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Purpose: This study was designed to evaluate the feasibility of using a targeted array-CGH strategy for prenatal

diagnosis of genomic imbalances in a clinical setting of current pregnancies. Methods: Women undergoing

prenatal diagnosis were counseled and offered array-CGH (BCM V4.0) in addition to routine chromosome analysis.

Array-CGH was performed with DNA directly from amniotic fluid cells with whole genome amplification, on chorionic

villus samples with amplification as necessary, and on cultured cells without amplification. Results: Ninety-eight

pregnancies (56 amniotic fluid and 42 CVS specimens) were studied with complete concordance between

karyotype and array results, including 5 positive cases with chromosomal abnormalities. There was complete

concordance of array results for direct and cultured cell analysis in 57 cases tested by both methods. In 12 cases,

the array detected copy number variation requiring testing of parental samples for optimal interpretation. Array-CGH

results were available in an average of 6 and 16 days for direct and cultured cells, respectively. Patient acceptance

of array-CGH testing was 74%. Conclusion: This study demonstrates the feasibility of using array-CGH for prenatal

diagnosis, including reliance on direct analysis without culturing cells. Use of array-CGH should increase the

detection of abnormalities relative to the risk, and is an option for an enhanced level of screening for chromosomal

abnormalities in high risk pregnancies. Genet Med 2006:8(11):719–727.
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Prenatal cytogenetic testing is an option for pregnancies at
increased risk of chromosomal abnormalities based on mater-
nal age, abnormal maternal serum screening results, or fetal
anomalies observed by ultrasound.Moreover, the risk-to-ben-
efit ratio of offering invasive prenatal testing to all pregnancies
regardless of risk factors is an active area of discussion in the
obstetrics and genetics communities.1–3 Conventional forms
of cytogenetic analysis such asG-banded chromosome analysis
and rapid FISH (fluorescence in situ hybridization) techniques
are currently the mainstay of prenatal diagnosis of chromo-
somal abnormalities.4–7 Conventional karyotyping on prena-
tal cells yields lower band resolution than on blood cells, mak-
ing detection of subtle abnormalities more difficult, and
numerous common microdeletion syndromes are not detect-
able by even blood karyotype. Although phenotypic features of
microdeletion or duplication syndromes may direct the use of

syndrome-specific FISH tests in the postnatal period, there is
limited potential for targeted testing in the prenatal period.
Furthermore, such genomic disorders are often sporadic
events resulting from de novo rearrangements. The current
guidelines and standards for prenatal diagnosis of chromo-
somal defects predate the technical feasibility for detection of
an increasing number of chromosomal deletion and duplica-
tion syndromes spread throughout the genome bymethods such
as array-based comparative genomic hybridization (array-CGH;
also known as chromosomal microarray analysis or CMA).8

Microarrays using large-insert clones can detect deletions or
duplications that are tens to hundreds of kb in size, which is
well below the level of discrimination for G-banded karyotype
analysis.9–11Moreover, array-CGHoffers rapid, high-throughput
analysis on minimal amounts of DNA, two prerequisites for
any platform applied to prenatal diagnosis. A comprehensive
profile of clinically relevant genomic gains and losses that are
associated with genomic disorders would therefore make ar-
ray-CGH a potentially useful tool for prenatal cytogenetic
analysis of high-risk pregnancies. In addition, the use ofwhole-
genome amplification (WGA) techniques to amplify extremely
small amounts of genomicDNAwould enable analysis directly
on amniotic fluid (AF) cells or chorionic villus samples (CVS)
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without culturing, leading to more rapid results without the
added time or cost of cell culture.12,13

There are several reports of the use of array-CGH for mul-
tiplex diagnosis of cytogenetic abnormalities using blood sam-
ples and at least one report of the application of array-CGH to
previously studied, archived prenatal samples, but to date,
there has been no experience with the use of this technique to
monitor and report on current pregnancies.11,14–19 We de-
signed a targeted microarray of 366 large genomic clones cov-
ering the 41 clinically relevant subtelomeric regions as well as
genomic positions corresponding to 55 different genomic dis-
orders, validated its use formolecular cytogenetic diagnosis on
samples with known abnormalities, and completed over 1,500
clinical cases on referred blood samples.11 Based on this collective
experiencewith array-CGH,we carried out a prospective study to
assess the feasibility of offering array-CGH in the clinical prenatal
diagnostic setting with informed consent and counseling, includ-
ing reliance on direct analysis without culturing cells.We present
here the results of a pilot study on 98 prenatal specimens from
current pregnancies to compare results obtained by standard
karyotype and array-CGH.

METHODS
Subject recruitment

The study was approved by the Institutional Review Board
of Baylor College ofMedicine. The description of the availabil-
ity of array-CGH was initially communicated by the referring
physician to couples considering an invasive prenatal proce-
dure; if the couple expressed interest in participating in the
study, they were referred to the study genetic counselor or
medical geneticist who obtained written informed consent.
Couples who chose to have amniocentesis or chorionic villus
sampling were offered the option of array-CGH in addition to
karyotype. The indications for testing included increased risk
for fetal aneuploidy associated with advanced maternal age
and/or abnormal serum screening results, risk for a cytogenetic
abnormality based on family history, and abnormal ultra-
sound findings for which a diagnosis was being sought.

Pretest counseling and informed consent

The pretest genetic counseling consisted of a standard ge-
netic counseling session with recording of past medical and
obstetric history, a pedigree with family medical history, the
patient’s history of exposure to infectious agents or potential
teratogens, and an overall estimation of fetal risk. In addition,
the array-CGH technique and study protocol were explained
in detail including the risks and benefits of participation. The
array-CGH analysis was offered at no additional fee.

Specimen preparation

The amniotic fluid (AF) and chorionic villus samples (CVS)
were obtained by the subjects’ obstetricians using their stan-
dard clinical procedures. Blood samples were required for ma-
ternal cell contamination studies and were requested from
both parents for analysis of familial variants (if warranted by

array-CGHresults). All AF andCVS sampleswere prepared for
standard G-band karyotype per clinical laboratory protocols.
The remainder of the fetal sample was prepared for array-CGH
analysis using direct and/or cultured cells.
DNA extraction was performed utilizing the Puregene DNA

Purification kit according to the manufacturer’s protocols
(Gentra Systems, Minneapolis, MN). If adequate amounts of
fetalmaterial were obtained (aminimumof 5mgCVS tissue or
5 mL of AF), the fetal sample was prepared for two indepen-
dent array-CGH analyses using both direct genomic DNA and
DNA obtained from cultured cells. For all amniotic fluid sam-
ples and for those CVS samples with less than the minimum
amount, 10 ng of direct genomic fetal DNA sample was sub-
jected to whole genome amplification (WGA) according to
standard procedures (GenomePlex WGA kit, SIGMA, St. Louis,
MO). Immediately upon receipt of a sample, the sex of the fetus
was determined by PCR and the testDNAwas hybridized to con-
trol DNA of the same sex. Reference genomic DNA was derived
fromperipheral blood of phenotypically normalmale and female
control individuals. When WGA products were used, reference
DNAs were amplified in parallel with the test DNA. DNA from
bothdirect and cultured sampleswas tested formaternal cell con-
tamination using the PCR-based Identifiler system (AmpFLSTR,
Applied Biosystem, Foster City, CA).
Prior to the start of the analysis of ongoing pregnancies, studies

to validate the array-CGHmethodonDNA isolated fromamnio-
cytes or CVSwere performed on known abnormal cases. In addi-
tion, parallel testing by array-CGH was performed on native
genomic DNA and WGA-amplified DNA isolated from whole
blood specimens from cases with known abnormalities.

Microarray constitution, hybridization and data analysis

The microarrays were manufactured using protocols de-
scribed previously.16 Briefly, BAC DNA was prepared using
standard alkaline lysis methods and chemically modified for
array printing as described. Chemically activated DNA [using
(3-glycidoxypropyl) trimethoxysilane; Sigma, St. Louis, MO)]
was printed onto alkaline/acid cleaned, Bis(trichlorosily-
l)octane-treated (Gelest Inc. Morrisville, PA) glass slides using
an Omnigrid Accent printer (Genomic Solutions, Ann Arbor,
MI). All clones were printed in duplicate from a single 384 well
plate in spatially distinct subarrays.
The Baylor College of Medicine Chromosome Microarray

version 4.0 (BCM V4.0) was used for this study (www.bcm.
edu/cma/table.htm, Table 3). This array was designed to pro-
vide redundancy with high sensitivity and specificity for detec-
tion of well-characterized disorders, while minimizing the de-
tection of variations of uncertain clinical significance. The
array was comprised of 3 to 10 BAC or PAC clones per disease
or subtelomeric locus. A total of 366 distinct clones, including
200 clones covering the 41 clinically relevant subtelomeric re-
gions and 166 clones fromgenomic positions corresponding to
55 different genetic disorders were included in version 4.0. The
clones were selected from NCBI/UCSC public databases or
from the FISH probe panel routinely used in the cytogenetic
laboratory. Chromosomal positions detected by all cloneswere
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FISH-verified before use on themicroarray and any clones that
hybridized to multiple chromosomal locations were excluded.
Versions of the array are periodically updated to add clones of
clinical significance and remove clones found to be highly
polymorphic.
DNA labeling and hybridizations were performed as

described.11,20 For each patient sample, two experiments were
performed with reversal of the dye labels for the control and test
samples, followed by integration of the data from both dye-re-
versed hybridizations to determine inferences for each case (Fig.
1). Microarray image files were quantified using GenePix Pro 5
software. The quantitation data were subjected to normalization
asdescribedpreviously, and thedye-reverseddatawere combined
to determine a single fold-change value for each clone.11,20 Infer-
ences were made for all clones using these final combined data
values (Fig. 1).11,20 All analyses were performed on log2 ratios us-
ing code for the normalization and inference that was imple-
mented in the R statistical programming language.
The results of the array-CGH analyses were communicated

to patients through their physician or genetic counselor. Preg-
nancies with abnormal results were counseled in person by
their physician or a medical geneticist and genetic counselor.
Cases in which copy number variants (CNV) were detected
were referred to an internal interdisciplinary panel consisting
of medical geneticists, maternal fetal medicine specialists, and
cytogeneticists who reviewed the data and reached consensus
regarding the interpretation prior to release of the results.

FISH analysis

Metaphase spreads for detection of deletions were prepared
from amniocytes or CVS using standard procedures. Inter-
phase nuclei were analyzed for duplications/copy number
gains. Miniprep BAC DNA (100 ng) was labeled with Spec-
trum Orange-dUTP or Spectrum Green-dUTP (Vysis, Down-
ers Grove, IL) according to manufacturer’s protocol and used
as probes for FISH analysis using standard protocols.7

RESULTS
Validation of array-CGH and whole genome
amplification protocols

An initial validation of the array-CGH tool usingDNA from
12 cytogenetically abnormal AF or CVS cultures was carried
out before initiating the prospective study. These cases in-
cluded the following abnormalities: 47,XXY; 47,XX,�18;
47,XY,�13; 47,XY,�21; 69,XXX; 46,XX, del(X)(p22.31); and
47,XX,�i12(p10). All segmental andwhole-chromosome ane-
uploidies were accurately identified (data not shown). Addi-
tionally, the feasibility of using WGA to amplify nanogram
amounts of genomic DNA was tested with six postnatal sam-
ples with known microdeletions or duplications including
del11(p13), del20(p12), dup17(p12), del8(q24.1). Array-CGH
profiles using DNA after WGA reproduced results that were
completely concordant with those from native genomic DNA
(e.g., Fig. 1B), with no detectable amplification bias.

Fig. 1. The array-CGH plots (Comb: Combined log2 ratio from dye-swap duplicate hybridizations) are rendered in a clone-by-clone order starting from chromosome 1p telomere to Yq
telomere (Y-axis: top to bottom). The dashed lines on the scale for the logarithmic plot (X-axis) indicate the position of�1.0 and�0.58, which are the theoretical values for single copy loss
or gain respectively. (A) Array-CGH plot utilizing DNA extracted from cultured amniocytes and hybridized against with control male DNA. Nomedically relevant losses or gains are seen.
CNV 15 indicates a frequent copy number variation detected by a single clone from chromosome 15, showing a gain relative to the control DNA in this analysis. [Note that this same clone
detects a relative loss in (C).] (B) Array-CGH plot utilizing whole-blood genomic DNA afterWGA hybridized against control male DNA. A loss detected by a number of clones specific for
the distal segment of 8q indicative of interstitial deletion [del8(q24.1q24.1)] is observed (arrow). (C) Array-CGH plot utilizing DNA extracted from chorionic villi (direct), amplified by
WGA and hybridized against control female DNA (after WGA). A gain was observed with all clones specific for chromosome 21, indicative of a trisomy 21 fetus (arrow). In addition, there
is a gain detected by 2 clones on 3p that was inherited from the phenotypically normal father and was interpreted as a benign familial copy number variant (CNV).
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Prenatal study population

After informed consent, 98 couples chose to have array-
CGH analysis in addition to a standard karyotype for their
current pregnancies. As shown in Table 1, 56 (57%) analyzed
samples were amniotic fluid and 42 (43%) were CVS. The in-
dications for prenatal testing were advanced maternal age (64;
65%), fetal ultrasound anomalies (19; 19%), previous history
of a child with anomalies (11; 11%), and abnormal maternal
serum screening result (4; 4%).

G-Banded karyotype

Conventional G-banding and karyotype analysis were con-
ducted on all 98 cases. These analyses detected 4 cases of tri-
somy 21 and 1 unbalanced translocation of chromosomes 3
and 7. No other abnormalities were detected. The average re-
porting time for karyotype on these 98 cases was 10 days from
the time of the prenatal procedure.

Array-CGH analysis

The array-CGH analysis was performed concurrently with
the karyotype in a blinded fashion. For all 98 cases, analysis was
performed onDNA isolated from cultured amniocytes or cho-
rionic villi. The array-CGH analyses detected all 4 cases of tri-
somy 21 and the case with an unbalanced translocation be-
tween chromosomes 3 and 7, demonstrating complete
concordance with the results of karyotype analysis. For the
latter case, array-CGH detected a gain of copy number with 3

clones on chromosome region 3q and a loss of copy number
with 8 clones on chromosome region 7q36.3 that included the
sonic hedgehog homolog gene (SSH), which causes holo-
prosencephaly-3 (Fig. 2). These findings were consistent with
the fetal ultrasound finding of holoprosencephaly. Adequate
coverage of the above-mentioned genomic segments revealed
the unbalanced rearrangement and facilitated an accurate es-
timate of the imbalance. The same cannot be predicted for
genomic regions with minimal or no coverage, an issue that
may be addressed by inclusion of genomic clones at regular
intervals across the entire genome.
After the first 40 samples, the protocol was modified to in-

clude analysis of AF cells and CVS tissue directly without cell
culture. In the last 58 cases (26 AF and 32 CVS), a duplicate
array-CGH analysis was performed on DNA extracted directly
from the AF cells with WGA or from CVS with (21/32) or
without (11/32) WGA. The results from both sources were in
complete agreement. The average reporting time of array-
CGH was 6 days from the time of the prenatal procedure for
analysis of direct CVS or amniocytes and 16 days for cultured
CVS and AF.

Copy number variants (CNV)

In 30 cases, array-CGH detected a gain or loss of copy num-
ber in a fetuswith a clone (or clones)whichwas known to show
a frequent normal variation in copy number based on prior or
concurrent analysis of hundreds of blood samples. These cases

Table 1
Sample distribution including indications for prenatal diagnosis

Sample Type

Indication

AMAa Abnormal U/Sb Abnormal Serum Screen Previous Abnormal Fetus

Amniotic fluid (N � 56) 31 16 (2 AMA) 4 (1 AMA) 5

Chorionic villi (N � 42) 33 (1 with balanced translocation) 3 (all AMA) 0 6

a AMA, advanced maternal age.
b U/S, ultrasound.

Fig. 2. (A) BAC clones, their chromosomal location, and the log2 test/reference ratios for the array-CGH analysis of the case with an unbalanced translocation of chromosomes 3 and 7.
The array-CGH revealed a gainwith three clones (approximately 3Mb) in the chromosome 3q29 region and a loss with eight clones (approximately 4Mb) in the chromosome 7q36.3 region
extending distally. (B) G-banded karyotype of the same case showing a normal chromosome 3 and the derivative chromosome 7 (arrow).
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were interpreted as normal without analyzing the parents. In
12 cases (Table 2), array-CGH analysis revealed losses or gains
with 1 ormore clones that necessitated further analysis because
the pattern of gain or loss was not consistent with a known
genetic syndrome, or detection of gain or loss was infrequent
for the clones involved. Prompt parental analysis was offered
to these families. The extended analysis for each of these cases
included FISH and/or array analysis of the family members as
appropriate. It should be noted that the variation involving
three clones at 15q11q13 in case 1 involves clones containing
segmental duplications known to result in copy number losses
or gains when tested by array-CGH. Similarly, the genomic
sequence content for variant clones in cases 2, 6 and 7 revealed
the presence of LCRs that contribute to clone behavior (loss or
gain compared to control DNA) on array-CGH. In 9/12 cases,
the gain or losswas detectable in a parent by array-CGHand/or
FISH. In 1/12 cases, there was a gain detected with 3 clones in
the steroid sulfatase region of the X chromosome. Following
genetic counseling, the parents chose not to be studied. This
gain has been detected in apparently benign circumstances
previously (i.e., present in a child as well as a phenotypically
normal parent). In another case, amale fetuswas found to have
a gain detectedwith one clone onXp that was not detectable by
FISH andwas not found in themother. For these two cases, the
post-test counseling consisted of full discussion of the array-
CGH results as well as the lack of definitive data in our experi-
ence or in the literature to assign a significant clinical risk. Both
pregnancies continued, both children were born at term, had
no physical anomalies, and are doing well. In another case, an
apparent gain of copy number on chromosome segment
18p11.3 detectedwith one clonewas seen in an early casewhere
only cultured cells were analyzed. The finding was confirmed
by FISH, and was not present in the parents. A fetal ultrasound
showed an abdominal wall defect and a fetal MRI was consis-

tent with pentalogy of Cantrell. The infant died within the first
month of life. Array analysis on postnatal tissue did not detect
the gain. This case may represent low level mosaicism in the
original sample for a duplication of 18p11.3 or an artifact aris-
ing in tissue culture. Interestingly, pentalogy of Cantrell has
been reported in a case of trisomy 18.21 Thus, in our series, 2/98
cases had possible de novo abnormalities; 1 showed an appar-
ent gain of copy number with a clone onXp in the fetal sample,
but this change was not detectable by FISH, and was not
present in the mother. The second case likely represented low
level mosaicism or tissue culture artifact. More recent experi-
ence from our group indicates that mosaicism at a level �7%
can be detected by array-CGH.

Counseling and patient decision-making

For a subset of 53 couples who received genetic counseling
by a single genetic counselor, the data were examined in more
detail to discern trends in test acceptance. These 53 couples
were at increased risk because of advanced maternal age, ab-
normal fetal ultrasound findings, abnormal serum screen-
ing, or a family history of a previous child with anomalies.
Following the initial counseling, 45/53 couples (85%) chose
to have amniocentesis or CVS performed on the pregnancy.
Of these 45 couples, 33 (73%) chose to have array-CGH
testing in addition to the standard karyotype. The most
common reasons for accepting array-CGH testing included
the detection of fetal anomalies in the current pregnancy, a
history of anomalies in a previous child, and the desire for
more comprehensive testing on their prenatal sample. Fre-
quent reasons for declining testing included the risk of in-
creased anxiety while waiting for the results of the addi-
tional testing, their perception that the disorders tested on
the microarray were rare, and their uncertainty over accept-
ing a new test.

Table 2
Prenatal cases with copy number variants requiring additional analyses

Case Array Finding FISH Parents Comments

1 Gain 3 clones 15q11.2 Detected by FISH Present in mother Likely benign

2 Gain 3 clones STS region Inconclusive Not available Seen in other families; likely benign

3 Gain 2 clones 18p Detected by FISH Not present in either parent Not present in liveborn; died pentalogy Cantrell; artifact
or low level mosaicism

4 Gain 1 clone Xp Not detected Not present in mother Infant healthy at birth; possibly de novo CNV

5 Gain 2 clones 6q Not done Present in father Likely benign

6 Gain 3 clones 2q Detected by FISH Present in father Seen in other patients postnatal as FCNVa; Likely benign

7 Gain of 3 clones on 3p Not done Present in father Trisomy 21 (case in Fig 1C); CNV likely benign

8 Loss 1 clone 2p Not detected Present in father Likely benign

9 Gain 1 clone 19q Not done Present in mother Likely benign

10 Gain 1 clone 10q Not done Present in mother Likely benign

11 Gain 1 clone Xp Not done Present in father Likely benign

12 Gain 1 clone 16p Not done Present in father Likely benign

a FCNV, familial copy number variant.
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Table 3
Abnormalities detected by the array-CGH platform (BCM version 4)a,b

OMIM# Loci
Abnormalities Detected by CMA (Subtelomeric deletion/

duplication for all chromosome arms)

Cytogenetic Abnormalities
(All subtelomeres excluding the
short arm of the acrocentric

chromosomes Genes

Aneuploidy for chromosomes 13,18, 21, X, and Y

1p36 1p36 deletion and/or duplication 1p36 deletion and/or duplication

256100 NPH1 Nephronophthisis 2q13 homozygous deletion NPHP1

194190 WHS Wolf-Hirschhorn syndrome 4p16.3 deletion

180500 RIEG1 Rieger syndrome 4q25 deletion PITX2

123450 CdCS Cri-du-Chat syndrome 5p15.2 deletion

�122470 CdLS Cornelia de Lange syndrome 5p13.2 deletion NIPBL

117550 SOS Sotos syndrome 5q35 deletion NSD1

119600 CCD Cleidocranial dysplasia 6p21.1 deletion RUNX2

101400 SCS Saethre-Chotzen syndrome 7p21.1 deletion TWIST

175700 GCPS Greig cephalopolysyndactyly syndrome 7p13 deletion GLI3

194050 WBS Williams-Beuren syndrome 7q11.2 deletion ELN

142945 HPE3 Holoprosencephaly 3 7q36.3 deletion SHH

8p22 deletion/duplication syndrome 8p22-p23.1 duplication/deletion

150230 LGS Langer-Giedion syndrome 8q24.11-q24.13 deletion TRPS1 and/or EXT1

190350 TRPS1 Trichorhinophalangeal syndrome,Type I 8q24.12 deletion TRPS1

146255 HDR Hypoparathyroidism, sensorineural deafness and renal
dysplasia

10p14-p15.1 deletion GATA3

601362 DGS2 DiGeorge syndrome 2 10p13-p14 deletion

608071 SHFM3 Split hand/split foot syndrome 3 10q24 duplication SHSF3

130650 BWS Beckwith-Wiedemann syndrome (BWS) 11p15.5 duplication IGF2

106210 AN2 Aniridia type 2 11p13 deletion PAX6

607102 WT1 Wilm’s tumor 1 gene 11p13 deletion WT1

194072 WAGR Wilm’s tumor-aniridia-genitourinary abnormalities
(WAGR) syndrome

11p13 deletion WT1/PAX6

601224 PSS Potocki-Shaffer syndrome 11p11.2 deletion ALX4 and/or EXT2

147791 JBS Jacobsen syndrome 11q24.3 deletion

180200 RB1 Retinoblastoma 13q14 deletion RB1

603073 HPE5 Holoprosencephaly 5 13q32.3 deletion ZIC2

176270 PWS Prader Willi syndrome (PWS) Paternal 15q11.2q13 deletion SNRPN

105830 AS Angelman syndrome (AS) Maternal 15q11.2q13 deletion UBE3A

209850 Autism Maternal duplication 15q11.2q13

191092 TS 2 Tuberous Sclerosis 2 16p13.3 deletion TSC2

180849 RSTS Rubinstein-Taybi syndrome 16p13.3 deletion CREBBP

600273 PKDTS Polycystic kidney disease/tuberous sclerosis 16p13.3 deletion PKD1 and/or TSC2

247200 MDLS Miller-Dieker lissencephaly syndrome 17p13.3 deletion LIS1 and/or
YWHAE

118220 CMT1A Charcot-Marie-Tooth disease type 1A 17p12 duplication PMP22

162500 HNPP Hereditary neuropathy with liability to pressure palsies 17p12 deletion PMP22

182290 SMS Smith-Magenis syndrome dup(17)(p11.2p11.2)
syndrome

17p11.2 deletion RAI1

162200 NF1 Neurofibromatosis 1 17q11.2 deletion NF1
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DISCUSSION

The utility of array-CGH as a tool for identifying chromo-
somal imbalances in prenatal samples has been recently
described17,18,22,23 but to our knowledge, this is the first study
comparing the use of array-CGH to a standard karyotype for
prenatal genetic diagnosis of a large spectrum of known
genomic imbalances in ongoing pregnancies with results re-
ported to participants. In a cohort of 98 cases, 4 cases of tri-
somy 21 were detected by both standard karyotypes and array-
CGH. A fetus carrying an unbalanced translocation inherited
from a balanced translocation carrier parent was identified by
both methods, but array-CGH demonstrated that the 7q
breakpoint at band 36.3 involved a loss detected by 8 clones
including the SHH gene (holoprosencephaly 3), consistent
with the fetal finding of holoprosencephaly. No other abnor-
malities related to a known genetic disorder were detected by
either method in this sample of 98 ongoing pregnancies.
For most cytogenetic abnormalities, array-CGH analysis is

likely to be as effective as a standard karyotype in detecting
gross aneuploidies, while having two important advantages:

The first is more reliable detection of subtle abnormalities that
may be difficult to detect on prenatal samples (e.g., small telo-
meric gains or deletions); and the second is detection of abnor-
malities that are not detectable even by an optimal karyotype
(e.g., cryptic telomeric deletions or syndromic deletions such
as DiGeorge or Williams syndromes). These advantages sub-
stantially decrease the likelihood that a subtle abnormality will
be undetected during prenatal diagnosis. In addition, the array
analysis can be as rapid as, ormore rapid than, karyotype when
performed by direct analysis of AF cells or CVS. In terms of
possible disadvantages, a noteworthy limitation is that the de-
tection rate of individual syndromes by array-CGH is depen-
dent on the cytogenetic and molecular cause of the syndrome.
For example, a genetic disorder causedmainly by deletionmu-
tations would have a high detection rate by array CGH,
whereas a disorder caused mainly by point mutations and
rarely by deletions, would have a lower detection rate by this
method. Array-CGH using a focused array of the type used
here could fail to detect a cytogenetically visible deletion in the
middle of an arm of a chromosome. This problem could be

Table 3
Continued

OMIM# Loci

Abnormalities Detected by CMA (Subtelomeric deletion/
duplication for all chromosome arms)

Cytogenetic Abnormalities
(All subtelomeres excluding the
short arm of the acrocentric

chromosomes Genes

114290 CMPD Campomelic dysplasia 17q24.3 deletion SOX9

142946 HPE4 Holoprosencephaly 4 18p11.31 deletion TGIF

118450 AGS Alagille syndrome 20p12 deletion JAG1

190685 DS Down syndrome critical region 21q22 duplication

115470 CES Cat eye syndrome inv dup(22q11.2)

192430 VCFS Velocardiofacial syndrome 22q11.2 deletion TBX1

188400 DGS1 DiGeorge syndrome 1 dup(22)(q11.2q11.2) syndrome 22q11.2 deletion TBX1

127300 LWD Leri-Weill dyschondrosteosis Xp22.33/Yp11.32 SHOX

308100 STS Steroid Sulfatase Deficiency Xp22.32 deletion STS

308700 KMS Kallmann syndrome 1 Xp22.3 deletion KAL1

309801 MLS Micophthalmia with Linear Skin Defects Xp22.31 deletion

300474 GKD Glycerol Kinase Deficiency Xp22 deletion GK

300200 AHC Congenital adrenal hypoplasia Xp21.3 deletion NROB1

300300 BTK Bruton agammaglobulinemia tyrosine kinase Xq22.1 BTK

312080 PMD Pelizaeus-Merzbacher disease Xq22 duplication or deletion PLP1

300123 MRGH Mental retardation X-linked Xq27.1 deletion or duplication SOX3

312750 RTT Rett syndrome Xq28 deletion MECP2

480000 TDY Testis-Determining Factor on Y Yp11.2 deletion SRY

415000 AZFa Azospermia factor a Yq11 deletion

AZFb Azospermia factor b Yq11 deletion

AZFc Azospermia factor c Yq11.23 deletion

aDetection rates by array-CGH for the conditions listed vary according to the proportion of cases related tomicrodeletion ormicroduplication of the relevant region.
b BCM version 6.0 currently available.
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addressed in the future using arrays with greater or even full
genomic coverage. Also array-CGHwould not detect triploidy
of the whole genome with XXX but would indicate an abnor-
mality for triploidy with XXY or XYY. The relative sensitivity
of karyotype and array CGH for detecting mosaic abnormali-
ties depends on the number of metaphases analyzed by karyo-
type and on the percentage of abnormal cells. Array-CGH will
not detect balanced translocations or inversions. While their
pathologic significance is rarely definitive in a prenatal setting,
their detection provides important information for the family.
For the present, the latter three of these limitations are compen-
sated for by karyotype analysis. Therefore, we recommend that a
concurrent karyotype beperformed in addition to themicroarray
analysis for these reasons. It is possible that the added cost of a
karyotype and the required culturewill be difficult to justify in the
future using arrays with more complete coverage.
Based on published data about the frequency of copy num-

ber variants in the population,24–27 there is a priori reason to be
concerned about detection of variants of unknown clinical sig-
nificance in prenatal studies. Our experience with over 1,500
blood analyses provided us with extensive data regarding
which clones frequently detected regions of copy number vari-
ation. Our database of previously analyzed samples as well as
public databases (such as http://projects.tcag.ca/variation)
were researched in order to provide insight into the degree of
variation detected by particular clones. With subsequent ver-
sions of the array, clones found to detect highly variant regions
have been replaced. In addition, experience with blood analy-
ses indicated that variants detected by a single clone, which
were most frequent in telomeric regions, were usually present
in an apparently healthy parent. This experience was generally
confirmed in the prenatal studies. This leads us to recommend
that blood be collected from both parents at or near the time of
the prenatal procedure so that parental data can be available
rapidly and prior to releasing an interpretation to the family.
These will usually confirm that a CNV detected in a fetal sam-
ple is also present in a healthy parent. Some CNVs are detected
by both array and FISH, and some are detected by array but not
FISH with the same clone, so parents must be tested accord-
ingly. In general, we have found that gains detected by clones
containing segmental duplications may not be discriminated
by FISH, requiring that parental samples be analyzed by array-
CGH. Although distinguishing truly benignCNVs fromothers
thatmay causemild phenotypes with incomplete penetrance is
a complex problem,28 it is likely that parents can justifiably be
reassured if a variant in a fetus is present in a healthy parent.
Interpretations should also take into account the possibility of
nonpaternity or other geneticmechanisms, such as segregation
of alleles in the case of one parent having a deletion and the
other a reciprocal duplication.
The testing of direct fetal material by array-CGH analysis

gave more rapid results (average six days) than karyotype or
array-CGHof cultured cells. Direct fetal material was obtained
either from sufficient quantities of chorionic villi or amnio-
cytes, or after WGA of DNA obtained from smaller quantities
of uncultured chorionic villi or freshly spun (direct) amnio-

cytes. A comparison of the array-CGH results obtained for
WGAtreated fetal cells and cultured fetal cells from58 cases dem-
onstrated no difference. Thus, these findings support the use of
direct fetal material for array-CGH analysis, with analysis of cul-
tured fetal cells only if direct results are inconclusive. Others have
reported the feasibility of performing array-CGHwith DNA iso-
lated from as little as 1 mL of uncultured amniotic fluid without
usingWGA18andsuchastrategywouldbeattractiveboth toavoid
any theoretical bias of amplification and to shorten the time for
obtaining results. WGA could be used in some fraction of cases
where analysis of unamplified DNA failed.
With the introduction of any new genetic test, patient and

provider education about the risks, benefits, and limitations of
the testing are paramount. A detailed pretest genetic counsel-
ing session was required of all participants in this study. Cou-
ples were more likely to opt for array-CGH testing if there was
an ultrasound or other abnormality detected in their current
pregnancy, if an abnormality occurred in a previous preg-
nancy, or if they were inclined to desire maximum available
genetic testing. A common reason for declining participation
in the study was a perception that the disorders tested on the
microarray were rare. Although individual disorders tested by
the array are indeed rare, their combined incidence is signifi-
cant. Based on the known incidence for these various condi-
tions, we estimate that the combined live-birth incidence in the
general population of known genetic syndromes and subtelo-
meric rearrangements detected by array-CGH as used in this
study is at least 1:1000 and may be as high as 1:500. Because of
spontaneous loss of abnormal pregnancies, the frequency of
abnormality is likely to be greater depending on the timing of
the procedure. The use of array-CGH to study postnatal sam-
ples of individuals suspected to have genetic syndromes pro-
vides insight into the ability of the array-CGH platform to
detect abnormalities. In our series of 1,200 postnatal cases re-
ferred to our clinical laboratory for array-CGH testing for sus-
pected genetic disorders, the overall detection rate of clinically
relevant disorders was approximately 7.0%. Significantly,
nearly all of these cases had a previous chromosome analysis
that was normal. A larger study of several thousand pregnan-
cies would be needed to ascertain the rate of detection of mi-
cro-deletion or duplication syndromes by array-CGH that
cannot be detected by conventional karyotype analysis in preg-
nancies with known anomalies as well as in pregnancies with
risk factors such as advanced maternal age.
Our initial experience with the application of array-CGH in

the clinical prenatal diagnostic setting has demonstrated the
feasibility and accuracy of a molecular-based screening ap-
proach for genomic imbalances. This technique has the poten-
tial to be faster, more sensitive, and detect many more abnor-
malities than a conventional karyotype. There may be an
immediate indication for this enhanced testing in fetuses with
congenital anomaliesdetectedbyultrasound. Inaddition, couples
who desire as much genetic information about their pregnancies
as possible and who are undergoing amniocentesis or CVS, may
wish to be made aware of the option for an expanded level of
testing. Although not raised as an issue during the course of this
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study, thepotential alsoexists forcouples to tailor the resultsof the
array on an individual basis to exclude conditions for which they
do not wish information in a prenatal setting.
Additional large-scale studies are required in order to deter-

mine whether array-CGH may eventually replace a karyotype
in routine prenatal diagnosis and to determine a detection rate
for submicroscopic genomic imbalances using array-CGH.
From a cost perspective, it is likely that automation and high
throughput methodology could make array-CGH on direct
samples without culturing less costly than conventional karyo-
type analysis of cultured cells while detecting a greater percent-
age of all abnormalities. Moreover, emerging methodologies
based on isolation of fetal cells from the maternal cervix or
blood or on isolation of fetal DNA frommaternal plasmawith-
out invasive procedures might eventually change the guide-
lines for conventional prenatal genetic diagnosis.29–32
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