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Objective: To study how the attributes of mosaicism identified during preimplantation genetic testing for aneuploidy relate to clinical
outcomes, in order to formulate a ranking system of mosaic embryos for intrauterine transfer.
Design: Compiled analysis.
Setting: Multi-center.
Patient(s): A total of 5,561 euploid blastocysts and 1,000 mosaic blastocysts used in clinical transfers in patients undergoing fertility
treatment.
Intervention(s): None.
Main Outcome Measure(s): Implantation (gestational sac), ongoing pregnancy, birth, and spontaneous abortion (miscarriage before
20 weeks of gestation).
Result(s): The euploid group had significantly more favorable rates of implantation and ongoing pregnancy/birth (OP/B) compared
with the combined mosaic group or the mosaic group affecting only whole chromosomes (implantation: 57.2% vs. 46.5% vs. 41.8%;
OP/B: 52.3% vs. 37.0% vs. 31.3%), as well as lower likelihood of spontaneous abortion (8.6% vs. 20.4% vs. 25%). Whole-
chromosome mosaic embryos with level (percent aneuploid cells) <50% had significantly more favorable outcomes than the R50%
group (implantation: 44.5% vs. 30.4%; OP/B: 36.1% vs. 19.3%). Mosaic type (nature of the aneuploidy implicated in mosaicism)
affected outcomes, with a significant correlation between number of affected chromosomes and unfavorable outcomes. This ranged
from mosaicism involving segmental abnormalities to complex aneuploidies affecting three or more chromosomes (implantation:
51.6% vs. 30.4%; OP/B: 43.1% vs. 20.8%). Combining mosaic level, type, and embryo morphology revealed the order of
subcategories regarding likelihood of positive outcome.
Conclusion(s): This compiled analysis revealed traits of mosaicism identified with preimplantation genetic testing for aneuploidy that
affected outcomes in a statistically significant manner, enabling the formulation of an evidence-based prioritization scheme for mosaic
embryos in the clinic. (Fertil Steril� 2020;-:-–-. �2020 by American Society for Reproductive Medicine.)
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T he assemblage of cells composing a human preimplan-
tation embryo can contain different karyotype confor-
mations. First, when all cells house the typical set of 46

chromosomes, an embryo is deemed ‘‘euploid’’. Second, an
embryo is regarded as ‘‘aneuploid’’ when all its cells contain
a particular chromosomal abnormality, such as segmental
or whole-chromosome aneuploidy. As a third possibility, an
embryo is deemed ‘‘mosaic’’ when two or more cell popula-
tions with different chromosomal content are present simul-
taneously. This phenomenon originates from post-zygotic
errors of mitosis, such as nondisjunction or anaphase lagging,
where sister chromatids fail to segregate correctly among two
daughter cells (1). For purposes of preimplantation genetic
testing for aneuploidy (PGT-A), mosaic embryos that contain
a mix of euploid and aneuploid cells (hereafter simply referred
to as ‘‘mosaic’’) have become highly relevant. As first
described by Greco et al. (2) and later by others (3–7),
embryos with a PGT-A result suggesting mosaicism can result
in seemingly healthy pregnancies and births, albeit with lower
success rates than euploid embryos.

Contemporary PGT-A operates on the premise that a
cellular biopsy of the trophectoderm (TE) is representative of
the entire blastocyst. Of the various existing molecular plat-
forms, whole-genome amplification coupled with Next-
Generation Sequencing (NGS) has a comparatively high
dynamic range and resolution, and is considered the most
appropriate system for detecting intrabiopsy mosaicism in
the 20%–80% range between uniform euploidy and aneu-
ploidy (4). Those thresholds coincide with the fact that a
typical TE biopsy can contain five cells, and therefore any-
where from 1/5 to 4/5 abnormal cells in instances of mosai-
cism. Numerous reports have shown accurate detection of
mosaicism in cell- and DNA-mixing experiments using
whole-genome amplification–based NGS (4, 6–9).
Consequently, a PGT-A grading system that considers mosaic
results as a separate category has been proposed (10)
and endorsed by professional societies such as Preimplanta-
tion Genetic Diagnosis International Society (11) and Contro-
versies in Preconception, Preimplantation and Prenatal
Genetic Diagnosis (12).

Nonetheless, concerns regarding the diagnosis and man-
agement of mosaicism in preimplantation embryos have been
expressed. Suboptimal blastocyst biopsies may create false
mosaic results (12), and technical background noise due to ar-
tifacts of amplification or sequencing could be indistinguish-
able from results consistent with mosaicism (13).
Furthermore, there is subjectivity in diagnosing mosaicism
with PGT-A because most contemporary analysis software
is designed to classify samples as uniformly euploid or aneu-
ploid, leaving the identification of mosaicism to the user.
Other causes of artifactual mosaicism have been proposed,
such as the cell cycle phase influencing readings resembling
mosaic segmental abnormalities (14), although this effect ap-
pears to be minimized with contemporary, blastocyst-stage
PGT-A methods (15).

Due to these concerns, still limited data on pregnancy
outcome, and unknown potential risks associated withmosaic
embryo transfer (16), some argue that mosaicism should not
yet be reported (17) or that embryos classified as mosaic
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should not be transferred (18). In addition, doubts remain as
to which characteristics of mosaicism correlate with clinical
outcomes, such as proportion of aneuploid cells (mosaic
level), nature of aneuploidy involved in the mosaicism
(mosaic type), and identity of aneuploid chromosomes pre-
sent. These points only can be addressed with larger data-
sets than currently published.

Here we present the analysis of 1,000 embryo transfers of
mosaic blastocysts, showing that the proportion of abnormal
cells and type of mosaic aneuploidy significantly affect clin-
ical outcome. Identification of these mosaic characteristics
with PGT-A in a clinical TE biopsy specimen, therefore, is
appropriate and valuable for embryo selection. These data
provide much needed evidence-based guidelines for ranking
mosaic embryos in the clinic.
MATERIALS AND METHODS
Participating Centers and Data Collection

The following in vitro fertilization (IVF) clinics and PGT-A
laboratories contributed data to this study: Zouves Fertility
Center, Foster City, California, USA; New York University
Langone Fertility Center, New York, New York, USA; Lee
Women’s Hospital, Taichung, Taiwan; IRCCS San Raffaele
Scientific Institute, Milan, Italy; Eurofins Genoma Group,
Molecular Genetics Laboratories, Rome, Italy; European Hos-
pital, Centre For Reproductive Medicine, Rome, Italy; and
Cooper Genomics, Livingston, New Jersey, USA.

‘‘Mosaic embryos’’ are defined here as those where the
PGT-A analysis of a TE biopsy specimen showed a profile
consistent with mosaicism for one or more genomic regions.
Participating centers contributed two data sets for a combined
total of 1,000 mosaic embryos used in clinical transfers
(Supplemental Table 1, available online). One set was from
previously published reports (4–7), accounting for 425
mosaic embryos (comprising 42.5% of embryos in this
study), each with additional unpublished information
necessary for comprehensive analyses specific to this study.
In one instance, samples from a previously published report
were reprocessed with a different platform (NGS) for the
purpose of the current study (6). The other set was new
unpublished data, accounting for 575 mosaic embryos
(comprising 57.5% of embryos in this study). Of the
combined 1,000 mosaic embryos, 860 were used in single
embryo transfers, 88 were used in double embryo transfers
(DETs) together with another mosaic embryo, 50 were used
in DETs together with a euploid embryo, two were used in
DETs together with an untested embryo, and two mosaic
embryos were used in a triple embryo transfer together with
one mosaic and one euploid. In 94.6% of cases, a mosaic
embryo was selected for transfer to a patient when no
euploid embryo was available. In the remaining cases, a
mosaic embryo was transferred together with a euploid
(5.2%) or with an untested embryo (0.2%). For DETs and
triple embryo transfers in which the embryos in a transfer
resulted in different clinical outcomes, their identity could
be deduced from the sex (through prenatal testing and/or at
birth), otherwise they were excluded from the analysis.
VOL. - NO. - / - 2021
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For the control group, participating centers submitted
clinical outcome data on embryos categorized as euploid
(n ¼ 5,561) for the same time period that mosaic embryo
transfer data was collected. A weighted average implantation
rate and ongoing pregnancy or birth rate was calculated for
the control group, corrected for the proportion of mosaic em-
bryos contributed by each center.

All patients in this study receiving an embryo transfer
with known mosaic PGT-A results were advised previously
by certified genetic counselors on the concept of embryonic
chromosomal mosaicism and its potential clinical risks and
consequences. A recommendation for prenatal testing was
made in each case. The participating clinics were located in
countries in which laws regulating IVF treatments reference
reproductive rights and emphasize patient freedom of choice.
Therefore, clinics could advise but not dictate decisions
regarding embryo selection or prenatal and postnatal testing.
Due to data anonymization for this study, patients were not
contacted retroactively in instances where an embryo was re-
classified from ‘‘euploid’’ to ‘‘mosaic’’ at reanalysis of the re-
sults (constituting 16.4% of embryos in the study) to
communicate the change in embryo status. In the host coun-
tries of participating centers, the task of considering the
ethical implications of a research project is performed by an
Institutional Review Board (IRB). The analyses presented
here were approved by the IRB of the Zouves Foundation
(OHRP IRB00011505, Protocol #0002).
PGT-A

All embryos in this study underwent blastocyst-stage PGT-A
using the same NGS-based platform VeriSeq (Vitrolife) and
subsequent frozen embryo transfer. Trophectoderm biopsy
specimens were collected using standard protocols and frozen
until processing. Cell samples were lysed, and genomic DNA
was fragmented randomly and amplified using the SurePlex
DNA Amplification System (Vitrolife) according to the man-
ufacturer’s protocol. The whole-genomic amplified DNA
product of each sample was processed to prepare a genomic
DNA library using VeriSeq PGS workflow (Vitrolife). Purified
DNA libraries were normalized to equalize the quantity of
each sample in the final pool using VeriSeq’s library normal-
ization protocol. Equal volumes of normalized samples were
pooled, denatured, and sequenced. The MiSeq Reagent Kit
v.3 (Illumina) was used on a MiSeq System (Illumina). The
sequencing data were analyzed using BlueFuse Multi Soft-
ware (Vitrolife).

The participating centers in this study interpreted the re-
sulting data uniformly: NGS profiles were defined as mosaic
when displaying copy number counts in the 20%–80% range
between chromosome monosomy and disomy or disomy and
trisomy for any genomic region, as has been described previ-
ously (4, 12). Profiles <20% were considered euploid, and
those >80% were considered aneuploid. All participating
centers performed in-house validation experiments using
DNA and/or cell mixes to produce accurately intermediate
copy number profiles consistent with mosaicism, as published
previously (4, 6, 7, 19). VeriSeq is validated to identify
VOL. - NO. - / - 2021
segmental gains and losses of 20 Mb or larger, but is capable
of detecting segments as small as 1.8 Mb (20) in some
genomic regions.
Definitions of Mosaic Traits, Clinical Indications,
and Outcomes

Mosaic ‘‘level’’ referred to the inferred percentage of aneu-
ploid cells in a TE biopsy specimen. For embryos with two
or more mosaic chromosomal regions, the highest mosaic
level value was considered for analysis.

Mosaic ‘‘type’’ referred to the nature of the chromosomal
abnormality in the aneuploid cell compartment. Mosaic em-
bryos with exclusively segmental abnormalities were called
‘‘single,’’ ‘‘double,’’ or ‘‘complex segmental,’’ depending on
the number of affected segments. Instances of mosaicism
involving a single whole-chromosome aneuploidy (mono-
somy or trisomy) were considered ‘‘one chromosome’’ mo-
saics. Embryos with mosaicism in two whole chromosomes,
or one whole chromosome and one segmental region, were
considered ‘‘two chromosomes’’ mosaic. When mosaicism
was present in more than two chromosomes, the mosaicism
type was considered ‘‘complex,’’ including combinations of
whole chromosomes and segmental regions.

The clinical indications for PGT-A were defined as fol-
lows: advanced maternal age for maternal age >37 years at
time of oocyte retrieval, repeat implantation failure for cases
with three or more prior failed implantation upon transfer,
recurrent spontaneous abortion/miscarriage for loss of two
or more clinical pregnancies prior to week 20 of gestation,
‘‘PGT-M/-SR’’ for cases with familial genetic conditions un-
dergoing concurrent PGT-A, ‘‘Other’’ (including male factor
infertility and unexplained infertility), and ‘‘Good Prognosis’’
for cases of elective PGT-A with no specific clinical
indication.

‘‘Implantation’’ was defined by the presence of a gesta-
tional sac by endovaginal ultrasound at 3–5 weeks after
transfer. When applicable, fetal heartbeat was monitored us-
ing endovaginal ultrasound at 6–8 weeks after transfer. Suc-
cessful pregnancies were divided into ‘‘Ongoing Pregnancy’’ if
there was active pregnancy or ‘‘Birth’’ if a baby was born. Any
embryo that was positive for Implantation but negative for
Ongoing Pregnancy/Birth (OP/B) before week 20 of gestation
was considered to have succumbed to spontaneous abortion.
Statistics and Data Preparation

Statistical analysis was performed in Prism (GraphPad) and
graphs were assembled in Illustrator (Adobe). Comparisons
between groups with categorical outcome variables were per-
formed according to sample size with a two-tailed chi-square
test with Yates correction or a two-tailed Fisher exact test.
Comparisons with quantitative outcome variables were per-
formed with an unpaired, two-tailed t test. Trends were
analyzed using linear regression or, in the case of ordinal var-
iables, with a chi-square test for trend (Cochran-Armitage).
For all analyses: *P< .05; **P< .01; ***P< .001; ****P< .0001;
not significant, PR.05.
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For normalization of the euploid group to the mosaic
group by morphology (Supplemental Fig. 1, available online),
we considered every combination possible in the Gardner and
Schoolcraft system (21) for stage, inner cell mass (ICM) grade,
and TE grade, and counted the number of mosaic embryos in
the analysis group for every permutation. Next, we matched
each count with an equal number of embryos from the euploid
group, and each permutation with averaged clinical outcome
rates of the euploid group (Supplemental Table 2, available
online). This led to the calculation of rates of implantation
and OP/B for a putative euploid group with identical morpho-
logical characteristics as the mosaic group.

For the generation of values in the Ranking Matrix, clin-
ical outcome rates (Supplemental Table 3, available online)
were normalized to the highest value in the euploid group.
Only subgroups with nR 10 samples were included in the ta-
ble, and all subgroups with n < 10 samples were indicated
with ‘‘na’’. Stage 2 is not shown because none of the sub-
groups had the minimum 10 embryos for that stage.
RESULTS
Mosaic Embryos Experience Less Favorable Clinical
Outcomes Than Euploid Embryos

Centers contributing data to this study had incidences of
mosaic embryos ranging from 11.0%–25.7% in their general
tested embryo population, with an average of 18.6%
(Fig. 2A). Clinical outcome data were assembled from 5,561
euploid embryos and 1,000 mosaic embryos (Supplemental
Table 1, available online), transferred between January
2015 and April 2020 at participating clinics. For mosaic em-
bryos, in 83.6% of cases there was knowledge of the mosaic
status prior to clinical transfer, whereas in 16.4% of cases
the embryo was transferred under supposition of euploidy
but post-transfer re-evaluation of the sequencing profile led
to the embryo being assigned to the mosaic category
(Fig. 2B). The following parameters showed similar overall
patterns between the euploid and mosaic groups: day of bi-
opsy, maternal age, and indication category for PGT-A
(Fig. 2B). Compared with the euploid group, transferred
mosaic embryos tended to originate from cycles producing
fewer euploid blastocysts (on average 2.2 vs. 0.8) but more
mosaic blastocysts (0.9 vs. 1.7) (Fig. 2B). Morphological eval-
uation with the Gardner and Schoolcraft system (21) indicated
that, compared with the euploid group, the mosaic group had
fewer grade A embryos (23.2% vs. 15.1%) and more ICM
grade C embryos (14.4% vs. 19.4%), as well as more TE grade
C embryos (18.9% vs. 28.9%) group (Fig. 2B).

Transfer of embryos in the euploid group resulted in an
implantation rate of 57.2% and an OP/B rate of 52.3%
(Fig. 2C). In comparison, the combined mosaic group had
significantly lower rates of implantation (46.5%) and OP/B
(37.0%) (Fig. 2C). When only considering whole-
chromosome mosaic embryos (no segmental mosaics),
outcome rates further decrerased for implantation (41.8%)
as well as OP/B (31.3%) (Fig. 2C). Euploid embryos that im-
planted had an 8.6% likelihood of spontaneously aborting,
whereas the likelihood was significantly higher for the com-
bined mosaic group (20.4%) as well as the whole-
4

chromosome mosaic group (25.0%) (Fig. 2C). Importantly,
�72% of the documented spontaneous abortions in mosaic
embryos occurred early in the pregnancy, between observa-
tion of gestational sac (3–5 weeks after transfer) and fetal
heart beat monitoring (6–8 weeks after transfer).

Since some mosaic embryos were transferred as DETs, we
re-analyzed the data for mosaic embryos transferred exclu-
sively as single embryo transfers (n ¼ 860), observing that
they resulted in significantly inferior clinical outcomes
compared with the euploids (47.7% implantation, 37.8%
OP/B) (Supplemental Fig. 1A, available online). Because
euploid embryos typically are given first priority for transfer
among embryos generated in a cycle, there was a possibility
that mosaic embryo transfers usually occurred in patients
who had undergone one or more prior failed transfers of
euploid embryos from within the same cycle, meaning that
different rates of clinical outcomes could be caused by a
maternal-specific effect. To investigate that possibility, we
analyzed outcomes for mosaic embryo transfers from cycles
with no euploid embryos, in which mosaic embryos were
the first to be transferred from within a cohort. That ‘‘no-
euploid’’ mosaic group (n ¼ 517) experienced significantly
lower rates of implantation (44.1%) and OP/B (35.4%)
compared with the euploid group (Supplemental Fig. 1A,
available online).

Having noted that transferred mosaic embryos were, on
average, of inferior morphological grade compared with the
euploid group (Fig 2A), we proceeded to determine to what
extent that difference was responsible for the decreased rates
of clinical outcome observed in the mosaic group. To that end,
we normalized the euploid group to the mosaic group by
morphology (Materials and Methods). This lowered the rates
of implantation and OP/B for euploid embryo transfers, and
increased their rates of spontaneous abortion. However,
comparing the morphology-normalized euploid group to the
mosaic group revealed statistically significant differences in
outcome, which were less favorable for the mosaic group
(Supplemental Fig. 1B, available online). This suggested that
differences in morphology could not account entirely for
the inferior outcomes of mosaic embryos.
High-Level Mosaics Have Poorer Outcomes Than
Low-Level Mosaics

We stratified the 1,000 mosaic embryos and analyzed how the
level of mosaicism (i.e., the estimated percentage of abnormal
cells that are mixed with normal cells) affected clinical out-
comes. Data were plotted in 10% increments of mosaic level,
representing a progressive increase in the proportion of aneu-
ploid cells in the mix, and linear regression showed a statisti-
cally significant decrease in rates of implantation and OP/B
for whole-chromosome mosaics, but not for segmental mo-
saics (Fig. 3A). We considered four different cutoffs to group
embryos into ‘‘low’’ and ‘‘high’’ mosaicism. For whole-
chromosome mosaics, neither 30% nor 40% as cutoffs yielded
significant differences between the ‘‘low’’ and ‘‘high’’ groups
(Supplemental Fig. 2, available online). However, using 50%
or 60% as a cutoff resulted in significant differences, with
50% displaying the largest dissimilarities in clinical outcomes
VOL. - NO. - / - 2021
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FIGURE 2
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Viotti. Mosaic traits affect clinical outcomes. Fertil Steril 2020.
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between the mosaic low and high groups (Fig. 3A and
Supplemental Fig. 2, available online). For segmental mo-
saics, none of the cutoffs yielded significant differences be-
tween mosaic low and high groups (Fig. 3A and
Supplemental Fig. 2, available online).
6

Number of Affected Chromosomes in Mosaicism
Correlate With Poorer Outcome

We explored whether the type of mosaicism (i.e. the kind of
aneuploidy present in the abnormal cells in the mosaic mix)
VOL. - NO. - / - 2021



FIGURE 3
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Combined effect of mosaic traits on clinical outcome reveals ranking system for mosaic embryos. (A) Clinical outcomes of the euploid group
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(blue dotted line and connected points) indicates statistically significant trend. (B) Ranking of mosaic embryo subgroups, sorted by favorable
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Viotti. Mosaic traits affect clinical outcomes. Fertil Steril 2020.
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affected clinical outcomes. First, we considered subchromo-
somal abnormalities of segmental nature. There were no sig-
nificant differences in clinical outcomes between embryos
with mosaicism affecting a single, two, or more than two
segmental regions (Supplemental Fig. 3, available online).
However, the combined segmental mosaic group had signifi-
cantly poorer outcomes compared with the euploid control
group (Fig. 3B).

Considering other mosaic types, a chi-square test for
trend indicated that clinical outcomes were progressively
poorer with increasing severity of mosaic aneuploidy in a sta-
tistically significant manner (Fig. 3B). Mosaic segmentals had
the best outcomes, followed by the group with one affected
VOL. - NO. - / - 2021
whole chromosome, followed by the group with two affected
chromosomes, followed by the complex group, in which three
or more chromosomes were affected (implantation P< .0001;
OP/B P< .0001). There were no significant differences in out-
comes between embryos with mosaic monosomies and tri-
somies (Fig. 3B).
No Maternal Age Effect on Outcomes of Mosaic
Embryos

In the analyzed dataset, maternal age did not affect clinical
outcomes. As in the euploid group, mosaic embryos derived
from oocytes isolated at a maternal age younger than 34 years
7



FIGURE 4
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Matrix of embryo ranking according to mosaicism traits and morphology. Values and cell colors indicate ranking, from best (1.00/green) to worst
(0.00/red). The figure was generated using the data from 5,561 euploid embryos and 1,000mosaic embryos analyzed in this study, and can serve as
a reference to determine prospectively the order of transfer for embryos in the clinic. The combined rank value for an embryo can be assessed by
considering its PGT-A (sub-) category and calculating the average of the 3 indicated values (Stage, ICM grade, and TE grade). The resulting number
can be compared with that of other embryos in a cohort to establish priority for transfer. A web-based tool of this matrix that performs calculations
for the user is available at https://embryo-score.web.app. Chr.¼ chromosome; ICM¼ inner cell mass; Ong. pregn.¼ ongoing pregnancy; PGT-A¼
preimplantation genetic testing for aneuploidy; TE ¼ trophectoderm.
Viotti. Mosaic traits affect clinical outcomes. Fertil Steril 2020.
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had similar rates of implantation and OP/B than those isolated
at maternal age of 34 year and older (Supplemental Fig. 4,
available online).
8

Analysis of Mosaicism in Individual Chromosomes

We tabulated the clinical outcomes of all single, whole-
chromosome monosomies and trisomies in the 1,000 mosaic
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embryo dataset (Supplemental Table 4, available online).
There were a total of 157 and 103 embryos with a single
mosaic monosomy and trisomy, respectively.

Sample sizes were too small to make relevant ‘‘per chro-
mosome’’ statistical determinations, but the data indicates
that blastocyst-stage mosaicism in any of the 23 chromo-
somes may result in viable pregnancies.
Combining Characteristics of Mosaicism to
Determine a Prioritization Scheme for the Clinic

Having observed that 50% was the most significant cutoff to
divide embryos into mosaic low and high groups, we analyzed
the clinical outcomes of each mosaic type within those two
level groups. Statistical analysis indicated the most signifi-
cant order in which the subgroups correlated with clinical
outcomes (Fig. 4A). As noted before, the division into a low
and high group was not advantageous for segmental mosaics.
For embryos with mosaicism affecting at least one whole
chromosome, considering mosaic level and type simulta-
neously revealed significantly different subgroup outcomes.
On the lowest end of the spectrum, the high-level complex
mosaic subgroup had the worst outcome rates, but notably
those embryos still had some potential to implant and produce
ongoing pregnancies and births. Those findings can be sum-
marized in a ranking system of mosaic traits according to
clinical outcomes (Fig. 4B).

To consider all relevant parameters for embryo selection
in the clinic, we applied an additional analysis of embryo
morphology to every subgroup in the ranking scheme. Using
the outcomes from the 1,000 mosaic embryo transfers, we
tabulated the rates of implantation and OP/B for every permu-
tation of morphology in the Gardner and Schoolcraft system
(Supplemental Table 3, available online). Normalizing the
data to the best morphological subgroup of the euploid group
(5AA) (Materials and Methods), the resulting matrix specified
the prioritization order according to mosaic embryo level,
type, and stage/grade assessment (Fig. 1). Taking the average
of the three indicated values for stage, ICM grade, and TE
grade produces a ranking score for any given embryo. There-
fore, the table provides a reference to prioritize embryos in the
clinic by likelihood of favorable clinical outcome. An interac-
tive web-based tool that utilizes this matrix and performs the
relevant calculations can be accessed at https://embryo-score.
web.app and is freely available to the user.

DISCUSSION
The present study is the largest dataset of transferred mosaic
embryo outcomes reported to date. This compiled analysis
conclusively shows that embryos classified as mosaic have
a distinct set of clinical outcomes and should comprise a sepa-
rate PGT-A category. Maintaining PGT-A’s ‘‘classical’’ binary
system of normal/abnormal is disadvantageous. On the one
hand, grouping mosaic embryos with the normal category
would result in decreased rates of implantation and increased
miscarriages. On the other hand, indiscriminately lumping
mosaic embryos with the abnormal category would result in
discarding viable embryos. To further increase likelihood of
positive clinical outcomes, embryos of the mosaic category
VOL. - NO. - / - 2021
should be stratified by their mosaic traits (level and type)
identified with PGT-A, and ranked for transfer to a patient.
The prioritization scheme outlined in this study can be applied
to any embryo by considering its mosaic attributes and
morphology.

Recent studies using serial biopsies have shown that
uniform euploidy or whole-chromosome aneuploidy are
highly concordant between different regions of a blastocyst
(22–26). However, mounting evidence indicates that
intrabiopsy mosaicism in the TE is a poor predictor of the
ploidy status of the remaining embryo, and often pairs
with uniform euploidy in the ICM (7, 8, 23, 27).
Consequently, our findings suggest that possessing a mix
of euploid and aneuploid cells in the TE alone might be
sufficient to influence negatively clinical outcomes. Not
only were implantation rates lowered, early spontaneous
abortions (before week 8–10 of gestation) were particularly
frequent with mosaic embryo transfers, possibly indicating
the deleterious effects of the aneuploid cell portion in the
TE-derived early placenta. That brings up a series of ques-
tions: What befalls the aneuploid cells in pregnancies that
persist? What happens in cases where mosaicism is present
in the ICM as well? And more broadly, how can embryos
classified as mosaic using PGT-A produce seemingly healthy
births?

There is substantial experimental evidence for corrective
mechanisms that operate in the context of chromosomal
mosaicism. They center on the well-documented fact that
aneuploidy often hampers cell proliferation and viability
(28). Studies on murine chimeric embryos formed by mixing
cell types showed that euploid cells outcompeted aneuploid
cells by differential proliferation and preferential cell death
(29, 30). The aneuploid cells replicated more slowly (in the
TE) or underwent apoptosis (in the ICM), while euploid cells
replicated rapidly and persisted. The experiments revealed a
threshold of aneuploid cell load that was incompatible with
viability, such that when the ratio of aneuploid to euploid
cells was too high at the onset, the embryo invariably died.
At mid-to-low ratios, the euploid cells were capable of
‘‘rescuing’’ the embryo by diluting out the aneuploid cells
(29). Correspondingly, human mosaic blastocysts subjected
to extended in vitro culture frequently displayed a complete
loss of the aneuploid cell constituent, and ‘‘high’’ mosaics
were more likely to perish during extended culture (31). Live
imaging experiments showed that ‘‘low’’- and ‘‘high’’-mosaic
embryos exhibited significantly different morphokinetics be-
tween the zygote and blastocyst stage (32). Furthermore,
immunofluorescence analysis of human embryos classified
as ‘‘euploid’’ and ‘‘mosaic’’ showed distinct global patterns
of cell proliferation and programmed cell death, befitting a
model of directed demise of aneuploid cells and compensatory
proliferation of euploid cells (7). Our current observations
with clinical outcome data build on that concept, suggesting
that percent aneuploid cells and the type of aneuploidy
together dictate the ‘‘severity’’ of mosaicism. High abnormal
cell load and/or complex aneuploidies affecting several chro-
mosomes are more difficult for the embryo to overcome than
low abnormal cell load and/or segmental aneuploidies, result-
ing in distinct implantation and birth rates after transfer.
9
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If aneuploidy can be overcome, should uniformly aneu-
ploid embryos also be considered for transfer? It is important
to note that the self-correction mechanisms described apply
specifically to mosaicism. When the chromosomal error pre-
sent in an embryo is the consequence of a meiotic mistake,
all of its cells are bound to contain the same aneuploidy.
For such an embryo to self-correct and result in a healthy
birth, individual cells would need to repair internally their
chromosomal abnormalities. Putative mechanisms have
been proposed in the literature: ‘‘endoreplication’’ could
convert a monosomy into a disomy, or ‘‘trisomy rescue’’ could
revert a trisomy into a disomy by anaphase lagging (1). How-
ever, these processes frequently would result in uniparental
disomy, but uniparental disomy in IVF embryos is extremely
rare, estimated at 0.06% (33). Notably, intracellular corrective
events have not been documented conclusively in human em-
bryos. In fact, evidence from extended in vitro culture exper-
iments of human embryos suggests the contrary, that uniform
euploid or aneuploid embryos invariably maintain their initial
ploidy in both ICM and TE lineages (31). Clinical data on this
topic is limited, but one study reported the transfer of ten em-
bryos classified as uniform aneuploid using PGT-A, resulting
in nine failed pregnancies and a single ongoing pregnancy
and birth of an affected baby who died at 6 weeks (5) and a
‘‘non-selection study’’ showed no births from 102 aneuploid
embryo transfers (34). The transfer of embryos classified as
‘‘aneuploid’’ using PGT-A, therefore, is not recommended.

Unlike instances of whole-chromosome mosaicism, the
embryos composing the segmental mosaic group had uniform
outcomes regardless of whether the segmental mosaicism was
low or high level, or whether one, two, or more segments were
involved in the mosaicism. This observation reflects the
unique etiology and repair mechanisms related to segmental
abnormalities (35). Unlike whole-chromosome aneuploidies
(which mainly arise from chromosome missegregations),
segmental deletions and duplications originate from chromo-
somal breakage via double-strand breaks of the DNA. Double-
strand breaks are associated with a distinctive set of corrective
pathways, which are dysregulated in early embryogenesis but
become more established with developmental progression.
Recent studies showed that segmental abnormalities are often
discordant between serial biopsies in blastocysts, and are
significantly more likely to originate from mitotic errors
than from meiotic errors compared with whole-chromosome
aneuploidies (22–24, 36). Together, these observations
suggest that the postzygotic generation and correction of
segmental abnormalities might be more dynamic and
reversible than the processes associated with whole-
chromosome aneuploidies, possibly explaining why
segmental mosaics are better tolerated in regard to implanta-
tion and gestation. However, although segmental mosaic em-
bryos as a combined group had better outcomes than whole-
chromosome mosaics, they nonetheless had significantly
poorer outcomes compared with the euploid control group.

Although there is certainly a need for comprehensive an-
alyses of neonatal outcome data of transferred mosaic em-
bryos, the newborns from our sample group have been
invariably healthy based on routine neonatal examination
for developmental defects and gross abnormalities. Mosai-
10
cism identified using PGT-A at the blastocyst stage is gener-
ally not reflected later in gestation during prenatal genetic
testing (2, 6, 7), likely because of the aforementioned correc-
tive mechanisms operating in mosaic settings. At present,
there is a single report in the literature showing blastocyst-
stage mosaicism persisting through gestation, although un-
dergoing a substantial reduction in percent aneuploid cells:
from 35% monosomy in chromosome 2 in the TE biopsy at
the blastocyst stage to 2% trisomy in chromosome 2 during
amniocentesis, in a reciprocal pattern (37). Birth of a healthy
baby followed, in which peripheral blood analysis showed 2%
mosaic monosomy in chromosome 2, however, epithelial cells
in a buccal smear were euploid. Although that neonate had no
overt phenotype, this case reinforces the need for careful ge-
netic counselling with emphasis on prenatal testing to pa-
tients opting for mosaic embryo transfers (12, 16, 38). This
precedent also should be considered when facing the choice
between a poor morphology euploid embryo and a good prog-
nosis mosaic embryo. While the ranking matrix presented in
this study (Fig. 1) (also available online at https://embryo-
score.web.app) unequivocally shows that a low-quality
euploid embryo (e.g., ICM grade ‘‘C’’ and TE grade ‘‘C’’) is asso-
ciated with significantly reduced rates of implantation and
OP/B than several mosaic embryo subgroups, the current
outstanding questions regarding newborn chromosomal
healthmight nonetheless motivate clinics to favor the transfer
of all euploid embryos before resorting to good-quality
mosaic embryos. Although newborns resulting from mosaic
embryo transfers in this study invariably appeared healthy
based on routine examination, concerns for long-term health
cannot yet be dispelled entirely. Therefore, the question must
be considered carefully by each clinic and patient situation.

Overall, the incidence and variability of the mosaic
group at participating centers was in line with previous re-
ports that have used NGS-based PGT-A and the guidelines
set forth by Preimplantation Genetic Diagnosis International
Society and Controversies in Preconception, Preimplantation
and Prenatal Genetic Diagnosis to define ‘‘mosaicism.’’ As a
reference, the trial ‘Single Embryo Transfer of Euploid Em-
bryo' (STAR) reported a proportion of mosaic embryos
ranging from 10.5%–26.4% at participating clinics (39).
Although the present analysis considered numerous vari-
ables that can affect mitotic error rates and clinical out-
comes, due to the multicenter nature of the study other
potential confounders still persisted (such as differences in
demographics, stimulation program, culture techniques,
and endometrial preparation methods) and must be noted
as a limitation.

The results of the present study contradict the claims that
mosaicism is merely an artifact of the PGT-A process. The
suggestion that ‘‘low’’- and ‘‘high’’-mosaic profiles are respec-
tively euploid and aneuploid profiles with technical noise is
discredited by the observation that embryos in the ‘‘low’’-
mosaic category have significantly poorer clinical outcomes
than the euploid control group. Conversely, if the ‘‘high’’-
mosaic group was truly no more that uniform aneuploids
with technical noise, one would expect virtually no healthy
pregnancies from that group. Intrabiopsy mosaicism detected
with contemporary, NGS-based PGT-A methodologies,
VOL. - NO. - / - 2021
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therefore, is not likely a procedural fluke, but a reflection of a
biological occurrence consistent with mosaicism.
CONCLUSIONS
The analysis of 1,000 mosaic embryo transfers provides clin-
ical, statistically significant evidence for the traits of mosai-
cism identified with PGT-A that affect implantation and
spontaneous abortion, offering a blueprint for rankingmosaic
embryos in the clinic. The field has been transferring embryos
‘‘blindly’’ for 40 years, and a proportion of those undoubtedly
have been of the mosaic category; now refined PGT-A tools
can identify and characterize mosaics, allowing for their
optimal clinical management.
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