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Disclaimer: This guideline is designed primarily as an educational resource for health care providers to help them provide quality
medical genetic services. Adherence to this guideline does not necessarily ensure a successful medical outcome. This guideline should
not be considered inclusive of all proper procedures and tests or exclusive of other procedures and tests that are reasonably directed
to obtaining the same results. In determining the propriety of any specific procedure or test, the geneticist should apply his or her own
professional judgment to the specific clinical circumstances presented by the individual patient or specimen. It may be prudent,
however, to document in the patient’s record the rationale for any significant deviation from this guideline.

ABSTRACT

Mental retardation affects approximately 3% of the popula-
tion, and the background birth defect rate is 3% to 4%. An
underlying cause is identified less than 50% of the time. In the
cases in which a cause is determined, a chromosomal anomaly
is the cause in up to 40%. Laboratory evaluation routinely in-
cludes high-resolution karyotyping, subtelomeric fluorescence
in situ hybridization analysis, and targeted fluorescence in situ
hybridization analysis depending on the clinical features.
There are technical limitations to these techniques, however.
For example, anomalies less than 2 to 3 Mb in size are unde-
tectable by karyotype, and subtelomeric fluorescence in situ
hybridization analysis is a labor-intensive analysis with a rela-
tively low yield. With completion of the Human Genome
Project, diagnostic testing is moving toward the use of DNA-
based techniques such as comparative genomic hybridization
microarray analysis or array comparative genomic hybridiza-
tion. Although this technology has been used in the evaluation
of tumors and cancer patients in the past, it is now being ap-
plied in the assessment of patients demonstrating idiopathic
mental retardation or developmental delay, dysmorphic fea-
tures, congenital anomalies, and spontaneous abortions. As
with other well-developed cytogenetic studies, there are tech-
nical limitations to array comparative genomic hybridization
that must be acknowledged and addressed before its wide-
spread use. A variety of array-based technologies are now avail-
able on a clinical basis.We discuss the utility and limitations of
using this technology in the evaluation of individuals with

mental retardation and malformations, citing the existing lit-
erature.

INTRODUCTION

Conventional cytogenetic techniques [high-resolutionGTG
banding, subtelomeric fluorescence in situ hybridization
(FISH), targeted FISH] play an important role in the evalua-
tion of an individualwithmental retardation or developmental
delay, congenital anomalies, and dysmorphic features. How-
ever, there are technical limitations to these tests. For example,
chromosome analysis cannot detect anomalies that are smaller
than 2 to 3 Mb, targeted FISH is performed on a limited basis
based on phenotype, and subtelomeric FISH is labor intensive
for the relatively low yield of abnormalities detected.1

DEFINITIONS

Because gene dose variations are the underlying cause of
many genetic conditions (e.g., Down syndrome, Prader-Willi
syndrome), detection and mapping of gene copy number ab-
normalities have proven to be important in associating aber-
rations with disease phenotype and for localizing critical
genes.2Molecular cytogenetic techniques, such as comparative
genomic hybridization (CGH), were developed for genome-
wide screening for chromosomal copy number variations in a
single experiment.2,3With this technique, now termed conven-
tional CGH, patient and reference genomic DNA samples are
differentially labeled with fluorescent dyes and hybridized to
slides containing normal human metaphase chromosomes.
DNA from both sources compete for their respective positions
on the array. Computer analysis of the fluorescent signals de-
termines overall gains and losses of DNA sequences across the
genome.4 Because metaphase chromosomes were used for hy-
bridization of sample and reference DNA, the resolution of
conventional CGH was only 3 to 10 Mb2, similar to that of
high-resolution karyotyping. A substantial increase in resolu-
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tion came with development of CGHmicroarrays [array CGH
(aCGH)].2,5 With aCGH, metaphase chromosomes are re-
placed by cloned [e.g., bacterial artificial chromosomes
(BACs)] or synthesized [e.g., oligonucleotides (oligos)] DNA
fragments across the genome that are immobilized on a glass
surface, the exact chromosomal locus of which is known.4,6

Sample DNA and control DNA are hybridized to the DNA
fragments spotted onto the array, and copy number variations
are measured by computer analysis of the differences in hy-
bridization pattern intensities.4 The resolution of aCGH is lim-
ited only by the size and distance between the BACs or oligos
spotted onto the array.7

At this time, there are two types of array platforms being
offered clinically: the constitutional or targeted array and the
whole-genome array. The targeted array has a limited number
of BAC clones corresponding to regions thought to be clini-
cally significant (e.g., subtelomeric regions) or encompassing
commonly described chromosomal alterations (e.g., microde-
letion syndromes).3,8

Whole-genome arrays have now been developed that, as the
name implies, have wider coverage over the human genome.
One of the first whole-genome arrays was constructed by Sni-
jders et al.6 and contained approximately 2400 BAC clones
distributed over the genome. Newer arrays contain even more
BAC clones, with lengths ranging from 60 to 200 kb that are
spaced at intervals of approximately one clone per 1 Mb.
Higher resolution is provided by these denser arrays. However,
it is somewhat arbitrary coverage and clinically significant loci
may not be included. Oligo arrays provide even greater resolu-
tion with thousands of oligomer probes placed at various spac-
ings across the genome. Array design will dictate the ability to
accurately delineatemutation intervals and the size of theDNA
copy number changes that can be detected.

UTILITY

Until recently, microarrays have been designed for and used
in the research arena. Arrays for individual chromosomes, te-
lomeric regions, specific chromosome regions, and the whole
genome have provided information on DNA gains or losses
with unprecedented resolution.3 As the technology moves to-
ward the clinical setting, the most appropriate use is being
debated.
Currently, clinical availability of aCGH testing is basically

limited to BAC clone targeted arrays. Several laboratories
around the country now offer testing that is listed in
GeneTests.9 In the near future, higher definition whole ge-
nome BAC arrays will be more widely available and will likely
augment or replace the targeted array. Also on the horizon and
approachingmore widespread clinical availability are the oligo
arrays. Because these arrays are technically easier to use, are
higher resolution (35 kb), and can delineatemutation intervals
with greater accuracy, oligo array technology may be the pre-
ferred technology in the future.
The scope of use of aCGH has broadened from the cancer

research and diagnostic process10 to include evaluation of pa-

tients with developmental issues and/or malformations as well
as products of conception samples. In addition to individual
case reports, case series of aCGHuse are now being reported in
the literature. Reports of results from targeted and whole-ge-
nome BAC7,11-16 and oligo17,18 arrays utilized in the evaluation
of patients with mental retardation/developmental delay and
dysmorphic features/congenital malformations began appear-
ing in the medical literature in 2003. Study sample sizes have
ranged from 8 to 1500 patients. The largest case series thus far
include two reports by Menten et al.15 and Shaffer et al.16 in
which the authors report results for 140 and 1500 cases, respec-
tively. However, other studies had substantially fewer patients
ranging from 8 to 50.7,11–14,17,19 The reported de novo DNA
copy number change rate ranged from 8% to 40%. There are
limitations to all the studies published thus far, including lim-
ited clinical information and the lack of control studies.
In addition to new and presumed significant chromosomal

changes, several of the studies demonstrated that the arrays
could reliably detect previously described chromosomal ab-
normalities identified by standard cytogenetic techniques.20

Studies have also reported the detection of chromosomal mo-
saicism in the range of 3% to 20% in patients.15,16,20 Reports of
aCGH identifying cytogenetic abnormalitiesmissed by routine
cytogenetic analyses are also appearing in the literature and
further support the sensitivity of aCGH.16,20

In addition to using aCGH in the evaluation of patients with
phenotypes suggestive of a chromosome abnormality (mental
retardation, dysmorphic features, congenital anomalies), ar-
rays have also been applied in the assessment of spontaneous
miscarriage or abortion specimens and fetuses with multiple
anomalies.21–23 Schaeffer et al.21 used a targeted array in their
retrospective study, and, in addition to the anomalies detected
by routine cytogenetic testing, aCGH identified four new ab-
normalities. However, the significance of the abnormalities
(e.g., interstitial deletion of 9p21 in a trisomy 13 sample) was
not addressed, and parental comparisons were not made.
The efficacy of applyingmicroarrayCGH technology to pre-

natal amniotic fluid and chorionic villus samples was exam-
ined by Rickman et al.24 In this study, 30 cultured pre-/post-
natal samples with microscopically confirmed unbalanced
rearrangements were examined using a custom, 600 large in-
sert clone (BAC, PAC) array and a 1-Mb resolution array. The
customized array was designed to concentrate clones in areas
of clinical significance with dense representation across com-
monmicrodeletion syndrome regions. A lower representation
(approximately one clone per 10 Mb) was used over the re-
mainder of the genome. The customprenatal array detected 29
of 30 abnormalities, but the 1-Mb array only found 22 of 30 of
the abnormalities. Both arrays failed to detect a triploid karyo-
type. Uncultured samples, from as little as 1 mL of uncultured
amniotic fluid and a single small fragment of chorionic villus,
also showed results on the arrays that were concordant with
cultured samples. The authors stated that their study demon-
strates the potential for aCGH to replace conventional cytoge-
netics in a majority of prenatal diagnosis cases. However, they
did point out limitations of the technology such as the inability
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of an array to detect polyploidy and balanced chromosomal
rearrangements. They also noted that higher density arrays are
likely to generate abnormalities that will be difficult to inter-
pret in the context of copy number variations identified with
the array. Shimokawa et al.22 echoed this concern by question-
ing the ability at this point to be able to comment on the phe-
notypic effects of dose differences in a few clones.Would these
changes be significant clinically? These are questions that can-
not be answered at this stage of array use. If applied in a pre-
natal setting, the additional stress and anxiety generated with
this type of uncertainty will be difficult for clinicians and ge-
netic counselors to address. Rickman et al.24 suggested that a
targeted (limited) prenatal array be designed that excludes
known regions of copy number changes associated with mild
phenotypic abnormalities to minimize difficulties with inter-
pretation. However, adding clones to an array (i.e., to detect
microdeletion syndromes) that may not show an increased in-
cidence in the majority of women undergoing prenatal testing
for maternal age raises the question of who should now be
offered this type of testing.

CONCERNS
Copy number variants

As banded chromosome analysis became a standard part of
the evaluation of an individual withmental retardation or con-
genital anomalies, it became apparent that certain regions of
the karyotype showed normal variation within the human
population (e.g., pericentric inversion of chromosome 9, qh
regions of chromosomes 1, 9, 16, Y). Further definition of the
human genome through the Human Genome Project and
technology such as aCGHhave identified another formof vari-
ation in the DNA: large-scale copy number variants
(CNVs).25,26 These are currently being catalogued in databases
such as the Database of Genomic Variants (public Web site:
http://projects.tcag.ca/variation)and DECIPHER. All DNA
copy number alterations are being compiled, both those
thought to be clinically relevant as well as changes shown to be
polymorphisms or variants. The extent to which these CNVs
are present throughout the genome and what exact role they
play in human genetic variation are yet to be determined and is
an area of active research (reviewed in Feuk et al.27). At this
time, if an abnormality is detected, the answer as to whether it
is a pathologic changemay be difficult to determine with ques-
tions about CNVs still unanswered. Although parental analy-
ses in such cases may be helpful, additional information re-
garding CNVs and polymorphisms may be gained from
general population screening with microarrays. To date, a
project of this magnitude has not been undertaken.
Historically, to determine whether a chromosome abnor-

mality was an inherited or de novo finding, parental samples
were examined. This protocol will be followed with the appli-
cation of aCGH. Specific BAC clones are used to verify array
results on patients. Parental samples are then examined for any
abnormality detected. In some instances, arrays may also be
required on parents to clarify breakpoints or confirm CNVs.

Following these procedures will unquestionably add addi-
tional costs to an already expensive test. However, until such
time as a comprehensive CNV and polymorphism database is
compiled that can be used for result comparison, interpreta-
tion of aCGH results will still require adjunctive testing for
clarification as is routinely done in cytogenetics laboratories at
this time.

Cost

Not surprisingly, aCGH testing is currently an expensive
test, with estimates ranging from $1500 to $1800. However, if
one assumes the cost of standard karyotyping, with subtelo-
meric FISH and possibly locus-specific FISH, the total cost for
this kind of workup exceeds that currently being charged for
aCGH. As with other highly technical applications, prices tend
to decrease as techniques are honed andproduction costs drop.
For the foreseeable future, the cost of performing aCGH on a
patient will be similar to that charged for subtelomeric FISH
analysis.

Standardization

An issue that should be considered before the widespread
availability of aCGH is the lack of standardization for array
production, analysis, and reporting of results. Arrays in use at
this time are mostly “home brews” designed by individual lab-
oratories performing the test. Computer analysis programs can
also be customized for particular arrays. The AmericanCollege
of Medical Genetics is actively addressing the issues regarding
laboratory guidelines (see page 654 in this issue). In addition,
the ISCN 2005 28 provides nomenclature for reporting mi-
croarray results to help standardize the reporting of chromo-
some abnormalities and normal results obtained from this new
technology.

SUMMARY

aCGHanalysis is proving to be a sensitive and reliable tool in
detecting submicroscopic chromosomal abnormalities that are
undetectable by current cytogenetic testing methodologies.
Reports to date are consistently quoting an abnormality rate
between 8% and 20%, although larger numbers of patients
need to be studied with these techniques. The discovery of
novel chromosome abnormalities and newly identified
syndromes29–32 will surely increase, and identification of im-
portant chromosomal loci will further direct research into
genes crucial for normal growth and development. However,
there are still some issues (e.g., CNVs, standardization of re-
porting) that need to be addressed as aCGH is offered clinically
on a widespread basis. Because this technology may identify
DNA copy number changes of uncertain clinical significance,
its use in the prenatal setting should be approached with cau-
tion.

Recommendations:

1. At the present time,microarrayCGHmaybeusedas anadjunct to

standard cytogenetic testing (including targeted FISH for specific
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microdeletion/duplication syndromes) in the evaluation of a pa-

tient withmental retardation and/or congenital anomalies. Finan-

cial limitations, availability of parents for testing, and the possible

ambiguity of results should all be considered.

2. Microarray CGH should not be used as a first-tier test in prenatal

diagnosis. Limited use of the targeted array may be helpful in the

evaluation of fetuses with structural anomalies and normal chro-

mosome analysis or of marker chromosomes.33
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