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Objective: To define criteria for determining when preimplantation genetic testing for aneuploidy (PGT-A) results are suggestive of a
potential balanced chromosomal rearrangement in the egg or sperm source and warrant karyotyping.
Design: Performance evaluation of criteria developed to assess PGT-A results for patterns of imbalances suggestive of a balanced
chromosomal rearrangement in the egg or sperm source.
Setting: A single PGT-A laboratory and multiple in vitro fertilization centers.
Patients: Reproductive couples who underwent routine PGT-A testing.
Interventions: Karyotyping of reproductive couples for whom patterns of imbalances observed in PGT-A results suggested a balanced
chromosomal rearrangement in the egg or sperm source.
Main Outcome Measures: Correct or incorrect flagging of predicted translocation in either the egg or sperm source based on chromo-
some analysis.
Results: Proposed criteria correctly predicted a balanced reciprocal translocation in 97% of cases (n ¼ 33), a (13;14) Robertsonian
translocation in all cases (n¼ 3), and an inversion in all cases (n¼ 2). Other criteria evaluated were determined to be ineffective because
of relatively low occurrences that met the criteria and/or low predictive value.
Conclusions: Our results showed that the proposed criteria were effective for evaluating patterns of imbalances observed in PGT-A
results suggestive of a potential chromosomal rearrangement in the egg or sperm source. Our proposed criteria can be employed by
clinicians in the in vitro fertilization setting in combination with a patient’s reproductive history to identify PGT-A patients who are
likely carriers of balanced chromosomal rearrangements. (Fertil Steril Rep� 2021;2:72–9. �2020 by American Society for
Reproductive Medicine.)
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especially if they are identified inciden-
tally (1–5). However, a carrier of a
balanced rearrangement can transmit
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unbalanced rearrangements that can
disrupt normal development in their
offspring (1–4, 6, 7). Genetic
imbalances can be severe enough to
prevent early embryonic development
or can be compatible with
development to term but cause
multiple congenital anomalies in
liveborns (1, 3, 4, 6, 8).

Preimplantation genetic testing for
structural rearrangements (PGT-SR) is
performed only when a patient or her
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partner is known to carry a balanced rearrangement, other-
wise, routine preimplantation genetic testing for aneuploidy
(PGT-A) is performed (9–14). Approximately 1/500
individuals carry a balanced chromosomal rearrangement,
and this frequency is approximately 1/100 in the in vitro
fertilization (IVF) patient population (5, 15–18).
Karyotyping is recommended for patients with recurrent
pregnancy loss but is otherwise not routinely performed as
part of the standard infertility workup (19–21). Therefore, a
patient may undergo IVF with PGT-A without knowing their
status as a carrier of a balanced translocation or inversion.

PGT-A can detect aneuploidy, including subchromoso-
mal imbalances greater than approximately 10 MB, in em-
bryos. Most aneuploidy is sporadic, but occasionally,
patterns of aneuploidy can be observed through PGT-A sug-
gestive of a balanced structural rearrangement in either the
egg or sperm source. Sporadic segmental aneuploidies occur
at a considerable frequency in embryos and are most often
mitotic in origin (22); however, observing multiple embryos
with the same pair of segmental aneuploidy is unlikely to
be due to random chance. Similarly, observing multiple em-
bryos with complete aneuploidy of the same chromosome or
the same two chromosomes may not underlie the transmis-
sion of genetic imbalances from a carrier of a balanced chro-
mosomal rearrangement.

Previous studies have aimed to characterize the type and
frequency of the various modes of segregation observed
through PGT from known translocation carriers (9, 23–28).
Here, we report on our experience in observing
characteristic patterns of aneuploidy in the results of PGT-
A, performed for couples who were not known a priori to be
carriers of a balanced rearrangement. We developed criteria
to evaluate patterns in PGT-A results across multiple em-
bryos. If cases met the criteria, a cytogenetic analysis was rec-
ommended for both members of the reproductive couple. The
predictive values of the criteria were analyzed, and modified
criteria were proposed.

When aneuploidy rates for a PGT-A cycle are higher than
expected, and when certain aneuploidies are recurrent, pa-
tients and clinicians may wonder if there could be an under-
lying genetic explanation. We proposed criteria by which
PGT-A results suggestive of a potential inherited transloca-
tion or inversion can be evaluated in conjunction with clinical
reproductive history to determine the need for chromosome
analysis in the egg or sperm source.
MATERIALS AND METHODS
This study was deemed exempt from approval by the Advarra
Institutional Review Board (Pro00040199).
Development of Criteria

The criteria for flagging potential inherited chromosomal re-
arrangements were developed based on the expected imbal-
ances from classical meiotic segregation (Fig. 1).

Reciprocal translocation. Three test criteria were developed
to flag a potential reciprocal translocation (Table 1). Chromo-
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somes involved in a reciprocal translocation segregate from
themeiotic quadrivalent, resulting in balanced gametes, gam-
etes with a pair of segmental imbalances, and gametes with
complete aneuploidy (Fig. 1A). These segregation patterns
have been observed in embryos through fluorescence in situ
hybridization (FISH)-, comparative genomic hybridization
by microarray (aCGH)-, single nucleotide polymorphism
(SNP)-, and next generation sequencing (NGS)-based PGT
(24, 29, 30).

The first criterion for reciprocal translocations requires
the same terminal segmental aneuploidy to be observed in
R2 embryos (Table 1, criterion 1a). Classical adjacent or ter-
tiary segregations would predict 2 segmental aneuploidies in
the same embryo; however, considering the potential for 1
segmental imbalance to be below the detection limit of
PGT-A, it was only required to observe a single segmental
aneuploidy in R2 embryos. An example of PGT-A results
meeting criterion 1a is shown in Figure 2A. The second crite-
rion flags cases in which a combination of complete imbal-
ances and segmental imbalances is observed in different
embryos (Table 1, criterion 1b). A third criterion flags cases
in which patterns of complete aneuploidy only are observed
(Table 1, criterion 1c). Criterion 1c requires complete aneu-
ploidy of 1 chromosome to be observed in R3 embryos, as
well as complete aneuploidy of a second chromosome to be
observed in R3 embryos. An imbalance of the first chromo-
some may be present in the same embryo with an imbalance
of the second chromosome. At least 50% of a PGT-A cohort
must involve 1 or 2 of these chromosomes.

Robertsonian translocation. Two test criteria were developed
to flag a potential Robertsonian translocation. Chromosomes
involved in a Robertsonian translocation form a trivalent dur-
ing meiosis (Fig. 1B). Segregation results in balanced gametes
or gametes with complete monosomy or trisomy of one or
both of the translocation chromosomes (31).

A Robertsonian translocation was predicted when a high
incidence of aneuploidy involving 1 or 2 acrocentric chromo-
somes was observed. To tease apart aneuploidy due to a Rob-
ertsonian translocation from aneuploidy due to random
nondisjunction, a threshold incidence of 50% of the PGT-A
cohort was implemented. The Robertsonian translocation
involving chromosomes 13 and 14, referred to here as the
rob(13;14) translocation, occurs at an incidence of 1:1,300
in the general population, whereas all other Robertsonian
translocations including acrocentric chromosomes 15, 21,
and 22 are more rare (17). Therefore, a lower threshold was es-
tablished for the rob(13;14) translocation. For rob(13;14)
translocations, a minimum number of 3 embryos with an
imbalance of chromosomes 13 or 14 was imposed (Table 1,
criterion 2a). An example of PGT-A results meeting criterion
2a is shown in Figure 2B. For any other Robertsonian trans-
location, a minimum number of 4 embryos with an acrocen-
tric imbalance was required (Table 1, criterion 2b).

Inversion. Asingle test criterionwas developed toflaga poten-
tial inversion. Chromosomes involved in an inversion partially
alignor forma loop duringmeiosis (Fig. 1C) (7).When crossover
events occur within the inverted segment, unbalanced gametes
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result. After fertilization, imbalances would include partial
monosomy of 1 terminal segment and partial trisomy of the
other terminal segment of the same chromosome. In PGT-A
profiles, this imbalance is observed as a unique, 3-step ‘‘stair’’
patternwitha terminal trisomy, interstitial disomy, and a termi-
nal monosomy along the chromosome (Fig. 2C). The inversion
criterion required the same ‘‘stair’’ pattern to be observed in
R2 embryos (Table 1, criterion 3).
PGT-A Population

Cases were collected by a single commercial laboratory per-
forming PGT-Aby aCGHorNGS atmultiple locations inNorth
America performing NGS. PGT-A was requested by various
referring physicians and IVF centers. Because PGT-SR is rec-
ommended for known carriers of a chromosomal rearrange-
ment, PGT-A is performed only for patients for whom there
is no a priori knowledge of a balanced translocation or inver-
sion. Approximately 20,000 PGT-A cases were included in the
study; however, because referring providers are not required to
provide reproductive or family history when requesting PGT-
A, it was not possible to exclude patients with normal karyo-
types. Our study populationmay include patients with normal
karyotypes, patients whose reproductive or family history did
not indicate karyotyping, as well as patients for whom karyo-
typing was not performed despite a concerning reproductive
or family history. Because of the inability to control for these
variables, the current research did not attempt to determine the
incidence of unknown chromosomal rearrangement carriers
in the general PGT-A population.
PGT Technology

Comparative genomic hybridization by microarray

(aCGH). Whole genomic amplification (WGA) of the biopsy
samples were performed with the use of the DNA Amplifica-
tion System (Sureplex; Illumina Inc., San Diego, CA). Labeled
WGA was hybridized onto the slides (24sure, Illumina Inc.),
scanned at 10 mm using a laser scanner (BlueGnome), and
analyzed by algorithm-fixed settings in the software (Blue-
Fuse Multi; Illumina Inc.).

Next Generation Sequencing (NGS). Samples were sub-
jected to cell lysis, WGA, and construction of libraries us-
ing the kit for 24 chromosome aneuploidy screening (Ion
ReproSeq; Thermo Fisher Scientific, Carlsbad, CA). NGS
was performed on the Ion Chef and Ion S5 System instru-
ments (Thermo Fisher Scientific). Data analysis was per-
formed using Ion Reporter software (Thermo Fisher
Scientific).

PGT-A was performed using aCGH or NGS. Both technol-
ogies screen chromosomes and report aneuploidies and
segmental aneuploidies with similar accuracy of 98%. The ex-
pected resolution with aCGH and NGS is 6 MB and 10 MB,
respectively. The use of different technologies would not be
expected to affect the likelihood for a chromosomal rear-
rangement to be confirmed after criteria have been met.
Following completion of PGT-A, the results were evaluated
by laboratory personnel for patterns according to the test
criteria.
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Recommendations for Karyotyping and Follow-up

The referring physician was notified of the suspected
maternal or paternal chromosomal rearrangements, and
karyotyping was recommended. The results of the karyotypes
were requested at least twice. If karyotypes were negative
following a prediction of a reciprocal translocation, addi-
tional analysis, including reanalysis of the previous karyo-
type and additional FISH testing, was recommended to
assess a cryptic translocation. No additional analysis was pur-
sued if karyotypes were negative following a prediction of a
Robertsonian translocation. The predictive values of the
criteria were assessed. Nonperforming criteria were elimi-
nated, and new criteria for flagging chromosomal rearrange-
ments were proposed.
RESULTS
A total of 78 cases that met the criteria were flagged as having
a potential chromosomal rearrangement. Karyotypes were re-
turned by the referring physician for 41 cases. The remaining
37 cases did not receive clinical follow-up either because of
the patient declining the recommendation for karyotyping
or from lack of response from the referring physician’s office.

Performance for reciprocal translocations. A total of 58
cases were flagged for a potential reciprocal translocation,
55 of which were flagged using criterion 1a (Table 1). The
smallest cohort size was 2 embryos, and the average cohort
size was 7.5 embryos. Of the cases flagged with criterion 1a
in which clinical follow-up was received, reciprocal translo-
cations were confirmed by cytogenetic analysis in 97% of
cases (32 of 33). Applying criterion 1b resulted in 3 flagged
cases, for which clinical follow-up was provided for 1 case,
and a translocation was not observed in either of the repro-
ductive couple. No cases were flagged using criterion 1c.

Performance for Robertsonian translocations. A total of 16
cases were flagged using criterion 2 for Robertsonian translo-
cations. The smallest cohort size was 4 embryos, and the
average cohort size was 7.4 embryos. Cytogenetic analysis
confirmed all 3 of the cases flagged using criterion 2a for a
rob(13;14) translocation. Clinical data were not provided for
the majority of cases (n ¼ 11) that were flagged using crite-
rion 2b for non-rob(13;14) Robertsonian translocations
including acrocentric chromosomes 15, 21, and 22. Of the 2
cases in which karyotypes were ordered and results were pro-
vided, a Robertsonian translocation was not observed in
either of the reproductive couple.

Performance for inversions. A total of 4 cases were flagged
using criterion 3 for inversions. The smallest cohort size
was 5 embryos, and the average cohort size was 7.3. Clinical
follow-up was provided for 2 cases, both of which were
confirmed predictions. One inversion was found to be peri-
centric, and the other was paracentric.
Proposed Criteria

The test criteria were modified according to the performance
(Table 2). Criterion 1b was removed because of the small num-
ber of cases flagged and negative karyotypes. Criterion 1c was
VOL. 2 NO. 1 / MARCH 2021



FIGURE 1

Classic segregation patterns in gametes and embryos. During meiosis, chromosomes involved in a rearrangement align in modified structures to
allow crossing over and then segregate to daughter cells, resulting in balanced or unbalanced gametes. The resulting genetic complement,
following fertilization of the egg and sperm, is indicated for each chromosome below the daughter cell. (A) Reciprocal translocations. Balanced
gametes can result from alternate 2:2 segregation, segmental imbalances can result from adjacent 2:2 or tertiary 3:1 segregation, and
complete imbalances can result from interchange 3:1 or 4:0 segregation. (B) Robertsonian translocations. Balanced gametes can result from
alternate 2:1 segregation, and imbalances can result from adjacent 2:1 or 3:0 segregation. Imbalances resulting from segregation from a
Robertsonian trivalent include complete chromosomal imbalances, rather than segmental imbalances. (C) Inversions. Balanced gametes can
result from segregation of the parental chromosomes, and imbalances can result in segregation of the recombinant chromosomes. If
recombination occurs within the inverted segment of a classic loop, recombinants have a terminal trisomy, followed by an interstitial disomic
segment, followed by a terminal segment of monosomy, a pattern referred to here as a ‘‘stair’’ imbalance. Following the U-loop exchange,
imbalances involve either an interstitial segment of monosomy or an interstitial segment of trisomy.
Snider. Translocation flagging after PGT-A. Fertil Steril Rep 2020.
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FIGURE 2

Embryo Results 
1 -2q, +9q, +22 
2 Euploid 
3 -2q, +9q 

Embryo Results 
1 -13 
2 -16 
3 -15 
4 +13 
5 Euploid 
6 -13 
7 +14 

Embryo 1 

Embryo 2 

Embryo 3 

A C

B

Examples of cases flagged for karyotype review. (A) Example of PGT-A results meeting criterion 1a for a reciprocal translocation. These results
demonstrate a recurring pair of segmental imbalances of chromosomes 2 and 9. (B) Example of PGT-A results meeting criterion 2a for 13;14
Robertsonian translocation. These results demonstrate 4 of 7 embryos with complete aneuploidies of acrocentric chromosomes 13 and 14. (C)
Example ‘‘stair’’ NGS profile meeting criterion 3 for an inversion. A terminal segment of monosomy, an interstitial segment of disomy, and a
terminal segment of trisomy is observed for chromosome 2, and this pattern is observed in multiple embryos. NGS ¼ next generation
sequencing; PGT-A ¼ preimplantation genetic testing for aneuploidy.
Snider. Translocation flagging after PGT-A. Fertil Steril Rep 2020.
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removed. Criteria for flagging a Robertsonian translocation
were restricted to the rob(13;14) translocation, and criterion
2b was removed. No modifications were proposed for inver-
sion criterion 3.

We retroactively evaluated the performance of our pre-
dictions by applying the new proposed criteria. Clinical
follow-up was received for a total of 37 cases meeting the pro-
posed criteria. Cases that were flagged for a reciprocal trans-
location were confirmed 97% of the time (n ¼ 33). Cases that
were flagged for a rob(13;14) translocation were confirmed
100% of the time (n¼ 3). Cases that were flagged for an inver-
sion were confirmed 100% of the time (n ¼ 2).
DISCUSSION
A newly identified translocation or inversion can provide an
explanation to couples who have experienced infertility or pre-
vious pregnancy loss. In addition, identifying a translocation
or inversion can benefit patients in their future reproductive
journey. Higher resolution aneuploidy screening with PGT-
SR may be available following confirmation of the predicted
chromosomal rearrangement. More accurate estimates of the
chance of aneuploidy in embryos can reframe expectations
for upcoming cycles and enable informed decisions about other
reproductive options, including the use of gamete donors. In
addition, balanced chromosomal rearrangements may be
shared among relatives, and this information may be crucial,
especially for family members in their reproductive years.
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Limitations of the Study

The pattern detection was not automated and required a lab-
oratory technician tomanually evaluate each set of PGT-A re-
sults to identify patterns meeting the criteria. Cases meeting
the criteria may have been missed if a pattern was not readily
observed by a technician. Sample sizes were small for
rob(13;14) translocations and inversions.
Predictive Values of the Criteria

The predictive values of our test criteria varied between the
different types of chromosomal rearrangements. Differences
in prevalence and patterns of observed aneuploidies account
for much of the differences.

Performance of criterion 1. Reciprocal translocation test cri-
terion 1a that involved the detection of recurrent segmental
aneuploidy demonstrated the most success. Imbalances re-
sulting from reciprocal translocations include segmental an-
euploidies that are less likely to occur by random chance than
complete aneuploidies. Although classical meiotic segrega-
tion from a quadrivalent predicts the transmission of a pair
of segmental imbalances, PGT-A may detect only one of the
segmental imbalances due to resolution limitations. The sec-
ond segmental imbalance may appear to be a complete imbal-
ance or may appear as disomy (‘‘normal’’) if one of the
segments is very small. Our data demonstrated that, rather
than requiring that a pair of segmental imbalances be
VOL. 2 NO. 1 / MARCH 2021



TABLE 1

Performance of the test criteria.

Test criteria

Follow-up
obtained

No
follow-up Grand totalConfirmed

Not
confirmed

Reciprocal translocations 32 2 24 58
1a) Segmental imbalances: a terminal, segmental imbalance inR2 embryos, involving the

same chromosome and the same breakpoint between the embryos
32 1 22 55

1b) Segmental and complete imbalances: 1 segmental imbalance in 1 embryo paired with
a complete imbalance of the same chromosome in another embryo and a segmental
imbalance of a second chromosome in 1 embryo paired with a complete imbalance of
the same second chromosome in another embryo

0 1 2 3

1c) Complete imbalances: a set of R3 embryos with monosomy/trisomy of the same
chromosome and a second set of R3 embryos with monosomy/trisomy of another
chromosome. At least 50% of the cohort must include related aneuploidies.

0 0 0 0

Robertsonian translocations 3 2 11 16
2a) Rob(13;14): R3 embryos with chr13 or chr14 monosomy/trisomy with R50% of the

cohort affected
3 0 0 3

2b) Any other Robertsonian: R4 embryos with acrocentric monosomy/trisomy with
R50% of the cohort affected

0 2 11 13

Inversions 2 0 2 4
3) Two or more embryos with characteristic inversion ‘‘stair’’ pattern in any cohort size. The

‘‘stair’’ pattern involves a terminal segment of monosomy, an interstitial segment of
disomy, and a terminal segment of trisomy.

2 0 2 4

Grand total 37 4 37 78
Note: Cases in which the referring provider was notified of the suspected chromosomal rearrangement were considered ‘‘flagged.’’ Cases in which no response was received or the patient declined
karyotyping were considered to be ‘‘lost to follow-up.’’ Cases were counted as ‘‘confirmed’’ when karyotypes were provided confirming the suspected chromosomal rearrangement. Cases were
counted as ‘‘not confirmed’’ when cytogenetic analysis failed to identify the suspected translocation.

Snider. Translocation flagging after PGT-A. Fertil Steril Rep 2020.
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observed in R2 embryos, identifying the same single
segmental imbalance inR2 embryos was sufficient to predict
the presence of a balanced translocation in either the egg or
sperm source. Cases that were flagged if there was a classic
pair of segmental imbalances inR2 embryos were predictive
in all cases.

Cases in which the PGT-A results were flagged using cri-
terion 1a, but the karyotypes were returned as negative, were
worthy of additional scrutiny. In one compelling case in
which the karyotypes were originally returned as normal,
the suspected translocation was communicated to the cytoge-
netics laboratory, and reanalysis confirmed a cryptic rear-
rangement in the patient. The cytogenetics laboratory must
be notified of the suspected translocation, and FISH testing
may be necessary for some very cryptic rearrangements.

Performance of criterion 2. Imbalances resulting from Rob-
ertsonian translocations are complete aneuploidies. However,
complete aneuploidies observed with PGT-A are typically
spontaneous, especially among women of advanced maternal
age. Despite the prevalence of Robertsonian translocations in
the general population, very few cases were flagged relative to
criterion 1. This is most likely due to known carriers pursuing
PGT-SR, small cohort sizes, and the challenges in differenti-
ating between Robertsonian imbalances and sporadic aneu-
ploidy. Although only a few cases were flagged for the
rob(13;14) translocation, karyotyping confirmed the translo-
cation in each case. For each of the cases flagged for a Robert-
sonian translocation other than the rob(13;14), the
karyotypes were negative. Therefore, we proposed criteria
useful for flagging the more prevalent rob(13;14)
VOL. 2 NO. 1 / MARCH 2021
translocation and suggested that the results of PGT-A were
not able to illuminate any other, less prevalent, Robertsonian
translocation. A patient’s reproductive and family histories
remain the most powerful tool for identifying Robertsonian
translocation carriers.

Performance of criterion 3. The characteristic ‘‘stair’’ inver-
sion pattern is rarely observed and is not expected to be due
to random chance, especially when observed in more than 1
embryo. Although our proposed criterion picked up only 4
cases, and only 2 of which received clinical follow-up, it is ex-
pected that cases flagged using the inversion criterion will be
accurate predictions.
Clinical Utility

Identifying a balanced chromosomal rearrangement can alter
the expected euploidy rate following PGT and reframe the
chance of reproductive success using autologous gametes.

PGT-SRmay be appropriate for future IVF cycles. PGT-SR
is the validated platform for unbalanced rearrangement
detection for translocation and inversion carriers. Break-
points of the rearrangement confirmed in the egg or sperm
source must be determined by high-resolution, G-banding
karyotype. The breakpoints of segmental imbalances deter-
mined by PGT-A are not precise and should not be used to
extrapolate the breakpoints of a presumed parental balanced
translocation or inversion.

Rerunning PGT-SR can be considered for additional reas-
surance in cases in which the structural rearrangement is
confirmed. PGT-A routinely detects complete aneuploidies
77



TABLE 2

Proposed criteria for flagging a potential chromosomal
rearrangement.

1) Reciprocal translocations Predictive value
A terminal, segmental

imbalance inR2 embryos,
involving the same
chromosome and the
same breakpoint

97% (n ¼ 33)

2) Rob(13;14) translocation
Three or more embryos with

complete aneuploidy of
chr13 or chr14 with
R50% of the cohort
affected

100% (n ¼ 3)

3) Inversions
Two or more embryos with

characteristic inversion
‘‘stair’’ pattern in any
cohort size

100% (n ¼ 2)

Note: These criteria are proposed to be applied to the results of a preimplantation genetic
testing for aneuploidy cohort to determine the likelihood of a balanced rearrangement in
the egg or sperm source. If cases meet the criteria, it is recommended to perform high-
resolution karyotyping, followed by FISH analysis in the case of a possible cryptic transloca-
tion. The clinical history of the reproductive couple should also be taken into consideration.

Snider. Translocation flagging after PGT-A. Fertil Steril Rep 2020.
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such as those that would result from Robertsonian transloca-
tions. Segmental aneuploidies resulting from reciprocal trans-
locations and inversions detected in one embryo should have
also been detected, if present, in other embryos. However, it is
possible that segmental imbalances may have been missed in
embryos from individuals carrying a small, balanced recip-
rocal translocation or inversion. Karyotyping to confirm the
breakpoints and size of potential imbalances is necessary to
determine the need to rerun samples.

Even if rerunning the samples is deemed unnecessary
(e.g., Robertsonian translocations for which the resulting im-
balances would be complete aneuploidies), a PGT-SR report
documenting the translocation or inversion can facilitate
continuity of care because the patient’s medical records are
transferred to their prenatal care provider. The identification
of a rob(13;14) translocation might have the additional
benefit of guiding prenatal counseling about uniparental dis-
omy studies.

Lastly, balanced translocations can be shared among
family members. Knowing this information could be benefi-
cial to relatives, especially those in their reproductive years.
Considerations for the Proposed Criteria

Despite the high performance of the proposed flagging
criteria, there are several limitations in identifying suggestive
patterns from PGT-A results that are likely to result in low
sensitivity. The reproductive and family history of the patient
must be considered when evaluating the indication for karyo-
typing. PGT-A should not be viewed as a tool for detecting
chromosomal rearrangements or performed in lieu of karyo-
typing for a patient or partner with a concerning family or
reproductive history.

Cohort size. Patterns are less likely to emerge in a small
PGT-A cohort. For example, a pattern could not be apparent
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if a patient has only a single embryo. Random, age-related
aneuploidy is difficult to differentiate from complete imbal-
ances resulting from the transmission of an unbalanced
Robertsonian translocation. The cohort size must be large
enough to observe a significant increase in the incidence of
acrocentric aneuploidies, and women of advanced maternal
age are less likely to achieve this number.

Inability to detect balanced rearrangements. Carriers of
balanced rearrangements may transmit the unbalanced rear-
rangement, balanced rearrangement, or normal (nonderiva-
tive) chromosomes to embryos. PGT-A is unable to
differentiate between euploid embryos with the nonderivative
chromosomes and euploid embryos with the balanced
rearrangement. Pattern detection, therefore, relies on the
transmission of unbalanced rearrangements.

Translocation/inversion size. Reciprocal translocations and
inversions involve breakpoints that define segments of vary-
ing sizes. The size of the resulting segmental aneuploidies in
embryos is determined by the location of the breakpoints. If
the breakpoint of a translocation is very close to the telomere,
the resulting segment would be small, below the detection
limit of PGT-A. If both breakpoints of a translocation are
very terminal, PGT-A would not detect any segmental imbal-
ance, and the inherited translocation would not be flagged.
Similarly, if both breakpoints of an inversion were very termi-
nal, the resulting small segmental imbalances would not be
detected.

Maternal age. Complete aneuploidy can result spontane-
ously, especially in older women. Complete aneuploidy re-
sulting from spontaneous nondisjunction cannot be
differentiated from aneuploidy resulting from a reciprocal
or Robertsonian translocation. Flagging of Robertsonian
translocations will likely have a lower predictive value in
cases where the woman is of advanced maternal age. Fortu-
nately, maternal age is not expected to affect the predictive
value of the reciprocal translocation criterion because
segmental aneuploidy is not correlated with increasing
maternal age.

In conclusion, we propose criteria that are highly effective
for predicting balanced reciprocal translocations, rob (13;14)
translocations, and inversions in the egg or sperm source from
PGT-A cases in which the rearrangement was previously un-
known. The criteria proposed herein should be used in
conjunction with other reproductive and family history fac-
tors. Such factors include maternal age, PGT-A results be-
tween multiple cohorts and/or between multiple reference
laboratories, previous pregnancies with aneuploidy, miscar-
riage, biochemical pregnancies, and failed implantation. Cli-
nicians should still order karyotyping for a patient or partner
before a PGT-A cycle if there is reason to suspect a chromo-
somal rearrangement based on the reproductive and/or family
history. PGT-A results are not diagnostic for an inherited
balanced chromosomal rearrangement and karyotyping
must be performed to confirm a balanced rearrangement in
an individual. Our data underscore the importance of
follow-up testing and counseling by a certified genetic coun-
selor when PGT-A predicts a balanced chromosomal
rearrangement.
VOL. 2 NO. 1 / MARCH 2021



Fertil Steril Rep®
REFERENCES

1. Warburton D. De novo balanced chromosome rearrangements and extra
marker chromosomes identified at prenatal diagnosis: clinical significance
and distribution of breakpoints. Am J Hum Genet 1991;49:995–1013.

2. Warburton D. Outcome of cases of de novo structural rearrangements diag-
nosed at amniocentesis. Prenat Diagn 1984;4:69–80.

3. Wilch ES, Morton CC. Historical and clinical perspectives on chromosomal
translocations. In: Zhang Y, editor. Chromosome translocation. Singapore:
Springer; 2018:1–14.

4. Funderburk SJ, Spence MA, Sparkes RS. Mental retardation qssociated with
‘‘balanced’’ chromosome rearrangements. Am J Hum Genet 1977;29:
136–41.

5. Hamerton JL, Canning N, Ray M, Smith S. A cytogenetic survey of 14,069
newborn infants. I. Incidence of chromosome abnormalities. Clin Genet
1975;8:223–43.

6. Karakus N, Kara N, Tural S, Kocak I, Elbistan M. A retrospective study of
balanced chromosomal translocations in a Turkish population. Int J Hum
Genet 2012;12:319–23.

7. Gersen SL, Keagle MB, editors. The principles of clinical cytogenetics.
Springer; 2013.

8. Iselius L, Lindsten J, Aurias A, Fraccaro M, Bastard C, Bottelli AM, et al. The
11q;22q translocation: a collaborative study of 20 new cases and analysis of
110 families. Hum Genet 1983;64:343–55.

9. Scriven PN, Handyside AH, Ogilvie CM. Chromosome translocations: segre-
gation modes and strategies for preimplantation genetic diagnosis. Prenat
Diagn 1998;18:1437–49.

10. Idowu D, Merrion K, Wemmer N, Mash JG, Pettersen B, Kijacic D, et al. Preg-
nancy outcomes following 24-chromosome preimplantation genetic diag-
nosis in couples with balanced reciprocal or Robertsonian translocations.
Fertil Steril 2015;103:1037–42.

11. Kung A, Munn�e S, Bankowski B, Coates A, Wells D. Validation of next-
generation sequencing for comprehensive chromosome screening of em-
bryos. Reprod Biomed Online 2015;31:760–9.

12. Cuman C, Beyer CE, Brodie D, Fullston T, Lin JI, Willats E, et al. Defining the
limits of detection for chromosome rearrangements in the preimplantation
embryo using next generation sequencing. Hum Reprod 2018;33:1566–76.

13. Bernicot I, Dechanet C, Mace A, Hedon B, Hamamah S, Pellestor F, et al. Pre-
dictive value of sperm-FISH analysis on the outcome of preimplantation ge-
netic diagnosis (PGD) for a pericentric inversion inv5(p15.3q11.2) carrier.
Hum Reprod 2010;25:1818–23.

14. Escudero T, Lee M, Stevens J, Sandalinas M, Munn�e S. Preimplantation ge-
netic diagnosis of pericentric inversions. Prenat Diagn 2001;21:760–6.

15. Jacobs PA, Browne C, Gregson N, Joyce C, White H. Estimates of the fre-
quency of chromosome abnormalities detectable in unselected newborns
using moderate levels of banding. J Med Genet 1992;29:103–8.

16. Riccaboni A, Lalatta F, Caliari I, Bonetti S, Somigliana E, Ragni G. Genetic
screening in 2,710 infertile candidate couples for assisted reproductive
VOL. 2 NO. 1 / MARCH 2021
techniques: results of application of Italian guidelines for the appropriate
use of genetic tests. Fertil Steril 2008;89:800–8.

17. Gardner RJM, Amor DJ. Gardner and Sutherland’s chromosome abnormal-
ities and genetic counseling. Oxford University Press; 2018.

18. Maeda T, Ohno M, Matsunobu A, Yoshihara K, Yabe N. A cytogenetic sur-
vey of 14,835 consecutive liveborns. Jinrui Idengaku Zasshi 1991;36:
117–29.

19. De Braekeleer M, Dao TN. Cytogenetic studies in couples experiencing
repeated pregnancy losses. Hum Reprod 1990;5:519–28.

20. Practice Committee of the American Society for Reproductive Medicine T.
Evaluation and treatment of recurrent pregnancy loss: a committee opinion.
Fertil Steril 2012;98:1103–11.

21. Tharapel AT, Tharapel SA, Bannerman RM. Recurrent pregnancy losses and
parental chromosome abnormalities: a review. Br J Obstet Gynaecol 1985;
92:899–914.

22. Babariya D, Fragouli E, Alfarawati S, Spath K, Wells D. The incidence and
origin of segmental aneuploidy in human oocytes and preimplantation em-
bryos. Hum Reprod 2017;32:2549–60.

23. Wang J, Li D, Xu Z, Diao Z, Zhou J, Lin F, et al. Analysis of meiotic segregation
modes in biopsied blastocysts from preimplantation genetic testing cycles of
reciprocal translocations. Mol Cytogenet 2019;12:11.

24. Lim CK, Cho JW, Song IO, Kang IS, Yoon YD, Jun JH. Estimation of chromo-
somal imbalances in preimplantation embryos from preimplantation genetic
diagnosis cycles of reciprocal translocations with or without acrocentric
chromosomes. Fertil Steril 2008;90:2144–51.

25. Sung Ko D, Won Cho J, Lee HS, Yeong Kim J, Soo Kang I, Moon Yang K,
et al. Preimplantation genetic diagnosis outcomes and meiotic
segregation analysis of robertsonian translocation carriers. Fertil Steril
2013;99:1369–76.

26. Yilmaz A, Zhang XY, Chung JT, Tan SL, Holzer H. Chromosome segregation
analysis in human embryos obtained from couples involving male carriers of
reciprocal or Robertsonian translocation. PLoS One 2012;7:46046.

27. Ye Y, Qian Y, Xu C, Jin F. Meiotic segregation analysis of embryos from recip-
rocal translocation carriers in PGD cycles. Reprod Biomed Online 2012;24:
83–90.

28. Beyer CE, Willats E. Natural selection between day 3 and day 5/6 PGD em-
bryos in couples with reciprocal or Robertsonian translocations. J Assist Re-
prod Genet 2017;34:1483–92.

29. Munn�e S. Analysis of chromosome segregation during preimplantation ge-
netic diagnosis in both male and female translocation heterozygotes. Cyto-
genet Genome Res 2005;111:305–9.

30. Tan YQ, Tan K, Zhang SP, Gong F, Cheng DH, Xiong B, et al. Single-nucle-
otide polymorphism microarray-based preimplantation genetic diagnosis is
likely to improve the clinical outcome for translocation carriers. Hum Reprod
2013;28:2581–92.

31. Luciani JM, GuichaouaMR,Mattei A, Morazzani MR. Pachytene analysis of a
man with a 13q;14q translocation and infertility. Cytogenet Genome Res
1984;38:14–22.
79

http://refhub.elsevier.com/S2666-3341(20)30129-X/sref1
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref1
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref1
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref2
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref2
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref3
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref3
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref3
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref4
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref4
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref4
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref4
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref4
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref5
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref5
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref5
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref6
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref6
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref6
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref7
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref7
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref8
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref8
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref8
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref9
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref9
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref9
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref10
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref10
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref10
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref10
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref11
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref11
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref11
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref11
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref12
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref12
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref12
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref13
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref13
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref13
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref13
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref14
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref14
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref14
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref15
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref15
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref15
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref16
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref16
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref16
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref16
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref17
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref17
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref18
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref18
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref18
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref19
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref19
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref20
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref20
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref20
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref21
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref21
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref21
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref22
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref22
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref22
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref23
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref23
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref23
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref24
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref24
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref24
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref24
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref25
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref25
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref25
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref25
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref26
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref26
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref26
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref27
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref27
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref27
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref28
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref28
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref28
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref29
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref29
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref29
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref29
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref30
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref30
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref30
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref30
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref31
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref31
http://refhub.elsevier.com/S2666-3341(20)30129-X/sref31

	Criteria to evaluate patterns of segmental and complete aneuploidies in preimplantation genetic testing for aneuploidy resu ...
	Materials and methods
	Development of Criteria
	Reciprocal translocation
	Robertsonian translocation
	Inversion

	PGT-A Population
	PGT Technology
	Comparative genomic hybridization by microarray (aCGH)
	Next Generation Sequencing (NGS)

	Recommendations for Karyotyping and Follow-up

	Results
	Outline placeholder
	Performance for reciprocal translocations
	Performance for Robertsonian translocations
	Performance for inversions

	Proposed Criteria

	Discussion
	Limitations of the Study
	Predictive Values of the Criteria
	Performance of criterion 1
	Performance of criterion 2
	Performance of criterion 3

	Clinical Utility
	Considerations for the Proposed Criteria
	Cohort size
	Inability to detect balanced rearrangements
	Translocation/inversion size
	Maternal age


	References


