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Abstract

Purpose: Chromosomal microarray (CMA) is recommended as the first tier test in evaluation of
individuals with neurodevelopmental disability and congenital anomalies. CMA may not detect
balanced cytogenomic abnormalities or uniparental disomy (UPD), and deletion/duplications and
regions of homozygosity may require additional testing to clarify the mechanism and inform
accurate counseling. We conducted an evidence review to synthesize data regarding the benefit of
additional testing after CMA to inform a genetic diagnosis.

Methods: The review was guided by key questions related to the detection of genomic events that
may require additional testing. A PubMed search for original research articles, systematic reviews,
and meta-analyses were evaluated from articles published between January 1, 1983 and March 31,
2017. Based on the key questions, articles were retrieved and data extracted in parallel with
comparison of results and discussion to resolve discrepancies. Variables assessed included study
design and outcomes.

Results: A narrative synthesis was created for each question to describe the occurrence of, and
clinical significance of, additional diagnostic findings from subsequent testing performed after
CMA.

Conclusion: These findings may be used to assist the laboratory and clinician when making
recommendations about additional testing after CMA, as it impacts clinical care, counseling, and
diagnosis.
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INTRODUCTION

Chromosomal microarray (CMA) is a widely used clinical genetic diagnostic test, having
been endorsed as a first tier test in the postnatal evaluation of patients with unexplained
developmental delay, intellectual disability, congenital anomalies, and autism spectrum
disorder.12 The diagnostic yield of CMA for this patient population has been well
documented, including a separate systematic evidence review (SER).3

In the clinic, CMA testing is ordered on a large number of patients, and by a diverse group
of clinicians, and it is often ordered in place of the traditional G-banded karyotype. The
American College of Medical Genetics and Genomics (ACMG) guideline states that
ordering providers should be aware of cytogenomic aberrations not detectable by CMA,
including those relevant to various microarray platforms (e.g., single nucleotide
polymorphism (SNP) versus oligonucleotide).? The rationale for this document is that
additional testing is often done if the results are negative, or to determine if an abnormal
finding is familial or de novo, or to identify the underlying mechanism of an abnormal
finding, which could also have importance for family counseling. There is variability
between laboratory practices with respect to follow-up testing (e.g., fluorescence in situ
hybridization (FISH) or quantitative polymerase chain reaction (qPCR) to confirm variants
or identify the mechanism of copy number variants. Until now, there has been no SER to
summarize how often specific cytogenomic aberrations are undetected by CMA alone or
when additional testing is needed to clarify the mechanism of abnormal findings; this
information is important for clinical decision-making regarding the need or benefit of
additional testing following CMA.

At the request of the ACMG Professional Practice and Guidelines committee, we convened a
working group in December 2014 to conduct an evidence review.

The working group devised the following key questions:

1. What types of genomic abnormalities (e.g., balanced rearrangement, mosaicism,
and uniparental disomy) that may not be reliably detected by CMA are identified
with other related tests such as karyotype or fluorescence in situ hybridization
(FISH) in a child with unexplained developmental delay, intellectual disability,
congenital anomalies, or autism spectrum disorder, and what are the frequencies
of these genomic abnormalities when there are (a) normal CMA results or (b)
abnormal CMA results?

2. Does management change as a result of additional testing that identifies a
pathogenic abnormality not detected by CMA or that further clarifies the original
CMA findings?

The evidence review group (ERG) expanded these key questions according to categories of
genomic events. Questions were developed using the AHRQ Effective Healthcare Program
that includes the use of the PICOTS framework (Population, Intervention, Comparison,
Outcomes, Timing and Setting) of the topic to be reviewed. Key questions were drafted by
individuals within the ERG and then agreed upon by the entire group (Supplemental Table
1).
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We considered diagnostic yield an important outcome because previous studies have
documented the benefit of a genetic diagnosis with regards to avoiding additional testing and
ensuring accurate genetic counseling and informed reproductive decisions.4~’

This evidence review has potential to impact providers’ recommendations for children with
unexplained developmental delay, intellectual disability, congenital anomalies, or autism
spectrum disorder who are candidates for additional testing after CMA. In turn, knowledge
obtained from this review may affect genetic counseling regarding diagnosis and
reproductive risks, and laboratory practices for ancillary testing related to CMA.

METHODS
Evidence Review Group (ERG)

A multidisciplinary group, including experts in cytogenetics, molecular genetics, CMA
analysis (specifically including SNP array), genetic counseling, and clinical genetics, was
assembled to define the key questions, determine inclusion and exclusion criteria, formulate
literature search strategies, screen titles and abstracts, extract relevant data, grade the
evidence, and synthesize the findings. ERG members were all volunteers, and there was no
funding support for this effort. Volunteers were divided into four subgroups of three
individuals per group; each subgroup consisted of one clinician (medical geneticist or
genetic counselor) and two laboratory geneticists. This grouping was done in order to
balance expertise among the groups and also to balance any perceived conflict of interest
(COI) among individuals who receive compensation for working in a laboratory that
performs CMA or other genetic testing.

Data sources and article selection

Each subgroup performed a search of PubMed for evidence relevant to the specific key
questions assigned to their subgroup. Search terms are available as Supplemental Table 2.

Literature searches were focused on publications written in English and appearing between
January 1, 1983 and March 31, 2017. Searches were done using key words related to each
key question (linked by the word ‘OR’ and ‘AND’; Supplemental Table 2). The patient
population for the evidence review was defined as postnatal patients with non-specific
intellectual disability (ID), developmental delay (DD), autism spectrum disorder (ASD),
and/or multiple congenital anomalies (MCA) and is summarized as “PATIENTS” in
Supplemental Table 1.

Inclusion/Exclusion criteria for articles

Articles were selected for inclusion if they addressed our key questions and represented one
of the following: meta-analysis of prior studies, systematic reviews of the literature,
evidence-based guidelines, case series, randomized controlled trials, population studies,
cohort studies, or case-control studies. Articles were selected for exclusion if they
represented animal studies, languages other than English, and case reports of less than three
cases, or if the article was already represented in another review article that was included.
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Data Extraction

After conducting the literature searches, subgroups extracted data for their questions. Titles
of articles were reviewed and then publications excepted based on exclusion criteria.
Remaining articles were then reviewed in more detail by reading the abstract, or the entire
publication, as needed. Articles were selected for inclusion based on the criteria above for
the specific questions being addressed by each subgroup. Some subgroups ended up with
papers overlapping with those pertinent to other subgroups. We included information about
the population studied, type of genetic testing, types and frequencies of genomic events
observed, and diagnostic yield of testing.

Grading Strength of Evidence

Each subgroup graded the quality of evidence for each included reference using a four-tiered
grading scheme for diagnostic evidence (Supplemental Table 3). The entire ERG was re-
convened as needed (April-December, 2015) to discuss the grading of evidence.

Risk of Bias

The outcomes of interest for this review related to diagnostic yield. As such, none of the
studies included involved an intervention. Therefore, we considered our grading of the
evidence as a means to assess risk of bias for individual studies.

Synthesis of Evidence

After grading of the evidence, subgroups drafted a synthesis of evidence from the retained
studies (Supplemental Table 4). The synthesis of evidence is organized around genomic
events that may contribute to a diagnosis in the patient, including balanced rearrangements,
chromosomal mosaicism, unbalanced insertions, multiple copy number variants (CNVs),
and regions of homozygosity and uniparental disomy.

RESULTS

The number of articles discovered through the PubMed search, and the number selected
based on inclusion criteria are available in Supplemental Table 2. We identified a total of
9,841 publications and selected 25 to include in our review. Of those identified (and number
included), 7,561 addressed balanced rearrangements (n = 10), 403 insertions (n = 4), 297
UPD (n =7), and 1,580 mosaicism (n = 6). The majority were retrospective or mixed
retrospective/prospective studies. Grading and summary of the studies included are available
in Supplemental Table 4, grouped according to key questions evaluated.

(1.) BALANCED REARRANGEMENTS

CMA will not detect balanced rearrangements, such as balanced translocations, insertions,
or balanced inversions which may be detected by karyotype or FISH. Ten articles were
included to provide evidence for the frequencies of such events, and whether it is likely to be
clinically significant with respect to establishing a genetic diagnosis. Approximately 1% or
fewer of cases with a normal CMA will have a balanced rearrangement detected by
karyotype; multiple studies revealed incidences of 0.8%, 1.3%, and 0.28%, respectively.8-10
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A meta-analysis of 36,325 patients estimated an incidence of 0.78% for an apparently
balanced rearrangement.11

There are now several studies providing evidence that approximately 40% of patients with
an abnormal phenotype and an apparently balanced cytogenetic rearrangement by G-banding
have a cryptic imbalance at the site of the breakpoints potentially explaining the phenotype.
12-16 However, when CMA is normal and a cryptic imbalance is not identified, it is difficult
to estimate the likelihood that the balanced rearrangement detected by karyotype explains
the abnormal phenotype without the use of sequencing technology that is not clinically
available at this point. Parental studies can provide information as to whether a
rearrangement is de novo versus inherited. While inheritance status does not always predict
pathogenicity, it is likely to be more so in de novo cases. A limited number of publications
have investigated the phenotypic consequences of balanced rearrangements, as it can be
difficult to determine causation due to disruption and/or dysregulation of gene expression.
These studies indicate that an apparently balanced rearrangement at the G-banding level may
be associated with or causative of the phenotype in less than half of cases in the setting of a
patient with congenital anomalies or intellectual disability.12-16 Further details are
summarized in Supplemental material.

Notably, these studies and others investigating apparently balanced rearrangements found
clinically relevant imbalances seemingly unrelated to the breakpoints of the primary
rearrangements (e.g., distant to the breakpoint or on a different chromosome). If these cases
had been studied by CMA first, the imbalance would have been detected but the unrelated
balanced rearrangement would have been missed. This observation indicates that some
patients with an abnormal phenotype and a pathogenic CNV could also have a concomitant
balanced rearrangement not detected by CMA. In a case series of 33 subjects, two out of
seven cases with a balanced rearrangement had CNVs distant from the balanced breakpoints.
17 Additional research will be needed to estimate the frequency of this occurrence. It is
unclear if the co-occurrence of a balanced rearrangement and an unrelated CNV has a
combined effect on the phenotype, or the frequency with which this type of event occurs, but
it may not be uncommon.

(2) CHROMOSOMAL MOSAICISM

Six studies addressing incidence and detection of mosaicism were included. Chromosomal
mosaicism (whole or segmental) detected by CMA analysis, typically from a peripheral
blood specimen (sometimes from fibroblasts), was present in approximately 0.5%-1.2% of
individuals with unexplained DD, 1D, ASD, and MCA.18-23 The ability to detect mosaicism
appeared to be increased with CMA due to the greater sensitivity of molecular testing
technologies as compared to cytogenetic techniques. Mosaicism for whole chromosome
aneuploidy has been detected at levels as low as 20% and 5% for array CGH2? and SNP
arrays,2! respectively and was comparable to levels determined by FISH and/or chromosome
analysis (depending on the number of cells counted). Furthermore, current array platforms
detected segmental mosaicism at levels beyond resolution of standard chromosome analysis
(<4Mb), including mosaicism for CNVs within a single gene.18
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Although most instances of mosaicism are detected by either method, there are cases for
which karyotype and CMA revealed mosaicism missed by the alternative. Results of five
studies comparing detection of chromosomal mosaicism between routine chromosome
analysis and CMA included cases in which CMA had increased detection. In 0.13% (5/3710
cases), CMA detected mosaicism not discovered by standard karyotyping.8 Conversely,
mosaicism was found by karyotype alone in 6/3710 cases (0.16%). Further details are
summarized in Supplemental material.

(3.) UNBALANCED INSERTIONS

Four studies addressing unbalanced insertions were included. CMA results may show a copy
number gain that could represent either a tandem duplication or an unbalanced insertion.
Distinguishing between these two scenarios requires additional methods and can have
implications for pathogenicity as the phenotype could be complicated by a gene disruption
from the insertion in addition to the copy number gain. Moreover, apparently de novo
pathogenic or likely pathogenic deletions or duplications in affected individuals can be a
result of balanced insertions in parents with important implications for counseling about
recurrence risk. The review here addresses the question of whether parental studies are
indicated to help determine recurrence risk and do not address the concept of parental
studies being utilized for interpreting CNVs of uncertain clinical significance by
determining inheritance.

Unbalanced insertions appear to account for approximately 1:500 individuals referred for
CMA analysis and were involved in roughly 2-2.5% of all abnormal CMA studies,
including both deletions and duplications. Approximately 2% were due to balanced
insertions in one of the parents.24-27

In addition to the risk of triplosensitivity of genes contained in the duplicated interval or
gene disruption, the potential for gene disruption, fusion genes, or more complex
rearrangements to be causative of the phenotype was investigated by sequencing
technologies. Interstitial duplications appeared to be tandem and in direct orientation in the
majority of cases (83%) leaving one intact copy of the duplicated gene. The remaining 17%
of apparent duplications represented triplications embedded within duplications (8.4%),
adjacent duplications (4.2%), insertions (2.5%), and complex rearrangements (1.7%);26
further details are summarized in the Supplemental material.

(4.) MULTIPLE CNVs IDENTIFIED

Ten articles that addressed the findings of multiple CNVs were included. Of note, this
review did not focus on CMA results suggestive of an unbalanced translocation. A CMA
result with a single terminal deletion and single terminal duplication is suggestive of an
unbalanced translocation, which may be inherited or de novo, and is typically referred for
parental testing to determine if segregated from a balanced translocation carrier. A positive
CMA result may also show multiple copy gains/losses (two or more), and these imbalances
could represent a complex apparently balanced reciprocal rearrangement that would be
detectable by G-banded karyotype or metaphase FISH. There are few studies that allow for
an accurate estimate of the frequency of this situation. One study showed that 88% (23/26)

Genet Med. Author manuscript; available in PMC 2019 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Waggoner et al.

Page 8

of cases with two or more copy number imbalances in the same chromosome and 87%
(33/38) with two or more copy number imbalances in two different chromosomes had a
complex karyotype.8 Two other studies reported two cases with multiple CNVs and a
complex karyotype, and nine cases where a complex karyotype was discovered in the setting
of a single CNV (seven with duplication and two with deletion).® 28 These studies suggest
that cases with two or more imbalances should have a karyotype or metaphase FISH,
depending on the size of the CNVs, to evaluate the possibility of a more complex structural
rearrangement.

In addition, multiple studies now document cases with a single CNV for which a karyotype
or FISH clarifies the mechanism. These cases include ring and marker chromosomes as well
as other complex rearrangements.8 28. 29 This additional testing to clarify the genetic
mechanism associated with the CNVs is necessary for accurate recurrence risk counseling.

(5.) DETECTION OF REGIONS OF HOMOZYGOSITY (ROH) AND UNIPARENTAL DISOMY

(UPD)

Seven studies that addressed ROH and UPD were included. In addition to copy humber
variation, SNP arrays may detect copy neutral regions of homozygosity (ROH) through the
targeting of biallelic markers dispersed throughout the genome. Large segments of copy
neutral ROH may be clinically significant as an indicator of uniparental disomy (UPD) or
may reflect inheritance of a genomic segment from a common ancestor - identity by descent
(IBD). ROH reflecting IBD has been observed in many different epidemiologic studies of
healthy members of the general population.3° In some cases where an autosomal recessive
mode of inheritance is suspected, identification of ROH may aid the diagnostic evaluation by
uncovering a gene in which a homozygous pathogenic mutation resides.

Although SNP array can be suggestive of UPD, all cases of UPD may not be detected, and
detection rates may vary between laboratories. Detection varies based on the specifics of the
UPD (i.e., isodisomy versus heterodisomy, whole chromosome versus segmental). In one
study, more than 95% of patients with Beckwith-Wiedemann syndrome from paternal UPD
were detected by SNP array, as many of these were due to segmental UPD.3! In contrast,
Prader-Willi Syndrome (PWS) was frequently due to heterodisomy, although meiotic
recombination sometimes leads to a region of isodisomy with a corresponding lower
detection rate by SNP array.32 Therefore, additional testing may be warranted to assess UPD
depending on the clinical phenotype.

In general, reportable ROH are 3-10 megabases in size. In large population studies, ROH
were found in 5-10% of cases.23: 33: 34 |n two large cohort studies, 70-80% of individuals
with ROH had involvement of at least two chromosomes, suggestive of 1BD.33. 34 Efforts to
refine cases of ROH that were suspicious for UPD have been successful. Criteria were
developed to define a “UPD signature” and prospectively test 46 cases with ROH suspicious
for underlying UPD.3® This study found that further testing confirmed UPD in as many as
29/46 (63%) cases. Criteria used for suspected UPD included ROH involving only a single
chromosome (especially one that was known to be associated with a UPD phenotype) and
telomeric ROH.3% Another study identified 11 cases to be suspicious for UPD, either due to
mapping to a chromosome with a known human imprinting disorder or due to involvement
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of very large chromosomal segments, and microsatellite analysis confirmed UPD in 5/11
23
cases.

It is difficult to estimate how often a confirmed UPD chromosome or chromosome segment
is responsible for a patient’s phenotype. Several studies have reported whether the ROH
mapped to chromosomes with known human imprinting disorders or imprinted genes. One
study reported that in 12/19 cases involving a single chromosome, the ROH mapped to a
chromosome with a known human imprinting disorder.33 Another study found single
chromosome ROH mapping to chromosome 14 in seven cases, but two cases had
confirmation testing that was negative for UPD.34 Finally, one study reported that
approximately 50% of their cases mapped to a chromosome with imprinted genes and/or had
a recognizable imprinting disorder phenotype.3®

Under certain specific clinical circumstances, ROH that is indicative of IBD may be used to
narrow the search for a causative gene wherein a homozygous variant causing an autosomal
recessive (AR) disease is suspected. It appears that this occurs only rarely (~1% of cases
with ROH) as reported in two large studies.23: 33 In the setting of parental consanguinity
and/or results consistent with close parental relatedness, an AR single gene disorder was
diagnosed in four patients from two families for a yield of 4/59 (7%).33

DISCUSSION

The goal of this evidence review is to synthesize the literature regarding diagnostic yield
and, where possible, clinical significance of additional testing after either a normal or
abnormal CMA.. Additional testing is considered either to clarify further CMA results or to
detect genomic events, which cannot be detected by CMA.

It is known that there are certain types of genomic abnormalities not detected by CMA
(simple and complex apparently balanced rearrangements, etc.). CMA results do not
determine the genetic mechanism associated with a CNV and, therefore, are limited in the
ability to inform family counseling. SNP array findings may suggest certain abnormalities
such as UPD and IBD, but cannot confirm their clinical significance. In these situations,
additional testing is warranted to inform further clinical significance and family counseling.

We have described the occurrence of additional genomic events in the presence of both
normal and abnormal CMA results in a defined population. These results can be utilized to
inform the likelihood of additional testing having clinical implications. The published
literature mostly focuses on describing the incidence of the genetic abnormalities
investigated in this review, and were not designed to assess clinical outcomes or cost-benefit
analysis. There are studies documenting the benefit of a genetic diagnosis allowing accurate
genetic counseling and informed reproductive decisions.~’ Therefore, our working group
was limited in its ability to make recommendations as to when to perform additional tests
based on the lack of studies documenting clinical outcomes or cost-benefit analysis. The
evidence is summarized below according to negative or positive CMA results and genomic
event type. When appropriate, the expert opinion of the group is reported, and the types of
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tests to consider and clinical implications are documented, but the decision to pursue
additional testing should be made on an individual case basis.

The findings of the review are summarized in Table 1.

(1.) BALANCED REARRANGEMENTS

A negative or normal CMA may miss a balanced rearrangement or possible mosaicism.
Approximately 0.8% of cases with negative CMA results will be expected to have a
balanced rearrangement (e.g., translocation, inversion, insertion) that would be detected by a
karyotype.8 We believe this could be an underestimate because karyotype can additionally
detect other structurally abnormal chromosomes, such as rings and markers, which were not
included in the search of the literature when examining this specific question. This review
focused specifically on a postnatal population with a defined phenotype and does not
account for every clinical scenario that may be encountered. There are other circumstances
that may be clinically suggestive of the need for a karyotype after normal CMA, including
prenatal findings of clinical abnormalities or a family history suggestive of a balanced
rearrangement.

A balanced rearrangement may interrupt a gene or dysregulate gene expression and hence be
the pathogenic cause of the patient’s phenotype. However, given an incidence of 0.78%
-1.3% for missed balanced events,8-10 overall it is estimated that such an event could be the
cause of an abnormal phenotype in about 0.56%-0.91% of all cases with normal CMA.

Sequencing has tremendous potential to determine the nature and effect of the breakpoints
on specific genes. A recently published large cohort study suggests that balanced
rearrangements are often associated with genomic imbalances < 10 kb, direct gene
disruption/truncation, or modulation of long-range regulatory interactions; the expression
and known function of genes involved in these disruptions are suggestive of their role in
causing a phenotype.3” A prenatal study similarly showed disruption of regulatory domains
and the associated genes can be predictive of the phenotype.38 We believe these studies
provide further evidence of the importance of incorporating sequencing technology into the
investigation and interpretation of cytogenomic abnormalities. The clinical consequence of
these disruptions is related to more than just the gene(s) involved in the translocation,
deletion, or duplication, but is also related to the change in gene expression from disrupted
regulatory domains.

Overall, we find that the data support balanced rearrangements associated with or causative
of the phenotype in a meaningful proportion of cases in the setting of a patient with
congenital anomalies or intellectual disability. At the level of an individual patient, however,
the presence of a balanced rearrangement by karyotype is not predictive of a phenotype. In
order to correlate the balanced event with the phenotype, knowledge of the specific gene(s)
involved in the breakpoint is required. Due to low overall incidence and current
implementation of clinical genome sequencing to determine if balanced rearrangements
interrupt/dysregulate a gene, it may not be cost effective to follow up all negative CMA test
results with karyotype analysis. Further technological development is anticipated to address
this area (e.g., low pass whole genome sequencing).
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(2) CHROMOSOMAL MOSAICISM

Consideration of mosaicism is complicated by the level of mosaicism in the sample and the
likelihood that the abnormality contributes to pathogenicity. Most studies document that
detection of whole chromosome mosaicism is similar for both karyotype and CMA, at levels
of ~5% with SNP arrays.2! SNP arrays have greater sensitivity for detection of segmental
mosaicism. Although several cases® document mosaicism detected by karyotype or FISH
and missed by CMA, this group’s expert opinion is that the unknown overall incidence of
these events and absent data documenting pathogenicity preclude routine recommendation
of follow up studies.

CMA may still have high sensitivity when there are clinical features suspicious for
chromosomal mosaicism, such as phenotypic findings consistent with X chromosome
mosaicism, pigmentary abnormalities, or growth asymmetry associated with intellectual
disability. However, ancillary testing should be considered, including a karyotype plus FISH,
as well as sampling more than one tissue type.

(3.) UNBALANCED INSERTIONS

A copy number gain may be due to interstitial duplication (83%)24-27 or to an insertion. An
insertion may be inherited from a parent with a balanced insertion (~2%)24-27, which would
have implications for recurrence risk counseling. Follow up testing of the proband to
differentiate the type of copy gain and of the parents to assess for a balanced insertion
requires karyotype or FISH, depending on the size of the gain. An insertion which disrupts a
gene at the site of insertion or dysregulates a gene(s) due to rewiring of a chromatin domain
may also have implications for the phenotype. Genomic sequencing to detect these types of
events is not widely clinically available at this time. A single CNV deletion may also be
inherited from a parent who has a balanced insertion, and detection requires parental
karyotyping and/or FISH studies.

Follow up testing of the proband and parents, for the purposes of identifying insertional
events, only applies to unique, non-recurrent CNVs as recurrent events are due to low copy
repeat (segmental duplication) mediated rearrangements. We do not recommend routine
parental follow-up studies by metaphase FISH for duplications or deletions that are
classified as a VUS for the purposes of identifying parental balanced insertions. This
recommendation does not apply to the utilization of parental studies for the purpose of VUS
interpretation.

(4.) MULTIPLE CNVs IDENTIFIED

A positive CMA detecting more than two CNVs is associated, in one study, with a complex
chromosome rearrangement in nearly 90%8 of cases, although these rearrangements may
appear as balanced rearrangements by chromosome analysis. Following from this review, we
believe G-banded karyotype and/or metaphase FISH may be considered on an individual
basis when there is a positive CMA test. Detection of a complex karyotype can also occur in
cases with a single CNV and occurs more frequently with duplications than deletions.®
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(5.) DETECTION OF REGIONS OF HOMOZYGOSITY (ROH) AND UNIPARENTAL DISOMY

(UPD)

SNP array may reveal ROH on one chromosome suggestive of possible whole chromosome
or segmental UPD, or of multiple chromosomes suggestive of IBD. Additional studies
including microsatellite markers and/or methylation studies are needed to confirm UPD.
Determining UPD may have importance for establishing a diagnosis and for recurrence risk
counseling. SNP array may not always detect heterodisomy UPD, so this group’s expert
opinion is that a clinical phenotype suggestive of an imprinting disorder should determine
the need for additional testing. When ROH involves multiple chromosomes, IBD would be
considered and may indicate an autosomal recessive disease. A careful search of the
homozygous regions may reveal specific genes identified in autosomal recessive diseases
that match the patient’s phenotype. We suggest consideration of follow-up sequencing
and/or targeted copy number detection to help establish a diagnosis when multiple regions of
ROH are detected.

CONCLUSION

The studies that are available report the incidence of varying cytogenomic abnormalities and
allow an estimation of the likelihood that a specific abnormality may be missed after CMA
has been completed. Our group found it difficult to make specific recommendations for or
against additional testing because the studies do not document the clinical impact and
outcomes of the diagnosis of each genomic event. In addition, there are no cost-based
analyses of additional testing. An additional limitation to this review is the lack of evidence
documenting the medical outcomes and benefits of establishing a genetic diagnosis.

The benefit of establishing a diagnosis and providing accurate recurrence risk counseling is
widely accepted as critical to informing reproductive options, yet there appears to be a
dearth of research published investigating these important outcomes or health outcomes.
Future studies that investigate clinical outcomes may enable more specific
recommendations. Currently, there is insufficient evidence for recommendations to develop
guidelines/guidance for next steps in diagnosis, and as such, an expert consensus process
could be a next step for guideline development. Methods for this could include an expert
consensus process based on the Delphi method,39-40

We acknowledge certain limitations to this review. We relied on only one database for the
ascertainment of published evidence, which might limit the scope of publications available.
However, deficiencies in identifying key literature was not found by the diverse expertise of
the working group members. This study did not meet the full requirement of a systematic
evidence review, and thus, there is a possibility of bias in the results presented and in the
opinions formulated. Specifically, we did not develop methods to assess risk of bias for
individual studies, we did not summarize the strength of evidence for each main outcome of
interest, nor did we describe the limitations at the study and outcome level. However,
because our main outcomes related to diagnostic yield, we chose to use the grading of
evidence to assess individual study bias. Because of the limited research available, we also
chose to summarize the strength of the evidence and limitation in aggregate.
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The ultimate goal for this evidence review was to document the evidence for observed
frequency of different types of genomic events, and how well they can be detected with
available clinical testing. The broader perspective is that an ever increasing proportion of
future diagnostic genetic testing will be based on massively parallel sequencing, and the
potential for more sensitively identifying and accurately describing complex genomic events
by sequencing makes this an important time to reflect on how it may impact clinical
diagnostic testing.

There is evidence to suggest that sequence-based data will complement the information
obtained by CMA and/or traditional cytogenetics when it becomes more widely available in
a clinical setting. Research studies have demonstrated that structural variants not involving
known disease genes can cause clinical symptoms through disruption of higher-order
genomic organization such as interference with normal regulation of gene expression.1% 37
How often this occurs in individuals with apparent genomic syndromes remains to be
determined.

We hope current and future efforts to incorporate sequence-based methods for detection of
chromosomal aberrations will be designed to provide two goals. One, more precise detection
of the chromosomal aberrations summarized here, including apparently balanced
rearrangements, imbalances representing complex rearrangements, mosaicism, and
isodisomy. Second, to add additional clinically relevant information through characterization
of complex rearrangements in either apparently balanced or unbalanced genomes.
Considering NGS-based methods in the context of diagnostic yield for the types of genomic
changes discussed in this evidence review will help to determine whether NGS-based
methods can be employed in place of CMA or conventional cytogenetic methods based on
the clinical situation. As a next step, it will be important to assess the role of next generation
sequencing approaches in diagnosing the cause of neurodevelopmental disabilities and
congenital anomalies, as the ability to detect copy number variation and complex
rearrangements by NGS improves.

This review documents the incidence of cytogenomic abnormalities that may be missed or
need further testing for clarification after CMA has been performed for patients with
neurodevelopmental issues and birth defects. These issues are relevant to healthcare
providers, patients, policy makers, and payers. The decision to perform additional testing
requires consideration of the specific clinical indication, the cytogenomic abnormality being
considered, and the availability of clinical testing. Careful review by a geneticist or
healthcare professional familiar with the limitations of CMA would inform these
determinations.
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Refer to Web version on PubMed Central for supplementary material.
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