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Abstract

Purpose Evaluate which factors are involved in the increased rate of mosaicism in embryos.

Methods A systematic review and meta-analysis was performed. After an exhaustive search of the literature, a total of seven
papers were included in the analysis. In addition, data collected from IVF cycles performed in our fertility clinic were also
analysed. Day of biopsy, embryo quality, maternal and paternal age and seminal quality were the chosen factors to be studied.
Results The results of the meta-analysis show that neither embryo quality nor seminal quality were related to mosaic embryo
rate (OR: 1.09; 95% CI: 0.94-1.28 and OR: 1.10; 95% CI: 0.87-1.37, respectively). A positive association was observed
for the variable “biopsy day” with embryos biopsied at day 6 or 7 having the highest rate of mosaicism (OR: 1.06; 95% CI:
1.01-1.11). In opposite to what happens with aneuploidy rate, which increases with maternal age, embryo mosaicism is
higher in younger women (<34 years) rather than in older ones (>34 years) (OR: 0.95; 95% CI: 0.92-0.98). However, for
the “paternal age” factor, no association with mosaicism was found (OR: 1.04; 95% CI: 0.90-1.21).

Conclusions With the present study, we can conclude that the factors related to the presence of mosaicism in embryos are
the embryo biopsy day and maternal age. The rest of the studied factors showed no significant relationship with mosaicism.
These results are of great importance as knowing the possible causes leading to mosaicism helps to improve the clinical
results of reproductive treatments.

Keywords Meta-analysis - Embryo mosaicism - Next-generation sequencing (NGS) - Preimplantation genetic testing for
aneuploidies (PGT-A)

Introduction

The development of preimplantation genetic testing for ane-
uploidy (PGT-A) has allowed to reduce the impact of ane-
uploid embryos in in vitro fertilization (IVF) success. Being
able to identify aneuploid embryos may prevent adverse
clinical outcomes and improve pregnancy and live birth rates
per embryo transfer [1].

Over the last few years, some sensitive genetic tech-
niques such as next-generation sequencing (NGS) have
been introduced into clinical practice to help us identify the
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chromosomal status of embryos generated in the laboratory.
When we analyse trophectoderm (TE) embryo biopsies with
these techniques, we can detect not only euploid and ane-
uploid embryos but also mosaic embryos. Mosaicism is a
phenomenon characterized by the simultaneous existence of
two or more chromosomally distinct cell lines. In contrast to
full aneuploidies which are mainly meiotic and the result of
a faulty chromosome segregation in the gamete development
[2], mosaicism is primarily generated during post-zygotic
mitosis by chromosomal malsegregation via non-disjunction
or by aberrations in the centrosome and mitotic spindle or
defects in chromatid cohesion [3—7]. With NGS, we can also
identify small chromosome deletions or duplications (about
10 Mb) (segmental mosaicism) [8, 9]. It exist technical and
biological limitations in interpreting PGT-A results. Genetic
testing of preimplantation embryos is performed on a limited
number of biopsied embryonic cells (3 to 10 cells), from a
single TE biopsy, rather than the cell lineage programmed
to form the proper embryo (i.e. inner cell mass (ICM)) [10].
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This is an important limitation when it comes to give an
accurate diagnosis, especially when it concerns mosaicism.
Technical factors influencing the diagnosis of mosaicism
also include the whole-genome amplification protocol,
which may lead to over- or under-representation of certain
parts of the genome [5]. For this reason, diagnostics based
on intermediate copy number values can only suggest that
the embryo may be at risk of being mosaic but does not
ensure that the embryo is mosaic [11, 12].

The factors that may give rise to mosaicism are unclear
and generate controversy in the scientific community. Some
investigations have suggested that ovarian stimulation, cul-
ture media or laboratory conditions may cause an increase
in mosaicism rate [9, 13, 14]. However, these statements are
not quite evident.

With the increasing use of NGS techniques to perform
PGT-A, it becomes more and more frequent to find mosaic
embryos. The reported incidence of mosaic embryos is
highly variable between genetic laboratories, ranging from
as low as 2% to as high as 40% [7, 8]. This is probably due to
differences in sensitivity and specificity of the analysis plat-
form used and the cut-off points applied for data interpre-
tation, especially in the classification of low-grade mosaic
embryos [15, 16]. It could also be due to other factors related
to biopsy technique or the number of cells biopsied [16].

Although there are guidelines on how to deal with an
embryo classified as mosaic in clinical practice, such as
ESHRE’s Guidelines [17], there are still many doubts and
uncertainty about its management among specialists. The
effect of mosaicism on implantation and the development
potential of these embryos are still unknown [1]. Some stud-
ies, such as that of Capalbo et al. [10] or Lled6 et al. [12],
show that embryos can result in pregnancy and birth of healthy
babies, especially when we transfer low-level mosaic embryos.
However, other studies affirm that mosaic embryos are associ-
ated with reduced implantation and higher miscarriage rates
[18-20], which complicates the embryo transfer decision.

Identifying the mosaicism origin has become a challenge
for clinicians. Since there is speculation that some extrinsic
and intrinsic factors could increase the incidence of mosai-
cism in embryos [7, 15], we undertook a systematic review
of the literature and meta-analysis of the results published
to evaluate if some specific factors could be related with
mosaicism rate.

Materials and methods
The present meta-analysis was performed following the

preferred reporting item for systematic reviews and meta-
analysis (PRISMA) statement [21].
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Search strategy

To carry out the bibliographic search, the MEDLINE data-
base (via PubMed) and Google Scholar were used.
Searches were limited to English or Spanish using
database supplied limits. Only papers published between
January 2016 and November 2022 were considered. To
perform the bibliographic search, we used some specific
keywords, such as “Mosaicism”, “Semen quality”, “Blas-
tocyst” and “Preimplantation Diagnosis”. These words
should have been either in the title or in the abstract of
searched papers. The full detailed search strategies for
the databases are available in the supplemental Appendix.

Study selection criteria and data abstraction

Studies addressing factors associated with embryo mosai-
cism were comprehensively analysed. As inclusion crite-
ria, mosaicism should have been detected from a blastocyst
TE biopsy on day 5, 6 or 7, and analysed by NGS. Views,
reviews, letters, opinions, surveys, case reports, editorials,
congress abstracts and committee opinions were excluded.
Search, screen and data extraction were performed by two
reviewers independently based on inclusion criteria. Char-
acteristics of the study population, analysed embryos and
IVF cycles have been described in Supplemental table 1.
Embryo quality, maternal and paternal age, day of biopsy
and seminal quality were the outcome variables extracted
and included for analysis.

Embryo quality was assessed according to the criteria
established by Istanbul Consensus [22] or to guidelines
from the Spanish Association for the Study of Biology
of Reproduction (ASEBIR) [23], depending on the cen-
tre. To study the effect of embryo quality, we formed
two study groups: embryos considered of excellent/
good quality as defined by Istanbul Consensus (A+B,
according to ASEBIR’s guideline) versus those of fair/
poor quality as indicated in Istanbul Consensus (C+D,
according to ASEBIR’s guideline). Regarding the effect
of maternal and paternal age, we also carried out two
study groups: <34 years versus >34 years (maternal
age) and <40 years versus >40 years (paternal age).
When studying the effect of biopsy day on mosaicism
rate, we also formed two study groups: those embryos
that were biopsied at day 5 against those biopsied at
day 6 or 7 of embryonic development. Finally, we have
defined two groups for sperm quality: normal and
altered. Normal semen quality has been considered for
all those samples that do not have any altered semen
parameters, according to the latest guidelines published
by the World Health Organization in 2022 [24].



Journal of Assisted Reproduction and Genetics

An embryo was considered mosaic when it had an inter-
mediate copy number for one or more chromosomes. Most
of the papers included in the systematic review and meta-
analysis consider global mosaicism rate (diploid-aneuploid
and aneuploid-aneuploid). Only two of them considered
exclusively the rate of diploid-aneuploid mosaics (Sup-
plemental table 1).

Statistical methods

Summary estimates were calculated to determine the factors
associated with embryonic mosaicism for this systematic
review and meta-analysis. Results for dichotomous vari-
ables are expressed as odds ratios (ODR) and 95% confi-
dence interval (CI). We used fixed-effect models to cal-
culate the summary estimates and their 95% Cls. Studies
were weighted using the inverse variance method. As for
the potential factor total, we report the y*-test statistic for
heterogeneity across studies with its p-value. When the dif-
ferent studies to be combined did not show heterogeneity
(p>0.1), the fixed-effect method was applied; otherwise, the
random-effects method was used.

In addition, the /* statistic measuring the degree of incon-
sistency of the results was calculated. I* values above 50%
suggested considerable heterogeneity, between 25 and 50%
moderate heterogeneity, and values below 25% indicated low
heterogeneity.

Statistical analysis and meta-analysis were performed
using Statistical Product and Service Solutions, version
23.0 (SPSS, Chicago, IL, USA) and R statistical software
(v. 4.2.0). Specifically, meta-analysis was performed using
the 'MAR macro [25] for SPSS Statistics and forest plots
with the R forest plot library.

Results

By searching the available literature on PubMed and
Google Scholar using the above criteria, 619 results
returned. After applying the corresponding filters and
considering the articles published in the last 6 years, we
obtained a total of 320 papers. After screening title and
abstract, some papers were discarded because they did
not meet certain requirements: studies not carried out on
humans, studies using analysis techniques different from
our objectives, articles with a very small number of cases
or not corresponding to our specific study topic. Finally,
twenty-seven potentially eligible articles were retrieved
for full-text screening (Fig. 1).

Then, we critically and thoroughly read the selected
papers, and 7 of them were included in this systematic
review and meta-analysis. Data obtained from PGT-A cycles
conducted in our reproductive clinic (Instituto Bernabeu,

Spain) were also enclosed in the analysis (2513 cycles, 7242
embryos). The characteristics of the 7 selected studies are
listed in Table 1.

Seminal quality was analysed to study its association with
embryonic mosaicism based on whether semen parameters
were normal or not. The results of the meta-analysis did
not show association between seminal quality and mosai-
cism rate: OR: 1.10; 95% CI: 0.87-1.37. Embryo quality
was studied according to whether the embryos were of good
or poor quality (A+B vs. C+D) according to the classifi-
cation described in the “Materials and methods” section,
but no association with mosaicism was shown (OR: 1.09;
95% CI: 0.94-1.28). In contrast, a positive association with
embryo mosaicism was observed for the variable “biopsy
day”: embryos biopsied at day 6 or 7 of embryo development
show a slight increase in the mosaicism rate in comparison
with those biopsied in day 5 (OR: 1.06; 95% CI: 1.01-1.11).
All these results are shown in Fig. 2.

On the other hand, the association with maternal and
paternal age was also analysed in the study. To study the
effect of paternal age on embryonic mosaicism, two groups
were established, one for younger men (<40 years) and one
for older men (>40 years), but no statistically significant
relationship was observed between paternal age and embry-
onic mosaicism rate (OR: 1.04; 95% CI: 0.90-1.21). In con-
trast, when studying the effect of maternal age, a statistically
significant relationship between this factor and the embry-
onic mosaicism rate was observed: mosaicism rate is higher
in the younger women group (<34 years) compared with the
older women group (>34 years) (Fig. 2).

Discussion

Because the mosaicism prevalence is relatively high and vari-
able between centres [1, 7], it is important to understand the
origins, mechanism and incidences of mosaicism through
embryo development. Mosaic embryos are a challenge
for clinicians in IVF cycles, especially when there are no
euploid embryos to be transferred. Mosaic embryo transfer
is a controversial topic as the current literature is inconclu-
sive on the clinical outcomes of these embryos. Some stud-
ies show that implantation rates are lower and miscarriage
rates increase compared to the transfer of euploid embryos
[18-20]. It is important to know that these results should
be interpreted with caution, as all of them are retrospective
studies, so there could be an increased risk of bias in terms
of patient selection, incomplete information or variability in
data quality. Nonetheless, the prospective non-selection study
performed by Capalbo et al. [10] reports no differences in
reproductive outcomes following the transfer of euploid and
low-level mosaic embryos (<50%). Further prospective and
well-designed studies are needed to confirm these findings.
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow chart of literature search by the application of
inclusion and exclusion criteria

On the other hand, identification of mosaicism at the the remaining embryo. Furthermore, it is unknown whether
blastocyst stage is not an easy task as the embryo genetic  there is a real association between trophectoderm cells and
analysis is based on the premise that aneuploid cells are  inner mass cells, so analysing only a small portion of the
distributed equally in the biopsied fraction compared with ~ TE is no guarantee of an accurate diagnosis. For this reason,
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Table 1 Qualitative analysis of included studies

Authors Year Location Study design Embryos  Results (association with mosaicism)
analysed
()
Coll et al. 2020 Spain Retrospective cohort study 1708 Positive association between mosaicism prevalence and
paternal age
Dviri et al. 2020 Canada  Retrospective cohort study 3118 No significant association
Huang et al. 2022 China Retrospective study 1910 Semen quality, fertilization method and detection system
are independent factors associated with embryonic
mosaicism
Kahraman etal. 2020 Turkey  Retrospective study 1570 When testicular sperm is used, the rate of mosaicism
increases
Martin et al. 2021 Spain Retrospective cohort study 1511 No significant association
Nakhudaetal. 2018 Canada Retrospective cross-sectional study 1743
Rodrigo et al. 2020 Spain Retrospective observational study 111,860 Older female and male patients showed higher rates of
high-mosaic degree. Severe oligozoospermic patients
had higher rates of mosaicism
A Study Weights (%)  ODR 95% CI Study Weights (%)  ODR 95% CI
Colletal 305 083 070123 —a— Coll et al 27 087 066114 .
Martin et al 155 119 080-177 —— Rodrigo et al 835 105  1.00-1.11 =i
Huang et al 101 096  050-157 —— Huang et al 16 138 096198 —
] 438 123 097-155 —-— 8 123 110 087-1.25 -
Overall (12 = 0%) 1.08  0.94-1.28 ’ Overall (12 = 31.95%) 106 1.01-1.11 .
C Study Weights (%)  ODR 95% CI D Study Weight (%)  ODR 95% CI
Nakhuda et al 19 088 070111 —=— Dviri et al 251 089 082120 ——
Huang et al 920 096 093099 =] Huang et al 421 097  084-089 2}
B 61 084 074096 = [} 328 120  1.06-1.36 ——
Overall (12 = 54.56%) 0.95  0.92-0.98 Overall (12 = 0%) 1.04  0.90-1.21 .
E Study Weight (%) ODR  95%cCl
Coll et al 154 070 0.47-1.05 e
Kahraman et al 18.2 1.46 1.05-2.03 il
Rodrigo et al 237 1.19 0.87-1.46 =
Huang et al 16.4 1.42 0.98-2.06 —
B 26.4 0.91 0.80-1.04 =
Overall (12 = 18.31%) 110 0.87-1.37

Fig.2 Forest plots comparing embryo mosaicism rate with different factors (A embryo quality; B embryo biopsy day; C maternal age; D pater-
nal age; E seminal quality). ODR, odds ratio; CI, confidence interval
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using the term “mosaic embryo” causes some controversy
in the scientific community, so it would be more correct to
speak about the risk of an embryo being a mosaic.

Current literature has reported a significant associa-
tion between blastocyst morphology (embryo quality) and
chromosomal content [11, 26, 27]. Martin et al. [11] affirm
in their study that the blastocyst morphological quality
increases gradually from aneuploid embryos (lowest qual-
ity) to mosaic (intermediate) and euploid embryos, which
have the highest quality. Although several studies show that
low-quality embryos are often associated with high rates of
aneuploidy [11, 26, 28], this association between quality
and mosaicism rate is not so evident [5, 7, 29]. The results
obtained in this meta-analysis showed that embryo quality is
not associated to mosaicism rates: mosaic blastocysts have
the same quality than non-mosaic blastocysts. Nevertheless,
it is true that as only blastocysts were assessed in the analy-
sis, an association between mosaicism and compromised
embryo development at early stages cannot be excluded. The
day on which the embryo biopsy is performed is closely
related to embryo development, which in turn is associated
with the quality of the embryo. Embryos that take longer
to develop and are thus biopsied at days 6 or 7 of devel-
opment are usually associated with poorer embryo quality
and, therefore, as discussed above, are more likely to have
aneuploid cells. After meta-analysis, we observed that the
frequency of mosaicism in embryos is slightly higher when
they are biopsied at day 6 or 7 of embryonic development.
This could be explained by the fact that the aneuploid cell
line of the mosaic embryos may slow embryo development;
however, the methodological limitations could be interfer-
ing as well.

On the other hand, maternal age is one of the most impor-
tant factors that will determine the success of assisted repro-
duction treatments. This is mainly due to the decrease in the
number of available oocytes as well as their quality [30].
Different studies have shown that advanced maternal age is
the determining factor in the appearance of meiotic errors,
which give rise to aneuploid embryos [31-34]. Mosaicism,
by contrast, mainly results from post-fertilization mitotic
errors [5, 35]. This would lead us to believe that there is no
correlation between the incidence of mosaicism and mater-
nal age. However, after the meta-analysis, we observed an
inverse correlation between maternal age and the incidence
of mosaicism in embryos. Unhealthy lifestyle habits, expo-
sure to toxic substances and oxygen free radicals or radiation
could be the explanation for this, as they cause mitochondrial
damage and telomere shortening, leading to mitotic errors
[36, 37]. Telomeres are repetitive sequences and associated
proteins, which cap and protect chromosome ends [38]. Tel-
omeres shorten both during DNA replication and from the
response to oxidative DNA damage [37]. When telomeres
become critically short, genomic instability occurs, making
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cell division failure more likely. Furthermore, the telom-
eres of human oocytes are particularly short compared to
other species [36, 37], which makes these cells much more
sensitive to processes or toxic substances that increase tel-
omere decay. Since the interval between foetal oogenesis
and ovulation is exceptionally prolonged in women, older
women have a higher risk of cumulative exposure to free
radicals, so the telomeres of their oocytes would be expected
to be shorter due to inefficient DNA repair of oxidative dam-
age [36, 37]. This damage affects both younger and older
women; however, because the telomeres of young females
are longer, cell damage is lower, resulting in fewer com-
plete aneuploidies, but rather small mitotic defects that could
be generating mosaicism. Older women, in addition, have
reduced centromere cohesion in oocytes and less control of
spindle assembly, so misseparation of sister chromatids in
early meiosis is more likely to occur, leading to complete
aneuploidies [29].

To date, the relationship between paternal age and chro-
mosomal alterations in embryos remains unclear. In the
current literature, there is no obvious correlation between
paternal age and the rate of embryo aneuploidy: some works
showed no association [39, 40] whereas others found a posi-
tive association [7]. Some studies associate the increase in
paternal age with other factors that could be increasing in
turn chromosomal alterations in the embryos. Pino et al.
[41] have observed a positive relationship between paternal
age and sperm DNA fragmentation, being 4.58 times higher
in males older than 50 than in males younger than 30. On
the other hand, regarding embryonic mosaicism, with the
in-depth review and analysis carried out during the present
study, we have also found no association between paternal
age and the presence of mosaicism in the embryos. This
reinforces the idea that paternal age is not closely related
to the occurrence of chromosomal alterations in embryos.
Regarding seminal quality, although some works such as
that of Tarozzi et al. [42] observed a positive relationship
with the appearance of mosaicism in embryos when semi-
nal quality decreases, other works, such as Coll et al., Rod-
rigo et al. and Kahraman et al. [7, 16, 43], did not find this
association. This difference may be due to the fact that in
these papers no distinction is made regarding to what an
altered male factor implies (whether it is due just to sperm
concentration, motility, morphology or a mix of them; or
even a distinction between mild or moderate male factor). It
would be interesting to carry out future analyses by study-
ing individually each seminal parameter to find out if any
of them are associated with the appearance of chromosomal
alterations of mitotic origin.

There are other factors related to the handling of the
embryos in the laboratory that are hypothesized to be inter-
fering in the correct embryo development and promoting the
appearance of an aneuploid cell line, increasing mosaicism
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rate. These factors have not been included in the meta-analysis,
mainly because these data are rarely published and also due
to the great variability between centres since, although each
laboratory has its own standardized conditions, these do not
necessarily have to be the same as those of another laboratory,
which makes it difficult to make a proper comparison. The
culture media used in IVF laboratories have different composi-
tions depending on the manufacturer [13]. This composition
could be interfering with embryo development that could also
induce spindle disassembly and thus lead the appearance of
mosaicism in the embryos. Studies, such as Coll et al. [7],
evaluated the possible effect of culture medium on the mosai-
cism rate comparing two different single-step media with no
differences observed in mosaicism prevalence. Other factors
related to embryo biopsy could also be interfering with the
mosaicism rate by producing damage to the embryo: num-
ber of laser shots, assisted hatching or biopsy technique used
(pulling or flicking). Also, poorer biopsy samples may result
in higher rates of artefactual mosaicism. Future studies com-
paring data from different centres are needed to obtain more
accurate results about mosaicism origin.

One of the main strengths of this study is that we have
also included in the meta-analysis the results obtained in our
clinic. This is an important number of cycles, which makes
the conclusions of the analysis even more relevant. The
main limitation of this study is the low number of papers
analysed in the meta-analysis. Limitations also include the
retrospective design, heterogeneity of studies, selection bias
or incomplete outcome data. On the other hand, there is no
worldwide consensus on the criteria for the diagnosis of
mosaicism from a trophectoderm biopsy. Each laboratory
sets its own aneuploidy rate threshold for mosaic diagnosis,
and this makes it difficult to carry out homogeneous and
well-designed studies.

To the best of our knowledge, this is the first meta-analysis
carried out about factors affecting embryo mosaicism rate.
Our result, combined with the body of medical evidence avail-
able, suggest that embryo mosaicism rate is influenced by TE
biopsy day and maternal age. This information will add in the
knowledge for elucidating the uncertainties surrounding the
factors by which mosaicism is generated in embryos.

Appendix. Systematic review search
strategies

PubMed—(*“semen quality”’[Title/Abstract] OR “embryo’’[Title/
Abstract] OR “preimplantation diagnosis”’[Title/Abstract]
OR “blastocyst”[Title/Abstract] OR “blastocysts”’[Title/
Abstract]) AND (“Mosaicism”[Title/Abstract] OR “embryo
mosaicism”’[Title/Abstract]) Filters: from 2016 to 2022.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10815-023-02914-9.

Data Availability The authors confirm that the data supporting this
article are available under request.
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