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A B S T R A C T

Objective: To determine the pregnancy outcome potential of euploid, mosaic and aneuploid embryos.
Design: Retrospective study.
Setting: Reference genetics laboratories.
Patient(s): 2654 PGT-A cycles with euploid characterized embryo transfers, 253 PGT-A cycles with transfer of
embryos characterized as mosaic, and 10 PGT-A cycles with fully abnormal embryo transfers.
Intervention(s): Blastocysts were assessed by trophectoderm (TE) biopsy followed by PGT-A via array CGH or
NGS.
Main outcome measure(s): Implantation, miscarriage, ongoing implantation rates (OIR), and karyotype if
available, were compared between different embryo groups, and between the two PGT-A techniques.
Results: The Ongoing Pregnancy Rate (OPR)/transfer was significantly higher for NGS-classified euploid em-
bryos (85%) than for aCGH ones (71%) (p < 0.001), but the OPR/cycle was similar (63% vs 59%). NGS-
classified mosaic embryos resulted in 37% OPR/cycle (p < 0.001 compared to euploid). Mosaic aneuploid
embryos with < 40% abnormal cells in the TE sample had an OIR of 50% compared to 27% for mosaics with
40–80% abnormal cells in the TE, and 9% for complex mosaic embryos. All the karyotyped ongoing pregnancies
(n = 29) were euploid. Transfers of embryos classified as aneuploid via aCGH (n = 10) led to one chromoso-
mally abnormal pregnancy.
Conclusion(s): NGS-classified euploid embryos yielded higher OIRs but similar OPRs/cycle compared to aCGH.
NGS-classified mosaic embryos had reduced potential to reach term, compared to euploid embryos. If they did
reach term, those with karyotype results available were euploid. Embryos carrying uniform aneuploidies af-
fecting entire chromosomes were mostly unable to implant after transfer, and the one that implanted ended up in
a chromosomally abnormal live birth.

1. Introduction

Mosaicism, or the presence in an embryo of several cell lines each
one possessing a different chromosome constitution was extensively
investigated using FISH in studies examining entire embryos. During
these studies either all or the vast majority of cells were analyzed
(Delhanty et al., 1993; Munné et al., 1993, 1994; Coonen et al., 1994).

Analysis of entire cleavage-stage embryos indicated that in contrast to
meiotically derived aneuploidy, which increases with advancing ma-
ternal age but not with dysmorphism (defined as the presence of mul-
tinucleation, fragmentation, unevenness) (Munné et al., 1995; Márquez
et al., 2000), mosaicism arises through post-zygotic malsegregation and
increases with cleavage-stage dysmorphism, but not with advancing
maternal age. Exception to these findings, are mosaic embryos, which
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are also fully aneuploid for another chromosome type (Munné et al.,
1995, 2002, 2006, 2007; Magli et al., 2007; Munné, 2006; Colls et al.,
2007). There have been fewer studies on mosaicism at the blastocyst
stage. Such studies show slightly lower rates of mosaicism at the final
stage of embryo development before implantation, and similar to the
findings at the cleavage stage, confirm it as being independent of female
age (Evsikov and Verlinsky, 1998; Bielanska et al., 2002; Sandalinas
et al., 2001; Fragouli et al., 2011; Capalbo et al., 2013; Greco et al.,
2015; Johnson DSCinnioglu et al., 2010; Munné and Wells, 2017).

Robust Preimplantation Genetic Testing for Aneuploidy (PGT-A)
strategies involve molecular techniques capable of assessing all biop-
sied cells from a TE biopsy as a group, and not individually. Of these
molecular techniques, such as aCGH, qPCR, SNP arrays and high re-
solution Next Generation Sequencing (hr-NGS), only hr-NGS, which has
a higher dynamic range and resolution, can detect more mosaicism
events than aCGH, or other molecular PGT-A techniques. Various stu-
dies have suggested that hr-NGS can identify chromosome abnormal-
ities when present in 20–80% of the TE biopsy, (Greco et al., 2015;
Maxwell SM et al., 2016; Fragouli et al., 2017; Munné et al., 2017a). In
general, a TE biopsy has approximately 5 cells. Hence, hr-NGS can
identify between 1 and 4 mosaic cells in a 5 cell TE biopsy. Using hr-
NGS 22% of blastocysts were found to be mosaic in recent investiga-
tions by our group (Munné and Wells, 2017; Maxwell SM et al., 2016;
Munné et al., 2017a; Wells et al., 2014; Fiorentino et al., 2014; Kung
et al., 2015; Ruttanajit et al., 2016; Munné et al., 2016), compared to
just 4.8% detected by aCGH (Greco et al., 2015).

There are several NGS platforms with different resolutions (Maxwell
SM et al., 2016; Munné et al., 2017a; Fiorentino et al., 2014; Munné
et al., 2016; Spinella et al., 2018), and not all of them can detect mo-
saicism to the same extent. The platform we use for hr-NGS is based on
Illumina's VeriSeq NGS strategy (Munné et al., 2017a; Spinella et al.,
2018). Our work demonstrated that hr-NGS is a much more sensitive
method, compared to aCGH, and can accurately identify the presence of
mosaicism at similar levels as FISH did when analyzing embryos cell by
cell (Maxwell SM et al., 2016; Fragouli et al., 2017). However, some
confusion remains since there is still scant data about the formation
mechanisms, and clinical implications associated with these embryos.

Critics of hr-NGS argue that low level mosaicism is indistinguishable
from technical background noise (Capalbo et al., 2016), or that mo-
saicism detection is flawed because if the same proportion of trisomic
and monosomic cells are present in a TE biopsy, then a euploid result
might be obtained (Scott and Galliano, 2016). However, mounting
clinical evidence suggests that this group of embryos have a distinct
clinical outcome, compared to euploid embryos, miscarrying more and
implanting less (Maxwell SM et al., 2016; Fragouli et al., 2017; Munné
et al., 2017a; Spinella et al., 2018; Grifo J et al., 2015; Rodriguez-Purata
et al., 2016), although some can reach term and be karyotypically
normal (Greco et al., 2015). We have argued before (Munné and Wells,
2017; Munné et al., 2016) that mosaic embryos should be considered as
an intermediate group with lower potential of reaching term than eu-
ploid embryos but in the absence of euploid ones, could be considered
for transfer. This new paradigm should result in fewer misdiagnoses but
should not be confused as support for the transfer of aneuploid em-
bryos. On the contrary, with hr-NGS euploid and aneuploid diagnoses
are more definitive, compared to other methodologies.

Three of these studies, albeit small, analyzed the pregnancy out-
come of mosaic embryos based on different parameters, such as % of
abnormal cells in the TE sample, chromosomes involved in mosaic er-
rors, and type of mosaicism. The obtained results suggested that some
mosaic embryos have an appreciable implantation ability (Fragouli
et al., 2017; Munné et al., 2017a; Spinella et al., 2018), whereas com-
plex abnormal mosaics and those with a high percentage of abnormal
cells in the TE sample perform worse. Moreover, the type of chromo-
some involved in the mosaic error did not seem to affect the im-
plantation potential of the corresponding embryo. This is in contrast

with prenatal diagnosis data showing that fetuses with mosaicism for
chromosomes 8, 9, 13, 16, 18, 21, and XY survive to term more fre-
quently than those involving other chromosomes (Grati et al., in press).
A larger data set is needed to further assess the trends observed in the
abovementioned smaller investigations. Therefore, the purpose of this
study was to analyze the pregnancy outcome of transferred mosaic
embryos from two large reference laboratories (CooperGenomics and
Genoma) and one in-house laboratory (Clinica Dexeus) to determine
which mosaic embryos have higher chances of implanting. In addition,
this dataset was compared to another one consisting of euploid and
aneuploid embryos transferred, in an attempt to determine the causes of
discrepancy between PGT-A and PND/postnatal diagnosis results and
calculate positive and negative predictive values.

2. Methods

2.1. Patients and embryos

This study includes several series of patients. Series 1 consists of all
PGT-A patients undergoing transfers of euploid embryos at any of the
fertility centers referring such samples to a reference PGD laboratory
(CooperGenomics, Livingston, NJ), and for which the infertility center
provided pregnancy follow up information to CooperGenomics. This
data was collected between 3/1/14 and 4/30/17, and included cycles
performed using PGT-A by array CGH or hr-NGS. Data was used only
from 36 fertility centers that provided substantial pregnancy follow up
results that could be linked to PGT-A results.

Because the average maternal age of Series 1 differed significantly
between cycles using aCGH and those using NGS, we selected chron-
ologically the most recently performed aCGH cycles, as well as a
number of cycles identical to those performed with NGS for the age
groups “egg donor (average age 25.5), < 35 years old, 35–39 and 40
and older. This way enabled us to obtain an identical maternal age in
the aCGH and NGS group of euploid embryos replaced. This patient
group will be referred as “reduced Series 1”.

Series 2 included patients undergoing transfers of mosaic embryos
with the TE PGT-A either performed at CooperGenomics, Genoma or
Dexeus. Some of these embryos and patients were previously published
by Munné et al. (2017a) or Genoma (Spinella et al., 2018), but other
embryos were transferred after those publications and some were un-
published data from Dexeus. Some fertility centers requested mosaicism
reported while others not. For the ones that did not, mosaic embryos
were classified as euploid if they had < 40% or < 50% abnormal cells
(depending on the PGT lab). Mosaic embryos were selected for transfer
either due to lack of euploid blastocysts in the patient's cycle, or due to
them having < 50% abnormal cells in the TE biopsy and therefore
being characterized as euploid when the fertility center did not wanted
mosaicism reported.

Series 3 included a group of aneuploid characterized embryo
transfers. PGT-A for these patients and their embryos was performed by
CooperGenomics. The patients in this series had no euploid or mosaic
embryos for transfer and decided to replace abnormal embryos with
single monosomies or a combination of monosomies and trisomies, with
the assumption that if the diagnosis was correct these embryos will not
implant, but if it was not, then their transfer could produce a viable
pregnancy (Esfandiari et al., 2015). CooperGenomics was not involved
in this decision, and its policy is not to recommend transfer of embryos
identified to be abnormal via PGT-A.

2.2. PGT-A analysis

Array CGH was performed as described previously (Colls et al.,
2012; Gutiérrez-Mateo et al., 2011) with some minor modifications, as
reported by Munné et al. (2017b).

The hr-NGS platform that used by all genetic laboratories involved
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in the study was the VeriSeq (Illumina, USA), while the cytogenetic
analysis was performed with the BlueFuse Multi v3 software, as de-
scribed previously (Munné et al., 2017a). This platform can detect the
presence of mosaicism with a resolution of 20–80% in a biopsied TE
sample, as demonstrated previously by mixing ratios of normal to ab-
normal cell lines (Munné et al., 2017a). The average TE biopsy contains
approximately 5 cells. Hence, the VeriSeq NGS platform can detect
between 1 and 4 mosaic cells in a 5 cell TE biopsy. Embryos with
chromosome errors observed in part of the corresponding TE biopsy
were classified as mosaic, embryos with chromosomally normal NGS
results in the corresponding TE biopsy were classified as euploid, and
embryos with chromosome abnormalities present in all the cells of the
corresponding TE biopsy were classified as aneuploid. Diagnostic de-
cisions were made based on specific CNVs. A chromosome with 3 copies
received a value of 3 (trisomic), a chromosome with 2 copies received a
value of 2 (euploid), and a chromosome with 1 copy received a value of
1 (monosomic). Values between these numbers were classified as mo-
saic. Specifically, samples with values between 2 and 3 were classified
as mosaic trisomies and those between 1 and 2 were classified as mosaic
monosomies. TE biopsies with a segmental (or partial) aneuploidy had
either a section of a chromosome with a value of 1 (partial monosomy)
or a value of 3 (partial trisomy). This hr-NGS platform can detect extra
or missing chromosome segments as small as 1.5–6 Mb in size de-
pending on the quality of the biopsy. We used our previous classifica-
tion for mosaic segmental (segmental abnormalities in mosaic form)
and mosaic complex abnormalities (mosaics affecting 3 or more chro-
mosomes) (Munné et al., 2017a).

All laboratories used the same platform and software. Mosaicism
lower than 20% (< 1/5 cells) or higher than 80% (> 4/5 cells) was
considered not differentiable from technical noise, therefore, < 20%
mosaics were classified as euploid and > 80% as aneuploid.

2.3. Determination of discrepancies and further actions

We considered for this study that a discrepancy event occurred
when follow up of a PGT-A cycle reported that transfer of a euploid
characterized embryo resulted to a mosaic or aneuploid conception. We
considered only discrepancies within the group of cycles for which
follow up information could be obtained, and not spurious dis-
crepancies with no other follow up from that center.

Once a discrepancy was reported, the following steps took place:

1) The amplified DNA remaining after completion of the PGT-A test
was re-examined with the same PGT-A platform, to determine if
clerical or human errors occurred in the PGD laboratory.

2) If aCGH had been used, the remaining DNA from the PGT-A pro-
cedure was retested also by hr-NGS in order to identify the possible
presence of mosaicism, as aCGH is not capable of identifying mo-
saicism with great accuracy.

3) DNA from the POC, prenatal diagnosis sample, or the liveborn infant
was requested. This DNA was analyzed again by hr-NGS to verify
that the laboratory performing the analysis of the pregnancy did not
make any mistakes, due to e.g. the presence of maternal con-
tamination in a karyotype analysis, or false positive results during
NIPT testing.

4) DNA from the POC, prenatal diagnosis sample or liveborn infant was
genotyped and compared with the fingerprinting results of the re-
maining amplified DNA of the embryo to determine that the embryo
and fetus were the same. If not, this could indicate a mix-up of
embryos, or in vivo conception.

5) DNA from the parents was also requested, to determine in the above
situation, if the amplified DNA of the embryo matched the DNA of
the parents and fetus.

It was not possible to follow these steps in a few cases, due to in-
ability to obtain the POC or prenatal DNA due to them being discarded

by the reference laboratory, prior to notification of the discrepancy.
Also, some couples were reluctant to provide their own DNA or that of
the infant.

2.4. Statistical analysis

Implantation was defined as the presence of a fetal sac (detected at
6–10 weeks by ultrasound). The variables of interest were implantation
rate (IR) (sacs detected/embryos replaced), fetal Loss Rate (FLR) (em-
bryos lost/embryos implanting), ongoing implantation rate (OIR) (IR
minus FLR), Pregnancy rate per cycle (PR-C) (presence of at least one
sac/cycle with a biopsy), Pregnancy rate per transfer (PR-T)(presence of
at least one sac/cycle with a transfer), Miscarriage rate (MR)(complete
loss of pregnancy/pregnancies), Ongoing pregnancy rate per cycle (PR-
C minus MR/cycles with a biopsy), and Ongoing pregnancy rate per
transfer (PR-C minus MR/cycles with a transfer). Being a reference PGD
center we had no record of PGT-A cycles started that did not result to a
biopsy. Two variables were considered significantly different when
p < 0.025.

In our previous study (Munné et al., 2017a) we performed a mul-
tivariable analysis to determine which variables were significant re-
garding types of mosaics with higher chances of implanting. Since those
variables were already identified previously, we decided this analysis
was not necessary again. Therefore, a single variable study was per-
formed using Chi square and ANOVA when needed. Also, we calculated
a regression line between OIR and % of mosaicism.

2.5. IRB and consenting of patients

All patients included in this study had consented to PGT-A. We used
the Aspire Institutional Review Board (IRB) HIPAA waiver of author-
ization protocol #PGSP 201. The study was also considered to be ex-
empt from approval according to the common rule 45 CFR 46.101(b)
(Munné et al., 1994), which states that ‘research, involving the col-
lection or study of existing data, documents, records, pathologic spe-
cimens, if these sources are publicly available or if the information is
recorded by the investigator in such manner that subjects cannot be
identified, directly or through identifiers linked to subjects’. Retro-
spective chart reviews were performed using secure electronic medical
records of patients with embryos that underwent PGT-A.

The decision to transfer a mosaic or abnormal embryo did not in-
volve the intervention of the reference PGD laboratory and was taken
after the referring fertility center had discussed and counseled the pa-
tients receiving such embryos for transfer. The PGD laboratories in-
volved in this study only found out retrospectively about such transfers,
after obtaining pregnancy follow up information, unless stated other-
wise (i.e. part of series 2 was directly counselled by one of the scientists
of one of the reference PGD laboratories as stated in Munné et al.
(2017a)). The couples from the reference PGD laboratory of Genoma
were initially seen by a clinical geneticist. Genetic counselling consisted
of a review of the couple's clinical history, followed by an explanation
of the PGT-A process. A calculation of the possible genetic outcomes,
the likely success rates, the possibility of no euploid embryos available
for transfer, and the risk of misdiagnosis were also discussed. Finally,
the possible risks related with the transfer of mosaic embryos were
specified and confirmatory prenatal diagnosis for any ensuing preg-
nancy was recommended. Amniocentesis was suggested as ideal follow-
up in place of chorionic villus sampling (CVS), in order to overcome the
confined placental mosaicism issue related with the latter invasive
prenatal testing procedure.

After genetic counselling, patients were referred to the collaborating
IVF clinic to arrange the clinical aspects of the treatment.

3. Results

Series 1 included a total of 6805 cycles of PGT-A by aCGH and 1490
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cycles of PGT-A by hr-NGS, all with pregnancy follow up information.
These cycles took place in 36 different fertility centers. Of these, 24
centers used only aCGH, 3 used only hr-NGS, and 9 used both methods.

To determine pregnancy outcome differences in cycles with transfer
of euploid embryos between both techniques (aCGH and hr-NGS), we
used the subset of cycles from the 9 centers using both aCGH and hr-
NGS for the purposes of PGT-A. These cycles constituted reduced series
1. Specifically, reduced series 1 included 2456 cycles of PGT-A by
aCGH (average maternal age of 36.5 years) and 1327 cycles of hr-NGS
(average maternal age of 34.1 years). This data is shown in Table 1. The
results show that OPR per cycle was significantly higher when using hr-
NGS (62%) than aCGH (54%) (p < 0.001), but that was partially due
to differences in maternal age between groups. Hr-NGS's superior
ability to identify euploid embryos, compared to aCGH, could also have
contributed to the improved OPR.

To avoid the female age bias, we used the “reduced series 1” of
1327 cycles of aCGH and 1327 cycles of hr-NGS. The average female
age for both groups of patients in this reduced group of cycles was
identical and was 34.1 years. This data is shown in Table 2. The OPR
per cycle was not different between aCGH (59%) and NGS (63%), al-
though the OPR per transfer was (71% vs 85%, p < 0.001), since
fewer embryos were replaced (p < 0.001) in the hr-NGS group but
those had a higher OIR (63% vs 76%, p < 0.001). These results further
confirmed that hr-NGS is able to distinguish euploid embryos from

those with mosaic errors with improved sensitivity. Although there
were more cycles without a transfer with NGS (354 with hr-NGS vs. 229
with aCGH), mosaic embryos by NGS could still be replaced if no eu-
ploid were available. However, if that happened, they were not in-
cluded in this Table.

Series 2 included clinical outcome data after the replacement of
mosaic embryos from 14 centers, three of which were also included in
series 1.

To determine differences between pregnancy outcome of cycles
with transfer of euploid and characterized mosaic embryo we compared
the “reduced series 1” data with the series 2 data. As shown in Table 3,
the replacement of embryos characterized by hr-NGS as mosaic resulted
in a 25% miscarriage rate, compared to 7% for embryos characterized
as euploid by hr-NGS (p < 0.001), and an OIR of 37% per cycle of
mosaic-characterized embryo transfer, compared to 77% after euploid
characterized embryo transfer (p < 0.001).

The mosaic-characterized embryos of Table 3 come from 5 reference
PGT labs (see supplemental data), while the euploid-characterized
embryos come from a single center (center 4, in supplemental data). To
determine differences in outcomes between mosaic embryos from PGT
lab 4 versus the other labs, we calculated the OIR just for PGT lab 4. We
found 52 mosaic-characterized embryos from PGT Lab 4. OIR was 38%
(20/52) for PGT lab 4 and 37% for all mosaics (Table 3). Also segre-
gating 20–40% from > 40% abnormal mosaic-characterized embryos,
the OIR rates were 52% and 29%, respectively for PGT lab 4, compared
to 50% and 27%, respectively for all mosaics (Table 4). Thus we con-
clude that the comparison of the NGS euploid-characterized group (PGT
lab 4) can be compared to the total of series 3 for the purpose of this
study.

Series 3 consisted of 10 fully aneuploid embryos classified as such
by aCGH, which were also transferred. Of those, there were 8 carrying
monosomies, and 2 identified to be monosomic for one chromosome
and trisomic for another. The transfer of these embryos resulted in one
ongoing chromosomally abnormal pregnancy. The transferred embryo
was diagnosed to be monosomic for chromosome 7, and this led to the
birth of a baby who was mosaic for trisomy 5 (but normal for chro-
mosome 7). The baby unfortunately died six weeks after birth (Table 3).
The Positive Predictive Value of aCGH, for full aneuploidies was
therefore near 100% (10/10 did not make a viable euploid pregnancy).
Although the monosomy 7 diagnosis should be characterized as a
double misdiagnosis, the PPV of aCGH remains 10/10. In our experi-
ence, this could have been a high grade mosaic monosomy 7/trisomy 5
for which only the monosomy 7 was present in the biopsy and aCGH
classified it as full monosomy 7 due to the limitations of aCGH detecting
mosaicism.

Mosaic embryos were further analyzed following the categories
determined in a previous but smaller dataset to be significantly dif-
ferent (Munné et al., 2017a). Specifically, the implantation potential of
mosaic embryos was examined in relation to the type of chromosome
abnormality present in the analyzed TE sample (whole or segmental),
the number of chromosome abnormalities in the TE sample (single,
double, or complex), and the proportion of chromosomally abnormal
cells in the TE sample (< 40% abnormal cells or 40–80%).

As shown in Table 4, aneuploid mosaic embryos with < 40% ab-
normal cells had an OIR of 50%. This OIR was significantly higher than
the 27% observed after the transfer of mosaic embryos with 40–80%
abnormal cells and the 9% seen after the transfer of complex mosaics.
There was no difference between monosomic (42%), trisomic (42%) or
mosaics carrying 2 chromosome errors, (43%) or between whole
chromosome mosaicism (42%) and segmental mosaicism (40%). Ad-
ditional details of the chromosome constitution of each mosaic-char-
acterized embryo transferred can be found in the Supplemental Table 1.
A regression line was calculated for % OIR/transfer (Y) and % of mo-
saicism (X), which was equal to: Y = −0.6366*X + 61.93. although
there was a trend it was not statistically significant (p = 0.0622).

The chromosomes affected by mosaic errors in the samples analyzed

Table 1
Pregnancy outcome of euploid embryos diagnosed by aCGH or hr-NGS from the
same fertility centers (series 1).

TOTAL aCGH euploid (a) NGS euploid (b) p value

Cycles biopsied 2456 1327
Age 36.5 34.1
Cycles with transfer 1796 973
Embryos replaced 2503 1338
Embryos implanted 1678 1107
cycles with + sac 1458 891
Cycles lost 118 60
Sacs and fetus lost 209 82
Sacs ongoing 1469 1025
cycles ongoing 1340 831

IR (%) 67% 83% p < 0.025
PR/transfer (%) 81% 92%
PR/cycle (%) 59% 67%
Miscarriage rate (%) 8% 7% p < 0.05
OIR (%) 59% 77% p < 0.001
OPR/Transfer 75% 85%
OPR/cycle 55% 63% p < 0.001

Table 2
Comparison of aCGH and NGS results in “reduced series 1” cycles.

TOTAL aCGH euploid (a) NGS euploid (b) p value

Cycles biopsied 1327 1327
Age 34.08 34.10
Cycles with transfer 1098 973 P < 0.001
Embryos replaced 1423 1338
Embryos implanted 997 1107
cycles with + sac 854 891
Cycles lost 75 60
Sacs and fetus lost 104 82
sacs ongoing 893 1025
cycles ongoing 781 831

IR (%) 70% 83% p < 0.001
PR/transfer (%) 78% 92% p < 0.001
PR/cycle (%) 64% 67% NS
Miscarriage rate (%) 9% 7% NS
OIR (%) 63% 77% p < 0.001
OPR/Transfer 71% 85% p < 0.001
OPR/cycle 59% 63% NS
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are shown in Supplemental Table 1. A recent study by Grati et al. (in
press) reported that among fetuses identified as mosaic by prenatal
diagnosis, those with abnormalities affecting chromosomes 8, 9, 13, 16,
18, 21, and XY are the ones with the highest chance of reaching term.
We therefore compared the implantation potential of mosaic-char-
acterized embryos containing single abnormalities affecting these
chromosomes to that of the rest of the group of mosaic-characterized
embryos. As shown in Table 4, there were no differences between these
two groups regarding their OPR.

The clinical outcomes after the transfer of embryos characterized as
mosaic for chromosome abnormalities that could reach term, i.e. tri-
somies 13, 18, 21, X/Y and monosomy X were as follows: the transfer of
a total of 4 embryos characterized as mosaic monosomy X led to one
ongoing pregnancy, two miscarriages and a failed implantation; the
transfer of two embryos with mosaic segmental monosomy X led to two
ongoing pregnancies, and the transfer of one embryo mosaic for trisomy
X and two embryos mosaic for trisomy 18 led to failed implantations
(see supplemental data Table 1). Additionally, there were a few char-
acterized mosaic embryos with abnormalities that could lead to UPD
(trisomies 7, 14, and 15) replaced. Specifically, the transfer of 2 em-
bryos with mosaic trisomy 7 resulted to one ongoing pregnancy and a
failed implantation, the transfer of an embryo with mosaic trisomy 14
led to one ongoing pregnancy, and the transfer of 9 embryos mosaic for
trisomy 15 led to 3 failed implantations, one miscarriage and 5 ongoing
pregnancies. Unfortunately, we were unable to collect karyotyping

information for most miscarriages, ongoing pregnancies or live born
babies.

It is possible that mosaic embryos that were replaced blindly, be-
cause the IVF center requested mosaicism not to be reported, their
implantation potential was better than for embryos identified as mo-
saic, since the later could be of lower morphologic and developmental
competence. To determine if that was true we compared those two
groups and we found no differences (Table 5).

Among the cycles with follow up after the transfer of embryos
identified to be euploid (series 1), 25 of the pregnancies established
after aCGH analysis and 7 of the pregnancies established after hr-NGS
resulted in chromosomally abnormal conceptions. Of these 32 dis-
crepancies, 2 were below the resolution of aCGH and one of NGS, and
in one the DNA of the embryo did not match the DNA of the POC. Of
the 28 remaining discrepancies, 6 were mosaic after reanalysis by NGS,
7 mosaics by Prenatal Diagnosis, 14 were unexplained, and one was a
6.5 Mb deletion missed by hr-NGS (Tables 6 and 7). As such, 22 (0.6%)
aCGH and 6 (0.6%) NGS discrepancies were classified as having a
potential technical origin. Overall the chance of a euploid characterized
embryo resulting to a chromosomally abnormal conception was calcu-
lated to be 0.6% and to a live birth 0.2%. It is possible that the 0.2%
could be lower since three of these abnormalities were detected by
NIPT, but we were unable to obtain further confirmation by invasive
prenatal diagnosis.

Two of the abnormal fetuses were trisomic for chromosome 21 and

Table 3
Comparison of aCGH and hr-NGS pregnancy outcomes from all centers.

aCGH euploid (a) NGS euploid (b) NGS mosaic (c) aCGH or NGS aneuploid (c)a p value

Cycles biopsied 1327 1327 253 10
Age 34.1 34.1 36.6 43.1
Cycles with transfer 1098 973 253 10
Embryos replaced 1423 1338 253 10
Embryos implanted 997 1107 125 1
cycles with + sac 854 891 125 1
Cycles lost 75 60 31 1
Sacs and fetus lost 104 82 31** 1
sacs ongoing 893 1022 94 0
cycles ongoing 781 831 941 0

IR (%) 70% 83% 49% 10% a vs c, b vs c: < 0.001
PR/transfer (%) 78% 92% 49% 10% a vs b,a vs c, b vs c: < 0.001
PR/cycle (%) 75% 83% 49% 10% a vs c, b vs c: < 0.001
Miscarriage rate (%) 9% 7% 25% 100% a vs c, b vs c: < 0.001
OIR (%) 63% 77% 37% 0% a vs b,a vs c, b vs c: < 0.001
OPR/Transfer 71% 85% 37% 0% a vs b,a vs c, b vs c: < 0.001
OPR/cycle 59% 63% 37% 0% a vs c, b vs c: < 0.001

a Instead of ongoing implantation or pregnancy here we considered viable euploid pregnancy. The only implanting embryo resulted in a non-euploid baby that
died after birth. ** One terminated but euploid, with necrosis suggestive of PKHD.

Table 4
OIR per type of mosaic.

Mosaic type % abnormal or subtype replaced +sacs miscarried ongoing OIR/Transfer p

Complex mosaics (a) any 35 6 3 3 9% a vs b: p < 0.001, b vs c: p < 0.025,
a vs d:
p < 0.001,
a vs e: p < 0.005

Aneuploid mosaics (by sub-type) monosomic mosaic 64 35 8 27 42%
trisomic mosaic 38 20 4 16 42%
double mosaic 51 27 5a 22 43%

Aneuploid mosaics (by chromosome type) 8, 9, 13, 16, 18, 21, and XY 50 28 7 21 42%
others 203 97 24 73 36%

Aneuploid mosaics (by % abnormal) 20–40% (b) 105 63 10 53 50%
> 40% (c) 48 19 6 13 27%

Total Aneuploid mosaics (d) any 153 82 17 65 42%
Segmental mosaics (e) any 65 37 11 26 40%

Mosaics embryos (f) 20–80% 253 125 31 94 37% f vs g, b vs g: p < 0.001
49% 25% 37%

Euploid embryos (g) < 20% 1328 1107 82 1025 77%
83% 7% 77%

a One terminated but euploid, with necrosis suggestive of PKHD.
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another one had a mosaic trisomy 21, that is 3/4411 pregnancies
(0.068%) or a risk of trisomy 21 of 1/1470, compared with the esti-
mated risk of 1/270 for women 35 years old, or > 10X lower risk
(Table 7).

Of the mosaic embryos that produced an ongoing pregnancy, 29 had
a prenatal or postnatal karyotype, while the rest were not available for
several reasons, the main one being the referring clinic not wanting the
reporting of mosaicism. In such cases all embryos with low % of ab-
normal cells in the TE biopsy were reported as normal. Others were lost
to follow up. Most miscarriages also were not karyotyped, but among
the ones which underwent cytogenetic analysis, one was abnormal and
the other two normal (Table 8).

4. Discussion

Recent studies published by our group determined that the widely
used NGS VeriSeq platform (Illumina) can detect the presence of mosaic
chromosome abnormalities in biopsied TE samples with greater sensi-
tivity, compared to aCGH (22% vs. 5%, respectively) (Greco et al.,
2015; Munné et al., 2017a). The higher sensitivity and dynamic range
of hr-NGS should therefore enable a better selection of euploid embryos
with good implantation potential during PGT-A, resulting in higher OIR
than aCGH. Indeed Table 2 shows that although there were fewer
transfers after NGS than with aCGH, OIR/transfer was higher for NGS
than aCGH. This is probably because some aCGH were most probably
mosaics but detected as euploid by aCGH, and these mosaic embryos
have lower implantation rates than truly euploid embryos. However,
OPR/cycle were essentially the same between both methods, because
for the purpose of this study, to assess the clinical outcome of mosaics,
NGS mosaics were excluded in the NGS column Table 2, but still have
some implantation potential. If the goal of the patient is to maximize
fastest time to viable pregnancy when there are available euploid em-
bryos, then NGS is a better method. If there are no NGS euploid em-
bryos, mosaics still have some potential to implant albeit less than
euploid embryos and have higher risk of miscarriage.

An exception to NGS being better than aCGH might be at older ages,
were many more embryos are reported as fully aneuploid. Embryos

characterized as “mosaic only” actually decrease with advancing ma-
ternal age (they become mosaic for a chromosome and fully aneuploid
for another)[20] and thus the advantage of NGS over aCGH may not
exist above certain maternal age.

It should be noted, however, that many IVF clinics have been gen-
erally reluctant to transfer mosaic embryos, due to the possible risks
associated with the presence of the chromosome abnormality in part of
the biopsied TE sample. Since recent studies (Greco et al., 2015; Munné
and Wells, 2017; Fragouli et al., 2017; Munné et al., 2017a; Spinella
et al., 2018; Friedenthal, Maxwell, Munné, Kramer, McCulloh,
McCaffrey, Grifo) are indicating that some mosaic embryos have the
ability to implant in certain cases the blanket exclusion of all mosaic
embryos from transfer is bound to have a negative effect on pregnancy
rates/retrieval in PGT-A cycles. An alternative approach to manage
mosaic embryos is therefore needed. Such an approach should ensure
that embryos with a good implantation potential are not discarded. It
could be conceivable, for example, that embryos characterized as clear
euploid after NGS are prioritized for transfer, but if no pregnancy is
established, certain types of mosaic embryos could also be considered
for transfer.

The main issue with this alternative approach is the limited results
available associated with the developmental fate of mosaic embryos.
The current investigation therefore aimed to further expand our un-
derstanding on this area. The available data on the developmental
ability of mosaic embryos indicates that they miscarry more, implant
less, but 37% produce a viable pregnancy (this study, and ref. 20). This
was further confirmed in the current group of mosaic embryos under
investigation. Specifically, it was evident from our results that mosaic
embryos implant less frequently than embryos classified as clear eu-
ploid by hr-NGS (49% vs 83%). They also miscarry more (25% vs 7%)
and fewer of them result in an ongoing pregnancy (37% vs 63%).
Prenatal or post-natal analysis of pregnancies and birth established
after the transfer mosaic embryos has shown that the resulting babies
have normal karyotypes (this study and ref. 18).

In our previous work, we demonstrated for the first time that the
implantation potential of various types of mosaic embryos was different
(Munné et al., 2017a; Spinella et al., 2018). The present study increases

Table 5
No differences in OPG between embryos reported or not as mosaic.

mosaicism reported? % abnormal % mosaic Average replaced +sacs miscarried ongoing OIR/Transfer

no > 40 48% 17 7 1 6 35%
20–40 30% 102 55 12 43 42%

yes > 40 (a) 56% 67 24 8 16 24%
20-40 (b) 35% 67 39 9 30 45%

a vs b: p < 0.025.

Table 6
Discrepancies between PGS and prenatal/postnatal genetic diagnosis.

Array NGS

date range 3/1/14 - 4/30/17 3/1/14 - 4/30/17
Procedures performed in data range 6805 1490
Average age 37.4 37.4
Procedures pregnant 3461 51% 950 64%
Pregnancy loss 366 10.6% 51 5.4%
DISCREPANCIES: total ongoing total ongoing
Non- technical discrepancies below resolution 2 1 1 0

embryo-fetus DNA mismatch 1 0 0 0
Human error missed segmental 0 0 1 1
Mosaic Mosaic by NGS 6 0 0 0

Mosaic by prenatal, poc 7 0 0 0
Undetermined mosaic, error, other 9 4 5 1

Total discrepancies 25 5 7 2
Technical discrepancies 22 4 6 2
% technical discrepancies 0.6% 0.12% 0.6% 0.21%
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the number of mosaic embryos replaced allowing, in this way, further
clarification of trends. As in our previous studies, the OIR of embryos
that had multiple mosaic errors (complex mosaic) was significantly
lower (9%) compared to mosaic embryos carrying one or two whole
chromosome or segmental aneuploidies (40–42%) or euploid embryos
(77%). An investigation involving the dissection of mosaic blastocysts
into their ICM and several different TE parts (Garrisi J et al., 2016)
showed very few euploid ICM cells in embryos classified as complex
mosaic, compared to the rest of the mosaic embryos which had ap-
proximately 50% normal ICM cells. It should be noted that embryos
classified as clear aneuploid via hr-NGS had no normal ICM cells.

In the current study we observed a significant difference in OIR
between embryos with high (> 40%) and low (20–40%) rates of

abnormal cells (27% vs 50%, p < 0.025) in the biopsied TE sample
analyzed. This trend was also seen in one of our previous investigations
(Munné et al., 2017a), and similar results were obtained in a recent
study by Spinella et al. (2018). It is to be expected that with a larger
dataset, more nuanced differences might be found and one or more cut-
offs or different cut-offs be determined. We are basing 20%, 40% and
80% cut offs on the recommendation of 5-cells being biopsied, and
therefore these cut-offs imply 1/5, 2/5 and 4/5 abnormal cells in the TE
biopsy.

These different sets of data are in agreement with the mouse model
described in the Bolton et al. (2016) investigation. During that in-
vestigation, chimeras of euploid and reversine-induced highly abnormal
cells, equivalent to human complex mosaic embryos, were created in
1:1 to 1:3 ratios. In the 1:1 chimeric embryos the normal cells even-
tually took over and produced normal offspring, but the 1:3 chimeric
embryos produced fewer pups (Bolton et al., 2016). Live-embryo ima-
ging and single-cell tracking showed that these complex abnormal cells
had a growth disadvantage in the TE, while those in the ICM were
eliminated by apoptosis, thus suggesting that chromosomally abnormal
cells tend to divide slower than normal cells. It can, therefore, be pos-
tulated that if the number of chromosomally normal cells in a mosaic
diploid aneuploid characterized embryo is larger compared to the an-
euploid ones, then the normal cells are likely to take over. On the other
hand, if there are only a few chromosomally normal cells present in the
embryo, and the vast majority has one or more errors, then the embryo
is likely to fail (Bolton et al., 2016). Interestingly, Bolton and colleagues

Table 7
Detailed description of discrepancies between PGS and prenatal/postnatal genetic diagnosis.

# PGS
diagnosis

PGS test Discrepancy Test used PGS reanalysis by NGS Preg
ongo-ing?

match DNA
parents?

reanalysis POC Misdiagnosis cause

1 46,XX Array 46,XX, add(20)(p12) POC 46,XX No yes no match POC does not match
2 46,XX Array mosaic 21, 9q33.1dup child 46, XX yes n/a n/a Not detectable
3 46,XX Array 1.4 Mb deletion 15q26.2 POC 46,XX No n/a n/a Not detectable
4 46,XX NGS 92,XXXX POC not detectable No n/a n/a Not detectable
5 46,XY NGS 6.48 Mb deletion 10q25.2q25.3 amnio 46,XY yes n/a n/a missed
6 46,XX Array mosaic Trisomy 12 and 13 POC 46,XX No n/a n/a Mosaicism
7 46, XX Array 47,XX+5[3]/46,XX[17] POC 46,XX No n/a n/a Mosaicism
8 46,XY Array Mosaic Trisomy 21 POC n/a No n/a n/a Mosaicism
9 46,XY Array Mosaic 47,XY,+2[4]/46,XY[16] POC 46,XY No n/a n/a Mosaicism
10 46,XX Array Trisomy 11 POC Mos T 11 No n/a n/a Mosaicism
11 46,XY &

46,XY
Array Trisomy 16 POC # 1 mos T16, #2 Normal No n/a n/a Mosaicism

12 46,XY Array Trisomy 13 POC Mosaic T13, Mosaic partial
M2pterp24.1

No n/a n/a Mosaicism

13 46,XY Array 46,XY (no discrepancy) POC mosaic partial M1, mosaic
M8

No n/a n/a Mosaicism

14 46,XY Array Trisomy 8 POC mosaic T8 No n/a n/a Mosaicism
15 46,XX Array Mosaic Trisomy 13 POC 46,XX No n/a n/a Mosaicism
16 46,XX Array Mosaic Trisomy 9 POC 46,XX No n/a n/a Mosaicism
17 46,XY Array 45,X POC 46,XY No match Mosaic 45,X/

46,XY
Mosaicism

18 46,XY Array 46,XX (no discrepancy) POC mosaic T4, mosaic partial
T10

No n/a n/a Mosaicism

19 46,XY &
46,XY

Array 47XY+14,der (14; 14)(10; q10) POC n/a No n/a n/a undetermined

20 46,XX &
46,XX

Array Trisomy 6 POC 46,XX & 46,XX No n/a match undetermined

21 46,XX &
46,XX

Array Trisomy 15 POC 46,XX No n/a n/a undetermined

22 46,XY Array Trisomy 8 POC 46,XY No match match undetermined
23 46,XX Array Trisomy 21 POC 46,XX No match match undetermined
24 46,XY NGS 46,XY,del(11)(q23) POC 46,XY No n/a n/a undetermined
25 46,XX NGS 45,X POC 46,XX No match match undetermined
26 46,XY NGS 48,XXY,+17 POC 46,XY No n/a n/a undetermined
27 46,XY NGS Trisomy 7 POC 46,XY No n/a n/a undetermined
28 46,XY Array Trisomy 21 live birth 46,XY yes n/a match undetermined
29 46,XY Array Trisomy 18 amnio 46,XY yes n/a n/a undetermined
30 46,XX Array 45,XO NIPT 46,XX yes n/a n/a undetermined
31 46,XX Array Trisomy 13 NIPT 46,XX yes n/a n/a undetermined
32 46,XY NGS Trisomy 13 NIPT 46,XY yes n/a n/a undetermined

Table 8
Karyotype results.

miscarried terminatedc ongoing total

N/A a 27 0 49 76
pending 0 0 16 16
euploid 2 1 29 32
abnormalb 1 0 0 1

30 1 94 125

a Lost to follow up or not performed.
b del(15q14.1-q15.1).
c Necrosis suggestive of PKHD.
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observed that the distribution of abnormal cells was not clonal but was
even throughout the TE and ICM parts (Bolton et al., 2016). This model
is not optimal since it does not consider what would happen with
mosaic aneuploidies involving just one chromosome. Moreover, the
“mosaic” mouse embryos investigated were artificially constructed. It is
therefore possible that the mechanisms of aneuploid cell elimination
proposed by Bolton et al. (2016) do not accurately represent processes
occurring in human mosaic diploid aneuploid embryos. A mechanism of
active self-correction was proposed by Bazgar et al. (Bazrgar et al.,
2013) and involved the loss of the extra chromosome in trisomic cells,
leading in this way to occasional cases of UPD. It should be noted,
however, that UPD is extremely rare and to date has not been observed
in mosaic diploid aneuploid embryos (Spinella et al., 2018). The pre-
ferential allocation of chromosomally abnormal cells to the TE of a
mosaic embryo has also been suggested, leading to confined placental
mosaicism (CPM) in the resulting fetus, but this was also not seen when
examining CVS samples obtained from pregnancies established after the
transfer of mosaic embryos (Spinella et al., 2018).

In agreement with our previous findings (Munné et al., 2017a), we
did not observe any influence of a specific chromosome abnormality on
the implantation ability of the current group of mosaic embryos. This
observation is contradictory to what has been reported from the ana-
lysis of either POCs or prenatal samples, as far as pure and mosaic
aneuploidies are concerned (Grati et al., in press). However, the present
data set is small and PGDIS guidelines still recommend caution similar
to the recommendations of Grati et al. (in press).

Considering all the above, as well as this study findings that all
blastocyst classified by PGT as mosaics so far are euploid, we could
hypothesize the presence of two distinct mechanisms leading to the
genesis of mosaicism: the first mechanism is active during early pre-
implantation development, it is the result of cleavage stage chromo-
some instability (Bean et al., 2001) and seems to affect embryo survival;
the second mechanism is active during later gestational stages and may
be associated with tissue invasion (Bolton et al., 2016; Weier et al.,
2005).

We also confirmed in this larger study that mosaic monosomies and
mosaic trisomies have similar OIRs. It is possible that the sampling of
5 cells only captures a majority of trisomic or monosomic cells, i.e. if
there is a mixture of 1 monosomic and 4 trisomic cells, the average
result would be 2.6, and presenting itself as a mosaic trisomy during
NGS analysis. Indeed, data obtained from the analysis of cleavage and
blastocyst stage embryos with the use of FISH studies suggested that
most mosaic chromosome abnormalities were caused by mitotic non-
disjunction, and only 5% by anaphase lag (Munné et al., 2002). Alter-
natively, aneuploid mosaic embryos may start with a normal, mono-
somic and trisomic cell lines, and either one of them is sampled more
often or one of the cell lines proliferates more than the others. Recent
guidelines on transferring mosaic embryos suggesting preferential se-
lection of monosomic mosaic embryos over trisomic ones may therefore
need to be changed (PGDIS, 2016; COGEN).

Overall the chance of a euploid characterized embryo resulting in a
chromosomally abnormal conception was calculated to be 0.6% and
the chance of a euploid characterized embryo resulting in a chromo-
somally abnormal baby was calculated to be 0.2%. This risk is much
reduced in relation to some recently published mathematical models
(Paulson, 2017). Such models and associated assumptions should be
considered with caution and should be second to actual clinical data.
The 0.6% risk should be viewed as an estimate of the negative predicted
value of aCGH and NGS.

The Positive predictive value (PPV) of PGT-A, could be calculated as
the % of embryos characterized as abnormal that do not implant or
which result in a chromosomally abnormal pregnancy. We were able to
calculate the PPV for aCGH but not for NGS. Ten fully aneuploid em-
bryos, all diagnosed by aCGH, were replaced. One aneuploid char-
acterized embryo resulted in a mosaic trisomy 5 affected baby that died
shortly after birth. Thus, the positive predictive value for whole

chromosome abnormalities, calculated as the % of embryos not pro-
ducing a euploid baby, was near 100% (10/10). We found another data-
set of embryos from Rubino et al. (2016) reporting the transfer of 13
monosomic embryos classified as such by aCGH, one of which made a
healthy baby. The combination of both datasets leads to a predictive
value for aCGH of 96% (22/23), identical to the 96% reported by Scott
et al. (2012) with qPCR. Since one of the abnormal embryos transferred
resulted in an affected pregnancy, and because of early reports using
FISH demonstrated that monosomic embryo could contain trisomic cell
lines (Pabon et al., 2005), we consider that replacing monosomic em-
bryos, as suggested by some (Esfandiari et al., 2015), to be riskier than
anticipated.

Two of the abnormal fetuses were trisomic for chromosome 21, and
one was mosaic for trisomy 21. This can be interpreted as 3/4411
pregnancies (0.07%) or 1/1470, compared with the estimated risk of
1/270 for women 35 years old, or six times lower than the risk of
trisomy 21 in women 35 years of age. This risk is either similar or lower
than the risk of losing a pregnancy after amniocentesis. The predicted
risk of trisomy 21 conception in this cohort is probably grossly over-
estimated since many pregnancies were lost to follow up. It should be
noted that centers not reporting pregnancy follow up, would still report
misdiagnoses to us. There is still a small age independent risk of tri-
somic offspring after PGT-A, and for this reason we would recommend
prenatal testing, after transfer of mosaic characterized embryos. This
prenatal testing can be either invasive (CVS or amniocentesis) or non-
invasive (NIPT).

For cycles involving the transfer of mosaic embryos we would re-
commend performing amniocentesis, since CVS would examine the
placenta derived from the TE and not the fetus itself. So far not a single
mosaic embryo replaced has resulted in a pregnancy with full trisomy,
although the numbers are small considering that only 0.6% would after
a euploid transfer. It is questionable that current NIPT tests would de-
tect mosaicism, especially abnormalities affecting segments of chro-
mosomes. Another aspect of transferring mosaic embryos that remains
unresolved is whether there is an associated increased risk of congenital
abnormalities. We currently have follow up information for 81 preg-
nancies only, so it is difficult to address this question with this
knowledge.

Our recommendation for the clinical management of mosaic em-
bryos, according to the results we have to date, is to classify them into a
high and a low risk groups. The high-risk group would include embryos
characterized as complex mosaic, as wells as those with mosaic ab-
normalities present in > 40% of the biopsied TE cells. The low risk
group would include embryos with 1–2 mosaic abnormalities in the
analyzed TE sample and those with mosaic abnormalities present
in < 40% of the biopsied TE cells. During a PGT-A IVF cycle, embryos
characterized as clearly euploid by NGS would be prioritized for
transfer, followed by those “low grade” mosaic embryos, and then by
the “high grade” mosaic embryos, provided that the patient is well
informed about the associated risks of miscarriage and abnormal live
births. These guidelines should always be adjusted to fit the needs of a
patient, as these would differ depending on the indication of PGT-A
(e.g. a young repeated pregnancy loss patient may prefer to go through
another PGT-A cycle rather than have a transfer of a mosaic embryo,
whereas a patient of advanced female reproductive age may not have
time to try again) These guidelines, mostly coincide with earlier
guidelines (PGDIS, 2016; COGEN) except for deprioritizing mosaic
transfers according to chromosome type, such as those compatible with
live births in pure aneuploid form (X, Y, 13, 18, 21), uniparental disomy
(UPD) (Magli et al., 2007; Bielanska et al., 2002; Sandalinas et al.,
2001) or intrauterine growth restriction (Fragouli et al., 2011). Ac-
cording to this larger set of results, all such embryos have similar
chances to produce a viable offspring. It is likely that these conservative
guidelines will require further adjustments, as our insight into the de-
velopmental potential of mosaic embryos becomes more detailed.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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