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Abstract
Introduction In order to investigate the dynamics of genomic
alterations that occur at different developmental stages in
vitro, we examined the chromosome content of human pre-
implantation embryos by molecular-cytogenetic techniques at
the single-cell level, up to 13 days post fertilization.
Methods The embryos were genetically analyzed several
times during their development in culture; each embryo was
first analyzed by FISH at ‘Day 3’ post fertilization, than
during its growth in vitro and the third analysis was performed
at development arrest, then the entire blastocyst was analyzed
by comparative genomic hybridization (CGH/aCGH).
Results We found that while on ‘Day 3’ only 31 % of the
embryos were detected as normal, on ‘Day 5–6’, 44 % of the

embryos were classified as normal and on ‘Day 7’, 57 % were
normal. On ‘Days 8–13’, 52 % of the embryos were classified
as chromosomally normal. One third of the embryos that were
chromosomally abnormal on ‘Day 3’, were found to be nor-
mal at development arrest point.
Discussion These dynamic changes that occur at early de-
velopmental stages suggest that testing a single blastomere
at ‘Day 3’ post fertilization for PGD might inaccurately
reflect the embryo ploidy and increase the risk of false
aneuploidy diagnosis. Alternatively, blastocyst stage diag-
nosis may be more appropriate.
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Introduction

Chromosomal abnormalities of preimplantation embryos,
mainly until the 8-cell stage, have been the subject of
cytogenetic study for a long time. Molecular cytogenetic
analysis of interphase nuclei by fluorescent in situ hybridi-
zation (FISH) has shown that a large number (35–70 %) of
human embryos exhibit chromosomal abnormalities and
mosaicism in vitro at these early developmental stages
[4, 50]. However, FISH has technical limitations which
might influence the interpretations of the findings. The
adaptation of comparative genomic hybridization (CGH)
to single cells has allowed the study of the full karyo-
type of blastomeres [48, 49], thus identifying the true
level of aneuploidy. In that spirit, SNP array analysis,
conducted on day 4 embryos, showed that up to 91 %
of preimplantation embryos have mosaicism [47].

These abnormalities may arise from an error during meio-
sis, resulting in a uniform abnormality present in all cells, or
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occur during the first three mitotic divisions. These first three
mitotic divisions are believed to be without full cell cycle
control, leading to chromosomal mosaicism, which defined
as the presence of two or more karyotypically distinct cell
lines within the same embryo [10, 26, 37].

In spite of the high frequency observed in preimplanta-
tion embryos, a low percentage of aneuploidy is found in
recognized pregnancies (4 %) and at term birth (0.3 %) [20].
Therefore, it seems that the majority of mosaic embryos
disappear, due to either a selection against mosaic embryos
(hence, developmental arrest), or to selection against abnor-
mal cells within the embryo (hence, ‘normalization’) [32].

Studies conducted in recent years examined the chromo-
somal content of cleavage stage embryos in order to decipher
the fate of mosaic embryos.Most of the researchers used FISH
techniques and found a decrease in the incidence ofmosaicism
and aneuploidy between day 3 and day 6 preimplantation
embryos [5, 30]. However, FISH has technical limitations,
and only a limited part of the genome (which is homologues to
the probes regions) can be analyzed this way.

Fargouli et al. [15] combined FISH and CGH techniques
and found a decrease in the aneuploidy rate in day 5–6
blastocysts. Their conclusion was, that the blastocyst stage
does not represent an absolute selective barrier, leading to
the possibility that chromosomal changes can occur after
this point.

There is limited data on the cytogenetic condition of
embryos after day 6; there are only few published papers
that studied embryos after day 6, all of which used only
FISH; Santos et al. [43] have recently studied day 4, 5 and
8 embryos and Munne’ et al. [38] examined self correction
of day 12 embryos. These studies reached different conclu-
sions and proposed arrested development and chromosome
self-normalization, respectively, as the mechanism in
embryo development.

In order to better understand the genomic variation and
development, it is essential to study the genomic content of
the embryos for a longer period and at later stages, especial-
ly with the use of full karyotype techniques which are
available today.

The aim of this study was to follow the embryo develop-
ment from a molecular cytogenetic point of view, and to test
whether the chromosomal status is consistent through its
development, and if changes do occur, to examine at what
developmental stage they appear. In order to address genomic
variation occurring at later developmental stages, we surveyed
aneuploidy/polyploidy in the human preimplantation embryo
by FISH at the single-cell level and aneuploidy at the blasto-
cyst level by CGH and microarray CGH (aCGH).

Here we report a detailed examination of one hundred
human embryos that were genetically analyzed several times
during their development in culture. Information obtained
from studying preimplantation embryos may change the

current approach in clinical assessments of preimplantation
diagnosis.

Materials and methods

Donated embryos

Embryos were donated by 22 couples undergoing IVF +
PGD (nineteen translocation carriers, three recurrent
abortions), at the In-Vitro Fertilization (IVF) unit in
Sheba Medical Center. The women ranged in age from
25 to 42 years (mean ± SD of 34±4.1 years). A total of
100 embryos found to be abnormal by FISH-PGD
according to signal scoring criteria (see FISH section),
were donated. The use of these embryos for this study
was approved by the ethics committee for genetic test-
ing in Israel and all couples signed a written informed
consent.

Ovarian stimulation, oocyte retrieval and IVF proce-
dures, including assessment of embryo morphology, were
performed as previously described [21], without special
modifications for this study.

Each embryo was first analyzed by FISH at ‘Day 3’ post
fertilization, again through its growth in vitro (not all em-
bryos were sampled at all time points) and last analysis was
performed at developmental arrest, at which time the entire
blastocyst was analyzed by CGH. Figure 1 summarizes the
experimental design.

During the course of this study, we studied the aneuploi-
dy rates of 100 human embryos at different stages of early
development using FISH and CGH.

a. The embryos were reanalyzed for aneuploidy using
FISH probes on the same cell used for IVF-PGD
“‘Day 3’ embryos”.

b. The embryos were divided into two groups -

1. Dismantled and immediately fixed ‘Day 4’ embryos
(19 embryos) – all cells examined by FISH.

2. Cultured embryos (81 embryos) - tested by FISH
during development and tested by CGH at develop-
mental arrest.

Ten embryos were transferred to MEFs for further growth;
thirteen embryos were collected at ‘Day 6’ and examined by
aCGH. The rest (n=58 embryos), were cultured in sub-
sequetial medium. Figure 2 summarizes the survival rate of
these embryos in culture.

‘Day 3’ embryos

‘Day 3’ (post fertilization) embryos underwent blastomere
biopsy using a micromanipulation system (Narashige,
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Japan) fitted on an inverted microscope (Diaphot 300,
Nikon, Japan). A laser system (ZILOS-tk, Hamilton
Thorne) was used for dissection of the zona pellucida
prior to biopsy. A single blastomere was removed from
each embryo. After the manipulation, embryos were
returned to the culture media. The biopsied blastomeres
were fixed on a glass slide using 3:1 Acetic acid-
Methanol solution (Merck KGaA, Darmstadt, Germany)
and were used for the IVF-PGD analysis. After this
analysis, the slides were washed and analyzed with the
research probes, for ‘Day 3’ analysis (FISH section).

‘Day 4’ embryos

Out of the 100 embryos donated for this study (found to be un-
transferable by FISH-PGD), 19 ‘Day 4’ embryos were dis-
mantled and immediately fixed on slides (for fixation of whole

embryos on slides see section “Fixation of blastomeres and
embryos”). The number of blastomeres per embryo was
counted, and all nuclei were analyzed by FISH. The remaining
embryos (n=81), were cultured for further cytogenetic anal-
ysis. All embryos were grown in standard embryo cul-
ture condition that has been described previously [21].

Embryo culture

On day 5–6, 18 embryos have self-arrested and were
collected to PCR tubes for CGH analysis. Four embryos
degenerated in this process, could not be collected and
were not analyzed. Embryos that were still developing
were biopsied on ‘Day 5–6’. One to two cells per
embryo were fixed on slides for FISH analysis using
the same procedure described for ‘Day 3’ embryo’s
biopsy.

Day 3 
embryos non transferable

Day 4 

Day 7-10  

Day 5-6 

Day 13  

19 embryos immediately fixed 81 embryos were transferred to Culture 

18 embryos arrested and  
 analyzed by CGH (15)

46 embryos biopsed & 

36 embryos arrested and  

10 embryos (human  
cells) analyzed by  

to continues culture to MEF

100

4 Degenerated

13 embryos analyzed  
by aCGH (13) 

and reanalyzed by FISH (83)

and analyzed by FISH (16)

transferred (25)

CGH (4)

analyzed by CGH (29) 

Fig. 1 Flow diagram
summarizing the experimental
design. Each embryo was first
analyzed by FISH at ‘Day 3’
post fertilization, again through
its growth in vitro (not all
embryos were sampled at all
time points) and last analysis
was performed at
developmental arrest. Numbers
in brackets represent embryos
with complete results

Fig. 2 Summary of the
survival of embryos in culture
(by days)
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After biopsy, these developing embryos were cultured as
followed:

36 embryos were returned to the culture until self-arrest
(days 7–10), then they were collected and analyzed by
CGH.
13 embryos were collected and analyzed by microarray
CGH (aCGH) in order to compare between CGH and
aCGH.
10 randomly selected embryos were plated onto mouse
embryonic fibroblast cells previously mitotically
inactivated by mitomycin C on gelatin-coated tissue
culture dishes. The embryos were cultures in this sys-
tem until day 13, and then collected and analyzed by
CGH.

Preparation of cells for FISH and CGH

Fixation of blastomeres and embryos

Nuclei were fixed on slides using 3:1 Acetic acid-Methanol
solution (Merck KGaA, Darmstadt, Germany). The fixed
nuclei were prepared for FISH by dehydration in fresh
70 %, 80 %, and 100 % ethanol (BioLab ltd., Jerusalem,
Israel) for 2 min each at −20 °C.

PCR and whole genome amplification

Blastocysts were aspirated into a polymerase chain reaction
(PCR) tube for genomic DNA amplification:

For the purpose of CGH analysis: PCR tubes contained
3.5 μL PBSx1 (Repli-g midi kit, QIAGEN GmbH, Hilden,
Germany). Isothermal DNA amplification method with 29
DNA polymerase was used (Repli-g midi kit, QIAGEN
GmbH, Hilden, Germany) as described in the manufac-
turers’ manual. The isothermal amplification was performed
at 30 °C for 16 h and the reaction was stopped upon
incubation at 65 °C for 3 min.

For the purpose of aCGH analysis: PCR tubes contained
2.5 μL PBSx1 (Rubicon Genomics, Inc. Ann Arbor, MI,
USA).

Rubicon PicoPlexTM WGA method was used. Thermal
cycling library preparation followed by universal-primer
PCR, with redundant utilization of template molecules. To
determine the success of the amplification, 5 μl of the
products were analyzed on a 2 % agarose gel.

Fluorescent in situ hybridization (FISH) and interpretation

FISH analysis was performed following the manufacturer’s
instructions and was described previously [13]. FISH analysis
took place using three sequential hybridizations. Cycle 1:
Specific probes for chromosomes 12, 16, 17 labeled with three

different fluorochromes; Cycle 2: Specific probes for chromo-
somes 18, X, Y labeled with three different fluorochromes;
Cycle 3: Specific probes for chromosomes 13, 21 labeled with
two different fluorochromes. All probes used during this study
were commercial probes, used also for clinical purposes
(Abbott Molecular, AbbotPark, IL, USA) and summarized
in Table 1. The protocol used was previously described [3].

Signal scoring was performed according to stringent
criteria: blastomeres were scored as “normal status” if FISH
clearly indicated two separate signals for each probe, while
unbalanced blastomere showed deviation from the ‘normal’
signal pattern [36]. Two signals represent two homolog
chromosomes when their distance apart was at least two
domain diameters [39]. Two signals that are less than two
domains apart are considered as one duplicated signal and
represent a single homolog chromosome. Chromosomes
involved in the translocation were naturally excluded from
this embryo’ aneuploidy screening.

We classified blastomeres as normal (nuclei showing the
normal amount of signals for the chromosomes investigated),
or abnormal.

All nuclei from ‘Day 4’ embryos were immediately fixed
and analyzed by FISH. To distinguish between true aneuploi-
dy and FISH artifact, embryos were classified as normal
if >90 % of nuclei exhibited normal number of signals. Em-
bryos were classified as aneuploid if >90 % of nuclei showed
the same abnormality. Embryos were classified as mosaic, if
they had cells with either a normal or an abnormal chromo-
somal constitution, and in which 10 to 90 % of the cells
showed the same chromosomal abnormality. When almost
all the cells showed different and complex chromosomal
abnormalities they were classified as “Chaotic embryos”.

Comparative Genomic Hybridization (CGH), image
analysis and interpretation

The CGH protocol employed for the analysis of the blasto-
cysts has been validated and described in detail previously

Table 1 FISH probes used in this study. All probes came from Abbott
(see Fluorescent in-situ hybridization section)

Chromosome Locus Probe name

12 12p11.1–q11 CEP 12 (D12Z3)

13 13q14 LSI 13

16 16q11.2 CEP 16 (D16Z3)

17 17p11.1–q11.1 CEP 17 (D1721)

18 18p11.1–q11.1 CEP 18 (D18Z1)

21 21q22.13–22.2 LSI 21 ()

X Xp11.1–q11.1 CEP X (DXZ1)

Y Yp11.1–q11.1 CEP Y (DYZ3)
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[27]. As reference DNA, isolated amniotic cells from
normal pregnancies were used (tested by g-banding to
have 46, XY karyotype). These cells underwent the
same amplification as used for the blastocystes. Test
and reference DNAs were labeled by nick translation,
according to the manufacturer’s instructions (Nick trans-
lation kit; Abbott). Co-precipitation of test and reference
DNAs, their denaturation, along with that of the slides,
and the post-hybridization washes all were conducted as
described previously [23]. Digital image analysis was
used to facilitate the identification of chromosomal re-
gions with abnormal fluorescence ratios. Images of the
hybridized metaphases were evaluated as previously
published [23], with a detection resolution ≥5 Mb [28].

Microarray CGH (aCGH)

Amplification products were processed according to the
BlueGnome 24sure + protocol (available at www.cytochip.com)
and that was previously described [14].

Statistical analysis

Since not all embryos were tested for equal number of
probes (due to chromosomes involved in translocations),
spearman correlation test was applied to compare samples
with different number of variables.

All statistic analyses were done using SPSS, with
p-value≤0.05 considered significant.

Results

FISH results

Reanalysis of ‘Day 3’ embryos

A total of 100 blastomeres, representing 100 ‘Day 3’ embryos,
were reanalyzed after PGD results were obtained. These em-
bryos were found not suitable for transfer according to their
PGD indication. Cells were analyzed in two-three se-
quential sets of FISH probes, therefore in some cases
the fluorescent signal diminished and the cell couldn’t
be analyzed. Complete FISH results were obtained for
83 embryos (83 %).

The results demonstrated that 27 embryos were normal
(32.5 %), 11 were trisomic (13.2 %), 20 were monosomic
(24.1 %), 19 embryos (22.9 %) had aneuploidy in more than
one chromosome, 5 embryos (6.0 %) had abnormality in the
sex chromosomes and one (1.2 %) was haploid [data
presented in Tables 2 and 3].

As presented in Table 2 and Table 3, not all embryos
were tested for the same number of probes (due to their

specific chromosomes involved in the translocations).
Therefore, spearman correlation test was applied and veri-
fied that the number of probes analyzed didn’t have an effect
on the aneuploidy rate in that embryo (r=0.2).

Analysis of ‘Day 4’ embryos (mosaic screening)

In order to assess the chromosomal constitution, aneu-
ploidy rate and incidence of mosaicism of preimplanta-
tion embryos, ‘Day 4’ embryos (n=19) were dismantled
and fixed on slides. Full analysis was obtained for 16
‘Day 4’ embryos, with a total of 194 blastomeres that
were studied (Table 2). An average of 12.1 cells was
analyzed for each embryo. Results are summarized in
Table 2. Of the 16 embryos successfully analyzed by
FISH, three (18.8 %) were composed of normal cells,
ten embryos (62.5 %) were classified as mosaic, two
embryos were composed only from abnormal cells
(12.5 %) and one was chaotic (6.2 %). The number of
analyzed cells was variable between the embryos but
did not have significant statistical difference. For em-
bryos classified as mosaic, the average percentage of
chromosomally abnormal cells (per embryo) was 40 %
(range 13–66 %).

Analysis of continuous developing embryos

Forty six embryos have continued to develop in culture
beyond ‘Day 5/6’; In order to assess their chromosomal
constitution, they underwent biopsy of 1–2 cells at ‘Day
5/6’ and afterwards were returned to a culture medium
until self-arrest. FISH was applied with eight probes and
full results at this stage were obtained for 54.3 % of the
embryos (n=25). 44 % of them were euploid for all
tested chromosomes, 12 % were trisomic and 20 %
were monosomic. Thirteen embryos had FISH results
for more than one cell, 38.4 % of them showed mosaic
aneuploidy.

CGH results

Analysis of ‘Day 5/6’ embryos by chromosomal
and microarray CGH

A total of 31 embryos were collected at ‘Day 5/6’ and
analyzed, either by CGH or microarray CGH (eighteen
embryos reached developmental arrest at ‘Day 5/6’ and
were analyzed by CGH; thirteen were collected at ‘Day 6’
and analyzed by aCGH).

Results were obtained for 28 embryos (90.3 %) and
are summarized in Table 4. Overall, 53.6 % of the
embryos studied at ‘Day 5/6’ were found to be euploid.
No statistically significant difference was found between
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the group of embryos studied by conventional CGH and
the group of embryos studied by array (P>0.05), indi-
cating no differences between these two methods.

Microarray results of all 13 embryos are presented as
ideograms in supplementary data (Supp. 1). Figure 3 is an
example for an abnormal array CGH result.

Analysis of ‘Days 7–13’ embryos

Each embryo that reached developmental arrest in cul-
ture was collected and analyzed by chromosomal CGH.
Results were obtained for 33 embryos (71.7 %) and are
summarized in Table 3. 14 ‘Day 7’ arrested embryos
were collected and eight of them (57.1 %) were found
to be euploid. 14 embryos that were arrested between
‘Day 8’ and ‘Day 10’ were collected, eight of them
(57.1 %) were found to be euploid. Five embryos were
collected at ‘Day 13’ (which were grown on MEFs),
two (40 %) were normal. All other embryos exhibited
stochastic aneuploidies as detailed in Table 3. Changes
were observed in almost all chromosomes. Figure 4
exhibits the frequency of each chromosome involvement
in the aberrations (aCGH and chromosomal CGH). The
median of chromosomes involved in an aneuploid em-
bryo is one (range 1–6), meaning that 50 % of the

aneuploid embryos had a single chromosomal aberration
(Fig. 5).

Comparison between ‘Day 3’ diagnosis (based on a single
cell) and ‘Day 4’ diagnosis (based on findings of the entire
embryos)

The goal of this comparison was to determine the prediction
rate of ‘Day 3’ PGS analysis (that is based on one cell
diagnosis) on the entire embryo status. Since ‘Day 3’
analysis is based on one cell diagnosis, there are only
two options for classification – either the embryo is classi-
fied as normal or abnormal. At ‘Day 4’ analysis there are
three options for classification of the embryo – normal,
abnormal and mosaic. Prediction was considered as “true”
when either both results were normal or abnormal, or when
‘Day 3’ result was abnormal and ‘Day 4’ result was mosaic
(since it also classifies the embryo as abnormal).

Sixteen embryos had both ‘Day 3’ (one cell analysis)
and ‘Day 4’ results (average of 12.1 analyzed cells per
embryo). Table 5 exhibits the comparison of the results
for each embryo; overall, ‘Day 3’ one cell FISH diag-
nosis predicted correctly (“true”) only 62.5 % of the
cases. According to these findings, there is a 20 %
chance for biopsy of diploid cell while the embryo is

Table 2 FISH results of ‘Day 4’
embryos, in comparison to their
‘Day 3’ results. Aneuploidy
screening was done with the use
of probes for chromosomes 12,
13, 16, 17, 18, 21, X and Y. In
brackets noted the percent of
abnormal cells in the tested
embryo

*When PGD indication involved
one of the research probes, this
probe was not tested for aneu-
ploidy. In the results column,
only unbalanced chromosomes
are mentioned

2n – normal diploid for the
tested chromosomes;

CEP – centromeric probe;
NR- no results

Embryo
no.

PGD
indication

‘Day 3’ FISH results for
aneuploidy screening* one
cell analysis

Day 4 FISH analysis-Analysis of the entire embryo

No. cells
analyzed

FISH interpretation
(%abnormal cells)

1 PGS 2n 15 Mosaic, XX (66 %)

2 PGS 2n 22 Mosaic, XY (59 %)

3 PGS 1x13q14, 1xCEP 18 4 46,XX (0 %)

4 PGS 2n 9 Mosaic, XX (55 %)

5 PGS 2xCEP X, 1xCEP Y 21 Abnormal (91 %)

6 PGS 1x21q22 5 46, XX (0 %)

7 PGS 1xCEP 18 9 Mosaic, XX (55 %)

8 t(13;14) 1xCEP 16 13 Mosaic, XY (46 %)

9 t(13;14) 2n 11 46, XY (9 %)

10 t(13;14) 1xCEP 18 ✘ NR

11 t(13;14) 1xCEP 18 ✘ NR

12 t(13;14) 3xCEP 17 6 Mosaic, XX (33 %)

13 t(13;14) 3xCEP X 15 Mosaic, XX (13 %)

14 t(13;14) 1xCEP 18 ✘ NR

15 t(15;21) 2n 7 Mosaic, XY (43 %)

16 t(15;21) 1xCEP 16, 1xCEP 17 20 Mosaic, XY (15 %)

17 t(15;21) 3x13q14 13 Abnormal, XX, 3*13 (100 %)

18 PGS 3xCEP X, 3x21q22 10 Mosaic, XX (20 %)

19 PGS 2xCEP X,1xCEP Y,1x13q14 14 Chaotic+(X, 18, 13, 21), (81 %)
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mosaic and a 43 % chance for biopsy of aneuploid cell
when the embryo is in fact mosaic.

Comparison between genetic status of ‘Day 5/6’ embryos
analyzed by CGH/aCGH, and their ‘Day 3’ results

24 Embryos had both FISH results at ‘Day 3’ and CGH/aCGH
results at ‘Day 5/6’. Comparison between results shows that
out of the 24 embryos with both analyses, ten were abnormal
at both stages (42 %, some gained other changes that weren’t
detected by FISH), five were normal at both analyses (21 %)
and seven embryos (29%)were found to be aneuploid at ‘Day
3’ analysis and euploid at ‘Day 6’ analysis.

Comparison between genetic status of ‘Days 7–13’ embryos,
analyzed by CGH, their ‘Day 3’ and ‘Day 5/6’ results

Results at ‘Day 3’ (one cell) and at developmental arrest
(blastocyst, days 7–13) were obtained for 29 embryos.
58.6 % showed consistent results (n=17). 37.9% (n=11)
were classified as abnormal on ‘Day 3’ and as normal at
arrest point.

Out of these 11 embryos: nine (81.8 %) had results at an
intermediate stage (‘Day 5/6’ during development). 55 % of
them showed the change from the first analysis to the
second analysis and the rest showed the change only at the
arrest point.

Table 4 Analysis results of
‘Day 5/6’ embryos by CGH and
microarray CGH. Embryos were
divided to three groups
according to their results: (a)
normal euploid embryos; (b)
embryos carrying single
chromosomal aberration; (c)
embryos carrying more than one
aberration

Analysis
Method

Number of
analyzed
embryos

Number of
embryos with
full results

‘Day 5/6’ results

Normal euploid Abnormal

Single chromosomal
aberration

Chromosomal
aberration>1

CGH 18 15 53.3 % (8) 33.3 % (5) 13.3 % (2)

Array CGH 13 13 53.8 % (7) 30.8 % (4) 15.4 % (2)

Total 31 28 53.6 % 32.1 % 14.3 %

Fig. 3 Example of array-CGH result from a ‘Day 6’ embryo [sample number 90, Table 3, t (10;18)]. In addition to the unbalanced translocation, the
microarray analysis also shows a single copy loss of the entire chromosomes 16 and 22

642 J Assist Reprod Genet (2013) 30:633–648



Summary of results

Overall, total of 100 human embryos were tested for aneu-
ploidy during their development in culture. Comparison of
aneuploidy levels was conducted at different time points and
using different methods. In addition, the mosaic phenome-
non was examined.

Genetic status obtained at different days after fertilization
have demonstrated that the prediction rate of the embryo
status from ‘Day 3’ analysis is only 62.5 %.

Overall, 35.5 % of the embryos that were classified as
abnormal at ‘Day 3’ were found to be euploid at later stages
(20 out of 69 embryos) and therefore, their ‘Day 3’ diagnosis
was misleading.
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Almost two thirds of the embryos (62 %) that were found
to be trisomic at ‘Day 3’ analysis (in one chromosome) were
found to be euploid at developmental arrest compared to
81 % of the embryos with monosomy at ‘Day 3’ analysis.

Figure 6 exhibits the percentage of euploid embryos at
different days post fertilization. It is notable that ~52 % of
all tested embryos at developmental arrest were euploid.
According to our findings, 6 days after fertilization the
‘self-correction’ rate is 29 % and 7–13 days after fertiliza-
tion the ‘self-correction’ rate is 38 %. If analyzed day by
day, normalization mostly occurs until 7–8 days post
fertilization.

Discussion

The present study deciphers the genetic status of 100 human
IVF embryos throughout their development in culture, up to
13 days post fertilization. We found that while in early
developmental stages, a significant number of embryos
exhibit aneuploidy (or mosaicism), towards the blastocyst
stage and even beyond that stage, the portion of euploid
embryos rises. Even though a study based on 100 embryos
is not sufficient to reach final conclusions, it certainly gives

a direction and creates a strong foundation for additional
research in this field.

Cleavage stage embryos have been the subject of many
studies over the years, and thus, there is a lot of information
about them. However, there is a lack of information regarding
the fate of these embryos at post implantation stages. We
performed whole genome analysis of embryos through their
development in culture, by combining several advanced
molecular cytogenetic methods, which provided unique
insight into the chromosome dynamics of embryos at different
stages of pre-implantation development.

Our results indicate that chromosomal changes are fre-
quent phenomena, documented in early developing stage
embryos with the use of FISH, chromosomal CGH and
array CGH. These data present evidence for ‘normalization’
of some of the chromosomally abnormal embryos to euploid
embryos, occurring after the blastocyst stage.

High levels of mosaicism at ‘Day 4’ embryos

In this study we examined in vitro embryos, as in vivo
conceived cleavage embryos are not available for research
and embryos lost after the first week(s) of pregnancy are
currently unattainable. Therefore, the embryos used in this
study are the best available representation of early develop-
ing human embryos.

Consistent with previous findings, our FISH results of
human ‘Day 3’ IVF embryos demonstrate that only ~30 %
of the embryos are euploid for all tested chromosomes.
Numbers are variable between different studies (that used
FISH strategy of single cell biopsy but with different num-
ber of tested chromosomes), reaching up to 80 % of aneu-
ploid ‘Day 3’ embryos [12, 51]. This, however, is based on
the assumption that the biopsied cell represented the entire
embryo. The growing number of reports about mosaicism at
early stage embryos raises doubts regarding this assumption
[10, 34].

Table 5 Prediction rate of ‘Day 3’ PGS analysis (based on one cell
diagnosis) on the entire embryo status at ‘Day 4’. Prediction was
considered as “true” when either both results were normal or abnormal,
or when ‘Day 3’ result was abnormal and ‘Day 4’ result was mosaic
(since it also classifies the embryo as abnormal). “True” predictions are
marked in the highlighted squares

‘Day 3’ diagnosis
(Single cell
analysis)

‘Day 4’ diagnosis (Average of 12.1 cells)

2n Mosaic Abnormal

2n 6.3 % 25 % 0 %

Abnormal 12.5 % 37.5 % 18.7 %
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Indeed, when tested for mosaicism at ‘Day 4’, a great
portion of the embryos in our study was mosaic (62.5 %),
with 13–66 % aneuploid cells within the embryo. Other stud-
ies that tested ‘Day 4’ embryos that used techniques such as
FISH or array based methods, reported similar levels of mo-
saicism [42, 47]. A meta-analysis of studies on the chromo-
somal constitution of human pre-implantation embryos,
conducted recently by Van Echten-Arends et al. [46], exam-
ined 815 embryos and found that 73 % of them were mosaic.

The mosaic phenomenon is considered a major contribu-
tion in the process of embryos development. Several mech-
anisms may be involved in aneuploidy mosaicism. The most
investigated one is “anaphase lag” [8] but chromosome
duplication or postzygotic nondisjunction may also lead to
chromosome loss or gain in the daughter cells [11].

The high prevalence of mosaic embryos can be interpreted
in several ways. One option is that chromosomal mosaicism is
a casual biological phenomenon in developing embryos with
no or limited relevance to embryo survival [22]. Another
possible explanation is that chromosome self-normalization
occurs during development in chromosomally abnormal em-
bryos, perhaps by cell arrest, apoptotic pathway or trisomic
rescue. Supporting the latter is the fact that examination of
human embryos genome at later developmental stages, as we
conducted here, revealed higher rate of chromosomally
normal embryos.

Our work compared ‘Day 3’ and ‘Day 4’ FISH results of
the same embryo. The results emphasize the problematic
issue of pre-implantation genetic screening (PGS), as the
prediction rate of aneuploidy from a single cell to the entire
embryo was only 62.5 %. We found that FISH diagnosis
based on single ‘Day 3’ blastomere was not predictive
enough of the subsequent chromosomal status of the devel-
oping embryo. According to our finding, and base on other
recent studies [18, 52], it seems inevitable that PGS at ‘Day 3’
with the use of FISH is problematic as there are major obsta-
cles such as chromosomal mosaicism and incomplete analy-
sis. Therefore, other analysis methods (polar body and/or
trophectoderm analysis using 24 chromosome microarrays)
should be highly considered.

‘Normalization’ of the embryo occurs mainly up to 7–8 days
post fertilization

In this study we examined the chromosomal content of
embryos through their development in culture. Each embryo
was first analyzed by FISH at ‘Day 3’ post fertilization, once
again through its growth in vitro and a last analysis was
performed at developmental arrest, when the entire blasto-
cyst was analyzed by CGH techniques.

While at ‘Day 3’ post fertilization the rate of euploid
embryos was ~30 %, we found that at developmental arrest
more than half of the embryos (~52 %) were euploid.

This is the first report that follows the embryo’s status up
to 13 days post fertilization and combines FISH at different
stages of development and CGH at arrest point. Most of the
published reports to date focus on the cytogenetic condition
up to blastocyst stage, around 6 days after fertilization.
Barbash-Hazan et al. [5] investigated the incidence of em-
bryos’ self-correction by comparing the chromosomal status
of ‘Day 3’ and ‘Day 5’ embryos using FISH technique.
They found that normalization takes place in correlation to
the developmental status and reported that almost 40 % of
the embryos that developed to the blastocyst stage
underwent self-correction

Munné et al. [38] reported the first evidence for normal-
ization of chromosomally abnormal embryos during the
process of hESC derivation on feeder cells. They observed
an increase in the frequency of normal cells from day 6 to
day 12 in culture. They suggested that once the embryo is
mosaic with disomic cells, those cells might develop differ-
ently than the abnormal ones, and differences in cleavage
performance between disomic and aneuploidy cells might
result in enrichment in disomic cells. Santos et al. [43] also
found, using FISH, a decrease in mosaicism over time, from
82 % on Day 4 to 42 % on Day 8.

When analyzed by days post fertilization, our results
demonstrated that 35.5 % of the embryos underwent some
kind of ‘normalization’ or ‘self-correction’- embryos that
had been classified as abnormal at ‘Day 3’ were found to
be euploid at later stages. According to our findings, most of
the ‘normalization’ takes place until ‘Day 7’ post fertiliza-
tion. It seems that the mechanism for dynamic changes is by
a selection against abnormal cells within the embryo rather
than selection against abnormal embryos.

With the use of CGH, small mosaics might be missed,
and so, embryos classified as normal could in fact carry
small mosaicism (<15 %). However, embryos carrying such
small mosaicism will probably become normal anyway [30].

One of the explanations for the rise and fall of mosaicism
rate during embryonic development can be the fact that there
are some reported data indicating that the first three mitotic
cell divisions lack some important cell cycle control ele-
ments. In the early developing embryo, cell cycle control is
performed by maternal transcripts [7, 31]. However, some of
the checkpoints of the cell cycle control system are inactive
in the first postzygotic cell divisions [1, 2]. Only after the
beginning of embryonic genome expression, does cell cycle
control become gradually present from the 8-cell stage on-
wards during the morula stage [7, 31, 45]. Mechanism of
programmed cell death (apoptosis) becomes active during
the morula stage [19, 24, 25].

It can be assumed that at early developmental stages, the
embryo has some sort of “genomic flexibility” that might
allow the evolution processes to continue shaping the hu-
man genome.
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Los et al. [32] suggested a theoretical model of the
development of cytogenetically normal, abnormal and mo-
saic embryos. In this model, the number of mosaic embryos
is at its peak at the 8-cell stage of embryonic development
and decreases after the embryo’s genome becomes fully
activated (mainly due to mitotic arrest mechanism of the
abnormal cells that becomes activated with the activation of
cell cycle controls).

As we found here, aneuploid embryos (or mosaic embry-
os containing normal blastomeres) may result in chromo-
somally normal fetuses. These dynamic changes, as reported
in several studies [30, 44], should be monitored closely by
several molecular techniques.

The concept of arising mosaicism during the cleavage stage
and the disappearance of mosaic embryo in later developmen-
tal stages may have an effect on pre-implantation genetic
diagnosis. Mosaicism and ‘normalization’ makes the correla-
tion between the genetic status determined in ‘Day 3’ to be of
low compatibility with the chromosomal status of the
embryo at later stages (or at developmental arrest). This
raises serious questions about the whole concept of PGS
as a prenatal method of screening, regardless of the
diagnosis method, as it is based on 1–2 cells diagnosis
and at an early developmental stage,

The benefits of the use of comprehensive cytogenetic
screening in embryo research

It is possible that the incidence of chromosome abnormality
at conception is high and natural selection probably occurs
before and after implantation. In order to investigate this
issue, we studied the chromosome content of human embry-
os at different days post fertilization. When evaluating the
chromosomal content of embryos, one should consider the
limitation of FISH technique. Alongside the fact that FISH
has technical elements that might influence the interpreta-
tions of the results, FISH can assess only a few chromo-
somes in inter-phase nuclei, hence, the information obtained
may not always be representative of the real chromosomal
status of the cells. Using whole genome analysis gives more
comprehensive data regarding the genomic stability of the
embryos and overcomes some technical limitations de-
scribed above.

Therefore, our study design included the use of several
techniques that can complement one another. The adaptation
of comparative genomic hybridization (CGH) to single cells
allowed us to study the full karyotype of embryos as an
experimental design. In recent years an even more detailed
characterization of blastocyst cytogenetics analysis has be-
come available, with the introduction of methods such as
CGH and SNP microarrays [15, 40].

Comparison between several amplification techniques
(MDA and PCR based method) followed by CGH and aCGH

allowed us to verify that the use of MDA didn’t generate
multiple artifacts during metaphase FISH. Results obtained
by using these two methods were very similar (with no statis-
tically significant differences); therefore we analyzed all em-
bryos that were collected on the same day as one group,
regardless of the method in which they were examined.

Chromosomal imbalances in embryos

In this study we found that chromosome gains and losses
appear to be stochastic, with no significantly recurrent an-
euploidy of a specific chromosome. Chromosome 1 and 2
did seem to be aneuploid more frequently but it might have
been the result of their size rather than anything else. Chro-
mosome 19 also exhibits high aneuploidy rate but there are
reports about technical factors regarding this chromosome
which might affect the reliability of the results, mainly due
to failed hybridization in its GC rich areas [35, 48]. A
significant difference was found in our research between
monosomy and trisomy rate. The cause for that difference
might be technical elements (FISH interpretations) but it
may also suggest that chromosome loss is more common
in aneuploid embryo [9].

Taken together, genome-wide analyses using microarray
CGH (or SNP array) is currently the optimal method which
provides an improved standardized genetic screening of
human embryos for all chromosomes.

Another interesting finding is that most of the aneuploid
embryos had only one aberration. Our results are consistent
with Fragouli’s study, that reported of 60 % of the embryos
with one aberration and 25 % with two aberrant chromo-
somes [16]. Interestingly, we also found a significant portion
of aneuploid embryos (27 %) harboring four or more aber-
rations (chaotic embryos), supporting the hypothesis that the
first event of chromosome instability may lead to sequential
events and to chaos in the embryo chromosome status. [29].

Summary

High levels of chromosome abnormalities were observed in
embryos at early development stages. The chromosome
instability observed in vitro most probably also occurs in
vivo, as only 30 % of human conceptions result in a live
birth [33] and more than 50 % of spontaneous abortions
have chromosomal imbalances [6, 17, 41]. This “genomic
flexibility” might allow the evolution processes to continue
shaping the human genome. Moreover, a significant portion
of abnormal embryos at day 3 were found to be chromo-
somally normal at day 7.

We found that FISH diagnosis based on single ‘Day 3’
blastomere was not predictive enough of the subsequent chro-
mosomal normality potential. This raises fundamental ques-
tions about the use of PGS with FISH as a single method to
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determine the chromosomal integrity of the embryo. Further-
more, our findings of ‘normalization’ occurring later on in
development undermine the effectiveness of ‘Day 3’ post
fertilization analysis as a diagnostic tool. Our results suggest
that testing a single blastomere at ‘Day 3’ post fertilization for
pre-implantation genetic diagnosis might inaccurately reflect
the embryo ploidity, increase the risk of false aneuploidy
diagnosis and reduce the number of transferable embryos.
Alternatively, blastocyst stage diagnosis may be more
appropriate.
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