÏnvloeden de keuzes van zwangere vrouwen in belangrijke mate. We concluderen
dat dit past niet bij de doelstelling van het Nederlandse screeningsbeleid, dat beoogt vrouwen
een autonome keuze te laten maken (voor screening en ander onderzoek tijdens de zwanger
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schap), gebaseerd op hun individuele risicoschatting. Hiermee moet tevens bij het opstellen
van een toekomstige beleid betreffende niet-invasieve prenatale diagnostiek rekening worden
gehouden.
De zwangerschappen van vrouwen die zwanger werden met behulp van IVF / ICSI hebben
een minder gunstige uitkomst dan zwangerschappen na spontane conceptie. Wij onder
zochten de hypothese dat dit het gevolg zou kunnen zijn van chromosoomafwijkingen in
een deel van de cellen (mozaïek) van de placenta. Hoofdstuk 4 beschrijft dit onderzoek,
waarbij de incidentie van (mozaïek) chromosoomafwijkingen in de placenta van 235
zwangerschappen ontstaan na IVF / ICSI is vergeleken met deze incidentie in 20.650 controle
zwangerschappen. Ondanks de bevinding dat de frequentie van chromosoomafwijkingen bij
de ongeboren kinderen in de IVF / ICSI zwangerschappen bijna twee keer zo hoog was als in
de natuurlijk ontstane zwangerschappen, vonden we geen significant verschil tussen de
incidenties van chromosoomafwijkingen beperkt tot de placenta. Dit maakt het onwaar
schijnlijk dat de minder gunstige uitkomst van IVF / ICSI zwangerschappen wordt veroorzaakt
door (mozaïek) chromosoomafwijkingen in de placenta.
Bij de keuze welk onderzoek moet worden toegepast bij prenatale genetische diagnostiek,
is het nodig onderscheid te maken tussen de verschillende indicaties. Enerzijds is er een grote
groep zwangere vrouwen waarbij op basis van hun gevorderde leeftijd en / of de grootte van
het risico op een kind met een trisomie 13, 18 of 21 bij de eerste trimester combinatietest
prenataal genetisch onderzoek wordt verricht. In deze zwangerschappen zou volstaan kunnen
worden met een snelle aneuploïdietest naar deze specifieke chromosomen. Anderzijds is er
een groep vrouwen die een verhoogde kans heeft op een chromosoomafwijking bij hun
ongeboren kind, omdat er echoafwijkingen zijn vastgesteld, of omdat bij hen, of in de familie,
een verhoogde kans op een kind met een chromosoomafwijking is aangetoond. Aan deze
laatste groep kan uitgebreider onderzoek in de vorm van array-analyse worden aangeboden.
In hoofdstuk 5 wordt een overzicht gegeven van de resultaten van studies betreffende
prenatale array-CGH en SNP array en van de klinische relevantie van de verschillen in
detectiepercentage tussen arraytechnieken en het standaard chromosomenonderzoek. Met
array-CGH en SNP array kunnen ook kleine deleties en duplicaties van het erfelijk materiaal
worden aangetoond, die met het chromosomenonderzoek (onder de microscoop) niet
zichtbaar zijn. Het feit dat de array-gebaseerde onderzoekstechnieken een hogere resolutie
hebben, leidt ertoe dat in een hoger percentage zwangerschappen een genetische oorzaak
voor de aangeboren afwijkingen kan worden aangetoond. Prenatale diagnostiek met array
maakt daarom vaker gerichte prenatale counseling mogelijk: het voorlichten van de ouders
over de oorzaak van de afwijkingen bij hun ongeboren kind, de prognose en de kans op een
kind met vergelijkbare afwijkingen in toekomstige zwangerschappen. Tot slot wordt in dit
hoofdstuk nader ingegaan op de mogelijke toekomstige workflow in prenatale diagnostiek,
inclusief de integratie van niet-invasief genetisch onderzoek.
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Chromosoomonderzoek en array-CGH / SNP array zijn beide niet geschikt om monogene
aandoeningen aan te tonen. Wanneer de combinatie van foetale afwijkingen kan passen bij
een bepaald syndroom zal, naast chromosomenonderzoek en array, worden overwogen om
gericht DNA-onderzoek te verrichten. In geval van prenatale echoafwijkingen is daarom
nauwe betrokkenheid van een klinisch geneticus gespecialiseerd in syndroomdiagnostiek
nodig.
De mogelijkheden om prenataal met DNA-onderzoek een genetische oorzaak aan te tonen,
zijn in de afgelopen jaren toegenomen. Hiervan worden in hoofdstuk 6 twee voorbeelden
gegeven. Beide casusbeschrijvingen laten zien dat door de snelle toename van het aantal
bekende ziekteveroorzakende genen voor monogenetische aandoeningen, de verkorte
doorlooptijd van DNA-onderzoek en de nieuwe technieken, zoals next generation sequencing,
het prenataal aantonen van de ziekteveroorzakende mutatie haalbaar is. In hoofdstuk 6a
wordt nader ingegaan op niet eerder beschreven, overgeërfde mutaties in het MYH7-gen.
Deze mutaties werden aangetoond in foetussen uit verschillende families en bij diverse
familieleden. Bij beide foetussen werd het genetische onderzoek verricht nadat prenataal
hartfalen in combinatie met een ernstige structurele hartafwijking was aangetoond. Dit betrof
zeldzame aanlegstoornissen, waarbij zowel de hartspier (noncompaction cardiomyopatie),
als de pulmonaalklep en de tricuspidaalklep niet goed waren aangelegd. Aan de hand van
de plek van de door ons aangetoonde mutaties in MYH7 en de mutaties die in dit gen
werden aangetoond bij eerder beschreven patiënten met structurele hartafwijkingen, laten
we zien dat er mogelijk een verband is tussen de plek van de mutatie in het gen en de kans
op een aangeboren structurele hartafwijking. Het was al bekend dat mutaties in het MYH7gen kunnen leiden tot verschillende cardiomyopathieën (ziekten van de hartspier). Onze
bevindingen geven aanvullend bewijs voor een belangrijke rol van het MYH7 eiwit bij de
aanleg van de structuur van het hart. Dit betekent dat het belangrijk is dat ouders die een
mutatie in dit gen dragen, worden voorgelicht over de verhoogde kans op een structurele
hartafwijking bij toekomstige kinderen en dat hen prenataal echo-onderzoek van het foetale
hart wordt aangeboden. In hoofdstuk 6b beschrijven we een foetus bij wie prenataal een
mutatie in het COL4A1-gen werd aangetoond. Deze mutatie bleek nieuw te zijn ontstaan
(niet overgeërfd van de ouders). Het DNA-onderzoek werd ingezet in DNA verkregen uit
vruchtwater, nadat echo-onderzoek en foetale MRI hadden laten zien dat er bij het ongeboren
kind sprake was van bloedingen in de grote en in de kleine hersenen.
Tot slot worden in hoofdstuk 7 de bevindingen uit de verschillende onderzoeken bediscus
sieerd in samenhang met de resultaten van andere publicaties. De mogelijkheden en de
uitdagingen op het gebied van de prenatale genetische diagnostiek worden besproken. Naar
verwachting zal deze diagnostiek een steeds belangrijker element worden van de in
toenemende mate geïndividualiseerde zorg voor de moeder en haar ongeboren kind. Door
de toepassing van next generation sequencing en array in de prenatale diagnostiek zal vaker
prenataal een genetische oorzaak worden aangetoond. Technisch gezien kan met deze in
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toenemende mate snelle, betrouwbare en betaalbare technieken uiteindelijk vrijwel iedere
genetische variatie worden aangetoond. Om geïndividualiseerde foetale genetische diagnostiek
te kunnen verrichten, zijn echter nog verschillende belangrijke obstakels te overwinnen. Zo
is het nodig dat er voor aangetoonde varianten in het DNA ook functionele onderzoeken
beschikbaar zijn om het ziekteveroorzakende karakter aan te tonen. Daarnaast zijn
betrouwbare en foutloze databases met een overzicht van eerder aangetoonde variaties en
mutaties essentieel. Ook op het gebied van de counseling liggen er grote uitdagingen. Met
de toekomstige invoering van niet-invasieve prenatale diagnostiek, zonder risico op een
miskraam als gevolg van de ingreep, wordt de counseling vóór het onderzoek nog essentiëler
om vrouwen bewust te maken van mogelijke uitkomsten. Een toekomstig prenataal
screeningsbeleid moet het voor vrouwen, ongeacht hun leeftijd, mogelijk maken om een
goed geïnformeerde keuze te maken voor prenatale screening en diagnostiek, zonder dat de
nieuwe onderzoeksmogelijkheden ‘een drempel voor het leven’ opwerpen. De toegenomen
mogelijkheden voor prenatale genetische diagnostiek zullen naar verwachting mede leiden
tot optimalisatie van het beleid tijdens de zwangerschap en rondom de bevalling, en daarmee
tot een grotere overlevingskans van het kind.
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Beste promotor, beste Nine, vanaf jouw eerste dag op de afdeling waait het windkracht 10
in de goede richting. Jouw harde werken, positieve instelling en oplossingsgerichte denken
zijn een voorbeeld. Onder jouw leiding kwam er ruimte en tijd, die ertoe hebben geleid dat
ik de derde promovendus sinds jouw komst naar Utrecht. Dank dat je er met mij ‘voor bent
gegaan’.
Beste copromotor, beste Heleen, zowel op het gebied van de patiëntenzorg als onderzoek
(en ‘het leven’) ben jij een ideale sparringpartner. Onze maandagse afspraken waren een
baken in dit promotietraject, zonder welke ik nu nog stuurloos rond zou varen. Veel dank
voor al jouw tijd, energie en grote wijsheid waarvan ik de afgelopen jaren mocht genieten.
Beste copromotor, beste Peter, door de goede samenwerking van het RIVM, onder andere in
jouw persoon, met het UMCU, kwamen we elkaar tegen. Jij bent een wandelende encyclopedie
op het gebied van prenatale screening en overheidsbeleid. Jouw revisies waren van grote
toegevoegde waarde.
Beste leden van de beoordelingscommissie, dank voor jullie kritische blik op het manuscript.
Beste voorzitter, Edward, dank dat je deze ‘klus’ aannam. Als iemand 15 jaar geleden (tijdens
onze reis naar Aarhus voor de presentatie van enuresis nocturna onderzoek) had verteld over
26 juni 2013, dan zouden we hard hebben gelachen.
Beste paranimf, lieve Eva, samen zijn we in 2001 aan de opleiding tot klinisch geneticus
begonnen. Jij bent collegiaal in de meest brede zin van het woord. Jouw rust, redelijkheid en
luisterend oor waren de afgelopen jaren heel belangrijk voor mij.
Beste paranimf, lieve Claar, wat fijn dat jij straks naast me staat. Aan meer dan 25 jaar
vriendschap voegen we deze zomer een mooi hoofdstuk toe door met onze gezinnen over
de Tanzaniaanse Serengeti te trekken.
Beste collega’s van de divisie medische genetica, dank voor alle interesse, bemoedigende
woorden en de waardevolle tips van degenen die mij ‘voorgingen’. Dat ik, ook in de afrondende
fase van dit boekje, nog fluitend naar het WKZ fietste, is grotendeels te danken aan jullie.
Overige collega’s, in het bijzonder Lieve Christiaens, Peter Nikkels, Wendy Koster, Lou Pistorius,
Wendy Manten, Carla van Oppen en Madelon Meijer: dank voor de fijne samenwerking en
zeer gewaardeerde collegialiteit.
Sandra, dank voor je nauwkeurige en snelle revisies van mijn ‘Nederlandse Engels’.
Wilmy, dank voor je efficiënte ondersteuning bij diverse voorbereidingen.
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Lieve familie en vrienden, ‘what doesn’t kill you makes you stronger’ (Kelly Clarkson). 2012
was zo’n jaar, waar wij sterker uitkwamen dankzij jullie steun en gezelligheid. Daarna was dit
proefschrift afronden een eitje. Ik verheug me erop om dit met jullie te vieren!
Schoonfamilie, lieve Bart en Christine, Ed en Caroline, de afgelopen jaren waren soms
verdrietig, maar ook fijn en waardevol. Jullie zijn een warme, hechte familie. Ik ben blij daar
bij te mogen horen. Pa en ma, geïnteresseerd tot de laatste snik. Jullie worden enorm gemist.
Broertjes en schoonzussen, lieve Bart Jan en Marlies, Evert en Eveline, voor geen zussen zou
ik jullie willen ruilen. Dat we nu alle drie ‘groot zijn’ en gezinnen hebben, betekent op een
bijzondere manier lief en leed delen.
Lieve papa en mama, jullie liefde en interesse zijn van onschatbare waarde. Op momenten
dat promoveren een brug te ver leek bij werk, dochters en andere levensgeneugten, vroeg
jij, papa, even hoe het ermee ging (‘als ik er níet meer naar vraag, dat is pas vervelend’), en
probeerde jij, mama, me een hart onder de riem te steken (‘voor ons hoeft het niet hoor, ik
vind het al zo knap wat je allemaal doet’).
Lieve Marc, ik kies elke dag opnieuw voor jou.
Lieve Annemijn, Mariebeth, Emmelot en Cornelie, jullie laten ons iedere dag zien wat echt
belangrijk is (‘Heb jij dat allemaal zelf geschreven? Nou, dan weet ik nu al dat ik nooit ga
promoveren!’). Het leven is een feest met jullie.
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