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Abstract Preimplantation aneuploidy screening of cleav-
age stage embryos using fluorescence in situ hybridization
(FISH) may no longer be considered the standard of care in
reproductive medicine. Over the last few years, there has
been considerable development of novel technologies for
comprehensive chromosome screening (CCS) of the human
genome. Among the notable methodologies that have been
incorporated are whole genome amplification, metaphase
and array based comparative genomic hybridization, single
nucleotide polymorphism microarrays, and quantitative
real-time PCR. As these methods become more integral
to treating patients with infertility, it is critical that
clinicians and scientists obtain a better understanding
of their capabilities and limitations. This article will
focus on reviewing these technologies and the evidence
of their validity.

Capsule With renewed interest in embryo selection through
comprehensive aneuploidy screening, a review of the capabilities,
limitations, and evidence of validity of new methodologies including
array CGH, SNP microarrays, and real-time PCR is provided.
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The concept of preimplantation genetic screening (PGS) for
chromosomal abnormalities to improve clinical outcomes in
patients undergoing in vitro fertilization (IVF) is based on the
observation that aneuploidy represents the leading genetic
cause of miscarriage [1] and is likely the most prevalent
genetic abnormality in human embryos [2]. In addition, con-
ventional embryo selection methodologies, namely using
morphological and developmental criteria, are not sufficient
to identify which embryos are chromosomally normal [3].
Despite sound principles for the use of PGS, clinical outcomes
from FISH based PGS, the most commonly used technology,
have been disappointing [4].

One of the key limitations of FISH based preimplantation
aneuploidy screening is the inability to simultaneously evalu-
ate all 24 chromosomes found in human cells (chromosome 1—
22, X and Y). The development of technologies for single cell
whole genome amplification [5—9] has now led to a number of
methodologies for comprehensive screening of all 24 chromo-
somes in preimplantation embryos and polar bodies. These
CCS technologies include metaphase comparative genomic
hybridization (mCGH) [10-12], array (a)CGH [5, 6, 13, 14],
and single nucleotide polymorphism (SNP) arrays [15-19].
More recently, a quantitative real time (q)PCR approach was
developed that does not require whole genome amplification
[20]. Despite similar applications (i.e. 24 chromosome aneu-
ploidy screening) these various methods of CCS possess
unique capabilities and limitations (Table 1).
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CCS method

Table 1 Comparison of methods for preimplantation CCS

Reported characteristic
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aCGH SNP array qPCR

short mCGH

mCGH

97% [20]

NR

94 [16] -99% [15]

100% [22] NR
NR

NR
24 h

NR

Accuracy®

94% [60]

76 [81]-88% [82, 83]

72 h

Consistency between PB and oocyte

4 h [20]

24 h [16]

12 h [60]

Minimum turn-around time

oocyte, cleavage, blastocyst

NR

oocyte, cleavage
262-370 K

oocyte, cleavage

2-32 K

oocyte, cleavage

NA

oocyte

NA

Stages of biopsy eligible for fresh ET

Number of probes

NR

2.5 Mb [32] 1.7 Mb [28]

100 Mb [30]

10 Mb [29]

Reported minimum detectable imbalance

NR

Direct monogenic disease screening”

NR
NR

Uniparental disomy screening

Contamination screening

NR

Origin of aneuploidy screening

 Accuracy predictions based on reported analysis of cell lines

® mCGH, short mCGH, and aCGH have been reported with parallel but indirect monogeneic disease screening

“Not all SNP array methods have validated origin of aneuploidy predictions

NR Not reported, NA Not applicable

One important consideration is the amount of time re-
quired to complete the analysis. While rapid conventional
mCGH methods have been developed [21-23], the most
widely used methods aren’t suitable for cleavage stage bi-
opsy and fresh embryo transfer. However, mCGH results are
typically available in time for a fresh embryo transfer when
applied to polar body biopsy [12, 24]. Currently, most
groups utilize aCGH instead of mCGH in clinical trials
and commercial activities as aCGH allows for greater
throughput, higher resolution and more rapid analyses.
SNP arrays can also be used on blastomeres in time for
fresh embryo transfer [16, 25] and additional time savings
are possible through the use of JPCR methods from which
results are available within 4 h of the biopsy allowing fresh
blastocyst transfer after trophectoderm biopsy [20, 26].

Although aCGH and SNP array technology both involve
an array of DNA based probes, these methods are not
equivalent. For example, among the commonly used arrays
for PGS, the BlueGnome (Cambridge, UK) bacterial artifi-
cial chromosome (BAC) arrays possess approximately
2,000 to 5,000 DNA probes across 24 chromosomes [27],
the Affymetirx (Santa Clara, CA) Nspl SNP array possesses
approximately 262,000 probes [15, 28], and Illumina (San
Diego, CA) arrays used typically possess approximately
300,000 to 370,000 probes [16—18]. Although the number
of probes included on each of these arrays does not neces-
sarily correlate with the level of accuracy, it does influence
the level of genomic resolution provided by each method.
Furthermore, BAC array and SNP array probe numbers may
not be directly compared since relative performance of
probes on each array type can impact resolution. While it
is clear that whole chromosome aneuploidy represents the
most common and clinically relevant genetic abnormality in
human embryos, many groups have developed CCS tech-
nologies capable of identifying smaller deletions and dupli-
cations. This capability is particularly important for patients
carrying a balanced translocation since clinically significant
imbalances of smaller segments of the chromosomes (seg-
mental aneusomy) involved are often produced during mei-
osis. A number of CCS methods have been applied to
evaluating embryos from translocation carrier patients in-
cluding mCGH with a resolution of 10-20 Mb [29] and 25—
100 Mb [30], aCGH with a resolution of 2.8 Mb [31] and
2.5 Mb [32], and SNP arrays with a resolution of 2.4 Mb
[33] and 5 Mb [34]. Despite these reported abilities to detect
small imbalances, the ability to predict de novo deletions
and duplications in embryos from patients without a known
translocation has typically not been claimed. However, a
method combining aCGH and SNP array technologies sug-
gested the ability to detect a 1.7 Mb deletion in single cells
[28] and to predict de novo deletions and amplifications in
human embryos [35]. Estimates of the prevalence of such
imbalances in human embryos by this methodology are high
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given their rarity in clinically recognized pregnancies [36,
37] and may need to be confirmed by alternative
methodologies.

Another key difference between array based platforms is
the way in which copy number is assigned for each chromo-
some. For example, aCGH involves differential labeling and
mixing of biopsy DNA with control DNA prior to hybridiza-
tion and interpretation of ratios of red and green (two-color)
fluorescence upon completion [38]. In contrast, Affymetrix
SNP arrays involve hybridization of only biopsy DNA (single
color) followed by computational comparison of signal inten-
sities to those obtained on separate control DNA hybridized
arrays (in silico controls) [39]. The SNP single color array
approach has the distinct advantage of evaluating the test
sample against a large number of control samples (not just 1).
This could help avoid inconsistencies from control sample
specific natural variations in the human genome. However,
aCGH platforms are typically designed with probes that avoid
regions of the genome with polymorphic copy number varia-
tions. The aCGH two-color approach has the advantage of
paired comparison to a control sample produced during the
same timeframe and with the same lot of reagents used for the
test sample. This could help control for fluctuations in labora-
tory components used in the process over time.

While CGH methodologies provide an assessment of
chromosomal copy number, SNP arrays and qPCR can also
provide genotypic information which can be used for the
assessment/diagnosis of multiple other clinical factors.
These include single gene disorders, uniparental disomy
(UPD), loss of heterozygosity (LOH), DNA fingerprinting
and determination of the parental and cell division origins of
aneuploidy. Although simultaneous aneuploidy (using
mCGH [24, 40, 41] and SNP arrays [18, 42]) and single
gene (using conventional PCR) analysis has been reported,
SNP array based haplotype methodologies provide the abil-
ity to avoid the time and expense of preparing PCR based
family specific informative markers of the mutation but may
be limited when additional family members are not available
to define haplotype phases. A recent study illustrated the use
of SNP arrays to predict inheritance of monogenic disease
through haplotype based analysis [17] and has applied the
methodology clinically [43]. Another group presented a
similar application of SNP arrays with results confirmed
from antenatal analysis of 3 pregnancies [44].

A number of groups using SNP arrays have used the tech-
nology to predict the parental and cell division origins of
embryonic aneuploidy. One recent publication indicated an
accuracy of 100% for predicting the parental origin of mono-
somy (26/26 male embryo X chromosomes identified as ma-
ternal), and 50% for trisomy [35]. Treff et al. (2008) [45] not
only modeled monosomy by evaluating the X chromosome
from male embryos, but also used embryos with trisomies
known to originate from maternal meiosis (as a result of having

evaluated the polar bodies from the same oocyte that the
embryo was derived from) and demonstrated 100% accuracy
for identifying both monosomy and trisomy parental origin of
aneuploidy from SNP array data alone [45]. Other groups have
described results of predicting the parental origin of aneuploidy
but have yet to report levels of accuracy from controls [16, 46].
Furthermore, some methods have been applied to distinguish
meiotic from mitotic aneuploidy by investigating the patterns
of crossover and haplotype inheritance [16, 47]. Validation of
these methods in single cells also remains to be presented but
could represent an important advancement towards improving
our understanding of the origin and etiology of preimplantation
aneuploidy. Further research into the accuracy of predicting the
cell division origins of aneuploidy in human embryos by SNP
array technology are of particular clinical importance since
they have been proposed to serve as a means to justify the
transfer of embryos with aneuploid results [48].

Although uniparental isodisomy may represent an extreme-
ly rare event, the possibility of detection has been validated
using SNP array technology through loss of heterozygosity
(LOH) analysis [49]. LOH analysis can also be useful in con-
firming the presence of a monosomy identified through copy
number based analyses [15]. In contrast, the ability to identify
uniparental heterodisomy has yet to be validated but is theoret-
ically possible given the ability to predict the parental origin of
aneuploidy. Finally, DNA fingerprinting from SNP array data
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RESULTS
Reliability: FISH 83% MA 96% P=0.04
Unique Genetic Diagnoses: FISH3.2+:0.2 MA13%0.2 P<0.0001
Mosaicism: FISH 100% MA 31% P =0.0005

Fig. 1 A prospective randomized blinded study designed to compare the
level of reliability and consistency of 2 methods of aneuploidy screening.
Arrested cleavage stage embryos can be dispersed into individual blasto-
meres and then randomly assigned to analysis by either of 2 methods of
analysis (i.e. FISH and SNP microarray). By including more than one
embryo in the randomization, the embryo of origin of each blastomere
can also remain blinded, thereby avoiding the potential bias from know-
ing that 2 blastomeres originated from the same embryo. Results can
demonstrate which method provided the most reliable and consistent
diagnosis. Adapted from Treff et al. [55], and used with permission from
Oxford University Press
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provides an opportunity to prevent misdiagnosis from contam-
ination and also to identify and track which embryo implanted
after multiple embryo transfer [50]. The later of these finger-
printing applications provides a unique opportunity to perform
very well controlled paired analyses of putative markers of, or
the impact of interventions on the reproductive potential of
sibling embryos [51].

Despite the numerous differences between platforms of
CCS, very little is known about the comparative perfor-
mance of each laboratory specific methodology. Still, com-
parative data may be critical to a better understanding of the
limitations and capabilities of various CCS methodologies
and to providing patients with the best possible care. Some
comparative studies of methodologies within groups have
been performed. For example, mCGH and SNP arrays [52],
and qPCR and SNP arrays [26] have indicated similar levels
of performance. In contrast, a comparative study between
aCGH and SNP arrays indicated aCGH methodology to
have a significant decrease in diagnostic accuracy compared
to SNP arrays [53]. However, a recent study found that
other platforms for aCGH (BlueGnome) and SNP arrays
(Illumina) were highly concordant [54]. Additional com-
parative studies, not just across platforms but also
across laboratories, remain critical to identifying the
most accurate methodologies of CCS.

Comparison of CCS and FISH

With the development of new methods for aneuploidy screen-
ing such as CCS, studies of the putative limitations of FISH
based methods have begun to emerge. One of these studies
involved a novel prospective randomized blinded analysis of
multiple single blastomeres from the same cleavage stage
embryos using either FISH or SNP array based CCS (Fig. 1)
[55]. Randomization of blastomeres from the same embryo to
analysis by either of the two methods provided a unique
opportunity to distinguish between the contribution of mosa-
icism (biological error) or technical error by assessing the rate
of discordance observed by each method. That is, the rate of
discordance within each embryo should be similar for each
method used since mosaicism should be equally distributed
(randomly) to the two methods. However, FISH predicted
100% mosaicism while SNP arrays found only 31% mosai-
cism (Fig. 1) indicating that FISH is an inconsistent technol-
ogy. This is particularly significant since the SNP array data
included more chromosomes per cell, and more cells per
embryo (as a result of significantly higher reliability of diag-
nosis), both of which would increase the chances of finding
mosaicism in the SNP array group.

A second study comparing FISH and CCS analysis of the
same embryos involved careful evaluation of the putative

Isolate individual cells from cultures of cell lines with known abnormalities

|
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Randomize and blind

!
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!

Perform CCS, unblind, and compare predicted with expected karyotypes

Fig. 2 A prospective randomized blinded study designed to determine
the accuracy of a single cell CCS methodology. Cell lines with previ-
ously well characterized chromosomal abnormalities can be obtained
from a number of commercial suppliers such as the Corriel Cell
Repository (Camden, NJ). Lines with consistent abnormalities ob-
served in multiple evaluations by the supplier may provide the most
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consistent single cells in terms of possessing the expected karyotype.
Single cells can be obtained, placed in PCR tubes, and randomized and
blinded for analysis by CCS. Once CCS predictions are made, the
origin of each cell can be unblinded to evaluate the consistency with
the expected karyotype and the accuracy of the CCS methodology can
be determined
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mechanisms of “self correction,” [49] which represents the
primary explanation for discordance between cleavage stage
FISH and reanalysis of the resulting blastocysts. For example,
one proposed mechanism of correction is trisomy/monosomy
rescue through extrusion or duplication of a trisomic or mono-
somic chromosome, respectively. This phenomenon can be
expected to lead to uniparental disomy (UPD) in a certain
percentage of blastocysts. Unlike previous studies that have
used FISH to reanalyze blastocysts, originally diagnosed as
abnormal on day 3, SNP array based analysis provides an
opportunity to investigate the possibility of self correction
resulting in UPD. The study by Northrop et al. (2010) [49]
indicated that trisomy/monosomy rescue is not the major mech-
anism for “self correction” as 0% of the “corrected”” chromo-
somes (n=204) displayed UPD after evaluation with SNP
arrays [49]. Another possible mechanism of correction is pref-
erential segregation of abnormalities to the trophectoderm.
Multiple CCS studies have now demonstrated that preferential
segregation does not occur [49, 56, 57]. However, a potential
limitation of interpretation from blastocyst reanalysis by CCS
methodologies is the inability to detect the presence of mosa-
icism within a multi-cell biopsy. Northrop et al. (2010) [49]

specifically validated the ability to detect a level of mosaicism
of 40% within a 5-cell sample and therefore provided more
weight to evidence for a lack of preferential segregation [49].
While it is still possible that complete extrusion or apoptosis
of aneuploid cells may result in correction of abnormalities in
the embryo upon blastulation, no evidence currently exists to
support such a phenomenon.

One of the major implications of these comparative studies
is that the mitotic origin of embryonic aneuploidy may have
been overestimated. Indeed, studies of products of conception
have found that maternal meiosis is the predominant origin of
aneuploidy [58], and not mitosis as some methods of PGS
have predicted. While traditional cytogenetic analysis (G-
banding) may underestimate the levels of mosaicism in prod-
ucts of conception, recent molecular cytogenetic studies have
shown that “actual” levels of mosaicism may only be higher
by a marginal percentage [36, 37]. In fact, methods which
predict high levels of mosaicism in embryos may need to be
re-evaluated as illustrated in Fig. 1 in order to distinguish
between biological phenomena and technical inconsistency.
This design could also represent an important component to
preclinical validation of embryonic CCS methodologies. Still,
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Embryo biopsy for CCS (not
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DNA fingerprinting
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Routine morphology : . newborns
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Embryo CCS
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— O T — T — o
\
leading to euploid
newborns
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Unblind
conceptus

Fig. 3 A prospective blinded non-selection study designed to deter-
mine the negative predictive value of a CCS methodology for the
reproductive potential of the oocyte or embryo. Biopsies of either polar
bodies from the oocyte, a blastomere from the cleavage stage embryo,
or trophectoderm from the blastocyst can be performed. The best
embryos can be selected for transfer based on conventional criteria
and without the use of CCS results. DNA from the conceptus can be

obtained and evaluated against the DNA from the original biopsies in
order to determine which oocytes or embryos produced the newborns.
The percentage of oocytes or embryos predicted to have possessed
aneuploidy by the CCS methodology and that produced euploid
newborns can be calculated. This value subtracted from 100% gives
the negative predictive value and whether the CCS methodology can
be used to safely discard an embryo
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NCT01332643¢

aCGH

NCT01219283°¢
qPCR

NCT01194531°
SNP array

ISRCTN37972669°

aCGH

J. Geraedts®

aCGH
Oocyte

M. Katz-Jaffe®

SNP array

Source

Technology

Blastocyst

Blastocyst

Cleavage

Cleavage

Blastocyst

Stage of

biopsy
Transfer type

Frozen

Fresh Fresh

Fresh

Fresh or Frozen

36-40, <2

Frozen

35-42, < 3 failed IVF

21-43, day 3 FSH <15U/

35-42, <3 consecutive

36-43, <3 consecutive

>37 and/or>2 repeated

Major criteria

L, <1 failed IVF cycle cycles, day 3 FSH <11U/

miscarriages, < 2 failed IVF miscarriages, < | failed IVF
cycle
440

cycles
200

failed IVF
cycles
600

IVF failures

for inclusion

120

500

100

Estimated

sample size
Estimated

April 2012

July 2012

September 2011

January 2011

May 2013

January 2012

completion

Results

Scott et al.** Not reported

Not reported

Not reported

Not reported

Not reported

# personal communication

® www.controlled-trials.com

¢ www.clinicaltrials.gov

the phenomenon of mosaicism cannot be completely disre-
garded given observations from other studies involving CCS
analysis of multiple cells from the same embryo [11, 59].

Evidence for CCS

Given the inconsistency and poor negative predictive value
of cleavage stage FISH, new technologies such as CCS
should be more carefully evaluated. Moreover, FISH based
re-analysis of CCS evaluated embryos may not represent a
good approach to validate new CCS methods since FISH has
been shown to be an inconsistent methodology itself. Alter-
natively, randomized blinded analysis of single cells from cell
lines with known abnormalities could be performed and used
to evaluate the accuracy of aneuploidy predictions (Fig. 2).
Another interesting study design for evaluating the accuracy
of a CCS methodology was recently performed by the Euro-
pean Society of Human Reproduction and Embryology
(ESHRE) Task Force on PGS [60]. In this blinded pilot study,
polar body CCS results were obtained using aCGH and com-
pared to the results of the corresponding oocytes for consis-
tency, which was found to be 94% (130/138).

As previously alluded to, accumulating evidence indicates
that FISH based aneuploidy screening at the cleavage stage of
embryogenesis is not only inconsistent but also poorly pre-
dictive of aneuploidy in the blastocyst. Reanalysis of blasto-
cysts indicate that nearly 60% of embryos discarded due to an
abnormal cleavage stage FISH diagnosis were in fact euploid
for all 24 chromosomes in all 4 evaluated sections [49]. A
similar observation was recently made from reanalysis of
blastocysts originally given a parental support based CCS
abnormal cleavage stage diagnosis [61]. Parental support
based CCS reanalysis results indicated that 43% of the blas-
tocysts (26/61) were euploid despite an aneuploid diagnosis at
the cleavage stage. It is unclear whether these discrepancies
were due to biological variation or technical issues with pa-
rental support. These observations highlight the critical need
for a second preclinical validation study; to determine the
negative predictive value of CCS for embryonic reproductive
potential [62]. Such a study could indicate whether the CCS
method is capable of accurately determining the chromosomal
status of embryos so that there is high confidence that embry-
os being discarded are truly abnormal (Fig. 3). Oocytes or
embryos would be biopsied and selected for transfer using
conventional morphological and developmental criteria with-
out information from CCS. The CCS results of each biopsy
would be produced only after embryo transfer had taken place.
Specific outcomes of each individual oocyte or embryo would
be confirmed by DNA fingerprinting [50] and the implanta-
tion and delivery from oocytes or embryos that would have
been diagnosed as aneuploid by CCS could be determined.
However, since some CCS methods don’t provide
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polymorphism information (i.e. mCGH and aCGH), addition-
al molecular tests would be required in order to track embryo
specific outcomes. This approach should be possible even for
those groups using CGH methodologies given previous
reports of double factor PGD [40, 41]. In the situation where
polar body biopsy is performed, an alternative method of
embryo tracking from polar body polymorphisms could be
employed [63]. While a randomized controlled trial is neces-
sary to evaluate the efficacy of a particular CCS method it
would fail to determine the negative predictive value of the
method since samples predicted to possess aneuploidy
would not be transferred. This is particularly trouble-
some for patients when all their embryos or oocytes are
predicted to be aneuploid. Without the knowledge that
the negative predictive value of a method is meaningful,
one will never know if implementation of the method pre-
vented such a patient from missing out on the opportunity of
having a healthy child. A prospective blinded non-selection
clinical trial is therefore a critical consideration when estab-
lishing the safety of CCS methodologies.

Although a randomized controlled trial represents what
most consider the pinnacle of clinical validation of efficacy,
case—control studies currently represent the primary source
of evidence of clinical validity for most CCS methodologies
[12, 64-68]. While it is certainly encouraging to see
improvements from such analyses, it should be noted that
many cleavage stage FISH case—control studies illustrated
significant clinical improvements [69-73] but ultimately
failed in all randomized controlled trials performed to date
[4]. As a result of the higher standard of evidence that
randomization provides, many CCS methodologies have
now initiated the process of conducting randomized con-
trolled trials (Table 2). The results presented for one these
CCS methods has indicated a significant increase in clinical
pregnancy and embryo implantation rates [26].

Future of CCS

While numerous considerations for the efficacy of using a
specific stage of biopsy for PGS exist, one of the most impor-
tant may be the impact that the procedure has on the repro-
ductive potential of the embryo. Although some studies have
focused on comparing outcomes in patients who had all of
their oocytes/embryos biopsied to outcomes in patients who
had none of their oocytes/embryos biopsied, this may not
represent the best controlled study design. This is particularly
true since the patients having embryos or oocytes biopsied
were typically subject to PGS while the other patients were
not. Instead, randomization of the 2 best oocytes/embryos so
that one is biopsied (case) and the other is not (control) and
subsequent paired analysis of outcomes within each 2 embryo
transfer (using DNA fingerprinting) could represent a better

controlled study of the impact of biopsy. Interestingly, prelim-
inary results using this paired study design indicate that em-
bryo biopsy at the cleavage stage, but not the blastocyst stage,
significantly reduces the implantation potential of the embryo
[74]. Similar studies of the impact of polar body biopsy have
yet to be conducted but should be helpful in characterizing the
safety and optimum stage of biopsy for CCS.

While validated methods of CCS may improve clinical out-
comes for patients with infertility, they may also represent an
exciting tool to help identify additional markers, beyond aneu-
ploidy screening, that provide predictive information about the
long term viability of embryos and oocytes. Indeed, this objec-
tive represents one of the most important challenges in repro-
ductive medicine [75]. Since it is clear that not all embryos,
identified as euploid by CCS, ultimately result in the delivery of
a newborn, there are likely additional markers of reproductive
potential that may enhance the precision of embryo selection.
Once validated methods of CCS have been established, re-
search efforts can be directed at characterizing molecular and
biochemical signatures of embryos that are morphologically
and chromosomally normal. One of the first studies to employ
this design involved determining cumulus cells gene expression
signatures predictive of which morphologically and chromo-
somally normal embryos possess reproductive potential [51].
This is different from simply evaluating whether cumulus cells
can be used as an alternative to direct oocyte or embryo CCS
aneuploidy screening [76] or whether cumulus cells can be used
to select competent oocytes or embryos without simultaneous
aneuploidy screening [77]. The unique aneuploidy controlled
study design could apply to evaluating additional types of
molecular signatures including, for example, the embryonic
metabolome [78] or proteome [79, §80].

Despite the failure of cleavage stage FISH based aneuploi-
dy screening, the introduction of new CCS technologies holds
great promise for achieving the expected improvements in
clinical outcomes for patients suffering from infertility. A
critical mass of class I evidence still needs to be generated
for each CCS methodology before scientists and clinicians
adopt it for routine clinical testing. Randomized controlled
trials of efficacy as well as non-selection studies of the nega-
tive predictive value of embryonic reproductive potential
should provide the data needed to accept or reject the validity
of'a given CCS methodology. While recent success of blasto-
cyst trophectoderm CCS with qPCR and fresh embryo transfer
is encouraging, results from additional ongoing randomized
trials of CCS are eagerly anticipated and should help shape the
future of chromosome screening in the IVF setting.

Acknowledgments The authors would like to thank Dr. Lesley North-
rop for help with figure preparation, Leslie Dufty for literature library
support, Dr. Brynn Levy for manuscript edits, and Drs. Mandy Katz-Jaffe
and Joep Geraedts for communicating information regarding randomized
controlled trials by CCRM and ESHRE, respectively.

@ Springer



388

J Assist Reprod Genet (2012) 29:381-390

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution,
and reproduction in any medium, provided the original author(s) and
the source are credited.

References

1. Hassold T, Hunt P. Maternal age and chromosomally abnormal
pregnancies: what we know and what we wish we knew. Curr Opin
Pediatr. 2009;21:703-8.

2. Munne S, Alikani M, Tomkin G, Grifo J, Cohen J. Embryo
morphology, developmental rates, and maternal age are correlated
with chromosome abnormalities. Fertil Steril. 1995;64:382-91.

3. Alfarawati S, Fragouli E, Colls P, Stevens J, Gutierrez-Mateo C,
Schoolcraft WB, et al. The relationship between blastocyst mor-
phology, chromosomal abnormality, and embryo gender. Fertil
Steril. 2011;95:5204.

4. Fritz MA. Perspectives on the efficacy and indications for preim-
plantation genetic screening: where are we now? Hum Reprod
(Oxford, England). 2008;23:2617-21.

5. Fiegler H, Geigl JB, Langer S, Rigler D, Porter K, Unger K, et al.
High resolution array-CGH analysis of single cells. Nucleic Acids
Res. 2007;35:1-10.

6. Le Caignec C, Spits C, Sermon K, De Rycke M, Thienpont B,
Debrock S, et al. Single-cell chromosomal imbalances detection by
array CGH. Nucleic Acids Res. 2006;34:¢68.

7. Handyside AH, Robinson MD, Simpson RJ, Omar MB, Shaw
MA, Grudzinskas JG, et al. Isothermal whole genome amplifica-
tion from single and small numbers of cells: a new era for preim-
plantation genetic diagnosis of inherited disease. Mol Hum
Reprod. 2004;10:767-72.

8. Hu DG, Webb G, Hussey N. Aneuploidy detection in single cells
using DNA array-based comparative genomic hybridization. Mol
Hum Reprod. 2004;10:283-9.

9. Treff NR, Su J, Tao X, Northrop LE, Scott Jr RT. Single-cell
whole-genome amplification technique impacts the accuracy of
SNP microarray-based genotyping and copy number analyses.
Mol Hum Reprod. 2010;17:335-43.

10. Wells D, Sherlock JK, Handyside AH, Delhanty JD. Detailed
chromosomal and molecular genetic analysis of single cells by
whole genome amplification and comparative genomic hybridisa-
tion. Nucleic Acids Res. 1999;27:1214-8.

11. Voullaire L, Slater H, Williamson R, Wilton L. Chromosome
analysis of blastomeres from human embryos by using compara-
tive genomic hybridization. Hum Genet. 2000;106:210-7.

12. Sher G, Keskintepe L, Keskintepe M, Ginsburg M, Maassarani G,
Yakut T, et al. Oocyte karyotyping by comparative genomic
hybrydization provides a highly reliable method for selecting
"competent" embryos, markedly improving in vitro fertilization
outcome: a multiphase study. Fertil Steril. 2007;87:1033—40.

13. Gutierrez-Mateo C, Colls P, Sanchez-Casas Padilla E, Escudero T,
Prates R, Ketterson K, et al. Validation of microarray comparative
genomic hybridization for comprehensive chromosome analysis of
embryos. Fertil Steril. 2010;95:953-8.

14. Hellani A, Coskun S, Benkhalifa M, Tbakhi A, Sakati N, Al-Odaib
A, et al. Multiple displacement amplification on single cell and
possible PGD applications. Mol Hum Reprod. 2004;10:847-52.

15. Treff NR, Su J, Tao X, Levy B, Scott Jr RT. Accurate single cell 24
chromosome aneuploidy screening using whole genome amplifi-
cation and single nucleotide polymorphism microarrays. Fertil
Steril. 2010;94:2017-21.

16. Johnson DS, Gemelos G, Baner J, Ryan A, Cinnioglu C, Banjevic
M, et al. Preclinical validation of a microarray method for full

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

molecular karyotyping of blastomeres in a 24-h protocol. Hum
Reprod. 2010;25:1066-75.

Handyside AH, Harton GL, Mariani B, Thornhill AR, Affara NA,
Shaw MA, et al. Karyomapping: a universal method for genome
wide analysis of genetic disease based on mapping crossovers
between parental haplotypes. J Med Genet. 2010;47:651-8.
Brezina PR, Benner A, Rechitsky S, Kuliev A, Pomerantseva E,
Pauling D, et al. Single-gene testing combined with single nucle-
otide polymorphism microarray preimplantation genetic diagnosis
for aneuploidy: a novel approach in optimizing pregnancy out-
come. Fertil Steril. 2011;95:1786.e5-8.

Ling J, Zhuang G, Tazon-Vega B, Zhang C, Cao B, Rosenwaks Z,
et al. Evaluation of genome coverage and fidelity of multiple
displacement amplification from single cells by SNP array. Mol
Hum Reprod. 2009;15:739-47.

Treff NR, Tao X, Lonczak A, Su J, Taylor D, Scott Jr RT. Four
hour 24 chromosome aneuploidy screening using high throughput
PCR SNP allele ratio analyses. Fertil Steril. 2009;92:S49-50.
Rius M, Daina G, Obradors A, Ramos L, Velilla E, Fernandez S,
et al. Comprehensive embryo analysis of advanced maternal age—
related aneuploidies and mosaicism by short comparative genomic
hybridization. Fertil Steril. 2011;95:413-6.

Rius M, Obradors A, Daina G, Cuzzi J, Marques L, Calderon G,
et al. Reliability of short comparative genomic hybridization in
fibroblasts and blastomeres for a comprehensive aneuploidy screen-
ing: first clinical application. Hum Reprod. 2010;25:1824-35.
Landwehr C, Montag M, van der Ven K, Weber RG. Rapid
comparative genomic hybridization protocol for prenatal diagnosis
and its application to aneuploidy screening of human polar bodies.
Fertil Steril. 2008;90:488-96.

Wells D, Escudero T, Levy B, Hirschhorn K, Delhanty JD, Munne
S. First clinical application of comparative genomic hybridization
and polar body testing for preimplantation genetic diagnosis of
aneuploidy. Fertil Steril. 2002;78:543-9.

Treff N, Su J, Tao X, Miller K, Scott Jr RT. First IVF babies born
after rapid 24 chromosome embryo aneuploidy screening and fresh
embryo transfer. Fertil Steril. 2009;92:549.

Scott Jr RT, Tao X, Taylor D, Ferry K, Treff N. A prospective
randomized controlled trial demonstrating significantly increased
clinical pregnancy rates following 24 chromosome aneuploidy
screening: biopsy and analysis on day 5 with fresh transfer. Fertil
Steril. 2010;94:S2.

Fishel S, Gordon A, Lynch C, Dowell K, Ndukwe G, Kelada E, et al.
Live birth after polar body array comparative genomic hybridization
prediction of embryo ploidy-the future of IVF? Fertil Steril.
2010;93:1006e7-1006¢10.

Vanneste E, Voet T, Le Caignec C, Ampe M, Konings P, Melotte
C, et al. Chromosome instability is common in human cleavage-
stage embryos. Nat Med. 2009;15:577-83.

Malmgren H, Sahlen S, Inzunza J, Aho M, Rosenlund B,
Fridstrom M, et al. Single cell CGH analysis reveals a high
degree of mosaicism in human embryos from patients with
balanced structural chromosome aberrations. Mol Hum
Reprod. 2002;8:502—-10.

Rius M, Obradors A, Daina G, Ramos L, Pujol A, Martinez-Passarell
O et al. Detection of unbalanced chromosome segregations in pre-
implantation genetic diagnosis of translocations by short comparative
genomic hibridization. Fertil Steril. 2011; In Press.

Alfarawati S, Fragouli E, Colls P, Wells D. First births after
preimplantation genetic diagnosis of structural chromosome ab-
normalities using comparative genomic hybridization and micro-
array analysis. Hum Reprod. 2011;26:1560-74.

Fiorentino F, Spizzichino L, Bono S, Biricik A, Kokkali G, Rienzi
L et al. PGD for reciprocal and Robertsonian translocations using
array comparative genomic hybridization. Hum Reprod (Oxford,
England). 2011; In Press.



J Assist Reprod Genet (2012) 29:381-390

389

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Treff NR, Northrop LE, Kasabwala K, Su J, Levy B, Scott RT, Jr.
Single nucleotide polymorphism microarray-based concurrent
screening of 24 chromosome aneuploidy and unbalanced trans-
locations in preimplantation human embryos. Fertil Steril.
2010;95:1606-12 el-2.

Johnson DS, Hill M, Abae M, Frederick J, Swanson M, Rabinowitz
M. First clinical application of DNA microarrays for translocation
and inversions. Fertil Steril. 2010;93:S13-4.

Voet T, Vanneste E, Van der Aa N, Melotte C, Jackmaert S,
Vandendael T et al. Breakage-fusion-bridge cycles leading to inv
dup del occur in human cleavage stage embryos. Hum Mutat.
2011; In Press.

Ballif BC, Rorem EA, Sundin K, Lincicum M, Gaskin S,
Coppinger J, et al. Detection of low-level mosaicism by array
CGH in routine diagnostic specimens. Am J Med Genet.
2006;140:2757-67.

Cheung SW, Shaw CA, Scott DA, Patel A, Sahoo T, Bacino CA, et al.
Microarray-based CGH detects chromosomal mosaicism not revealed
by conventional cytogenetics. Am J Med Genet. 2007;143A:1679-86.
Kallioniemi A, Kallioniemi OP, Sudar D, Rutovitz D, Gray JW,
Waldman F, et al. Comparative genomic hybridization for molec-
ular cytogenetic analysis of solid tumors. Science (New York,
NY). 1992;258:818-21.

Arteaga-Salas JM, Zuzan H, Langdon WB, Upton GJ, Harrison
AP. An overview of image-processing methods for Affymetrix
GeneChips. Brief Bioinform. 2008;9:25-33.

Obradors A, Fernandez E, Oliver-Bonet M, Rius M, de la Fuente
A, Wells D, et al. Birth of a healthy boy after a double factor PGD
in a couple carrying a genetic disease and at risk for aneuploidy:
Case Report. Hum Reprod. 2008;23:1949-56.

Obradors A, Fernbndez E, Rius M, Oliver-Bonet M, Mart/Enez-
Fresno M, Benet J et al. Outcome of twin babies free of Von
Hippel-Lindau disease after a double-factor preimplantation genetic
diagnosis: monogenetic mutation analysis and comprehensive aneu-
ploidy screening. Fertil Steril. 2009;91:933 el-7.

Treff NR, Tao X, Schillings WJ, Bergh PA, Scott RT, Jr., Levy B.
Use of single nucleotide polymorphism microarrays to distinguish
between balanced and normal chromosomes in embryos from a
translocation carrier. Fertil Steril. 2011; In Press.

Handyside AH, Grifo J, Prates R, Tormasi S, Fisher JM, Munne S.
Validation and first clinical application of karyomapping for pre-
implantation diagnosis (PGD) of Gaucher disease combined with
24 chromosome screening. Fertil Steril. 2010;94:S79-80.
Rabinowitz M, Behr D, Potter D, Ross R, Alper M, Banjevic M.
Parental support for single gene PGD and simultaneous 24-
chromosome screening reduces risks of allele misdiagnosis and
transfer of aneuploid embryos. Fertil Steril. 2009;92:5202.

Treff NR, Su J, Tao X, Frattarelli JL, Miller KA, Scott RT.
Characterization of the source of human embryonic aneuploidy
using microarray-based 24 chromosome preimplantation genetic
diagnosis (mPGD) and aneuploid chromosome fingerprinting. Fertil
Steril. 2008;90:S37-S.

Kearns WG, Pen R, Benner A, Widra E, Leach R. Comprehensive
genetic analyses using a modified whole genome amplification pro-
tocol and microarrays to identify genetic disorders and determine
embryo implantation from single cells. Fertil Steril. 2007;88:5236-7.
Gabriel AS, Hassold TJ, Thornhill AR, Affara NA, Handyside AH,
Griffin DK. An algorithm for determining the origin of trisomy and
the positions of chiasmata from SNP genotype data. Chromosome
Res. 2011;19:155-63.

Rabinowitz M, Pettersen B, Le A, Gemelos G, Tourgeman D.
DNA fingerprinting confirmation of healthy livebirth following
PGS results: indicating trisomy 3 of paternal origin and likely
embryo mosaicism. Fertil Steril. 2011;95:S11.

Northrop LE, Treff NR, Levy B, Scott Jr RT. SNP microarray-
based 24 chromosome aneuploidy screening demonstrates that

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

cleavage-stage FISH poorly predicts aneuploidy in embryos that
develop to morphologically normal blastocysts. Mol Hum Reprod.
2010;16:590-600.

Treff NR, Su J, Tao X, Miller KA, Levy B, Scott Jr RT. A novel
single-cell DNA fingerprinting method successfully distinguishes
sibling human embryos. Fertil Steril. 2009;94:477—-84.

Treff NR, Su J, Lonczak A, Taylor D, Scott Jr RT. A subset of the
cumulus cell transcriptome is predictive of euploid human oocyte
reproductive potential. Fertil Steril. 2010;94:S34-5.

Levy B, Treff NR, Nahum O, Su J, Tao X, Scott Jr RT. The
accuracy and consistency of whole genome preimplantation genet-
ic diagnosis (PGD): a comparison of two independent methods—
microarray PGD (mPGD) and comparative genomic hybridization
(CGH). Fertil Steril. 2008;90:S305.

Treff NR, Scott Jr RT. Genome-wide chromosome aneuploidy
assessment on single cells using two types of arrays - SNP based
arrays are more accurate and less variable than BAC arrays. Fertil
Steril. 2007;88:S87-8.

Thornhill AR, Tempest HG, Grigorova M, Affara N, Griffin DK,
Handyside AH. A comparison of microarray methods to detect
chromosomal aneuploidy in human preimplantation embryos. Fertil
Steril. 2009;92:S201.

Treff NR, Levy B, Su J, Northrop LE, Tao X, Scott Jr RT. SNP
microarray-based 24 chromosome aneuploidy screening is signif-
icantly more consistent than FISH. Mol Hum Reprod. 2010;
16:583-9.

Fragouli E, Lensi M, Ross R, Katz-Jaffe M, Schoolcraft WB, Wells
D. Comprehensive molecular cytogenetic analysis of the human
blastocyst stage. Hum Reprod. 2008;23:2596—608.

Johnson DS, Cinnioglu C, Ross R, Filby A, Gemelos G, Hill
M, et al. Comprehensive analysis of karyotypic mosaicism between
trophectoderm and inner cell mass. Mol Hum Reprod. 2010;16:944—
9.

Hassold T, Hunt P. To err (meiotically) is human: the genesis of
human aneuploidy. Nat Rev. 2001;2:280-91.

Wells D, Delhanty JD. Comprehensive chromosomal analysis of
human preimplantation embryos using whole genome amplifica-
tion and single cell comparative genomic hybridization. Mol Hum
Reprod. 2000;6:1055-62.

Geraedts J, Montag M, Magli MC, Repping S, Handyside A,
Staessen C et al. Polar body array CGH for prediction of the status
of the corresponding oocyte. Part I: clinical results. Hum Reprod.
(Oxford, England) 2011.

Rabinowitz M, Potter D, Demko Z, Gemelos G, Keller J. Concor-
dance between day 3 and day 5 biopsy results: using 24-chromosome
aneuploidy screening method. Fertil Steril. 2011;95:S11-2.

Scott Jr RT, Miller KA, Olivares R, Su J, Fratterelli J, Treff NR.
Microarray based 24 chromosome preimplantation genetic diagno-
sis (mPGD) is highly predictive of the reproductive potential of
human embryos:a prospective blinded non-selection trial. Fertil
Steril. 2008;90:22.

Treff NR, Su J, Kasabwala N, Tao X, Miller KA, Scott Jr RT.
Robust embryo identification using first polar body single nucleo-
tide polymorphism microarray-based DNA fingerprinting. Fertil
Steril. 2010;93:2453-5.

Munne S, Surrey ES, Grifo J, Marut E, Opsahl M, Taylor TH.
Preimplantation genetic diagnosis using array CGH significantly
increases ongoing pregnancy rates per transfer. Fertil Steril.
2010;94:S81.

Wells D, Fragouli E, Alfarawaty S, Munne S, Schoolcraft WB,
Katz-Jaffe M. Highly significant improvement in embryo implan-
tation and increased live birth rate achieved after comprehensive
chromosomal screening: implications for single embryo transfer.
Fertil Steril. 2009;92:S79.

Rabinowitz M, Beltsos A, Potter D, Bush M, Givens C, Smotrich
D. Effects of advanced maternal age are abrogated in 122 patients

@ Springer



390

J Assist Reprod Genet (2012) 29:381-390

67.

68.

69.

70.

71.

72.

73.

74.

undergoing transfer of embryos with euploid microarray screening
results at cleavage stage. Fertil Steril. 2010;94:S80.

Schoolcraft WB, Fragouli E, Stevens J, Munne S, Katz-Jaffe M,
Wells D. Clinical application of comprehensive chromosomal
screening at the blastocyst stage. Fertil Steril. 2010;94:1700-6.
Sher G, Keskintepe L, Keskintepe M, Maassarani G, Tortoriello D,
Brody S. Genetic analysis of human embryos by metaphase compar-
ative genomic hybridization (mCGH) improves efficiency of IVF by
increasing embryo implantation rate and reducing multiple pregnan-
cies and spontaneous miscarriages. Fertil Steril. 2009;92:1886-94.
Gianaroli L, Magli MC, Ferraretti A, Fiorentino A, Garrisi J, Munne
S. Preimplantation genetic diagnosis increases the implantation rate
in human in vitro fertilization by avoiding the transfer of chromo-
somally abnormal embryos. Fertil Steril. 1997;68:1128-31.

Munne S, Sandalinas M, Escudero T, Velilla E, Walmsley R, Sadowy
S, et al. Improved implantation after preimplantation genetic diagno-
sis of aneuploidy. Reprod Biomed Online. 2003;7:91-7.

Munne S, Magli MC, Cohen J, Morton NE, Sadowy S, Gianaroli
L, et al. Positive outcome after preimplantation diagnosis of aneu-
ploidy in human embryos. Hum Reprod. 1999;14:2191-9.

Munne S, Fisher JM, Warner A, Chen S, Zouves C, Cohen J, et al.
Preimplantation genetic diagnosis significantly reduces pregnancy loss
in infertile couples: a multicenter study. Fertil Steril. 2006;85:326-32.
Kahraman S, Bahce M, Samli H, Imirzahoglu N, Yakism K,
Cengiz G, et al. Healthy births and ongoing pregnancies obtained
by preimplantation genetic diagnosis in patients with advanced
maternal age and recurrent implantation failure. Hum Reprod.
2000;15:2003-7.

Scott RT, Jr. Using the “omics” to assess the reproductive compe-
tence of individual embryos. In: Midwest Reproductive Sympo-
sium. Chicago, IL; 2011.

@ Springer

75.

76.

71.

78.

79.

80.

81.

82.

83.

Jones Jr HW. Seven roads traveled well and seven to be traveled
more. Fertil Steril. 2011;95:853-6.

Fragouli E, Wells D. Transcriptomic analysis of follicular cells
provides information on the chromosomal status and competence
of unfertilized oocytes. Expert Rev Mol Diagn. 2012;12:1-4.
Assou S, Haouzi D, Mahmoud K, Aouacheria A, Guillemin Y,
Pantesco V et al. A non-invasive test for assessing embryo poten-
tial by gene expression profiles of human cumulus cells: a proof of
concept study. Mol Hum Reprod. 2008/12/1;14:711-9.

ScottR, Seli E, Miller K, Sakkas D, Scott K, Burns DH. Noninvasive
metabolomic profiling of human embryo culture media using Raman
spectroscopy predicts embryonic reproductive potential: a prospec-
tive blinded pilot study. Fertil Steril. 2008;90:77-83.

Katz-Jaffe MG, Gardner DK, Schoolcraft WB. Proteomic analysis
of individual human embryos to identify novel biomarkers of
development and viability. Fertil Steril. 2006;85:101-7.
Katz-Jaffe MG, Schoolcraft WB, Gardner DK. Analysis of protein
expression (secretome) by human and mouse preimplantation em-
bryos. Fertil Steril. 2006;86:678-85.

Gutierrez-Mateo C, Wells D, Benet J, Sanchez-Garcia JF,
Bermudez MG, Belil I, et al. Reliability of comparative ge-
nomic hybridization to detect chromosome abnormalities in
first polar bodies and metaphase II oocytes. Hum Reprod. 2004;
19:2118-25.

Fragouli E, Wells D, Thornhill A, Serhal P, Faed MJ, Harper JC, et al.
Comparative genomic hybridization analysis of human oocytes and
polar bodies. Hum Reprod. 2006;21:2319-28.

Fragouli E, Wells D, Whalley KM, Mills JA, Faed MJW, Delhanty
JDA. Increased susceptibility to maternal aneuploidy demonstrated
by comparative genomic hybridization analysis of human MII oocytes
and first polar bodies. Cytogenet Genome Res. 2006;114:30-8.



	Methods for comprehensive chromosome screening of oocytes and embryos: capabilities, limitations, and evidence of validity
	Abstract
	Comprehensive Chromosome Screening (CCS) methodologies
	Comparison of CCS and FISH
	Evidence for CCS
	Future of CCS
	References




