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ABSTRACT
Objective: To assess the relationship between human

Conclusion: A high degree of mosaicism with aneuploidy

cells was detected, and some hypotheses were suggested
for this data (niPGT-A sensitivity in detecting the self-correction of chromosomal abnormalities phenomenon). However, it did not vary remarkably with age. On the other
hand, euploidy levels had a negative correlation with age
and aneuploidy levels had a positive relationship. This is
the first report in the literature to relate chromosomal ploidy in blastocysts using niPGT-A and increasing patient age.

blastocyst chromosomal ploidy established by niPGT-A and
increasing age.
Methods: This is a prospective multicenter study carried
out by ten assisted reproduction centers after their embryologists acquired training and validated their results with
the previous use of niPGT-A. A total of 94 couples with
indication for niPGT-A due to increase maternal age, male
factor, repeated implantation failures, recurrent abortion
or because they requested niPGT-A were included in this
study. The couples had no karyotype abnormalities. After
ICSI, the embryos were cultured until blastocyst stage using one or two step culture systems, single or sequential
media respectively, at 37°C in an atmosphere of 6-7%
CO2 and 5-20% O2 incubators. On day 3, we re-evaluated cleavage embryos to complete cumulus cells removal.
The embryos were then cultured in individual well, with
20µl of medium under oil until they reached blastocyst
stage. The blastocysts were vitrified and stored in liquid
nitrogen. After that, the spent blastocyst culture medium
(20µl) was transferred to a PCR tube and sent for analysis
in the genetic laboratory, where it was stored at -80°C until sequencing. A total of 243 samples of spent blastocyst
culture medium were collected on the 5th/6th day. Cellfree DNA secreted on culture medium was amplified using
NICS Sample Preparation Kit (Yikon Genomics), based on
the MALBAC technology. After whole genome amplification,
the DNA was measured using a Qubit 2.0 fluorometer and
subjected to next generation sequencing (NGS) using Illumina MiSeq® platform. The data were analyzed using the
ChromGo® software (Yikon Genomics).
Results: The mean age of the patients was 38±4.08
years with an interval of 20-44 years. The euploid was
diagnosed in 36.4% (80/220) of cases, aneuploidy in
31.3% (69/220), and mosaicism in 32.3% (71/220; with
≥60% aneuploidy) of blastocysts. Mosaic values ranged
from 29.8% to 33.8% in different age groups. Individually, the most frequent chromosomal abnormality was XXY
(Klinefelter Syndrome) occurring in 18 cases, followed by
chromosome 21 (trisomy/monosomy) in 8 cases. The niPGT-A data showed a ≥60% incidence of aneuploid cells in
all cases of chromosomal mosaicism (n=71).
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INTRODUCTION

More than 20 years after the use of invasive preimplantation genetic testing to diagnosis embryonic aneuploidy
(iPGT-A), several problems associated to the efficiency of
this technique are still being discussed (mosaicism, loss
of embryos by biopsy, low clinical effectiveness, etc) and
most of them remain without an adequate solution (Homer, 2019; Gleicher et al., 2018; Gleicher et al., 2020).
Embryonic chromosomal mosaicism is a phenomenon
characterized by two or more genetically distinct cell lineages. Today, we still do not fully comprehend its impact
on implantation and in the developmental potential of embryo (Spinella et al., 2018).
In recent studies, several authors have demonstrated
that mosaic blastocysts hold the potential to implant and
result in the birth of healthy babies without chromosomal
changes (Greco et al. 2015; Fragouli et al., 2017; Munné
et al., 2017a; Spinella et al., 2018).
From a clinical point of view, the iPGT-a effectiveness as
a method for selecting euploidy embryos remains a matter
of controversy. The literature points to a lack of scientific evidence (few randomized quality studies) to assess its
efficiency when confronted, versus the simple evaluation
of embryonic morphology, a parameter traditionally used
since the beginning of “in vitro” fertilization in the embryonic selection process (Orvieto, 2016; Munné et al., 2019).
If these criticisms were not enough, the presence of chromosomal mosaicism in human blastocysts creates significant levels of false positive results, and worst, it causes a real
possibility of discarding healthy embryos. Thus, the clinical
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application of iPGT-A has an imponderable potential for error in the selection process of choosing blastocysts (Greco
et al., 2015; Munné et al., 2017a; Spinella et al., 2018).
Munné et al. (2019) described that all laboratories participating in a randomized study evaluated samples for
mosaicism, but the standard protocol for reporting mosaicism differs between the clinical laboratories: five laboratories reported mosaicism when observed; four laboratories designated samples as ‘‘no aneuploidy detected’’ or
‘‘abnormal’’ depending on whether the found level of mosaicism was below or above, respectively, the set chromosome-specific thresholds. A low-level (10-20% abnormal
cells) mosaic sample would likely be reported as euploidy
by all labs, a 20-50% mosaic may be reported as mosaic
by the former labs and as euploidy by the latter labs, a 5080% mosaic may also be reported as mosaic by the former
labs and as aneuploidy by the latter labs, and a high-level
(80-90% abnormal cells) mosaic would likely be reported
as aneuploidy by all labs.
Then, the iPGT-A efficiency in the selection process for
viable blastocysts could be compromised by mosaicism
identification criteria, since its frequency could vary in the
modern next generation sequencing (NGS / genetic testing
platform) from 2% to 50% (Popovic et al., 2020) or up to
80% (Munné et al., 2017a).
Xu et al. (2016) recently described a noninvasive chromosomal screening (niPGT-A) by obtaining and sequencing free-DNA dripped by blastocysts in the culture medium (without the need of embryo biopsy) creating a new
non-aggressive and elegant perspective to preimplantation
genetic diagnosis.
Therefore, our objective was to study the characteristics of mosaicism chromosome of the human blastocyst,
assessed by niPGT-A, in relation to increase age, as well
as their degree of aneuploidy/euploidy detected by NGS
genetic testing platform.

MATERIALS AND METHODS
Study design and patients

This is a prospective study performed in ten assisted
reproduction centers, carried out from June 1st (2019) to
March 15th (2020) following the rules on Assisted Reproduction of the Federal Medical Board and all couples signed
an informed consent form. All centers had their embryologists submitted to a training process and were validated
for the use of niPGT-A. A total of 94 couples with indication
for niPGT-A due to advanced maternal age, male factor, repeated implantation failures, recurrent abortion or because
they requested genetic diagnosis (niPGT-A) were included
in this work. The couples had no chromosomal karyotypes
abnormalities. A total of 243 samples of spent blastocyst
culture media were collected on the 5th/6th day, and sent
for laboratorial genetic analysis.

IVF Laboratory: Oocyte denudation, embryo
culture

After one hour of retrieval, all oocytes were denudated using hyaluronidase 40UI, for 2-3 minutes. The corona cells were completely removed using a 150µm stripper
to minimize patient contamination and the oocytes were
classified according to their level of maturity. ICSI was
performed in all MII oocytes. After ICSI, embryos were
cultured until blastocyst stage, in single or sequential media, at 37 ºC in an atmosphere containing 6-7% CO2 and
5-20% O2.
On Day 3, the cleaved embryos were re-evaluated for
the complete removal of cumulus cells by washing them
individually for 3 times, to remove any still attached granulosa cells surrounding the embryos. The embryos were
transferred to individual wells, with 20µl medium in GPS
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dishware (SP38-010) under oil and cultured until they
reach blastocyst stage on 5th/6th day, kept in culture for
48 to 96 hours.

Sample collection and blastocyst vitrification

At the moment of medium collection, blastocysts were
morphologically assessment according to Garden’s classification, vitrified and stored in liquid nitrogen. All spent
medium from blastocyst, left in each microdroplet of GPS
dish was loaded into an identified sterile 0.2ml PCR tube,
containing 5µl lysis buffer, using individually stretched pipette. The PCR tubes were stored at -20°C at least 24hrs
before shipping for genetic evaluation. A sample (20µl) of
the medium from one individual well (GPS dish) in which
no embryos were cultured was also collected and used as
the control. During medium collection, all the procedures
were handled under sterile conditions by using flow, mask,
cap, gloves and sterile materials.

Whole
Genome
sequencing

Amplification

and

DNA

The free DNA secreted into the culture medium by the
blastocyst was amplified using NICS Sample Preparation
Kit (Yikon Genomics), based on MALBAC technology. After
whole genome amplification, the DNA was measured using a Qubit 2.0 fluorometer (Thermo Fisher Scientific) and
subjected to NGS using Illumina MiSeq® platform.

Data analysis

ChromGo (Yikon Genomics) software was used to analyze sequencing data and report chromosomal abnormalities. This software allows the evaluation of entire chromosomes, analysis of the short and long arms of each
chromosome, detection of deletion or duplication >10Mb,
in addition to allowing the detection of embryo sex and the
presence of mosaicism.

RESULTS

The mean age of the patients was 38±4.08 with an
interval of 20-44 years. The average number of eggs collected in MII was 6.8±3.9.
The determination of the ploidy levels was carried
out in 220 of the 243 samples submitted to the MALBAC
technology that had enough concentration and quality
of the genomic DNA (integrity and purity). No diagnosis
was detected in 23 samples of the 243 for the following
reasons: 1. Low DNA concentration (10/243=4.1%); 2.
Sequencing failure (12/243=5%); 3. Contamination of
granulosa cells (1/243=0.4%). Euploidy was diagnosed in
36.4% (80/220) of cases, aneuploidy in 31.3% (69/220),
and mosaicism (≥60% aneuploidy) in 32.3% (71/220) of
blastocysts.
Table 1 and Figure 1 show the distribution of chromosomal ploidy by niPGT-A in different age groups: <35 years;
35-37 years; 38-40 years, 41-42 years, >42 years. Table
2 analyzes the percentage of mosaicism, their frequency in the chromosomal abnormalities and distribution in

Figure 1. Relationship between age and chromosomal
ploidy

niPGT-A: age X chromosomal ploidy - Franco Jr, JG.

different age groups. Mosaic values ranged from 29.8% to
33.8% in different age groups. Individually, the most frequent chromosomal abnormality was XXY (Klinefelter Syndrom) occurring in 18 cases, followed by chromosome 21
in 8 cases. Those defined as ‘others’ included the remainder autosomal chromosomes. In addition, the relationship
between X (119/220) and Y (101/220) chromosomes was
54%/46%, with an SR index of 1.17

DISCUSSION

The current understanding of the source of cell-free
DNA in blastocyst culture media is limited. However, we
cannot deny that niPGT-A can detect genomic DNA, not
only from the trophectoderm cells but also from the inner
cells mass (ICM) of the blastocyst. Although, the precise
contribution of each of these cell groups to the final concentration of free DNA is difficult to assess. In addition, it
would be worth remembering that iPGT-A determines the
genetic status by analyzing a few cells of the trophectoderm, which in essence would give origin to the chorion
and the placenta. On the other hand, niPGT-A could also
inform the genetic composition of the ICM cells, consequently with genetic information about the future fetus
(Taylor et al., 2014).
In 1999, Hardy said that cell death is a widespread feature in the blastocysts of many mammals. Isolated cells of
both the ICM and the trophectoderm undergo cell death.
These dying cells appear morphologically to be undergoing apoptosis. The role of cell death in development is
unknown, but could involve the elimination of abnormal
cells, or a lineage of cells with an inappropriate developmental potential. Studies in different organ systems have
demonstrated that cell death is regulated by the activity of
apoptosis genes. Theoretically, the apoptosis process could
be the main source of production of free-DNA collected
for niPGT-A execution. The percentage and speed in the
elimination of abnormal cells (self correction) can be analyzed with certain ploidy characteristics of embryos. In
the same line of thought, Bolton et al. (2016) showed in a
mosaic mouse model that both aneuploid and euploid cells
from the ICM, as well as from the trophectoderm, undergo apoptosis. In addition, these investigators showed that
a higher percentage of cells from ICM became apoptotic
compared with trophectoderm cells regardless they were
aneuploid (41.4% vs. 3.3%) or euploid (19.5% vs. 0.6%).
Our niPGT-A data (Table 1) showed that the incidence of
cases labeled as chromosomal mosaicism (n=71) did not
vary significantly in relation to age but it has a high degree
of aneuploidy, all cases with values ≥60% of aneuploidy
cells. From a scientific point of view, it would always be advisable to describe the threshold level of aneuploidy in the
group of mosaic embryos. A simple classification for mosaicism in niPGT-A can be recommended according to which
chromosome is involved and the level of aneuploidy: 1)

Lower (<30% aneuploidy cells); moderate (≥30% - <50%
aneuploidy cells) and higher (≥50% aneuploidy cells) for
chromosomes 13, 16, 18 and 21; 2) Lower (<40% aneuploidy cells); moderate (≥40% - ≤60% aneuploidy cells)
and higher (>60% aneuploidy cells) for all other chromosomes. This would greatly facilitate a future process of
mosaicism comparative analysis. In addition, it should be
mandatory to describe the genetic platform of the test and
its respective cut-off for each chromosome analyzed.
However, Kushnir et al. (2018) related no significant differences in ongoing pregnancy or miscarriage rates among
mosaic embryo transfers in the iPGT-A at any threshold
of aneuploidy. Based on area under the curve (receiver
operating curves), the trophectoderm biopsies predicted
ongoing pregnancy for euploid, as well as mosaic embryos, in a range of 0.50 to 0.59 and miscarriage in a range
from 0.50 to 0.66. Similarly, Victor et al. (2019a) related
that the degree of mosaicism in the iPGT-A should not be
used to prioritize mosaic embryos selection, because when
analyzing the data using two different cut-offs, low (20%
- <50%) versus high (≥50% - 80%) degree of mosaicism,
the differences in relation to pregnancy outcomes between
groups were not statistically significant.
On the other hand, Rubio et al. (2019) related the
follow-up data on a subset of patients after single embryo transfer performed according to iPGT-A results and
compared the clinical outcome retrospectively according
to niPGT-A evaluation. Interestingly, ongoing implantation rates were three times higher when both iPGT-A
and niPGT-A were euploid than when euploid iPGT-A
was paired with aneuploidy niPGT-A (52.9% vs. 16.7%,
respectively), indicating that embryonic free-DNA (niPGT-A) might open a new avenue for the understanding
of embryo ploidy.
Recently, Fang et al. (2019) and Olcha et al. (2020) used
niPGT-A with a methodology similar to that used in this
study to analyze 170 and 1,480 blastocysts and reported a
total percentage of chromosomal mosaicism of 20.5% and
32.6%, respectively. Unfortunately, the degree of mosaicism was not described, this fact precluded any comparative analysis with our data.
It would not be a simple task to compare the chromosomal mosaicism data by niPGT-A versus those obtained
through iPGT-A. Mosaic values in iPGT-A ranged from 2%
to 50% (Orvieto et al., 2016; Huang et al., 2017; Popovic et al., 2018; Chuang et al. 2018; Tsuiko et al., 2018:
Lawrenz et al., 2019; Victor et al., 2019b), even with the
use of the NGS platform and relatively similar populations.
Munné et al. (2017b) using iPGT-A observed that unlike
aneuploidy of meiotic origin, the incidence of chromosomal
mosaicism (probably originated by mitotic errors) does not
change with advancing age affecting 30% of embryos in
the blastocyst stage. These data are very similar to those
found in this study using niPGT-A.

Table 1. Distribution of chromosomal ploidy according to age rate
Spent culture
medium
(n=220)

Euploidy

Aneuploidy

(n=80)

(n=69)

Mosaicism*
Aneuploidy/Euploidy
(n=71)

<35 years

47

24 (51.1%)

9 (19.1%)

14 (29.8%)

35-37 years

32

14 (43.8%)

8 (25.0%)

10 (31.2%)

38-40 years

77

26 (33.8%)

25 (32.4%)

26 (33.8%)

41-42 years

45

12 (26.7%)

18 (40.0%)

15 (33.3%)

>42 years

19

4 (21.0%)

9 (47.4%)

6 (31.6%)

*Mosaics with ≥60% aneuploid cells
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Table 2. Mosaicism and chromosomal abnormalities in different age groups
<35 years

35-37 years

38-40 years

41-42 years

>42 years

Mosaicism*
(n=71)

14

10

26

15

6

Chr 18
(n=6)

2
(14.3%)

1
(10%)

1
(3.8%)

1
(6.7%)

1
(16.7%)

Chr 21
(n=8)

1
(7.1%)

0
(0%)

4
(15.4%)

2
(13.3%)

1
(16.7%)

Chr X0
(n=2)

0
(0%)

0
(0%)

2
(7.7%)

0
(0%)

0
(0%)

Chr XXY
(n=18)

4
(28.6%)

2
(20%)

11
(42.3%)

1
(6.7%)

0
(0%)

Chr Y0
(n=4)

2
(14.3%)

0
(0%)

0
(0%)

2
(13.3%)

0
(0%)

Chr 14
(n=2)

0
(0%)

1
(10%)

1
(3.8%)

0
(0%)

0
(0%)

Chr 15
(n=5)

1
(7.1%)

1
(10%)

2
(7.7%)

1
(6.7%)

0
(0%)

Chr 16
(n=3)

1
(7.1%)

0
(0%)

0
(0%)

1
(6.7%)

1
(16.7%)

Chr 22
(n=3)

0
(0%)

1
(10%)

0
(0%)

1
(6.7%)

1
(16.7%)

Chr Others
(n=20)

3
(21.5%)

4
(40%)

5
(19.3%)

6
(40%)

2
(33.3%)

*Mosaicism with ≥60% aneuploid cells
Note: We did not have mosaics for chromosome 13

In addition, our data showed that sex chromosome
abnormality is the most frequent alteration in mosaic form
assessed by niPGT-A (Table 2). The chromosomal pattern
of Klinefelter syndrom (XXY, 18 cases; 18/71=25%) had
the highest incidence. This should not be seen as a surprise once Klinefelter syndrom is the most frequent chromosome disorder in males (1:650 newborn males). Furthermore, our data report an incidence of approximately
32% of chromosomal mosaicism in human blastocyst established by niPGT-A using the NGS platform and the cutoff adopted by the software from Yikon Genomics. The high
degree (≥60%) of mosaicism in all the embryos analyzed
could be hypothetically linked to niPGT-A sensitivity in detecting the self-correction phenomenon of chromosomal
abnormalities in the ICM.
Finally, euploidy levels had a negative correlation with
increasing age and aneuploidy levels had a positive correlation with it. This is the first report in the literature to relate
chromosomal ploidy in blastocysts using niPGT-A versus increasing patient age. Thereby, a careful interpretation of the
phenomenon of mosaicism established by ni-PGT-A should be
a priority to avoid the discard of potentially normal embryos.
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