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Modern technologies applied to the ﬁeld of preimplantation genetic diagnosis for aneuploidy screening (PGD-A) have improved the
ability to identify the presence of mosaicism. Consequently, new questions can now be addressed regarding the potential impact of embryo mosaicism on diagnosis accuracy and the feasibility of considering mosaic embryos for transfer. The frequency of chromosomal
mosaicism in products of conception (POCs) of early miscarriages has been reported to be low. Mosaic embryos with an aneuploid inner
cell mass are typically lost during the ﬁrst trimester owing to spontaneous miscarriages. Most of the mosaics in established pregnancies
would derive from placental mosaicism or placental aneuploidy, and mosaic embryos with aneuploid inner cell mass should be lost
mainly due to ﬁrst-trimester spontaneous miscarriages. The well described clinical outcomes of live births from mosaic embryos suggest
a wide spectrum of phenotypes, from healthy to severely impaired. Therefore, there is a need to balance the risks of discarding a possibly
viable embryo with that of transferring an embryo that may ultimately have a lower implantation potential. (Fertil SterilÒ 2017;107:
1107–12. Ó2017 by American Society for Reproductive Medicine.)
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P

reimplantation genetic diagnosis for aneuploidy screening
(PGD-A) was introduced in the
2000s for the purpose of improving live
birth rates and became popular at some
large assisted reproduction centers. But
after the publication of several randomized clinical trials (RCTs), controversies
were raised regarding the usefulness of
PGD-A, mainly owing to technologic
limitations that allowed the analysis of
only a small number of chromosomes.
More recently, new diagnostic technologies, such as array comparative genomic
hybridization (aCGH) and nextgeneration sequencing (NGS), which
interrogate all 46 chromosomes, have
become available. Three pilot RCTs that
tested trophectoderm (TE) biopsy and
aCGH on patients with a good prognosis
for live birth showed signiﬁcant
improvements in ongoing pregnancy
rates and have changed the view of the

PGD-A ﬁeld (1–3). However, owing to
the ability of the new technologies to
better discriminate the copy number for
each chromosome, the possibility of
identifying the presence of embryonic
mosaicism has also increased. It is now
possible to consider the potential
impact of embryo mosaicism on
diagnosis accuracy and whether mosaic
embryos should be used for transfer.

DEFINING, TYPING, AND
DETECTING MOSAICISM
Despite originating from the same
zygote, not all embryonic cells share
identical chromosomal complements.
Mitotic errors during embryo development can result in chromosomally
distinct cell populations; these are
termed mosaic embryos. Mosaicism can
occur as early as the 2-cell stage,
although detection at the blastocyst
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stage is more common because more
TE cells can be simultaneously analyzed.
At the blastocyst stage, four
different types of mosaic embryos have
been described depending on the cell
lineage affected (4). A ‘‘total mosaic’’ embryo is observed when aneuploid and
euploid cells are found indistinctly in
the inner cell mass (ICM) and TE
(Fig. 1). Alternatively, the mosaic population may be conﬁned exclusively to
one of these cell populations, thus generating ‘‘ICM mosaicism’’ or ‘‘TE mosaicism’’ (Fig. 1). Finally, having all cells
in the ICM being aneuploid and those
of the TE being euploid (or vice versa)
confers ‘‘ICM/TE mosaicism’’ (Fig. 1).
Many factors contribute to the difﬁculty in diagnosing mosaicism. For
example, ICM/TE and ICM mosaicism
can not be detected with the use of a
TE biopsy (Fig. 1). Even in embryos
with TE mosaicism, detection will vary
by biopsy location according to the tissue distribution of chromosomally
distinct euploid and aneuploid cells
(Fig. 1). Similarly, the percentage of
mosaicism in the TE cells biopsied can
not be extrapolated to the whole embryo. Therefore, the information from
a biopsy should be considered to be
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FIGURE 1

Types of blastocyst mosaicism and options of trophectoderm (TE) biopsy. There are several types of blastocyst mosaicism according to the cell
lineage affected. When the TE cell population includes aneuploid and euploid cells (‘‘Total Mosaic’’ or ‘‘TE Mosaic’’), the biopsy could include
both cell lineages or just euploid or aneuploid cells. According to the biopsy location, the diagnoses will be more or less accurate. When the
mosaicism is conﬁned to the inner cell mass (‘‘ICM Mosaic’’), the TE biopsy will be always fully euploid, as the TE is, and will not represent the
whole cell population in the embryo, giving a misdiagnosis. Similarly, when the ICM and TE are chromosomally distinct (ICM/TE Mosaic’’), the
trophectoderm biopsy will always show the contrary diagnoses, aneuploid versus euploid, to the one observed in the ICM.
Vera-Rodriguez. Mosaicism in preimplantation embryos. Fertil Steril 2017.
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relevant only to the biopsy itself. The concordance between
the TE biopsy and the whole embryo can be empowered by
additional factors, such as mosaicism type and degree, biopsy
location, the number of cells biopsied, and experimental quality related to sample manipulation. Thus, in general, an embryo diagnosed as mosaic is truly only at risk of being mosaic.

METHODS TO ASSESS THE INCIDENCE OF
MOSAICISM IN PREIMPLANTATION EMBRYOS
AND BLASTOCYSTS
Mosaicism was initially predicted more than 25 years ago,
from analysis of two blastomeres that were assessed for
preimplantation genetic screening (PGD-A) with the use of
ﬂuorescence in situ hybridization (FISH) (5). Subsequently,
multiple FISH studies analyzing single cells of whole blastocysts have conﬁrmed mosaicism in day-3 biopsies with
nonconcordance rates (when genotypes of analyzed cells do
not match one another) ranging from 18% to 46% (6–9).
Similarly, studies analyzing cells from cleavage-stage
embryos showed rates of aneuploid/euploid mosaicism from
39% to 46% (10, 11). These high nonconcordance rates on
day 3 suggested very high mosaicism in the cleavage-stage
embryo, arguing for the use of TE biopsy as a more reliable
option for PGD-A than embryo biopsy (12). Nonetheless,
some studies claimed that technical limitations of nucleus ﬁxation and FISH interpretation could result in overestimation
of abnormalities in day-3 biopsies (13, 14).
More recently, aCGH for PGD-A has allowed the simultaneous analysis of the 23 chromosome pairs. Studies
comparing aCGH results from day-3 biopsies with FISH
reanalysis showed false positive rates of 2%–3% (15, 16),
which is much lower than earlier day-3 FISH studies (6–9).
Similarly, using aCGH, a blinded study comparing day-3
and day-5 biopsies with whole-blastocyst analysis conﬁrmed
high concordance rates independently from the day of analysis, with 98% for day-3 and 96.6% for day-5 biopsies (17).
These results also conﬁrmed studies that compared FISH
with single-nucleotide polymorphism arrays on day-3
embryo biopsies, which concluded that the FISH technique
was a poorer predictor of aneuploidies (18, 19). These
later studies support the hypothesis that the high
nonconcordance rates between day-3 and day-5 blastocysts
reported from FISH analyses may have originated from the
technique itself rather than mosaicism.
Novel applications of modern analytic methods, such as
aCGH and NGS, on TE biopsies have aided assessment of
mosaicism. Several studies have used cell line mixture models
to estimate the sensitivity and speciﬁcity of these methods for
detecting mosaicism, estimating levels of detection to be
40%–50% for aneuploid cells with the use of aCGH and
20% with the use of NGS (20–24). As described above, the
results of a TE biopsy may not be representative of the
entire embryo, the unbiopsied TE cells, or the ICM. Some
studies have attempted to determine how frequently a TE
biopsy correctly represents the embryo mosaicism (22, 25).
Analysis of two to three biopsies in the same embryo
showed concordance rates as high as 95%–100% (22, 25). In
addition, these studies also analyzed the ICM of the same
VOL. 107 NO. 5 / MAY 2017

embryos to estimate the discordance frequencies between
cell lineages. The TE and ICM showed discordant mosaicism
rates of 3%–4% (22, 25). Therefore, TE biopsy is
considered to be a good method to accurately diagnose
blastocyst mosaicism.

IMPACT OF MOSAICISM IN
PREIMPLANTATION GENETIC DIAGNOSIS
ACCURACY AND EFFICIENCY
Techniques such as NGS now enable the diagnosis of mosaicism in a group of TE cells, presenting for the ﬁrst time the
possibility to decide or decline to transfer mosaic embryos
and to follow up such decisions with clinical outcome
results. It should be noted, however, that studies addressing
the clinical outcome after transfer of mosaic embryos
remain scarce.
To estimate the real incidence and possible consequences
of mosaic transfer, the diagnosis of a mosaic blastocyst by
means of NGS with the use of a TE biopsy should be evaluated
at three levels: blastocyst quality and number of analyzed
cells, implantation, and miscarriage rates and the health of
the baby.

Blastocyst Quality and Number of Analyzed Cells
For a blastocyst, the analytic criterion standard would be to
assess all of its cells individually with the use of NGS or
aCGH. However, to our knowledge, that has not been
performed, most likely owing to high cost. Another approach
would be to analyze multiple TE biopsies. A recent NGS study
of two to ﬁve TE biopsies in embryos with reported mosaic
aneuploidy could not conﬁrm the same mosaic pattern in
43% of the aneuploidies (20). Another study analyzed two
to four TE biopsies and ICM from 43 embryos originally diagnosed as mosaic and, similarly, showed that 28% of the ICM
samplesand 34% of the TE samples were fully euploid (26).
Finally, we analyzed whole-blastocyst embryos with a mosaic
segmental aneuploidy at the single-cell level with the use of
FISH (27). We found that in nine out of ten segmental aneuploidies with a mosaic pattern detected by NGS, the mosaicism was conﬁrmed after the single-cell analysis of the
whole blastocyst (27). In summary, we could state that for
embryos diagnosed as mosaic at the blastocyst stage, 50%–
90% of them are reconﬁrmed as mosaic depending of the
type of secondary analysis performed: ICM biopsy, TE biopsy,
or whole-blastocyst analysis.

Implantation
Two studies have been published in which mosaic embryos
were transferred to the patients (28, 29). Both studies
showed similar implantation rates, ranging from 38% to
45% (28, 29). One of the studies showed that the
implantation rate was signiﬁcantly lower compared with
the control group (29). Therefore, it is important to note that
implantation of mosaic embryos is not equivalent to
implantation of euploid embryos, because we can not infer
the real mosaicism degree of the embryo analyzed by means
of the TE biopsy.
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Miscarriage Rates and Health of the Baby
Assessing miscarriage rates is a critical aspect for understanding the consequences of mosaic transfer. One study showed
that 25% (n ¼ 8) of implanted embryos after mosaic transfer
ended in a biochemical pregnancy; the remainder resulted in a
healthy baby. This percentage is similar to the of percentage
mosaic embryos initially transferred (33.3%) (28). In a second
study, 12% of transferred mosaic embryos ended in miscarriage and 26% in ongoing pregnancies; delivery information
and infant follow-ups were not available (29).
In addition, it is important to analyze mosaicism
frequency in POCs after transfer of euploid blastocysts, in
case misdiagnoses due to mosaicisms have been made.
Werner et al. estimated that the clinically recognizable diagnosis error rate per ongoing pregnancy was 0.13%, with only
four POCs available for study. That study described evidence
of mosaicism in all of the POCs, suggesting mosaicism as the
origin of the misdiagnoses (30). In contrast, a recent study
analyzing 20 POCs from PGD-A cycles found mosaicism in
only 15% of the samples (20). Because these studies showed
contrasting results, it is clear that more research is needed
to understand the error rate in the diagnosis of euploid
embryos that may be mosaic.

INCIDENCE OF MOSAICISM IN MISCARRIAGES
AND PRENATAL DIAGNOSIS OF
SPONTANEOUS AND IVF PREGNANCIES
Although a high frequency of mosaicism has been reported in
preimplantation human embryos, classic cytogenetic studies
of miscarriage POCs have reported only a 5%–6% incidence
of mosaicism (31–33). These numbers indicate that most of
the mosaicism found in established pregnancies is placental
mosaicism or aneuploidy. Furthermore, most mosaic
embryos with aneuploid ICM are likely lost by the ﬁrst
trimester through spontaneous miscarriages (34). However,
many POC studies have been performed with either the fetus
or extraembryonic tissues (most often from chorionic villi).
Few have assessed the incidence of fetoplacental mosaicism,
which is an unexpected discordant chromosomal status
between the fetus and placenta. Hysteroembryoscopy has
been described as an ideal tool to assess the true rate of
fetoplacental discordances/mosaicism in ﬁrst-trimester
miscarriages, with the use of either karyotyping (35) or molecular techniques (36). With the use of hysteroembryoscopy and
molecular analysis with the use of aCGH or NGS, our group has
described an incidence of 2% fetoplacental discrepancy in 46
analyzed POCs (37).
Recently, Segawa et al. reported on a large series of IVF
miscarriages after single-blastocyst transfer, with the use of
POC analysis (38). In 1,030 POC cases, 19.4% displayed a
normal karyotype, whereas 80.6% were identiﬁed as
aneuploid. The aneuploid cases stratiﬁed as 62.3% trisomy,
7.8% double trisomy, 0.5% triple or quadruple trisomy,
1.3% monosomy 21, 3.2% monosomy X, 0.1% 47,XXY,
1.0% polyploidy, 1.0% mixed, 2.4% structural anomalies,
and only 1.1% aneuploid mosaicism.
Disparities between trophoblast and fetal cells occur in
1%–2% of viable pregnancies studied by chorionic villus
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sampling (CVS) karyotyping (39). In most, chromosomal abnormalities (most often trisomy) are conﬁned to the placenta
and may be associated with a poor perinatal outcome and
miscarriages. In conﬁned placental mosaicism (CPM), the
chromosomal abnormality can be conﬁned to the trophoblast
(type I), the chorionic stroma (type II), or both cell lineages
(type III) while the fetal cells remain normal. In rare cases,
the placental karyotype is normal and fetal cells show an
abnormal karyotype (40). In patients undergoing intracytoplasmic sperm injection, CVS studies revealed that CPM
increased to 5.88%. CPM may be associated with a negative
pregnancy outcome, including congenital abnormalities and
intrauterine growth restriction (IUGR). Complications most
often occur when mosaicism persists to term and affects a
large proportion of cells (41).
Chromosome 16 is frequently implicated in mosaicism in
ongoing pregnancies and live births. Langlois et al. found that
the majority of trisomy 16 mosaic cases diagnosed by CVS
had a good postnatal outcome. In contrast, mosaicism 16
diagnosed in amniotic ﬂuid was associated with major
congenital anomalies and an increased risk of developmental
delay (42). Yong et al. found that 66% of prenatally diagnosed
trisomy 16 mosaicism pregnancies resulted in live birth (43).
Of those, 45% exhibited one or more malformations. In cases
assessed by means of direct CVS, the proportion of trisomic
cells correlated with more serious birth defects (i.e., higher
risk of malformation as well as more severe IUGR). In cases
assessed by means of cultured CVS, the proportion of trisomy
correlated only with more severe IUGR. Similarly, trisomy assessed by means of amniocentesis of amniotic ﬂuid correlated
with both IUGR and malformation; in contrast, trisomy detected in amniotic mesenchyme correlated only with IUGR.
The authors concluded that the levels of trisomy in different
fetoplacental tissues are signiﬁcant predictors, particularly
in mosaic trisomy 16 pregnancies.
For trisomy 20, the proportion of trisomic cells in amniotic ﬂuid correlates with different outcomes (44). Indeed,
typical outcomes were reported when low levels of trisomy
(<12%) were detected. In contrast, developmental delay and
oligohydramnios were observed in two cases with high proportions of trisomic cells in amniotic ﬂuid (96% and 58%).
These ﬁndings support work from previously published cases
ﬁnding that the proportion of trisomic cells correlates with
outcome. When <40% trisomic cells were detected, only 4%
had abnormal outcomes. Curiously, signiﬁcantly higher levels
of trisomy were observed in male fetuses compared with
female fetuses.

CLINICAL IMPACT IN LIVE BIRTHS AND
ETHICAL CONCERNS
The frequency of mosaicism in live births is undetermined,
because chromosomal analysis in live births, children, and
adults are mostly performed only when there is a clinical
indication or a strong suspicion for a chromosomal disorder.
In fact, the clinical manifestations are represented by a spectrum of phenotypes, and their relationship with different
syndromes has been widely described. For example, a higher
incidence of chromosomal mosaicism in individuals with
VOL. 107 NO. 5 / MAY 2017
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major psychiatric disorders and autoimmune diseases has
been reported. The incidence of mosaicism in several diseases has been described as follows: 3%–18% in chromosomal syndromes; 3%–5% in mental retardation and/or
multiple congenital malformation; 16% in autism; schizophrenia with mosaic aneuploidy of chromosomes 1, 18,
and X in cells of the schizophrenia brain; mosaic X chromosome aneuploidy in blood lymphocytes; monosomy of chromosome X in systemic sclerosis (6.2% of cells); autoimmune
thyroid disease (4.3% of cells); and Alzheimer disease (>10%
in brain cells) (45).
Furthermore, complex chromosomal abnormalities have
been implicated in mosaic aneuploidies of live births. Warburton et al. reported an adult with severe microcephaly
and mental retardation where karyotype analysis of lymphocytes, skin ﬁbroblasts, bone marrow, and lymphoblasts
showed R10% of cells with trisomy on many different chromosomes (46). In that example, trisomies were the most
observed, with the exception of chromosomes 5, 10, 13, 14,
and 17. The existence of the predominant mosaic trisomy in
four speciﬁc tissues and in repeated cultures over a 3-year
period suggested that the mosaicism was due to a genetic
abnormality that resulted in mitotic instability. When this
subject was compared with six similar cases, including two
pairs of siblings, clinical and cytogenetic differences among
the patients made it unclear whether the cases actually represented the same condition. The term ‘‘mosaic variegated
aneuploidy with microcephaly’’ was suggested as a descriptive term for this syndrome.
Other trisomies provide additional insight regarding the
impact of mosaicism on live births. Mosaic trisomy 18 displays a wide phenotypic spectrum, ranging from near
normal to early death. Signiﬁcant discrepancies between
the levels of trisomic cells in skin ﬁbroblasts and lymphocytes may lead to misdiagnosis (47). Though rare, individuals with mosaic trisomy 15 display similar features,
including IUGR, craniofacial abnormalities and facial dimorphisms, cardiac disease, hypopigmentation, abnormal
cerebral vasculature, and dysplastic kidneys and other organ
anomalies (48). Some evidence even suggests that nearly all
individuals are mosaic for trisomy 21 in some tissues. The
understanding of tissue-speciﬁc trisomy 21 mosaicisms
may have important ramiﬁcations for understanding the
pathogenesis, prognosis, and treatment of medical problems
related to this trisomy (49).
Explaining the wide phenotypic variance of mosaicism is
not simple. One explanation uses skewed X-chromosome
inactivation (XCI), in which one X chromosome is preferentially inactivated (rather than randomly inactivated). Skewed
XCI is often found in the diploid fetal tissues of individuals
with mosaic trisomy that originated from a ‘‘trisomic zygote
rescue’’ event. The idea is that, at the time of XCI, the presence
of a high proportion of trisomic cells in the embryo leads to
their subsequent elimination by selection. Skewed XCI in
such cases is proposed to result in poor fetal outcomes because
not all trisomic cells are eliminated from the fetal tissues (50).
Another reported adverse risk is uniparental disomy for chromosomes 14 and 15 (51, 52) and hidden mosaicism for
trisomy 16 (53).
VOL. 107 NO. 5 / MAY 2017

CONCLUSION
Reported data suggest that 60% of embryos diagnosed as
mosaic in a TE biopsy would be mosaic in the entire embryo.
Therefore, 40% would be expected to implant and 25%–30%
would result in continuing pregnancies and healthy babies.
Alternate outcomes could be caused by either a low degree
of mosaicism or misdiagnosis due to experimental noise.
Therefore, it is important to note that an increase in detection
of mosaicism may result in a decrease in speciﬁcity (21). More
published clinical outcome data, including studies with larger
numbers of embryos and more focus on the consequences of
transferring mosaic embryos, such as monitoring success
rates and/or genetic analysis of miscarriages, will help to
explain the wide variance in live birth phenotypes from mosaicism. There is also a need for more obstetrical and neonatal
outcome data to help balance the risks of discarding a
possibly viable embryo versus transferring one with lower
implantation potential (54).

REFERENCES
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

Yang Z, Liu J, Collins GS, Salem SA, Liu X, Lyle SS, et al. Selection of single
blastocysts for fresh transfer via standard morphology assessment alone
and with array CGH for good prognosis IVF patients: results from a randomized pilot study. Mol Cytogenet 2012;5:24.
Scott RT Jr, Upham KM, Forman EJ, Hong KH, Scott KL, Taylor D, et al.
Blastocyst biopsy with comprehensive chromosome screening and fresh
embryo transfer signiﬁcantly increases in vitro fertilization implantation
and delivery rates: a randomized controlled trial. Fertil Steril 2013;100:
697–703.
Forman EJ, Li X, Ferry KM, Scott K, Treff NR, Scott RT Jr. Oocyte vitriﬁcation
does not increase the risk of embryonic aneuploidy or diminish the implantation potential of blastocysts created after intracytoplasmic sperm injection:
a novel, paired randomized controlled trial using DNA ﬁngerprinting. Fertil
Steril 2012;98:644–9.
Liu J, Wang W, Sun X, Liu L, Jin H, Li M, et al. DNA microarray reveals that
high proportions of human blastocysts from women of advanced maternal
age are aneuploid and mosaic. Biol Reprod 2012;87:148.
Papadopoulos G, Templeton AA, Fisk N, Randall J. The frequency of chromosome anomalies in human preimplantation embryos after in-vitro fertilization. Hum Reprod 1989;4:91–8.
Baart EB, Martini E, van den Berg I, Macklon NS, Galjaard RJ, Fauser BC, et al.
Preimplantation genetic screening reveals a high incidence of aneuploidy
and mosaicism in embryos from young women undergoing IVF. Hum Reprod 2006;21:223–33.
Li M, DeUgarte CM, Surrey M, Danzer H, DeCherney A, Hill DL. Fluorescence
in situ hybridization reanalysis of day-6 human blastocysts diagnosed with
aneuploidy on day 3. Fertil Steril 2005;84:1395–400.
Barbash-Hazan S, Frumkin T, Malcov M, Yaron Y, Cohen T, Azem F, et al.
Preimplantation aneuploid embryos undergo self-correction in correlation
with their developmental potential. Fertil Steril 2009;92:890–6.
DeUgarte CM, Li M, Surrey M, Danzer H, Hill D, DeCherney AH. Accuracy of
FISH analysis in predicting chromosomal status in patients undergoing preimplantation genetic diagnosis. Fertil Steril 2008;90:1049–54.
Johnson DS, Gemelos G, Baner J, Ryan A, Cinnioglu C, Banjevic M, et al. Preclinical validation of a microarray method for full molecular karyotyping of
blastomeres in a 24-h protocol. Hum Reprod 2010;25:1066–75.
Vanneste E, Voet T, Le Caignec C, Ampe M, Konings P, Melotte C, et al.
Chromosome instability is common in human cleavage-stage embryos.
Nat Med 2009;15:577–83.
Harton GL, Magli MC, Lundin K, Montag M, Lemmen J, Harper JC, et al.
ESHRE PGD Consortium/Embryology Special Interest Group—best practice
guidelines for polar body and embryo biopsy for preimplantation genetic
diagnosis/screening (PGD/PGS). Hum Reprod 2011;26:41–6.
1111

VIEWS AND REVIEWS
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

Rubio C, Gimenez C, Fernandez E, Vendrell X, Velilla E, Parriego M, et al. The
importance of good practice in preimplantation genetic screening: critical
viewpoints. Hum Reprod 2009;24:2045–7.
Simpson JL. What next for preimplantation genetic screening? Randomized
clinical trial in assessing PGS: necessary but not sufﬁcient. Hum Reprod
2008;23:2179–81.
Gutierrez-Mateo C, Colls P, Sanchez-Garcia J, Escudero T, Prates R,
Ketterson K, et al. Validation of microarray comparative genomic hybridization for comprehensive chromosome analysis of embryos. Fertil Steril 2011;
95:953–8.
Mir P, Rodrigo L, Mercader A, Buendia P, Mateu E, Milan-Sanchez M, et al.
False positive rate of an arrayCGH platform for single-cell preimplantation
genetic screening and subsequent clinical application on day-3. J Assist Reprod Genet 2013;30:143–9.
Mir P, Mateu E, Mercader A, Herrer R, Rodrigo L, Vera M, et al.
Conﬁrmation rates of array-CGH in day-3 embryo and blastocyst biopsies for preimplantation genetic screening. J Assist Reprod Genet
2016;33:59–66.
Northrop LE, Treff NR, Levy B, Scott RT Jr. SNP microarray-based 24 chromosome aneuploidy screening demonstrates that cleavage-stage FISH poorly
predicts aneuploidy in embryos that develop to morphologically normal blastocysts. Mol Hum Reprod 2010;16:590–600.
Treff NR, Levy B, Su J, Northrop LE, Tao X, Scott RT Jr. SNP microarray-based
24 chromosome aneuploidy screening is signiﬁcantly more consistent than
FISH. Mol Hum Reprod 2010;16:583–9.
Maxwell SM, Colls P, Hodes-Wertz B, McCulloh DH, McCaffrey C, Wells D,
et al. Why do euploid embryos miscarry? A case-control study comparing the
rate of aneuploidy within presumed euploid embryos that resulted in miscarriage or live birth using next-generation sequencing. Fertil Steril 2016;106:
1414–9.e5.
Goodrich D, Tao X, Bohrer C, Lonczak A, Xing T, Zimmerman R, et al. A randomized and blinded comparison of qPCR and NGS-based detection of
aneuploidy in a cell line mixture model of blastocyst biopsy mosaicism. J
Assist Reprod Genet 2016;33:1473–80.
Capalbo A, Wright G, Elliott T, Ubaldi FM, Rienzi L, Nagy ZP. FISH reanalysis
of inner cell mass and trophectoderm samples of previously array-CGH
screened blastocysts shows high accuracy of diagnosis and no major diagnostic impact of mosaicism at the blastocyst stage. Hum Reprod 2013;28:
2298–307.
Mamas T, Gordon A, Brown A, Harper J, Sengupta S. Detection of aneuploidy by array comparative genomic hybridization using cell lines to mimic
a mosaic trophectoderm biopsy. Fertil Steril 2012;97:943–7.
Ruttanajit T, Chanchamroen S, Cram DS, Sawakwongpra K, Suksalak W,
Leng X, et al. Detection and quantitation of chromosomal mosaicism in human blastocysts using copy number variation sequencing. Prenat Diagn
2016;36:154–62.
Johnson DS, Cinnioglu C, Ross R, Filby A, Gemelos G, Hill M, et al. Comprehensive analysis of karyotypic mosaicism between trophectoderm and inner
cell mass. Mol Hum Reprod 2010;16:944–9.
Garrisi G, Walmsley RH, Bauckman K, Mendola RJ, Colls P, Munne S. Discordance among serial biopsies of mosaic embryos. Fertil Steril 2016;106:e151.
Vera-Rodriguez M, Michel CE, Mercader A, Bladon AJ, Rodrigo L,
Kokocinski F, et al. Distribution patterns of segmental aneuploidies in human blastocysts identiﬁed by next-generation sequencing. Fertil Steril
2016;105:1047–55.e2.
Greco E, Minasi MG, Fiorentino F. Healthy babies after intrauterine
transfer of mosaic aneuploid blastocysts. N Engl J Med 2015;373:
2089–90.
Fragouli E, Alfarawati S, Spath K, Tarozzi N, Borini A, Wells D. The developmental potential of mosaic embryos. Fertil Steril 2015;104:e96.
Werner MD, Leondires MP, Schoolcraft WB, Miller BT, Copperman AB,
Robins ED, et al. Clinically recognizable error rate after the transfer of
comprehensive chromosomal screened euploid embryos is low. Fertil Steril
2014;102:1613–8.
Martinez MC, Mendez C, Ferro J, Nicolas M, Serra V, Landeras J. Cytogenetic
analysis of early nonviable pregnancies after assisted reproduction treatment. Fertil Steril 2010;93:289–92.

1112

32.

33.

34.
35.

36.

37.

38.

39.

40.
41.

42.

43.
44.
45.
46.

47.
48.
49.

50.

51.

52.

53.

54.

Kroon B, Harrison K, Martin N, Wong B, Yazdani A. Miscarriage karyotype
and its relationship with maternal body mass index, age, and mode of
conception. Fertil Steril 2011;95:1827–9.
Li G, Liu Y, He NN, Hu LL, Zhang YL, Wang Y, et al. Molecular karyotype single nucleotide polymorphism analysis of early fetal demise. Syst Biol Reprod
Med 2013;59:227–31.
Hassold T. Mosaic trisomies in human spontaneous abortions. Hum Genet
1982;61:31–5.
Ferro J, Martinez MC, Lara C, Pellicer A, Remohi J, Serra V. Improved accuracy of hysteroembryoscopic biopsies for karyotyping early missed abortions. Fertil Steril 2003;80:1260–4.
Campos-Galindo I, Garcia-Herrero S, Martinez-Conejero JA, Ferro J,
Simon C, Rubio C. Molecular analysis of products of conception obtained
by hysteroembryoscopy from infertile couples. J Assist Reprod Genet
2015;32:839–48.
García-Herrero S. Molecular analysis of fetoplacental discrepancies in products of conception (POCs) obtained by hysteroembryoscopy. Molecular Diagnostics Europe, Lisbon, Portugal, 2016.
Segawa T, Kuroda T, Kato K, Kuroda M, Omi K, Miyauchi O, et al. Cytogenetic analysis of the retained products of conception after missed abortion
following blastocyst transfer: a retrospective, large-scale, single-centre
study. Reprod Biomed Online 2017;34:203–10.
Ledbetter DH, Zachary JM, Simpson JL, Golbus MS, Pergament E, Jackson L,
et al. Cytogenetic results from the U.S. Collaborative Study on CVS. Prenat
Diagn 1992;12:317–45.
Kalousek DK. Pathogenesis of chromosomal mosaicism and its effect on
early human development. Am J Med Genet 2000;91:39–45.
Minor A, Harmer K, Peters N, Yuen BH, Ma S. Investigation of conﬁned
placental mosaicism (CPM) at multiple sites in post-delivery placentas
derived through intracytoplasmic sperm injection (ICSI). Am J Med Genet
A 2006;140:24–30.
Langlois S, Yong PJ, Yong SL, Barrett I, Kalousek DK, Miny P, et al. Postnatal
follow-up of prenatally diagnosed trisomy 16 mosaicism. Prenat Diagn
2006;26:548–58.
Yong PJ, Barrett IJ, Kalousek DK, Robinson WP. Clinical aspects, prenatal diagnosis, and pathogenesis of trisomy 16 mosaicism. J Med Genet 2003;40:175–82.
Robinson WP, McGillivray B, Lewis ME, Arbour L, Barrett I, Kalousek DK. Prenatally detected trisomy 20 mosaicism. Prenat Diagn 2005;25:239–44.
Iourov IY, Vorsanova SG, Yurov YB. Chromosomal mosaicism goes global.
Mol Cytogenet 2008;1:26.
Warburton D, Anyane-Yeboa K, Taterka P, Yu CY, Olsen D. Mosaic variegated aneuploidy with microcephaly: a new human mitotic mutant? Ann
Genet 1991;34:287–92.
Banka S, Metcalfe K, Clayton-Smith J. Trisomy 18 mosaicism: report of two
cases. World J Pediatr 2013;9:179–81.
McPadden J, Helm BM, Spangler BB, Ross LP, Boles DB, Schrier Vergano SA.
Mosaic trisomy 15 in a liveborn infant. Am J Med Genet A 2015;167A:821–5.
Hulten MA, Jonasson J, Iwarsson E, Uppal P, Vorsanova SG, Yurov YB, et al.
Trisomy 21 mosaicism: we may all have a touch of Down syndrome. Cytogenet Genome Res 2013;139:189–92.
Penaherrera MS, Barrett IJ, Brown CJ, Langlois S, Yong SL, Lewis S, et al. An
association between skewed X-chromosome inactivation and abnormal
outcome in mosaic trisomy 16 conﬁned predominantly to the placenta.
Clin Genet 2000;58:436–46.
Christian SL, Smith AC, Macha M, Black SH, Elder FF, Johnson JM, et al. Prenatal diagnosis of uniparental disomy 15 following trisomy 15 mosaicism.
Prenat Diagn 1996;16:323–32.
Balbeur S, Grisart B, Parmentier B, Sartenaer D, Leonard PE, Ullmann U, et al. Trisomy rescue mechanism: the case of concomitant mosaic trisomy 14 and
maternal uniparental disomy 14 in a 15-year-old girl. Clin Case Rep 2016;4:
265–71.
Scheuvens R, Begemann M, Soellner L, Meschede D, Raabe-Meyer G,
Elbracht M, et al. Maternal uniparental disomy of chromosome 16
(upd(16)mat): Clinical features are rather caused by (hidden) trisomy 16
mosaicism than by upd(16)mat itself. Clin Genet 2016.
Scott RT Jr, Galliano D. The challenge of embryonic mosaicism in preimplantation genetic screening. Fertil Steril 2016;105:1150–2.

VOL. 107 NO. 5 / MAY 2017

