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Reciprocal chromosomal translocation carriers trying for a child face a signifi cant risk of arrested embryo 
development, spontaneous abortions, fetal death, and occurrence of developmental defects in children. Reciprocal 
translocations, caused by the exchange of chromosome segments are balanced, which means that they 
do not aff ect the health condition of the carrier and his or her phenotypic features. However, the majority 
of carrier’s gametes will have abnormal set of chromosomes. This may lead to reproductive failures 
I just mentioned. The exact risk level depends on, among others, the type of chromosomes and size of the segments 
involved in the translocation, carrier’s gender. Additionally, the incidence of disorders in the number of other 
chromosomes, unrelated to chromosomes involved in translocation, is higher in embyos of carriers of chromosomal 
translocations. Each individual case requires careful analysis of the probability of individual pathologies 
of reproduction including detailed diagnosis and genetic counselling based on the in-depth family history. 
For the carriers of reciprocal translocations the chance for obtaining a healthy pregnancy without any medical 
can possibly be only approx. 5%. In order to optimize the chances of obtaining pregnancy, the patients are usually 
recommended to undergo in vitro fertilization preceded by preimplantation genetic diagnosis for a specifi c 
aberration. The procedure is often supplemented with embryo testing for aneuploidies. According to published 
research studies, chances for obtaining a normal pregnancy after PGD increase to approx. 60%. Of course, 
there is still the alternative solution - further use of natural methods with all the associated 
consequences - the high risk of miscarriages and the occurrence of genetic defects in children

PGD diagnosis for reciprocal translocations 
- development, possibilities, prospects importance 

in the treatment of carriers 
of reciprocal translocations? 

Sebastian Pukszta PhD

An interview with Sebastian Pukszta, PhD, head of Molecular Biology Laboratory at INVICTA 

Preimplantation genetic diagnosis of embryos fi nds increasingly broader 
application in reproductive medicine. What is its importance in the treatment of carriers of 

reciprocal translocations? 
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What does PGD 
for reciprocal translocations 
look like in practice?  
Preimplantation diagnosis allows 
examinination the cells collected 
from embryos for the presence 
of abnormalities resulting from 
balanced reciprocal translocations 
in parents. This testing technique 
is adapted to the needs of a each 
couple. Translocation carriers 
may produce many variants of 
chromosomally abnormal gametes. 
Combination of these defective 
reproductive cells with normal 
gametes of the partner results 
in specific unbalanced changes 
in the embryo’s karyotype (so-
called unbalanced translocation 
products, e.g. segmental  trisomies 
or monosomies). In practice, given 
the diversity of changes, every 
translocation case diagnosed 
in patients requires individual 
approach. There is ongoing 
worldwide research aimed at 
determination of  the pattern 
of locations associated with 
rearrangements and development 
of a universal map of such changes 
in the human genome. However, at 
present, it’s too early to determine 
if they are going to  have clinical 
utility. From the point of view of the 
molecular biology laboratory, PGD 
for translocations requires earlier 
preparation. Then the patients 
go through the IVF treatment and 
material is collected from the 
obtained embryos during a biopsy. 
The Laboratory delivers the result 
of the molecular analysis within 14 
days. The couple discuss it with 
a clinical geneticist and together 
they decide which embryos are 
going to be transferred. 
How were the tests of this 
type developed and what 
techniques are used today?
The comprehensive PGD diagnosis 
for reciprocal translocations 
requires the use of tools with the 
resolution higher than in the case 
of chromosomal aneuploidies. 
Techniques like FISH or QF-PCR 
are used for the tests, however 
one has to be aware of their 
limitations - mainly as regards 
their sensitivity and the number of 
analyzed variants. Also, molecular 
markers like STR are used in 

of the process of material analysis 
and data interpretation requires 
extensive knowledge and practice 
from the personnel of molecular 
biology lab. Also, the appropriate 
application of bioinformatics tools 
is of key importance. So far, the 
INVICTA Genetics Laboratory 
performed PGD tests for over 200 
various translocations and over 
1,000 of their products. Based on 
our extensive experience we can 
draw conclusions and continuously 
improve our tools. The validity 
of this approach to development 
has been confirmed by the results 
of international external quality 
assessments. The example may 
be the program evaluating PGD 
tests for structural changes in 
chromosomes, conducted by UK 
NEQAS and CEQAS. As one of 5 
facilities among 44 participating 
in the program, we obtained the 
maximum number of points for 
each of the assessed criteria. 
Analyzing the global trends, we 
can probably expect further work 
on increasing the sensitivity 
of PGD diagnosis. It would be 
primarily achieved by maximizing 
the resolution of the applied tools - 
microarrays or NGS. In the future, 
development of solutions allowing 
for cost decrease, optimization 
of the process of processing 
huge amounts of data and 
appropriate quality may allow us to 
analyze embryos for increasingly 
smaller changes resulting from 
translocations. However, even now 
in most cases we can help patients 
effectively and make their choices 
based on the sound knowledge of 
the embryo’s genetic status.

the PGD diagnosis for reciprocal 
translocations. Their number and 
location is determined individually, 
as needed. So, it is possible 
to analyze the material for the 
majority of potential translocation 
products and ensure the sensitivity 
at the level of approx. 95%. This 
technique, however, has serious 
drawbacks. The preparation of 
PGD diagnosis based on this 
technique requires the involvement 
of specialists is labor-intensive 
and time-consuming. In each case 
the selected markers should be 
informative (differentiating) for a 
given couple. If there are doubts 
regarding their diagnostic value, 
a “surplus” testing is added, 
i.e. more STR locations are 
analyzed. The reaction itself is 
also technically complex - many 
markers are observed in a single 
cell at the same time. It appears 
that the application of the next 
generation sequencing in PGD 
diagnosis for translocations 
is much more efficient. The 
preparation stage is significantly 
shorter, and the test itself allows 
us to obtain more data. In the 
first place we determine the 
potential consequences of a given 
translocation. In other words, 
we predict what products we will 
obtain as its result and what their 
size range is. With the use of 
NGS technology we can detect in 
the embryos’ cells the changes at 
the level of 5 million base pairs 
(MB). It should be noted here 
that in 98% of cases we deal 
with changes exceeding 7 MB. In 
this context, NGS is a universal 
technique - we can carry out 
the diagnosis for virtually every 
reciprocal translocation. What 
are the challenges facing 
laboratories conducting 
PGD diagnosis for 
reciprocal translocations?
Undoubtedly, the major challenge 
is providing patients with the 
access to high-quality, reliable 
PGD diagnosis. As I have 
mentioned, with these innovative 
solutions, i.e., NGS, we can now 
detect genetic changes in an 
embryo at high resolution, starting 
from 4-5 million base pairs. 
However, the proper performance 
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Abstract
Objectives: 
To determine pregnancy rate after 
comprehensive chromosome scre-
ening (CCS) using PGD NGS in frozen 
embryo transfer cycles after blastocy-
st’s trophoectoderm biopsy.
Material and methods: 
40 patients who decided to undergo 
PGD on 24 chromosomes on blasto-
cystes with vitrifi cation and frozen 
embryo transfer were included in  the 
study as a investigated group. As a 
control group we adjusted 74 cases 
which were comparable in age, anty
-mullerian hormone level (AMH), antral 
follicle count (AFC) and causes of 
infertility.  First IVF cycles were taken 
under consideration. 
Results: 
On 40 cycles we received on avera-
ge 6.7 blastocystes per patient. We 
received  30.4% normal results, which 
allowed us to transfer 1.4 ± 0.6 vitrifi ed 
blatocystes in frozen embryo transfer. 
The pregnancy rate was more than 
30% higher when compared to control 
group with fresh blastocystes witho-
ut PGD transfers (50.0% vs. 18.9%, 

consequently prevent a low or zero 
chance of achieving  pregnancy with 
her own oocytes [3].
Most of the selection methods used 
before were based on the detailed 
morphology of embryos. First of the 
technologies, still used nowadays, is 
microscopic morphology analysis.  It 
was shown that the optimal morpholo-
gic characteristics correlate with higher 
implantation rates, but morphology is 
a weak predictor of implantation rate 
and ploidy [4],[5]. The introduction of 
the time lapse system for continuous 
morphokinetics analysis increased the 
implantation rates.
Nowadays methods base on aneuplo-
idy screening rather than just embryo 
morphology evaluation. Most of the 
current preimplantation genetic scre-
ening tests for aneuploidies are based 
on low quality and density of compa-
rative genomic hybridization arrays. 
Their results are based on  less than 
2700 probes. It means, that it is rather 
a multiple FISH method than a real 
array one. New technical possibilities, 
such as  next generation sequencing 
methods, allow to improve genetic  

p<0.006 respectively).
The diff erence in implantation rate was 
more than 20% (32.4% vs. 11.5%, 
p<0.05). The diff erence in pregnancy 
loss was more than 8% (11.1% vs. 3%, 
p<0.52). 
Conclusion: 
NGS PGD technology is very useful 
and should replace aCGH technolo-
gy soon. It allows to personalize the 
method and could be in parallel used 
for all PGD indications. The performing 
time is the biggest limitation of NGS.
Key words: 
/ next-generation sequencing 
/ preimplantation genetic diagnosis 
/ genotyping, aneuploidy screening 
/ semiconductor-based sequencer 
/ frozen embryotransfer 

Introduction
Aneuploidy is the leading cause of 
implantation failure and early spon-
taneous abortion in humans [1],[2]. 
Testing embryos prior to transfer could 
increase the pregnancy rate, decrease 
miscarriages and prevent preforming 
multiple IVF cycles in a patient with a 
very high incidence of aneuploidy and 
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collected) was performed on day 5 of 
culture. Embryos underwent biopsy 
after assisted hatching. The biopsy 
was performed by 1488 nm 300 mW 
Anritsu laser for doped fiber amplifier 
implemented into Saturn 3 system (Re-
search Instruments, Falmouth, UK). 
After biopsy the embryos were washed 
and transferred to blastocyst growing 
medium (Vitrolife, Vastra Frolunda, 
Sweden). Then vitrified with Cryotop 
carrier as described by Kuwayama [9].
The collected blastomeres were 
washed in phosphate-buffered saline 
(PBS)/polyvinyl-pyrolidone (PVP). 
Next Generation Sequencing
Aspirated blastomers were transferred 
into thin walled 0.2mL PCR tubes in 
total volume of 5 µl. Blastomeres were 
subjected to lysis and whole genome 
amplified prior to  construction of libra-
ry. WGA DNA concentration was quan-
tified with Qubit 2.0 Fluorometer and 
Qubit dsDNA HS Assay.  Ion Xpress 
Plus gDNA Fragment Library Kit (Life 
Technologies, California, USA) was 
used for library preparation according 
to manufacturer’s protocol. Libraries 
were clonally amplified with The Ion 
PGM™ Template OT2 200 Kit (Life 
technologies, California, USA) using 
Ion One Touch 2 System. After chip 
loading the sequencing was performed 
using Ion PGM™ Sequencing 200 Kit 
v2 (Life technologies, California, USA) 
on Ion 316 chip. Preliminary analysis 
e.g. basecalling and reads mapping 
against human genome reference 
sequence (Hg19) was performed with 
Ion Torrent Suite Software. The Invicta 
Bioinformatics Team Script was used 
for further computational calculations. 
Read coverage for each chromoso-
me was corrected for GC-bias and 
aneuploidy detection was performed 
using sample results in comparison to 
baseline values obtained from 85 male 
and 83 female samples processed 
beforehand with established protocol 
described above. The Invicta algorithm 
was introduced to eliminate the influen-
ce of sample-to-sample reads cove-
rage variance on false-positive calls. 
Male control sample was processed 
together with blastomers and under-
went the same computational analysis 
to exclude any performance malfunc-
tions. Additionally, negative control 
sample was processed to exclude any 
contamination. Next generation sequ-
encing method was designed in Invicta 
Fertility Clinic Molecular Laboratory 
Department.  
Institutional Review Board
We obtained a written consent from 

each  couple to perform ICSI on at 
least some of the retrieved oocytes. All 
data were de-identified and analyzed 
anonymously. Moreover, we obtained 
informed consent to present our data 
in any publication as long as confiden-
tiality was maintained. These condi-
tions were met and study was appro-
ved by the University of Varmia and 
Masuria, Olsztyn, Poland Institutional 
Review Board.
Statistical analysis
The statistical package StatSoft, Inc. 
(2011) STATISTICA (data analysis 
software system), version 10 (www.
statsoft.com) was used for data 
analysis. The clinical characteristics 
in investigated group were compa-
red using Mann Whitney U test. The 
Pearson Chi-square and Fisher test 
was used to assess differences among 
groups with regard to different rates 
of development. A value of P<.05 was 
considered statistically significant. 

Results
A prospective study was performed at 
a private fertility clinic. Clinical pre-
gnancy rate was  our primary outcome. 
Secondary outcomes were the implan-
tation, and miscarriage rates. Embryos 
of 40 patients underwent biopsy on 
day 5 with PGD and blastocystes fre-
ezing. Embryos were transferred in the 
consecutive cycles. We selected 114 
patients who underwent  ICSI cycles 
simultaneously. They were adjusted 
according to age, AFC, AMH and hor-
mones levels (Table 1).
Finally,  we performed 40 cycles in 
the investigated group. The average 
number of retrieved oocytes was not 
high - 6.7 oocytes per patient, this was 
not sufficient to find normal embryos in 
all of the 40 cases. However, the pre-
gnancy rate per embryo transfer was 
more than 30% higher compared to 
control group. The increase in implan-
tation rate was over the level 
of 20% (Table 2).

Discussion
It was shown that 32% to even 85% 
of embryos at blastocyst stage are 
chromosomally abnormal [10]. Since 
the vast majority of aneuploidies 
are lethal, it has  been argued that 
IVF outcomes could be improved if 
embryos are tested for aneuploidy and 
those chromosomally normal given 
priority for transfer [11]. This concept is 
referred to as preimplantation genetic 
screening (PGS).

The impact of next generation sequencing (NGS) preimplantation genetic 
diagnostics (PGD) on pregnancy rate of frozen blastocyst embryo transfer.AN

diagnostics [6],[7]. 
Aim
The study explored the usefulness of 
comprehensive chromosomal scre-
ening using  next generation sequ-
encing (NGS) on biopsed, vitrified/
thawn blastocystes in  improving the 
pregnancy rate. 

Materials and Methods
Study design 
A prospective study was performed at 
a private fertility clinic. The study popu-
lation consisted of 621 patients treated 
by ICSI in our IVF Center between 
08.2013 and 01.2014. 40 patients 
who decided to undergo PGD on 24 
chromosomes on blastocystes with 
vitrification and frozen embryotransfer 
were included in the study. First IVF 
cycles were taken into consideration.
Patients were provided with counseling 
regarding the study, and signed written 
consents were obtained. The average 
maternal age of patients was 38. The 
patients who were asked to participate 
in the comprehensive chromosome 
screening were at an advanced repro-
ductive age (>35 y).
Stimulation protocol
All women were treated on long ago-
nist protocol starting from oral contra-
ceptive pills (OC) (Ovulastan, Adamed, 
Czosnow, Poland) from 2nd-5th day 
of the cycle. Triptorelin acetate 0.1 
mg (Gonapeptyl, Ferring, Saint-Prex, 
Switzerland) was administered 14 days 
after the beginning of OC. 
Fourteen days later (7 days after the 
end of OC administration) the admi-
nistration of urinary gonadotropins 
(Menopur, Ferring, Saint-Prex, Switzer-
land) for ovarian stimulation commen-
ced. The dosage, was dependant on 
AMH level (from 150 to 300 IU daily) 
[8].
Monitoring of follicular growth was car-
ried out on day 8 by ultrasonographic 
scan and assays of serum estradiol 
(E2), progesterone (P) and luteinizing 
hormone (LH). Oocyte pick-up was 
performed 36 hours after the admini-
stration of 5,000 IU of hCG (Choragon, 
Ferring, Saint-Prex, Switzerland). 
Luteal phase was supplemented by 
transvaginal progesterone (P) (3x100 
mg Lutinus, Ferring) and transvaginal 
estradiol (E2) (3x2 mg, Estrofem, Bag-
svaerd, NovoNordisk) administration.  
The hormones (E2, P and HCG) levels 
were verified  every 3-4 days.
Laboratory procedure
Blastomeres biopsy (from 3 to 8 
blastomeres from trophoectoderm 
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Preimplantation genetic screening at 
blastocyst stage has become a trend in 
recent years. It is mostly caused by lo-
wer mosaicism incidences at this stage 
than in cleavage stage and the largest 
increase in implantation and live birth 
rates reported after blastocyst embryo 
transfer. Analysis of trophoectoderm 
biopsy material using 24-chromoso-
me screening platforms requires the 
freezing of embroys and using different 
cycle preparation for frozen embryo 
transfer. It complicates the procedure 
and causes logistic and psychological 
problems for couples.  For that reason  
we introduced both possibilities for our 
patients. They decide which material 
they want to analyze and whether they 
prefer fresh or frozen embryotransfer. 
Obviously,  it is very difficult and not 
always possible to perform blastocyst 
PGD in fresh cycle. That is why nume-
rous  couples decide to perform  PGD 
at blastocyst stage with vitrification.
There is a major debate in literature 
concerning consequences of embryo 
freezing. Chamayou et al. studied 
consequences of freezing/ thawing 
process on mRNA in oocytes indicating 
overall decrease of mRNA extracted 
from cryopreserved oocytes compared 
to fresh ones. However, it was shown 
that vitrification/warming protocol, as 
the one  used in our study, is more 
conservative than slow-freezing/rapid 
thawing resulting in a level of mRNA 
sufficient to maintain biologic functions 
in the subsequent fertilized oocyte [12]. 
Simultaneously, there is no evidence 
that any children conceived  from 
warmed blastocysts show an incre-
ased risk of chromosomal anomalies 
and chance of becoming pregnant as 
a result of  frozen blastocysts transfer 
is comparable to the replacement of 
fresh embryos [13], [14].
The study described in this paper 
examined the feasibility of utilizing 
emerging NGS methods for the 
detection of aneuploidy in single 
blastomeres biopsied at the blastocyst 
stage with vitrification. Utilization of 
NGS has several potential advanta-
ges over existing methods, including 
significantly lower costs than existing 
commercial aCGH method offered to 
us by BlueGnome. It could open up the 
possibility of preimplantation genetic 
screening for many more patients.  For 
instance, PGS could be proposed to  
younger women. Typically, preimplan-
tation diagnosis is not recommended 
in their case. But our previous results 
show that even in 31 years old and 
younger women  32% of blastocystes 

Confirmation of the results could chan-
ge the indications for PGD in  general 
population.
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were aneuploid [10].  NGS is a supe-
rior technology over aCGH because it 
relies on actual DNA sequences rather 
than signal hybridization, resulting in a 
vast reduction in the false positive and 
false negative rates. In aCGH, as a 
consequence of low coverage poten-
tial, big chromosome deletions may 
be undetected, which leads to misin-
terpretation of the aneuploidy status. 
NGS provide reliable detection of chro-
mosomes abnormalities under high co-
verage (over 60 000 reads per sample, 
which represents 10 times more reads 
than in  aCGH method). Thereby, NGS 
leads to improved selection of viable 
embryos and better chance to achieve 
pregnancy. This study led to the first 
pregnancies following screening of 
human embryos using  next generation 
of genome sequencing. 
Pregnancy and implantation rates 
achieved in cycles utilizing NGS exce-
eded expectation and suggest that 
this approach is improving identifica-
tion of viable embryos. However, the 
relatively small size of the investigated 
group and lack of randomization are 
acknowledged weaknesses of this 
investigation. 
As expected, the number of embryos 
available for transfer following NGS 
was much lower in comparison to cyc-
les without PGS. Very high incidence 
of chromosomal abnormalities (over 
60%) in the investigated group allowed 
us to transfer embryos only in 18 
cases out of 40. Although over half of 
patients didn’t even achieve pregnancy 
we avoided  the abnormal embryos 
implantation and thereby very high risk 
of unnecessary miscarriages. Only one 
miscarriage occurred in the group that 
received screening using NGS, where-
as in control group three miscarriages 
occurred before 12 week of pregnancy. 
Further investigations including more 
patients and randomization should be 
applied  to confirm these findings.

Conclusions
This paper confirms that NGS can be 
applied clinically for the purpose of 
preimplantation genetic screening of 
aneuploidies in human embryos. Data 
from this trial indicated that blastocy-
st’s trophoectoderm biopsy followed 
by frozen transfer of euploid embryos 
was associated with much higher 
implantation and pregnancy rates and 
a low miscarriage rate. Our findings 
suggest that NGS may be a useful 
tool for embryo selection. Our results 
require more data from different clinics. 
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Variable PGD NGS group Control group – no PGD p value
No. of subjects 40 74

Mean (SD) age 38.0 (3.6)
38.5 (37-40)

37.6 (2.4)
37 (36-39)

0.12

BMI (kg/m2) 23.7 (3.2) 22.2 (2.5) 0.12

AMH (ng/ml)  (SD) 2.3 (2.4)
1.4 (0.65-3.1)

2.3 (2.5)
1.6 (0.6-3.0)

0.9

Inhibin B  
(pg/ml) (SD)

56.9 (38.4) 59.6 (36.3) 0.74

basal FSH 
(mIU/ml) (SD)

6.6 (2.1) 7.9 (3.4) 0.08

basal LH (mIU) (SD) 6.5 (2.3) 6.1 (3.3) 0.19

basal E2 (pg/ml) (SD) 51.6 (37.4) 52.2 (38.7) 0.74

DHEAS (µg/dl) (SD) 169.3 (62.3) 174.7 (112.1) 0.68

Testosterone (ng/ml) (SD) 1.3 (1.6) 1.5 (1.7) 0.21

SHBG (nmol/l)(SD) 72.3 (33.2) 68.7 (27.4) 0.87

AFC (SD) 13.2 (9.4)
11 (8.0-14.5)

15.8 (9.1)
14.5 (9.0-21.0)

0.11

Table 1. Characteristics of the treatment group.

Table 2. In vitro fertilization programmes characteristics within the investigated groups

BMI – body mass index; FSH – follicle-stimulating hormone; DHEAS - dehydroepiandrosteron-sulfate; SHBG -  sex hormone-binding globulin; AFC -  antral follicle count

The impact of next generation sequencing (NGS) preimplantation genetic 
diagnostics (PGD) on pregnancy rate of frozen blastocyst embryo transfer.AN

Variable PGD NGS group Control group 
– no PGD

p value

No. of cycles 40 74

No. of transfers 18

Duration of stimulation – days (SD) 9.7 (5.1) 7 (3.3) 0.06
hMGdose (IU) 26.4 (7.9) 23.6 (7.9) 0.18
No. oocytes 

retrieved (SD)
6.7 (4.8) 8.1 (3.8) 0.03

Fertilization rate (%) 79.6 (18.5) 73.7 (23.1) 0.2
Number of embryos biopsied 

(mean per cycle)
102 (2.55) -

Normal 31 (30.4) -
Abnormal 63 (61.8) -

Non diagnostic 8 (7.8) -
No. of embryos transferred (SD) 1.4 (0.6) 1.6 (0.5) 0.3

Pregnancy rate (per ET - %) 9 (50) 14 (18.9) 0.006

Implantation rate (number of 
intrauterine gestational sacs) (%)

32.4 11.5 0.05

Multiple pregnancy rate of pregnan-
cies (%)

0 7.1 (1) 0.2

Ectopic pregnancy (%) 0 0

OHSS (%) 0 0

Spontaneous abortion rate (%) 1 (11.1) 3 (21.4) 0.52

hMG -  human menopausal gonadotropin; ET – emryotransfer; OHSS -  ovarian hyperstimulation syndrome
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Abstract
Objective: 
To determine the usefulness of se-
miconductor-based next generation 
sequencing (NGS) for cleavage-stage 
preimplantation genetic diagnosis 
(PGD) of aneuploidy.
Design: 
Prospective case control study.
Setting: 
A private centers for reproductive 
medicine.
Patient(s): 
28 patients underwent day-3 embryo 
biopsy with PGD and fresh cycle 
transfer. Additionaly, 106 patients, mat-
ched according to age, anti-müllerian 
hormone (AMH) levels, antral follicle 
count (AFC) and infertility duration 
were selected to serve as controls.
Intervention(s): Choice of the embryos 
for transfer was based on the PGD 

methods currently available. Although 
encouraging, this fi ndings require 
further validation in a well-designed 
randomized controlled trial.

Introduction
Only 30% of the natural conceptions 
have been estimated to result in a 
successful pregnancy [1], [2]. Similarly, 
the majority of in vitro fertilization (IVF) 
cycles fail to produce a child. In order 
to maximize the likelihood of success-
ful infertility treatment, the embryos 
produced undergo a morphological 
evaluation, the aim being to identify 
and transfer the embryo(s) with the 
greatest potential for forming a viable 
pregnancy. Unfortunately, standard 
methods of morphological assessment 
are only weakly predictive of implanta-
tion rate [3], [4].
It is well established that aneuploidy is 

NGS results.
Main Outcome Measure(s): 
Clinical pregnancy rate (PR) per em-
bryo transfer was our primary outco-
me. Secondary outcomes were the 
implantation rate, and miscarriage rate. 
Result(s): The pregnancy rate was 
higher in the NGS group (77.8% vs. 
45.3%, p<0.001). The implantation rate 
(48.2% vs. 33.9%, p<0.3) was higher 
in NGS group. The miscarriage rate 
was lower in NGS group (4.8% vs. 6.3 
%, p<0.8). 
Conclusion(s): 
We demonstrate the technical feasibi-
lity of NGS-based PGD involving cle-
avage stage biopsy and fresh embryo 
transfers. Encouraging data was obta-
ined from a prospective trial using this 
approach, arguing that cleavage stage 
NGS may represent a valuable new 
addition to the aneuploidy screening 
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tients decided to undergo preimplan-
tation genetic diagnosis of aneuploidy 
because of repeated implantation 
failures. Each has previously undergo 
at least 2 unsuccessful IVF cycles. A 
control group was created consisting 
of 106 patients, matched to the PGD 
patients in term of infertile etiology, 
number of failed cycles, age and range 
of hormonal and other prognostic mar-
kers (Table 1). Controls and PGD pa-
tients underwent treatment during the 
same time interval. Patient selection 
was facilitated using our database and 
medical software (Invictus ver. 3.1.62 
Invicta Limited.)   
Stimulation Protocol
All women were treated on a long ago-
nist protocol starting from oral contra-
ceptive (OC) pills (Ovulastan, Adamed, 
Czosnow, Poland) from 2nd-5th day 
of the cycle. Triptorelin acetate 0.1 
mg (Gonapeptyl, Ferring, Saint-Prex, 
Switzerland) was administered 14 days 
after the beginning of OC. 
Fourteen days later (7 days after the 
end of OC) the administration of urina-
ry gonadotropins (Menopur, Ferring, 
Saint-Prex, Switzerland) for ovarian 
stimulation was initiated, the dosage, 
depending on the anti-müllerian hor-
mone (AMH) level (from 150 to 300 IU 
daily) [15].
Monitoring of follicular growth was car-
ried out on day-8 by ultrasonographic 
scan and assays of serum estradiol 
(E2), progesterone (P) and luteinizing 
hormone (LH). Oocyte pick-up was 
performed 36 hours after the admini-
stration of 5,000 IU of human chorionic 
gonadotropin hCG (Choragon, Ferring, 
Saint-Prex, Switzerland). 
The luteal phase was supplemented by 
transvaginal progesterone (3x100 mg 
Lutinus, Ferring, Saint-Prex, Switzer-
land and estradiol (3x2 mg, Estrofem 
NovoNordisk, Bagsvaerd, Denmark) 
and hormone levels (E2, P and hCG) 
were checked  every 3-4 days.
Preimplantation Genetic Diagnosis
Single blastomere biopsy of cleavage 
stage embryos composed of 6-8 cells 
was performed on day-3 of culture. 
Embryos underwent biopsy individually 
in Ca2+ - free biopsy medium (Vitrolife, 
Vastra Frolunda, Sweden). The criteria 
for selection of blastomeres were the 
presence of the nucleus and mainte-
nance of cell integrity. 
The zona pellucid was breached using 
a 1488 nm 300 mW Anritsu laser incor-
porated into Saturn 3 system (Rese-
arch Instruments, Falmouth, UK).
After biopsy the embryos were washed 
and transferred to blastocyst growing 
medium (Vitrolife, Vastra Frolunda, 
Sweden). The collected blastomeres 
were washed in phosphate-buffered 

saline (PBS)/polyvinyl-pyrolidone 
(PVP), then transferred to 0.2ml PCR 
tubes in a total volume of 5 µl. Bla-
stomeres were subjected to lysis and 
whole genome amplification (WGA) 
prior to  construction of sequencing 
libraries. Whole genome amplificated 
DNA concentration was quantified 
with Qubit 2.0 Fluorometer and Qubit 
dsDNA HS Assay, and Ion Xpress Plus 
gDNA Fragment Library Kit (Life Tech-
nologies, California, USA) was used 
for library preparation according to ma-
nufacturer’s protocol. Barcoded libra-
ries were clonally amplified with The 
Ion PGM™ Template OT2 200 Kit (Life 
technologies, California USA) using 
Ion One Touch 2 System. After chip 
loading the sequencing was performed 
using Ion PGM™ Sequencing 200 Kit 
v2 (Life technologies, California USA)
on Ion 316 chips. Preliminary analysis 
e.g. basecalling and reads mapping 
against human genome reference 
sequence (Hg19) was performed with 
Ion Torrent Suite Software. The Invicta 
Bioinformatics Team Script was used 
for further computational calculations. 
Read coverage for each chromosome 
was corrected for GC-bias and aneu-
ploidy detection was performed using 
sample results comparison to baseline 
values obtained from 85 male and 83 
female samples processed before-
hand with the same method. Positive 
(normal male) and negative controls 
were processed to confirm appropriate 
functioning of the test and exclude 
contaminations. 
Statistical Analysis
The statistical package StatSoft, Inc. 
(2011) STATISTICA (data analysis 
software system), version 10 (www.
statsoft.com) was used for data ana-
lysis. The clinical characteristics in the 
investigated group were compared 
using Mann Whitney U test. The Pear-
son Chi-square and Fisher test were 
used to assess differences among 
groups with regard to different rates of 
development. A value of P<0.05 was 
considered as statistically significant.

Ethics Statement
Institutional Review Board
We obtained written consent from each  
couple. All data were de-identified and 
analyzed anonymously. Moreover, we 
obtained informed consent to present 
our data in any publication as long as 
confidentiality was maintained. These 
conditions were met and the study was 
approved by the University of Varmia 
and Masuria, Olsztyn, Poland Institu-
tional Review Board.

extremely common in human oocy-
tes and that such abnormalities are 
a leading cause of miscarriages and 
congenital birth defects [5], [6]. Addi-
tionally, aneuploidy has a significant 
impact on implantation and pregnancy 
rate, since many chromosome abnor-
mality are also observed in material 
from younger women. For example, at 
the cleavage stage aneuploidy rates 
have been reported varying embryos, 
vary from 50% in young women  in age 
under 35 to even more than 90% in 
those over the age of 42 [7], [8] [9].
The high frequency of aneuploidy 
during preimplantation development 
and the likely deleterious effects on 
embryo viability, have led to the sug-
gestion that embryos should be tested 
for chromosome abnormalities prior to 
deciding which to transfer to the uterus 
[10]. However, routine morphological 
analysis reveals very little concerning 
the chromosomal status of an embryo 
[10]. For this reason, preimplantation 
genetic screening (PGS) has been 
developed. Techniques for PGS 
involve the sampling (biopsy) of polar 
bodies, single blastomeres, or trophec-
toderm cells, followed by cytogenetic 
analysis to distinguish chromosomally 
normal embryos from those affected 
by aneuploidy. Embryos found to be 
chromosomally normal can then be 
prioritized for transfer. Despite earlier 
controversies concerning the efficiency 
of PGS, recent data using comprehen-
sive chromosome screening methods 
has been associated with encouraging 
data, including improved implantation 
and pregnancy rates in randomized 
controlled trials [11], [12], [13], [14].
Although, PGD for aneuploidy is emer-
ging as a powerful tool for embryo 
selection, even more efficient methods 
are still required. Ideally new appro-
aches should give reliable information 
on chromosome copy number at 
lower cost than existing methods and 
provide to possibility of more detailed 
genetic information, improving patient 
access to aneuploidy screening and 
shedding more light on embryo viabili-
ty. The introduction of next generation 
sequencing into routine clinical use, as 
decribed in this paper, represents an 
important step towards these goals.

Materials and Methods
A prospective study was performed at 
a private fertility clinic. The study popu-
lation consisted of  patients treated by 
intracytoplasmic sperm injection (ICSI) 
between 08.2013 and 01.2014. 28 pa-
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Results
During the study 28 patients underwent PGD for aneuploidy using NGS. The control was composed of 106 patients selected 
from patients who were undergoing treatment in our clinic at the same time. All patients suffered a history of repeated implan-
tation failures (≥2). The conrol group was matched according to age, cause of infertility, duration of infertility, AMH level and 
antral follicles count. They did not differ in other hormonal parameters which we routinely verify  (Table 1). 
Finally we performed 28 cycles in the investigated group. The average number of retrieved oocytes was relatively low  (8.4 
oocytes per patient) but sufficient to find at least one chromosomally normal embryo in 27 cases (96.4%). The pregnancy 
rate (as ultrasound fetal heartbeat detection on 6 weeks and 1-3 days) per transfer was almost two times higher in the group 
having NGS-based embryo selection compared to control group. An increase was also found in implantation rate 
(Table 2).

Variable PGD NGS group Control group – no 
PGD

p value

No. of subjects 28 106

Mean (SD) age 34.7 (3.8)
35 (31-38)

35.3 (2.1)
35 (34-37)

0.27

BMI (kg/m2) 22.1 (3.1) 22.4 (3.6) 0.42

Mean (SD) duration of 
infertility (years)

4.2 (2.8) 4.3(2.9) 0.82

Mean (SD) IVF cycles 
done before

2.58 (0.97) 2.40 (0.74) 0.38

AMH (ng/ml) 2.6 (1.7)
2.2 (1.3-3.5)

2.6 (0.6)
2.6 (2.02-3.1)

0.27

Inhibin B 55.6 (44.5) 65.2 (36.7) 0.29

basal FSH b 7.4 (7.5) 7.6 (7.4) 0.52

basal LH (SD) 7.2 (6.08) 7.1 (5.38) 0.85

basal E2 46.1 (31.6) 47.3 (31.5) 0.67

DHEAS 203.6 (94.2) 201.5 (77.8) 0.53

Testosterone 1.4 (1.3) 1.6 (1.8) 0.12

SHBG 74.2 (36.4) 68.7 (38.1) 0.23

AFC 15.1 (8.1)
13 (10-20.5)

15.7 (3.5)
15 (13-18)

0.12

Table 1. Characteristics of the treatment group.

a body mass index; b follicle-stimulating hormone; c dehydroepiandrosteron-sulfate; 
d sex hormone-binding globulin
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Variable PGD NGS group Control group – no 
PGD

p value

No. of cycles 28 106

No. of transfers 27 106

Duration of 
stimulation– days(SD)

8.2 (2.1)
8 (8-9)

8.1 (0.8)
8 (7-9.5)

0.54

hMG  dose (IU) 2032.5 2167.5 0.14

No. oocytes retrieved (SD) 8.4 (4.1)
8 (7-9.5)

8.4 (3.9)
7.5 (6-11)

0.63

Fertilization rate (%) 74.6 67.3 0.16

Number of embryos 
biopsied (mean per cycle)

145 (5.2) -

NGS results 
(% of biopsied embryos):

Normal 48 (33.1) -

Abnormal 84 (57.9) -

No diagnosis 13 (8.9) -

Read number (SD) 
per embryo

61372.2 (9026.0) -

Average No. of embryos 
transferred

1.3 1.6 0.003

Pregnancy rate (per ET - %) 21 (77.8) 48 (45.3) 0.001

Implantation rate (%) 48.2 33.9 0.3

Multiple pregnancy rate of 
pregnancies (%)

1 (4.8) 16 (33.3) 0.001

Ectopic pregnancy (%) 1 (4.8) 0 0.13

OHSS (%) 0 0

Biochemical pregnancy 0 4 (8.3) 0.17

Spontaneous abortion 
below 12 weeks   rate (%)

1 (4.8) 3 (6.3) 0.8

Table 2. In vitro fertilization program characteristics of the investigated groups.

hMG -  human menopausal gonadotropin; ET – emryotransfer; OHSS -  ovarian hyperstimulation syndrome
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and there has only been one previous 
report of a methodology sufficiently 
fast to allow testing using NGS and 
transfer within the same cycle [18]. We 
confirmed that a rapid NGS methodo-
logy, providing results within 12 hours, 
can be successfully utilized in a routine 
clinical scenario, permitting fresh em-
bryo transfers.
A randomized clinical trial using the 
NGS technology described in this 
paper is yet to be performed and is 
clearly needed in order to make firm 
conclusions concerning the value of 
the process. However, the prospective 
study undertaken has yielded some in-
teresting and encouraging clinical data.
Hereby, in order to minimize the costs 
of NGS, it was usual to analyze cells 
from on average 5.2 embryos simul-
taneously. On average more than 60 
000 reads were obtained per sample. 
This represents 10 times more data 
points than obtained using widely used 
embryo testing methods based upon 
aCGH (e.g. Blue Gnome [2684x2]), 
increasing statistical confidence in 
the results delivered. The average 
percentage of chromosomally normal 
cleavage stage embryos was 33.1%. 
Although NGS can be used for sequ-
encing  of entire genomes, we did not 
attempt to achieve whole genome co-
verage. For this purpose of aneuploidy 
detection, relatively few fragments of 
DNA sequence (‘reads’) are required 
from each chromosome. We opted to 
concentrate on loss or gain of entire 
chromosomes and not to look for 
subchromosomal abnormalities (e.g. 
segmental aneuploidy). The use of 
NGS data for high-resolution examina-
tion of chromosomes inevitably means 
a reduction in the number  of reads 
upon which the diagnosis is based and 
may consequently reduce accuracy. 
Furthermore, the clinical relevance of 
segmental aneuploidy at the cleavage 
is unclear at this time. Embryonic cells 
do not transition  trough G1, G2 or 
G0 phases of the cell cycle, but rather 
move directly from mitosis to synthe-
sis phase [19]. This fact, coupled with 
asynchrony between replication origins 
can cause false positive aneuploidies 
in fluorescence in situ hybridization 
(FISH),  aCGH and PCR based me-
thods. The low resolution sequencing 

Discussion
Aneuploidy is seen in more than half 
of cleavage-stage embryos derived 
from women in their early thirties and 
becomes still more common  with 
advancing age, exceeding 90% of 
embryos affected for patients over 
42 years of age [9]. Since the vast 
majority of aneuploidies are lethal, it is 
been argued that IVF outcomes could 
be improved if embryos are screened 
for aneuploidy, with those found to be 
chromosomally normal given priority 
for transfer to the uterus[10]. This con-
cept is sometimes referred to as preim-
plantation genetic screening (PGS).
Despite earlier controversy concerning 
efficiency, the results of recent ran-
domized clinical trials has suggested 
that PGS may indeed be beneficial, 
improving selection of viable embryos 
and thereby increasing implantation 
rate and reducing the incidence of 
miscarriage. It is increasingly common 
for PGS to be used in conjunction 
with biopsy at the blastocyst stage, 
followed by cryopreservation and 
transfer of those found to be euploid in 
a subsequent cycle. While this strategy 
generally works well, the cryopreserva-
tion of embryos represents an additio-
nal complication, adding to the costs 
of the procedure and causing logistic 
challenges in terms of laboratory pa-
tient management. Additionally, many 
patients have a strong preference for 
fresh embryo transfer. For this reason, 
techniques that allow reliable detection 
of aneuploidy within a timeframe com-
patible with a fresh embryo transfer 
continue to have an important place in 
clinical practice.
The study described in this paper 
examined the feasibility of utilizing 
emerging NGS methods for the de-
tection of aneuploidy in single blasto-
meres biopsied at the cleavage stage. 
Utilization of NGS has several potential 
advantages over existing comprehen-
sive chromosome screening methods, 
including reduced costs and the poten-
tial to provide additional genetic (DNA 
sequence) information, which may 
be of clinical relevance. Our studies 
have previously shown that NGS can 
provide accurate cytogenetic analysis 
of single cells [16], [17]. However, 
few have reported clinical application 

described in this paper diminishes the 
influence of variation in replication 
across the genome and is therefore 
less susceptible to the detection of 
spurious segmental abnormalities. 
This assertion is indirectly confirmed 
by our results. Despite the fact that 
NGS assess the copy number of all 24 
types of chromosome, the aneuploidy 
rate was actually lower than seen in 
equivalent FISH studies (which only 
assessed up to 9 chromosomes). The 
high pregnancy rate and lower miscar-
riage rate observed in the clinical NGS 
cycles also suggest that few if any 
errors were made using the reported 
protocol. 
As expected, the number of embryos 
available for transfer following NGS 
was much lower in comparison to 
cycles without PGS. Our policy was to 
transfer 2 embryos per patient where 
possible. However, we had only 1.3 
embryos  eligible for transfer on ave-
rage in NGS group. The implantation 
rates achieved were considered higher 
than typically observed in our clinic 
and higher than the contemporary con-
trol group assembled for the purpose 
of this study. The identification of em-
bryos with high implantation potential 
and exclusion of those affected by le-
thal aneuploidies allowed us to reduce 
the number of embryos cryopreserved 
(or in many cases eliminate cryopre-
servation altogether), thus reducing 
patient costs and circumventing ethical 
issues associated with the prolonged 
storage of embryos.
Pregnancy and implantation rates 
achieved in cycles utilizing NGS exce-
eded expectation and suggest that this 
approach is improving identification of 
viable embryos. However, the relative-
ly small size of the investigated group 
and lack of randomization are acknow-
ledged weaknesses of this investiga-
tion. While we will be continuing our 
research, we strongly encourage other 
centers to initiate studies that can 
provide additional, more robust data, 
revealing the true efficacy of NGS-ba-
sed preimplantation aneuploidy testing 
at the cleavage stage. 
The investigated group did not include 
patients who suffered from endome-
triosis or adenomiosis. We also exclu-
ded patients with problems related to 
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endometrium thickness. These groups 
will probably remain  a challenge for 
eff ective treatment. There is a need 
for  the more investigations into the 
effi  cacy of PGS applied to these type 
of patients. 
In the current study, only one miscar-
riage occurred in the group that rece-
ived screening using NGS, whereas in 
control group without embryo genetic 
testing three miscarriages occurred 
before 12 week of pregnancy and ad-
ditional four after biochemical pregnan-
cy was stated . Although the sample 
size was insuffi  cient to demonstrate 
whether or not this represents a signi-
fi cant reduction in miscarriage risk, the 
result suggest that embryo selection 
using NGS technology possess strong 
potential to decrease such risk. Further 
investigations including more patients 
should be applied due to confi rmation.

Conclusion
This paper confi rms that NGS can 
be applied clinically for the purpose 
of detecting aneuploidy in human 
preimplantation embryos. Furthermore, 
we demonstrate that NGS is not only 
applicable to trophectoderm biopsies, 
but also to single cells and that the 
method described, based upon the 
use of semi-conductor sequencing , is 
suffi  ciently rapid to allow NGS in com-
bination with a fresh embryo transfer. 
Data from a prospective trial indicated 
that single blastomere biopsy followed 
by fresh transfer of euploid embryos 
on day-5 was associated with excellent 
implantation  and pregnancy rates and 
a low miscarriage rate, suggesting that 
NGS may be a useful tool for embryo 
selection. Our results require confi rma-
tion in diff erent clinics, preferably in the 
context of a randomized clinical trial, 
but if confi rmed there will be a strong 
argument for the wider application of 
genetic methods for the ascertainment 
of embryo viability.  
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Introduction
Introduction of in vitro fertilization was 
a breakthrough in infertility treatment. 
It was followed by the diagnosis of 
the embryos in the preimplantation 
stage. Many molecular methods 
and dedicated protocols allow us to 
diagnose aneuploidies, translocations, 
monogenetic diseases, HLA matching 
and even predisposition and couples 
matching. 

We decided to observe relative amount 
of the mtDNA among investigated 
blastomeres in comparison to the 
amount of gDNA. We aimed to answer 
questions regarding diff erences in  
mtDNA quantity between: aneuploid 
and normal blastomeres, embryos 
which implanted and did not implant, 
embryos of good and poor morpho-
logy, embryos with and without Y 
chromosome, embryos from older and 
younger women.

The technological improvements allow 
us to go forward and supersede them 
all by Next Generation Sequencing 
(NGS) [Lukaszuk K. et al 2015; Wang 
L. et al. 2014; Wells D. et al. 2014; Yin 
X. et al. 2013, Fiorentino F. et al. 2014; 
Martin J. et al. 2013]. NGS allows us to 
use PGD for multiple purposes at the 
same time while testing genomic DNA 
(gDNA). Additionally we can check the 
amount of mtDNA which could be an 
indirect indicator of the mitochondria’s 
function, and the quality of the mtDNA. 

 

Relative mitochondrial DNA copy number assessed during next generation sequencing (NGS) for 
cleavage-stage preimplantation genetic diagnosis (PGD) depends on embryo ploidy status but is 
independent from patient age, embryo gender, embryo morphology or embryo ability to implant.  
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Materials and Methods
69 infertile couples (women aged 36.5 SD 4.9) were counselled and gave consent for PGD NGS analysis of their embryos 
between 08.2013 and 11.2014.

PGD NGS
Implementation of Next Generation Sequencing method in preimplantation genetic diagnosis was designed at the INVICTA 
Fertility Clinic Molecular Laboratory Department. Sequencing was performed using an Ion PGM™ Sequencing 200 Kit v2 (Life 
Technologies, California, USA) on an Ion 316 chip (Life Technologies, California, USA) as described by Łukaszuk et al. 2015.

Mitochondrial DNA estimation
For each sample, the number of mtDNA reads was divided by the number of reads attributable to the nuclear genome. In the 
aneuploid embryos we add or deduct the relative amount of reads according to which chromosomes are missing or surplus in 
aneuploidy analysis. This provided an indication of the relative amount of mtDNA per cell. In order to make the results easier 
to read we multipled them by 1000.

Results
The NGS PGD gives us not only the reads from genome DNA but also from mtDNA. It gives us, on average, about 0.7% of 
reads from mtDNA. Unfortunately WGA changes the investigated mitochondrial DNA. We found that mitochondrial DNA is 
manifold mostly in two regions – from 65 to 500 and from 9950 to 10270 (Fig.1).
We analyzed mtDNA/gDNA reads ratio from 314 embryos obtained in 69 cycles of IVF treatment. In some cases results 
received from embryos from the same patient showed extreme differences  suggesting heteroplasmy to be quite common 
phenomenon. 10 results, which were 1000 times higher than others, were excluded from further analysis. We compared 
the relative reads amount between samples according to ploidy status, and we found it higher in aneuploid embryos (Fig 2). 
MtDNA/gDNA ratios for all other comparison groups  (women’s age, embryos quality and sex) did not differ significantly (Table 
1).  Additionally the implantation rate was calculated solely for the transferred embryos. We transferred 62 embryos. In 21 
cases we transferred 1 embryo, for the rest of the transfers two embryos were used, 27 embryos were frozen. Comparison of 
mtDNA copy number amount from implanted embryos with those that failed to implant did not differ (Fig.3).
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Fig. 1b Reads mapping on motochondrial sequence after next generation sequencing 

      performed on DNA from single cell after WGA

Fig. 1a Reads mapping on motochondrial sequence after next generation sequencing performed on  

      DNA isolated blood

Reference Coverage Chart

Viewing Options:     Show Legend:

Reference Region:       Chrom/Contig:

200Bars/Points

chrM (25) Range: 1-16,569 View in IGV

Plot: Overlay: None Zoom Out

Export

Total Base Reads

chrM (16,569 bases)

Ba
se

 R
ea

d 
D

ep
th

0

2,5

7,5

12,5

10

5

Reference Coverage Chart

chrM (16,569 bases)

Ba
se

 R
ea

d 
D

ep
th

Viewing Options:     Show Legend:

Reference Region:       Chrom/Contig:

200Bars/Points

0

1

2

3

4

5

chrM (25) Range: 1-16,569 View in IGV

Plot: Overlay: None Zoom OutTotal Base Reads

Does mitochondrial DNA (mtDNA) copy number amount  assessed during next generation sequencing (NGS) 
preimplantation genetic diagnosis (PGD) has a potential to become a new biomarker for embryo selection?AN

AN 15

  Nr 06/2017



Fig. 2. Relationship between blastomere ploidy status and relative mtDNA quantity.

Fig. 3. Relationship between embryos’ ability to implant and relative mtDNA amount.
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Table 1. The difference of the relative  mtDNA amount of analyzed parameters. 

All analyzed embryos

3 day

Ploidy status Normal Abnormal

0.004 

N 89 204 

mtDNA relative amount 4.6 (2.8-7.2) 5.9 (3.7-8.9)

Women age status < 37 years >=37 years

0.14

N 151 142 

mtDNA relative amount 5.1 (3.2-8.0) 5.7 (3.8-8.6)

Embryo quality N Good Poor

0.09

N 261 32

mtDNA relative amount 5.7 (3.5-8.6) 4.8 (2.4-6.9)

Sex Embryos  with chr. Y Embryos without chr. Y

0.16

N 131 162 

mtDNA relative amount 5.5 (3.8-8.5) 5.0 (3.1-7.3)

Transferred embryos

3 day 

Implantation status Implanted Nonimplanted

0.18

N 38 24

mtDNA relative amount 5.0 (3.7-7.8) 4.1 (3.3-4.6)

   Table 1. Examples of applications of PGD/PGS techniques.
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Discussion

Mitochondria are involved in a number of signaling pathways, metabolism and apoptosis. Several studies in mammals have 
shown that, at ovulation, metaphase II fertilisable oocytes possess between 1.9×105 to 3×105 copies of mDNA [Chen et al. 
1995; Reynier et al. 2001; Steuerwald et al. 2000; May-Panloup et al. 2005a; Spikings et al. 2007] and that each mitochon-
drion contains one mitochondrial genome [Satoh and Kuroiwa 1991]. Mitochondria off er stable material for analysis as they 
do not replicate in human oocytes and early stages of embryo developement.  DNA after WGA is amplifi ed mostly in two 
regions – from 65 to 500 (HRV2) and from 9950 to 10270 (Fig. 1). This allows us to analyze the relative amounts of mitochon-
drial DNA but does not provide suffi  cient reliability for more detailed sequence analysis. 
We found diff erent reads number of mitochondrial DNA (RN mtDNA) between aneuploid and normal cells of biopsied embry-
os. Our results confi rm some preliminary analysis where increased mtDNA amount was found in abnormal embryos [Wells et 
al. 2014]. A more comprehensive data analysis is still required to substantiate this point. If confi rmed we could consider mtD-
NA as additional marker of embryo selection for fresh transfer. Additionally the diff erences between various embryos obtained 
from the same patients should be analyzed in the future.
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Abstract: 
Preimplantation Genetic Diagnosis 
(PGD) used in assisted reproduction 
techniques is designed to provide help 
for couples trying to conceive a child, 
as it helps deliver healthy off spring. 
After in vitro fertilization, material is 
collected from the 3-day-old embryo, 
or increasingly often, from the tro-
phectoderm of a blastocyst. Selection 
of the diagnostic method depends 
on the testing center, but methods 
such as aCGH (Comparative Geno-
mic Hybridization Array) and NGS 
(Next-Generation Sequencing) are 
supposed to have the highest reliability 
and precision. This paper presents a 
review of the most important methods 
used in PGD, their advantages and 
disadvantages as well as effi  cacy in the 
procedures in which they are used.
PGD, PGS, embryo biopsy, next gene-
ration sequencing, 
in vitro fertilization.
In both the UK and the US, the fi rst 
children born as a result of the fi rst in 
vitro fertilization programs with PGD 
were born in 1990 [1]. Using this 
method, by 2004 approximately 1,000 

gene abnormalities.
2. Preimplantation Genetic Screening 
(PGS) – used to determine potential 
aneuploidies of all 24 chromosomes. 
Particularly performed for patients older 
than 35 (AMA, Advanced Maternal Age), 
those with repeated implantation failures 
(RIF), repeated miscarriages (RM) with 
normal partner karyotypes, and when a 
severe male factor (SMF) is the cause 
of infertility. PGS seeks to fi nd embryos 
for transfer  or to select embryos with a 
normal karyotype [6].

Material collection methods
Selection of material for analysis de-
pends on indications (through analysis of 
maternal material or from both parents), 
the extent of the predicted analysis and 
the technical possibilities. Material for 
analysis is taken from polar bodies, 
blastomeres or cells collected from 
the trophectoderm of blastocysts [4]. 
Recently, there have been reports on the 
possibility of collecting material from fl uid 
in the blastocyst cavity [7,8] and 
blastomeres from a morula stage 
embryo, after decompaction [9].

children had been born [2], and by 2010 
this number had exceeded 10,000 [3,4]. 
Initially, the procedure was thought to 
be extremely complicated and associa-
ted with  a high risk of error. Currently, 
advances in assisted reproductive 
technology are made extremely rapidly, 
and its effi  cacy has been gradually incre-
asing. At the same time, many aspects 
of PGD are still being discussed among 
specialists worldwide [5].The procedure 
for preimplantation genetic diagnosis inc-
ludes a sequence of activities conducted 
to select a genetically healthy embryo for 
transfer. This includes collecting material 
for a test (biopsy), preparation of genetic 
material for analysis (DNA isolation and 
amplifi cation), analysis 
(method selection) and result prepara-
tion and issue.
Fertility clinics currently use two types of 
preimplantation diagnosis, depending on 
indications:
1. Preimplantation Genetic Diagnosis 
(PGD) – used to determine embryo 
genotype, performed in couples with 
genetic abnormalities such as single-ge-
ne diseases, single mutations, transloca-
tions or other 
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Analysis of blastomeres 
from 6-8-cell embryos
Diagnosis of 3-day-old embryos was 
the first preimplantation diagnosis that 
also revealed cell totipotency and their 
further development, despite such a 
large mechanical intervention and loss 
of genetic material [15]. The blastome-
re collection technique is slightly more 
complex than a polar body biopsy. In 
order to facilitate material collection, a 
biopsy is performed in media without 
calcium and magnesium ions. Conse-
quently, the intercellular connections 
are weakened. The zona pellucida is 
opened with the same methods as for 
polar body analysis. The main rules 
considered in this procedure are limita-
tion of the biopsy to a single blastome-
re, blastomere size and the presence 
of a single-cell nucleus. The number 
of blastomeres collected for analysis 
is controversial. It seems reasonable 
to collect as little material as possible 
(one blastomere). Collection of two 
cells is thought to significantly reduce 
the embryo’s developmental potential 
and significantly reduce the implanta-
tion rate [16]. However, Brodie et al. 
performed studies where two blasto-
meres from 7-day-old embryos were 
collected. Consequently, the PGD rate 
increased from 88% (one blastomere 
biopsy) to 92% (two blastomere biop-
sies), whereas further developmental 
potential of embryos in the two analy-
zed groups was similar [17].
Diagnosis of 3-day-old embryos is 
the most common method of preim-
plantation diagnosis. The material 
contains both paternal and maternal 
genomes. Hereditary diseases as well 
as errors during meiosis and mitosis 
are analyzed. Recessive and dominant 
single-gene diseases, translocations, 
inversions as well as aneuploidies can 
be diagnosed with this method [3,4,5]. 
Additionally, this material can also be 
used for determination of sex by dia-
gnosing X- or Y chromosome-linked di-
seases [1]. With this material it is also 
possible to perform a human leukocyte 
antigen (HLA) analysis, to avoid giving 
birth to children with dysfunctions and 
to provide patients with embryos of 
an appropriate HLA type that will help 
treat their siblings with pathologies in 
the future [4, 18]. PGD of 3-day-old 
embryos also makes it possible to 
perform a transfer in a fresh cycle.

Analysis of cells from the tro-
phectoderm of blastocysts
A blastocyst-stage embryo is a specia-
lized multi-cell organism. From day 3, 
the rate of cell division almost doubles, 
and on day 5, after approximately 
four more divisions, the embryo has 
approximately 80-150 cells. Collection 
of cells from the trophectoderm does 
not disturb the structure of the embry-
oblast and does not reduce embryo 
implantation potential [19,20]. Usually, 
less than ten to less than twenty cells 
are collected from a blastocyst-stage 
embryo, which increases the reliability 
of the results obtained and reduces the 
risk associated with mosaicism of the 
cells. Analysis of 5-day-old embryos 
offers the same testing scope as with 
3-day-old embryos. PGD/PGS perfor-
med on blastocysts significantly incre-
ases the implantation rate and the rate 
of successful pregnancies compared to 
a standard morphological assessment. 
Based on reports, the rate of clinical 
pregnancies ranges from 60% to 75% 
[20,21]. 
The majority of PGD/PGS tests are 
performed in frozen cycles. There are 
differing opinions about the adverse 
effects of freezing on the possibility of 
further embryo development and im-
plantation. According to some resear-
chers, frozen cycles increase embryo 
implantation possibilities as they result 
in better preparation of the endome-
trium for fertilization [22,23]. There 
are also studies proving that repeated 
blastocyst biopsies are reasonable, 
that it is also associated with thawing 
and repeated freezing of blastocysts, 
and that re-biopsy and double freezing 
have no effect on embryo quality and 
implantation potential [24]. Other 
researchers claim that the blastocyst 
implantation rate in fresh cycles is 
statistically higher than compared to 
frozen cycles [25].

Analysis of polar bodies
A polar body is material extruded from 
an oocyte during the first and second 
meiosis. However, only analysis of 
maternal DNA is possible with this ma-
terial. In 1990, Verlinsky became the 
first person to perform an analysis of 
polar bodies [10]. Only a few centers 
worldwide use this method, and in the 
majority of cases it is selected due to 
legal limitations on analysis of human 
embryos. Meiosis of human oocytes 
starts as early as during fetal life (in 
females). Then, for more than ten or 
several dozen years, this division is 
arrested in the dictyotene stage of the 
first meiotic prophase, almost until ovu-
lation. After fertilization the first polar 
body is in contact with the oolemma 
for approximately 90 minutes. Cyto-
plasmic bridges may partially contain 
a karyokinetic spindle that can still 
be linked to the chromosomes of an 
oocyte, therefore polar body biopsy 
immediately after oocyte collection is 
not recommended [11], as damage to 
it may adversely affect further develop-
ment of the embryo. 
A spindle can be located in vivo using 
an appropriate system of polarization 
[12]. Collection of the first polar body 
is preferably made within 4-12 hours 
after intracytoplasmic sperm injection 
(ICSI). After 12 hours, the first polar 
body degenerates and it is not possible 
to obtain precise findings. The second 
meiotic division, with extrusion of the 
second polar body, can be observed 
as late as 2-4 hours after fertiliza-
tion [13]. Therefore it is preferable to 
perform a second polar body biopsy 
within 8 to 16 hours after ICSI. There 
are different methods for opening the 
zona pellucida. One of these is lysis, 
using acid Tyrode’s solution, which 
results in a mechanical opening, while 
another method is laser drilling [4]. 
With regard to PGD/PGS, polar body 
analysis is of a lesser diagnostic value 
than analysis of an embryo genome, 
quite apart from the fact of techni-
cal issues and increased time and 
financial costs. In 2014, Salvaggio et 
al. presented the results of studies on 
459 embryos and demonstrated that 
polar bodies had low predictive values 
for aneuploidy diagnosis, and therefore 
lower diagnostic values in the case of 
embryo developmental potential and 
selection of an appropriate embryo for 
transfer [14]. 
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Diagnostic methods used in PGD/PGS
Pursuant to reports by the ESHRE PGD Consortium (European Society of Human Reproduction and Embryology), 
in the period 1997-2007, 27,000 cycles focused on preimplantation diagnosis were performed: 61% were screening tests 
for aneuploidy; 17% were diagnoses of single-gene diseases; 16% were for chromosomal abnormalities; 4% were for 
chromosome X-linked diseases, and 2% for sex selection (Figure 1). Current methods of PGD/PGS diagnosis use fluorescent 
in situ hybridization (FISH), comparative genomic hybridization (CGH), single nucleotide polymorphism (SNP) analysis, 
and the latest method of next generation sequencing (NGS). Direct methods supporting the diagnostic process include, 
among others, polymerase chain reaction (PCR) and whole genome amplification (WGA) [16, 26, 27]. Table 1 presents 
some examples of applications for these techniques [16]. 

Indications FISH aCGH  SNP array NGS

Sex selection YES YES YES YES

Screening tests 
for aneuploidy

YES/
Specific locus YES YES YES

Aberrations associated with 
a changed number of DNA copies

YES/
Specific locus YES YES YES

Chromosomal 
rearrangements 
(translocations)

YES/
Specific locus YES YES YES

Single-gene mutations NO NO YES YES

De novo mutations NO NO NO YES

Mitochondrial mutations NO NO NO YES

Table 1. Examples of applications of PGD/PGS techniques.

Figure I. Indications for preimplantation diagnosis.

*changes in fragments > 6MB.

CHROMOSOMAL ABNORMALITIES
MONO-GENIC DISEASES

X-CHROMOSOME-LINKED DISEASES
SEX SELECTION

ANEUPLOIDIES

61%
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2%
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Fluorescent In Situ 
Hybridization – FISH
FISH is one of the oldest methods 
used in preimplantation diagnosis and 
was used for the first time in 1993 by 
Schrurs et al. to determine aneuploidy 
[28]. Further advances included its use 
in determining chromosomal transloca-
tions by Munne et al. [29]. 
FISH involves identification of chromo-
somes or their fragments with fluore-
scently labelled molecular probes. 
Probes are complementary to spe-
cific DNA regions that are subject to 
hybridization under specific conditions, 
and the result of this process can be 
observed as fluorescent spots under 
a fluorescent microscope. FISH dia-
gnosis is performed using interphase 
nuclei. After an embryo biopsy blasto-
mere (or two) is placed in a hypotonic 
solution, it is then digested and fixed 
with methanol and acetic acid [31]. 
It is not possible to test a whole panel 
of 24 chromosomes during one test, as 
it is only feasible to use 5-9 probes at 
most, for 2-3 rounds of hybridization. 
Therefore, PGS-FISH diagnosis is limi-
ted to the most common abnormalities 
involving chromosomes 13, 15, 16, 17, 
18, 21, 22, X and Y [27]. FISH diagno-
sis is also associated with a number of 
doubts regarding result reliability. Due 
to such problems as inappropriate bla-
stomere fixation, probe attachment and 
washing away performed many times, 
as well as artefacting (poor/additional 
or completely nonspecific signals), 
this technique has to be passed over 
as imprecise and associated with a 
high risk of error. In 2007, a study was 
conducted on 206 patients subject 
to preimplantation diagnosis with 
FISH, and 202 patients in the control 
group, aged 35-41 years. It revealed a 
significantly lower rate of pregnancies 
in the first group (25%) compared to 
the control group (37%) [32]. Some 
of FISH’s disadvantages were men-
tioned earlier, but it is also less than 
perfect in its need for material from 
3-day-old embryos, which can disturb 
their further developmental potential, 
and because the number of analysed 
chromosomes is limited. In this regard, 
a positive FISH result does not indicate 
a ‘healthy’ embryo [31,32]. 
FISH is also used to determine trans-
locations. However, this field of study 
has now been successfully replaced by 
methods that are more reliable and pre-
cise, such as SNP [33] and NGS [34]. 
 

of the first healthy child subjected to 
aCGH-based PGD at the embryonal 
stage, for unbalanced chromosome 
configuration associated with a balan-
ced translocation in one of its parents 
[38]. Schoolcraft et al. demonstrated 
a statistically significant increase in 
the rate of embryo implantations from 
46.5% to 72.2% (p<0.001) for embryos 
that had been biopsied at the blasto-
cyst stage, frozen and verified with 
CGH-based PGS [39]. 
Chromosomal translocations are ano-
ther application for PGD/CGH. 
Reciprocal translocations involve 
the exchange of segments between 
non-homologous chromosomes. They 
can be balanced – there are no abnor-
malities – or unbalanced, where there 
is an excess or lack of some chromo-
some material. Robertsonian translo-
cations result when the long arms of 
acrocentric chromosomes fuse (13, 
14, 15, 21, 22), and the short arms of 
these chromosomes are lost. As they 
do not carry any significant genetic 
information, an abnormal genotype 
is not formed. Being a translocation 
carrier increases the risk of failure by 
even 85%, which is due to the fact 
that the carrier produces gametes with 
an unbalanced karyotype. Therefo-
re, PGD should include detection of 
translocations as well as screening 
tests of chromosomes with regard to 
numeric abnormalities. Array CGH 
can successfully be used in PGS, but 
translocation detection is associated 
with limitations as it is possible to 
detect translocated fragments that are 
not smaller than 6 Mb [37]. However, 
in their study Colls et al. demonstrated 
that in diagnosis of structural chro-
mosomal abnormalities, at an early 
embryonic stage it is more effective to 
use aCGH than FISH; the precision of 
translocation diagnosis was assessed 
on detection of at least three translo-
cated chromosomal fragments. This 
study also demonstrated the necessity 
of PGS in selecting a healthy em-
bryo, as 26.4% of normal or balanced 
embryos demonstrated aneuploidy 
[40]. This thesis was also confirmed in 
2011 studies by Gutierrez-Mateo et al. 
– in a group of 81 embryos diagnosed 
as normal or balanced with regard to 
translocations, 51 had chromosomal 
aneuploidy that disqualified embryos 
from transfer [41]. Similar studies with 
comparable results were also perfor-
med by Fiorentino et al. [42] and Pujol 
et al. [43].
Comparative genomic hybridization 
is the most common method used by 

Comparative Genomic 
Hybridization – CGH
Comparative genomic hybridization 
was introduced in molecular cytoge-
netics in 1992 by Kalioniemi et al. 
[35]. This method is used to detect 
duplication or deletion of chromoso-
me fragments without the need for 
culturing cells. The method is based on 
using standard (normal) DNA labelled 
with a fluorescent dye, and tested DNA 
(from a patient) that is also labelled 
with a fluorochrome. Both genomes 
are placed on a slide or metaphase 
plate. In this way, two genomes coded 
with different colors and cut enzyma-
tically into small fragments reorganize 
on chromosomes using the rule of 
complementarity and competition for 
hybridization sites. All quantitative dif-
ferences between them are visible as 
a predominance of one color over the 
other [27,32]. The main disadvantage 
of the classic CGH method is its low 
resolution, which averages 10 Mbp, 
and so an improved version, known as 
arrayCGH (aCGH), is used in preim-
plantation diagnosis. 
aCGH is also based on fluorescently
-labelled reference and tested DNA, 
but the hybridization plate used consi-
sts of a microarray with a large number 
of wells (hundreds or thousands) with 
specific oligonucleotide sequences. A 
signal analysis is performed by compu-
ter. Array CGH-based studies allow for 
simultaneous identification of aneu-
ploidy, deletion and amplification of 
each of the gene loci represented on a 
microarray, with resolution limited only 
by the number and size of the probes 
used for construction. A microarray 
can contain DNA clones covering only 
one chromosome, selected regions 
responsible for genetic disorders or 
an entire genome. It is also possible 
to identify submicroscopic aberra-
tions that are not visible in a standard 
cytogenetic test [16, 27]. Array-CGH 
is considered to be precise (2.9% no 
errors), highly specific (1.9% errors) 
and not time-consuming (analysis of 
up to 24 h). Although it is not possible 
to use aCGH for haploid or polyploid 
embryo, low-grade mosaicism and 
single mutations, research has proved 
that a significant majority of embryos 
with such dysfunctions also have ad-
ditional disorders that can be detected 
with aCGH (such as aneuploidy), and 
which are not present in approximately 
0.2% of cases [36, 37].
In 2011, Alfarawati et al. were one of 
the first to publish a report on delivery 
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research centers and there is a large 
amount of data confirming its efficacy, 
but according to ESHRE guidelines, 
it is still necessary to validate this 
method before it can be introduced 
into routine diagnosis [44].

Single nucleotide polymorphism 
(SNP) analysis
Single nucleotide polymorphisms are 
places in a genome where one nuc-
leotide in a specific locus is different 
from the others in the population. 
SNPs are usually biallelic; however, 
there are also triallelic SNPs in human 
DNA. Methods using SNP markers 
utilize platforms/plates allowing for 
determination of thousands or millions 
of SNPs in a human population during 
a single DNA analysis. There are 
a large number of SNP methods based 
on hybridization, starter elongation, 
ligation or so-called invasive rupture, 
all of which favor the accessibility 
of this method [45]. The most popular 
is minisequencing, namely elongation 
of a starter with one, fluorescently 
labelled nucleotide that is complemen-
tary to a tested SNP, and that also ter-
minates a reaction of starter prolonga-
tion in a PCR. Although SNP markers 
are not highly polymorphic, a statistical 
analysis with a set of several dozens 
or hundreds of SNPs makes it possi-
ble to obtain reliable results. Another 
advantage of SNPs is the possibility 
of working with low copy number DNA 
(LCN DNA), where DNA levels are 
estimated to be < 100-200 pg (one cell 
contains approximately 7 pg of DNA) 
[16]. This is especially beneficial 
when genetic material is isolated 
from a single cell or several cells.
SNPs may be used to determine loss 
of heterozygosity (LOH) where one 
gene allele has been lost, and may 
result in general gene dysfunction 
[16,27], as well as in analysis of 24 
chromosomes with regard to aneu-
ploidy. In 2010, Trefff et al. designed 
and validated a method to screen 24 
chromosomes for aneuploidy that was 
based on SNP identification [46]. since 
then, many centers have used this 
method for PGS and obtained satisfac-
tory results.
In their work, Schoolcraft et al. consi-
dered three variables in PGS diagno-
sis: blastocyst biopsy, embryo vitrifica-
tion and chromosome screening with 
SNP-array. After analysis, 47.4% of 
blastocysts (356/751) were diagnosed 
as euploid and qualified for transfer. 
Results were not obtained 

When NGS is used in PGD it is neces-
sary to isolate the DNA and amplify 
the whole genome (from a single cell 
or several cells). Then, the material 
is cut into small DNA fragments (of 
100-200 base pairs) and placed on 
a 2x2 cm ‘chip’. It seems incredible 
to place a hundred thousand DNA 
fragments from different patients on a 
single chip, but this is possible thanks 
to DNA barcoding [51]. A sequence of 
each fragment is then compared to a 
reference sequence. The results are 
prepared by a computer. 
Łukaszuk et al. used NGS to screen 
24 chromosomes for aneuploidy in 
PGD [52]. This study included 45 
patients with a history of recurrent 
miscarriages. A control group included 
53 patients, matched by age, reason 
for infertility, AMH levels and number 
of antral follicles. In a group of 252 
studied embryos, 142 demonstrated 
aneuploidy, 21 were considered to be 
non-diagnostic, and 89 had a normal 
karyotype. 65 transfers were perfor-
med among 89 normal embryos. There 
were 89 transfers in the control group. 
With regard to the final outcome, the 
pregnancy rate in the study group was 
twice that of the control group (84.4% 
vs. 41.5%, respectively). An analysis 
made using NGS was also performed 
for a couple carrying a Robertsonian 
translocation, and the whole process 
of diagnosing the translocation and 
aneuploidy of 24 chromosomes resul-
ted in implantation of a healthy embryo 
and normal pregnancy development 
[34]. Similar findings were observed 
by Fiorentino et al. [53], Tan et al. [54] 
and Treff et al. who successfully used 
next generation sequencing to identify 
monogenic diseases [55]. 
Currently, NGS is thought to be a 
future and target technology for PGD/
PGS. As a gold standard for genetics 
sequencing, it allows for the almost 
100% study of an entire gene/geno-
me, and so it is possible to obtain a 
‘perfect’ analytical result.

Summary
Currently, it is known that more than 
50% of embryos obtained under in 
vitro conditions have genetic abnorma-
lities. This number increases to 80% in 
patients older than 40. In the majority 
of abnormal embryos, development 
is arrested between day 3 and day 5, 
but the remaining embryos develop 
until the blastocyst stage, and are then 
transferred to the uterus or frozen and 
used in the next cycle. This rate of 

in 4.5%. Biochemical pregnancies 
were obtained in 87% (87/100), clinical 
pregnancies with fetal heart beats in 
73% (73/100). Miscarriage was 
observed in two cases – 2.7%. 
As a result of the combined activities 
of a research team, a high implantation 
rate and low miscarriage rate was ob-
served in infertile couples [47]. Studies 
with SNP platforms were also conduc-
ted on diagnosis of balanced, unbalan-
ced and Robertsonian translocations, 
and good outcomes were observed 
[33,48,49,50]. 

Next Generation 
Sequencing – NGS
Next Generation Sequencing belongs 
to the group of Massively Parallel 
Sequencing (MPS) methods that allow 
for parallel processing of an extremely 
large number of nucleic acid molecules. 
As a result of sequencing on a micro-
space scale (e.g. reaction vessels with 
a diameter of 3 micrometers), it has 
been possible to drastically increase 
the amount of information collected 
during one test, up to an entire human 
genome. NGS has revolutionized se-
quencing even more than microarrays 
revolutionized CGH. Within subsequ-
ent years of its existence, the costs of 
equipment, disposables and chemicals 
have fallen, which has increased the 
accessibility and popularity of its use in 
research and medical fields.
Currently, more than ten NGS platforms 
are available. Post-Light NGS, where 
semiconductor chips are used instead 
of laser-optic systems and color reac-
tions allowing for translation of genetic 
information directly into binary signals, 
has to be mentioned. In preimplantation 
diagnosis NGS has become a better 
alternative than aCGH. NGS can be 
used in fresh and frozen cycles, and it 
is possible to analyze almost all types 
of genetic variability. NGS is also the 
only method that allows for analysis for 
aneuploidy or translocation of all chro-
mosomes and mutations responsible 
for any single-gene disease, using one 
biopsy and one process. 
Using next generation sequencing it is 
possible to study an entire genome with 
regard to different abnormalities such 
as aneuploidy, single-gene mutations 
or de novo mutations. It is quite costly 
to equip a laboratory with all of the 
equipment necessary to perform NGS 
procedures, but this technology allows 
for performance of analyses of many 
samples at the same time, thereby 
reducing the costs of a single analysis. 
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genetic abnormality is thought to be 
present not only in cycles stimulated 
with in vitro fertilization, but also in cyc-
les stimulated with a natural approach 
to conception (i.e. insemination) [37].
Preimplantation diagnosis combined 
with modern technology represents 
a new era of infertility treatment for 
couples with a chance of healthy pre-
gnancy as early as within one cycle. It 
saves time, and the patient’s ovarian 
reserve. Additionally, it avoids the men-
tal burden associated with repeated 
miscarriages and failures, as well as 
saving wear and tear on the woman’s 
body and reproductive organs.
The following conclusions can be 
drawn based on discussions and re-
search papers presented by scientists 
worldwide: 
- Fluorescent in situ hybridization has 
been replaced by more reliable techno-
logies, such as aCGH and NGS, where 
each chromosome can be tested for 
chromosomal abnormalities,
- Biopsy of 3-day-old embryos is being 
less and less frequently performed and 
is in fact being replaced by biopsy of 
the trophectoderm of the blastocyst; it 
is thought that the embryo blastome-
re is not representative of the entire 
whole genome due to high levels of 
mosaicism, and that results are often 
non-diagnostic due to the low amo-
unt of material available for analysis. 
Thanks to the trophectoderm it is 
possible to obtain several cells with 
a lower chance of mosaicism, con-
sequently increasing the chances of 
obtaining reliable results,
- Embryos that have been successfully 
biopsied and frozen can be transferred 
in the next cycle; according to vario-
us studies, freezing does not have a 
significant effect on further embryo 
development or implantation. It has 
also been suggested that primed en-
dometrium favors better implantation in 
the next cycle,
- PGD/PGS technology seems to be 
more and more associated with routine 
use of comparative genomic hybridiza-
tion and next generation sequencing, 
and these methods are recommended 
by ESHRE. However, they have to be 
validated for introduction to routine 
diagnostics in fertility clinics.
There are ongoing multicenter, ran-
domized studies aimed at optimizing 
the strategy for PGD to achieve the 
highest efficacy in infertility treatment, 
as well as the highest reliability [43]. 
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Robertsonian translocations are classifi ed as the most common balanced structural chromosomal rearrangements 
in the human population occurring with the frequency of approximately 1 in 1,000 newborns.1 The majority of Robertsonian 
translocation cases involve two diff erent acrocentric chromosomes. Carriers of heterologous Robertsonian translocations 
are diagnosed more frequently among the infertile couples (especially in oligospermic males) than in healthy population.[2] 
Because of the well-known risk of unbalanced conceptions in carriers of Robertsonian translocations, the male carriers 
are the candidates for intracytoplasmic sperm injection (ICSI)–IVF along with preimplantation genetic diagnosis (PGD).3,4 
Previously published cases of PGD concerning Robertsonian translocation carriers usually involved the diagnosis of ploidy 
status using the multicolor FISH method. However, the reports of imbalances of other embryo chromosomes in such cases5 
indicated the need for broadening the analysis to include additional chromosome copy number abnormalities. 
The next-generation sequencing (NGS) has been used routinely in various PGD protocols at INVICTA Fertility Clinic since 
August 2013. This report presents NGS-based PGD application in the case of a Robertsonian translocation carrier.

Abstract
Preimplantation genetic diagnosis (PGD) is well established method for treatment of genetic problems associated 
with infertility. Moreover, PGD with next-generation sequencing (NGS) provide new possibilities for diagnosis and 
new parameters for evaluation in, for example, aneuploidy screening. The aim of the study was to report the successful 
pregnancy outcome following PGD with NGS as the method for 24 chromosome aneuploidy screening in the case 
of Robertsonian translocation. Day 3 embryos screening for chromosomal aneuploidy was performed in two consecutive 
in vitro fertilization (IVF) cycles, fi rst with fl uorescent in situ hybridization (FISH), and then with NGS-based protocol. 
In each IVF attempt, three embryos were biopsied. Short duration of procedures enabled fresh embryo transfer without 
the need for vitrifi cation. First IVF cycle with the embryo selected using PGD analysis with the FISH method ended with 
pregnancy loss in week 8. The second attempt with NGS-based aneuploidy screening led to exclusion of the following 
two embryos: one embryo with 22 monosomy and one with multiple aneuploidies. The transfer of the only euploid blastocyst 
resulted in the successful pregnancy outcome. The identifi cation of the euploid embryo based on the NGS application 
was the fi rst successful clinical application of NGS-based PGD in the case of the Robertsonian translocation carrier couple.

Key words: 
► aneuploidy screening ► next-generation sequencing ► preimplantation genetic diagnosis ► Robertsonian translocation 
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Patients and Methods
In 2011, a couple with 5 years 
of primary infertility (females 
31 and males 46) was seeking 
treatment at the INVICTA Fertility 
Clinic. In 2009, male infertility 
factor with severe oligospermia 
was diagnosed and determined 
as the reason of infertility. The 
couple underwent standard clinical 
investigation and all the hormonal 
results were normal including AMH 
(anti Mullerian hormone) at 2.4 ng/
mL (AnshLabs I generation assay)  
and unchanged female karyotype. 
Male karyotype was abnormal 
with Robertsonian translocation 
45,XY,der (14;15) (q10;q10). The 
couple’s decision to undergo 
IVFwas followed by genetic 
counseling regarding PGD options 
and presentation of success rates, 
risk of misdiagnosis, and possible 
genetic, clinical, and social 
outcomes. Because of the low risk 
of father-to-child transmission in 
case of father being Robertsonian 
heterozygote, the couple decided 
not to perform PGD directed to 
14 and 15 uniparental disomy.1 
Translocation carrier state is 
associated with high risk of 
aneuploidy in offspring, therefore, 
we proposed FISH analysis for 
fused chromosomes 14q and 15q. 
A written consent form, in which 
a possible risk of the in vitro 
procedure and PGD misdiagnosis 
was stated, was obtained. In 
addition, confirmatory prenatal 
diagnosis was recommended for 
each pregnancy achieved after 
PGD. The IVF program, according 
to the standard long protocol used 
at INVICTA Fertility Clinic started 
in January 2012.6 The female was 
stimulated with 225 IU of Menopur 
(Ferring Pharmaceuticals, Saint 
Prex, Switzerland) daily for 9 days. 
We received 12 cumulus oocyte 
complexes with 6metaphase 
II cells. Blastomeres biopsies 
from three embryos (6C each) 
were performed on day 3. Laser 
technology (Anritsu 1488 nm in 
Saturn 3 Research Instruments, 
Falmouth, UK) was used to 
create an opening in each zona 
pellucida and one blastomere 
was gently aspirated from each 
embryo. After the biopsy, each 
embryo was washed, transferred 
to G2medium (Vitrolife, Sweden), 
and cultured for 2 more days. The 
used FISH probes included LSI 

to manufacturer’s protocol for 
10 to 100 ng of gDNA input was 
used. For barcoding, Ion Xpress 
Barcode Adapters 1–96 Kit 
(Life Technologies) were used. 
Ion Xpress Equalizer Kit (Life 
Technologies) was used for library 
input normalization, according to 
manufacturer’s protocol. Barcoded 
libraries were clonally amplified 
with The Ion PGM Template OT2 
200 Kit (Life Technologies) using 
Ion One Touch 2 System. After chip 
loading, sequencing was performed 
using Ion PGM Sequencing 200 
Kit v2 (Life Technologies) on Ion 
314 and 316 chips. Preliminary 
analysis, for example, base calling 
and reads mapping against human 
genome reference sequence 
(Hg19) were performed with 
Ion Torrent Suite Software (Life 
Technologies, Carlsbad, CA). 
The INVICTA Bioinformatics 
Team Script was used for further 
computational calculations. Read 
coverage for each chromosome 
was corrected for guanosine- 
cytosine (GC)-bias, and aneuploidy 
detection was performed using 
sample results comparison to 
baseline values obtained from 
72 males and 52 females euploid 
samples processed beforehand 
with established protocol described 
earlier. The INVICTA algorithm 
was introduced to eliminate 
the influence of sample-to-
sample reads coverage variance 
on false-positive calls. Male 
control samples were processed 
together with probes from 
blastomeres and underwent the 
same computational analysis 
to exclude any performance 
malfunctions. Negative control 
sample was processed to exclude 
contaminations. The protocol was 
validated using cell lines and was 
accurate regarding detection of 
whole chromosome aneuploidies. 
On day 5, the transfer of the 
single healthy, euploid blastocyst 
was performed. Pregnancy was 
confirmed and prenatal diagnosis 
was performed at week 15.

Results 
Three blastomeres biopsied 
from three embryos on day 3 
of the culture were analyzed 
in both cycles. The embryological
and PGD results for this couple 
are shown in ►Table 1.

(Abbott Molecular, Chicago, IL) 
and TelVysion probes (unique DNA 
sequence probes, LSI) specific 
for investigated chromosomes, 
which were purchased from Vysis 
Inc. (Abbott Molecular, Chicago, 
IL) and Kreatech (Kreatech 
Diagnostics, Netherlands). The 
specificity and sensitivity of the 
probes had previously been tested 
using patient lymphocyte cultures. 
The probes had specificity of 
100% and efficiency of 84 to 95%. 
Slides of the biopsied blastomeres 
were prepared as described by 
Coonen et al,7 and probe mixtures 
were prepared according to the 
manufacturer’s protocol. FISH 
signals were independently 
scored and interpreted by two 
technologists. The euploid 
blastocyst with morphology of 2 
BC was transferred on day 5 of the 
culture. Pregnancy was confirmed 
11 days later—hCG 94 mIU/
mL. The pregnancy ended with 
miscarriage inweek 8. Patients did 
not take advantage of cytogenetic 
investigation of the material 
from the miscarriage. During 
the second IVF cycle, patients 
decided to perform diagnosis of 
translocation and aneuploidy of all 
24 chromosomes simultaneously 
with the use of new NGS-based 
PGD method. In September 
2013, the ICSI procedure and the 
embryo culture with preparation 
for PGD were performed as 
described earlier. Three embryos 
obtained in second IVF cyclewere 
biopsied on day 3. Cellswere 
transferred into thin walled 0.2 
mL polymerase chain reaction 
(PCR) tubes containing sodium 
dodecyl sulphate (SDS) lysis buffer 
with proteinase K and frozen at 
20°C. After that, cells were lysed 
by incubation for 20 minutes at 
37°C and 15 minutes at 65°C. 
PGD NGS method was designed 
at the INVICTA Fertility Clinic 
Molecular Laboratory Department. 
Whole genome amplification 
(WGA) was performed according 
to the manufacturer’s protocol 
(PicoPlex WGA kit, New 
England Biolabs, Ipswich, MA). 
Concentration of DNA after WGA 
was quantified with Qubit 2.0 
Fluorometer and Qubit dsDNA 
HS Assay (Life technologies, 
CA). For DNA fragmentation, Ion 
Xpress Plus Fragment Library 
Kit, Life Technologies, according 
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Discussion
Originally, the main reason to introduce 
PGD was to avoid pregnancy 
termination in case of single gene 
diseases with severe outcome
[8]. Soon thereafter, the indications 
for the PGD were expanded 
to add late-onset diseases with high 
predisposition for malignancy 
[9]. human leukocyte antigen typing 
[10]. and chromosomal aberrations 
[11]. Owing to improvements in embryos 
selection methods, screening 
for aneuploidies related to age 
of parents became one of the main 
reasons for PGD along with desire 
to avoid transmission of inherited 
genetic abnormalities [12–15]. Similar 
approach of screening embryos not 
only for the derivatives of abnormal 
segregation of translocation but also 
for the risk of aneuploidies of other 
chromosomes was proposed by some 
authors [16]. The interchromosomal 
effect in Robertsonian carriers 
reproductive cells was supported by 
some authors,5, [17]. and regarded 
as doubtful with the need for further 
studies by others [18]. Nevertheless, 
in the case of the male carriers with 

amount of data with the wide range 
of applications. The development of the 
different NGS platforms and diminishing 
costs enabled their introduction into 
the preimplantation diagnostics. 
The semiconductor sequencers 
are another step forward allowing 
analysis of embryos in fresh IVF cycles 
achieved by the faster turnaround time 
[23]. In cases of screening for the ab-
normal segregation of the translocation, 
it was used to count multiple amplicons 
from each chromosome and compa-
red with the relative ratio of fragments 
obtained fromthe healthy individuals. 
NGS-based PGD allows the precise 
analysis of number of all human chro-
mosome copies in a probe by achieving 
high coverage of the human genome 
sequence. Concluding, we confirm t
he positive impact of NGS-based PGD 
in the case of the Robertsonian translo-
cation carrier. We believe that this first 
report of the healthy baby birth achie-
ved after the application bof new NGS 
technology is just a first step leading 
to further studies reaffirming reliability 
of NGS-based PGD in screening 
for the embryonic ploidy status.

oligospermia, it seems to be crucial 
to analyze both aspects of the observed 
higher aneuploidy rates [19,20]. 
The first molecular, cytogenetic 
technique—FISH—was introduced 
as an easy and simple PGD procedure 
[21]. Even though it has some 
limitations, for example, defective 
nucleus fixation, abnormal patterns 
of hybridization, and the intensity 
of fluorescence from simultaneously 
hybridized probes, it is, currently, 
the most frequently used screening 
methods. However, those examples 
suggest that FISH is not a completely 
reliable method. That is the reason 
why the terpretation of the results 
is often doubtful and requires 
rehybridization. Also, it may cause 
delay of the transfer decision both 
with overestimation of aneuploid 
blastomeres.15 To performgenome-wide 
scans, the researchers developed 
comparative genomic hybridization 
methods. However, the technological 
advances directed the laboratory 
efforts toward the golden standard 
of the molecular genetics sequen-
cing [22]. NGS is a rapidly developing 
technology which produces enormous 

Table 1. The embryological and PGD results for investigated couple

Abbreviations: FISH, fluorescent in situ hybridization; hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin; MII, 
metaphase II; NGS, next-generation sequencing; PGD, preimplantation genetic diagnosis.

PGD FISH program PGD NGS program

Start date January 2012 September 2013

Antral follicles count 17 10

Stimulation duration (d) 9 10

hMG total dosage (IU) 2,025 2,250

Number cumulus oocyte 
complexes 12 15

MII 6 11

2PN 4 5

Number of embryos 
biopsied on ay 3 3 3

Embryos PGD results

1: (14q D14S1419 x 2) (D15Z4 x 2) 1: normal, 46, XX

2: (14q D14S1419 x 0) (D15Z4 x 1) 2: unbalanced, 45 (-22)

3: (14q D14S1419 x 3) (D15Z4 x 2) 3: unbalanced, 44, (-7, -11, -17, +21)

Total reads

1 embryo: 4 1 embryo: 51,810

2 embryo: 1 2 embryo: 73,847

3 embryo: 5 3 embryo: 70,246

Embryos transferred 1 1

4 wk 2 d hCG level (mIU/mL) 94 322,3

Ongoing pregnancy No (miscarriage in wk 10) Healthy baby born
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Abstract  
Most of the current preimplantation 
genetic screening of aneuploidies 
tests are based on the low quality 
and low density comparative 
genomic hybridization arrays. 
The results are based on fewer than 
2,700 probes. Our main outcome 
was the association of aneuploidy 
rates and the women’s age. 
Between August–December 2013, 
198 blastocysts from women (mean 
age 36.3+-4.6) undergoing 
in vitro fertilization underwent 
routine trophectoderm biopsy. NGS 
was performed on Ion Torrent PGM 
(Life Technologies). The results 
were analyzed in five age groups 
(<31, 31–35, 36–38, 39–40 and 
>40). 85 blastocysts were normal 
according to NGS results. The 
results in the investigated groups 
were (% of normal blastocyst 
in each group): <31 (41.9%), 
31–35 (47.6%), 36–38 (47.8%), 
39–40 (37.7%) and >40 (38.5%). 
Our study suggests that NGS 

Testing embryos prior to transfer 
could increase the pregnancy rate, 
decrease miscarriages and prevent 
multiple IVF cycles in a patient with 
a very high incidence of aneuploidy, 
and consequently a low or zero 
chance of achieving a pregnancy 
with her own oocytes 
[1, 2, 3].The first of these 
technologies, still in use today, 
is microscopic morphology analysis. 
However, there are numerous 
developmental abnormalities which 
do not affect embryo morphology 
[4, 5], and even at the blastocyst 
stage almost 50% of good morphology 
embryos can be aneuploid. A step 
forward was the introduction of the 
time-lapse system for continuous 
morphokinetics analysis. Although 
many results show progress 
in results obtained, it is accepted 
not because of the data accuracy 
but due to the noninvasiveness 
of the method. For that reason, 
more reliable, but invasive, 
diagnostic tests are in use; 

PGD is applicable for routine 
preimplantation genetic testing. 
It allows also for easy customization 
of the procedre for each individual 
patient making personalized 
diagnostics a reality.

Key words: 
Preimplantation genetic diagnosis 
(PGD), next generation sequencing 
(NGS), blastocyst

Introduction 
It is common knowledge that 
a high incidence of chromosome 
aneuploidy in human oocytes 
and embryos contributes to low 
implantation and pregnancy rates. 
Nowadays, it is known as the most 
frequent and important cause 
of low human fecundity. These 
aneuploidies mostly occur due 
to chromosome segregation errors 
during female meiosis and less 
often during consecutive embryo 
mitosis. Male meiosis is a rare 
cause of embryonic aneuploidies. 
It is crucial to solve this problem. 
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were 69.1 vs. 41.7%, respectively 
[p=0.009]) [11].

Objectives
The aim of the presented study 
was to check the influence 
of women’s age on aneuploidy 
rates, and to evaluate the frequency 
of aneuploidies among women 
in different age groups to find the cut 
off-age for PGD NGS procedures.

Materials and Methods
IVF treatment cycles were 
performed in accordance with 
the authors’ standard GnRH agonist 
long protocol, using 225 IU of human 
menotropin (Menopur, Ferring 
Pharmaceuticals) for about 9 days  
of controlled ovarian stimulation 
[12]. There were different reasons 
for IVF procedures – advanced 
maternal age, recurrent pregnancy 
loss, recurrent implantation failure.
From August to December 2013, 
198 blastocysts from women (mean 
age: 36.3+-4.6) undergoing in vitro 
fertilization with preimplantation 
genetic testing were biopsied 
for next generation sequencing. 
All of the embryos were vitrified 
for FET (frozen embryo transfer), 
which was 2.8 embryo per woman, 
on average. Aspirated trophectoderm 
cells from blastocysts were 
transferred into thin-walled 0.2mL 
PCR tubes in total volume of 2.5 
ul and subjected to lysis. Whole 
genome amplification (WGA) 
was performed using the Rubicon 
GE test. The concentration of DNA 
after WGA was quantified with Qubit 
2.0 Fluorometer and Qubit dsDNA 
HS Assay. Ion Xpress Plus gDNA 
Fragment Library Kit 
(Life Technologies) was used 
for library preparation in accordance 
with manufacturer’s protocol. 
Libraries were clonally amplified 
with the Ion PGM™ Template OT2 
200 Kit
(Life Technologies) using the Ion 
One Touch 2 System. After chip 
loading, sequencing was performed 
using Ion PGM™ Sequencing 200 
Kit v2 (Life Technologies) on Ion 314 
and 316 chips. Preliminary analysis, 
e.g. base calling and read mapping 
against human genome reference 
sequence (Hg19) were performed 
with Ion Torrent Suite Software. 
The Invicta Bioinformatics Team 
Script was used for further 
computational calculations. Read 
coverage for each chromosome 

was corrected for GC-bias, 
and aneuploidy detection was 
performed using sample results 
comparison to baseline values 
obtained from 72 male and 52 female 
samples processed beforehand with 
the established protocol, as described 
above. The Invicta algorithm was 
introduced to eliminate the influence 
of sample-to-sample reads coverage 
variance on false-positive calls. 
Male control samples were processed 
together with trophectoderm cells 
from blastocysts, and underwent the 
same computational analysis 
to exclude any performance 
malfunctions, and the negative 
control sample processed to exclude 
contaminations.The protocol 
was prepared for low resolution 
in order to obtain 50,000 amplicons 
per blastocyst, specifically 
for aneuploidies screening.
The exact types of aneuploidies 
in different women’s age groups 
were also examined and the 
undiagnostic result rates calculated. 
The results were analyzed in five 
age groups (<31, 31–35, 36–38, 
39–40 and >40).

Results
85 blastocysts were normal 
according to NGS results. 
Table 1 shows the number 
of examined and healthy 
blastocysts in each age group. 
It was found that the average 
percentage of blastocysts affected 
by aneuploidies was 56.6% and 
varied between 52.2–62.3% i
n different age groups. 
No non-diagnostic results 
were obtained.

the results, however, are more 
accurate and misdiagnosing occurs 
much less often. Preimplantation 
genetic screening/diagnosis (PGS/
PGD) is the fastest growing part 
of IVF treatment in developed 
countries. The first of the widely 
used methods, fluorescence in situ 
hybridization (FISH), is based 
on fluorescence probes connected 
to known parts of chromosomes 
sequences. It is used to find 
selected chromosomes and estimate 
their number, even in the interphase 
nuclei. This method is easy 
to perform but the results are 
difficult to interpret and ambiguous, 
and could also be dependent 
on the phase of the cell cycle 
of the investigated cells. Although 
it is not possible to check more 
than 5 chromosomes in parallel, 
it is possible to perform 
rehybridisation of the sample, 
but only up to three times due 
to the destruction of the investigated 
DNA. Most of the current 
preimplantation genetic screening 
tests for aneuploidies are based 
on the low quality and low density 
comparative genomic hybridization 
arrays, the results of which 
are based on fewer than 2,700 
probes. This means that it is rather 
a multiple FISH method than 
an actual array. New technical 
possibilities, such as next 
generation sequencing 
technique, allow improvement 
of the the diagnostics [6, 7]. 
The complication of the method 
decreases accessibility and pushes 
the diagnostics into specialized, 
central laboratories. 
Preimplantation genetic diagnosis 
has become one of the most 
important methods for prioritization 
of embryos for transfer. Most of the 
selection methods used previously 
were based on the detailed 
morphology of embryos. It was 
shown that the optimal morphological 
characteristics can be correlated with 
higher implantation rates; however, 
morphology is only a weak predictor 
of implantation rate and ploidy
 [4, 8, 9, 10]. In the research 
by Yang, the clinical pregnancy 
rate was significantly higher 
in the morphology+aCGH group, 
compared to the morphology-
only group (70.9 and 45.8%, 
respectively [p=0.017]; ongoing 
pregnancy rates for the same 
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Table 1. Prevalence of euploid blastocysts in different age groups

Table 2. Types of aneuploidies found in different age groups

Table 3. Aneuploidy prevalence for different chromosomes

Age group (years) No. of blastocysts  No. of normal % of normal in age group

<31 31 13 41.9%

31–35 42 20 47.6%

36–38 46 22 47.8%

39–40 53 20 37.7%

>40 26 10 38.5%

Age group (years) 1M 1T 1M & 1T 2 M 2T 2 M & 2T 2 M & 2T

<31 5 2 0 2 2 0 7

31–35 9 5 2 0 0 0 6

36–38 4 6 7 1 1 0 5

39–40 11 9 2 1 1 2 7

>40 4 3 5 0 0 2 2

Total n 33 25 16 4 4 4 27

% of total 29.2 22.1 14.2 3.5 3.5 3.5 23.9

Prevalence % 0-2% 2-4% 4-6% 6-8% 15.6%

chromosome 1,6,8,10,12,14 7,9,15,17 2,3,4,11,16,18 5,13,19,20,21,X 22

Table 2 shows the kind of aneuploidies that were found in the different age groups. More than half 
were the disturbance of single chromosome, but almost 24% were complex ones.

Table 3 shows the prevalence of different chromosomes aneuploidies. Only aneuploidies of chromosome 22 
were much more frequent than any other. There was also a trend for higher aneuplodies prevalence among small 
chromosomes.

Figures 1 and 2 present examples of results for normal and aneuploid embryos. The differences of abnormal signals 
from chromosomes are unambiguous and easy to interpret.

M – monosomy; T – trisomy

Discussion
The gold standard in the treatment of infertility would be to achieve a single cell fertilization, which would create 
a genetically normal embryo providing a single pregnancy after only one transfer. To-date, no way has been found to influence 
the genetic status of oocytes. Human reproduction is based on cells of which only about 25%–50% are genetically normal; 
therefore, the treatment has to be based on the diagnosis of the derived cells – embryos. Providing optimal diagnosis,
 the chances of implantation could be increased and a significant reduction achieved in the number of miscarriages. 
This is of particular importance in the treatment of women over 35. In such cases,
the time factor is also of major importance.
On one hand, such situations deal with a decrease in the ovarian reserve, which significantly affects the reduction 
in the chances of pregnancy [13]; on the other hand, a significant increase in aneuploidy risk limits the possibility 
of finding a healthy embryo.
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Figure 1. Result of healthy embryo

for even 6 months to the state 
of health that allows them to attempt 
the next IVF cycle – a delay which 
they cannot afford. 
 On the other hand, attention should 
be paid to the detection of aneuploidy 
in young women’s blastocysts. 
Typically, preimplantation diagnosis 
is not recommended for young 

women. Some of the examined 
blastocysts were from young women 
with low ovarian reserve (extremely 
low AMH <0.4 ng/ml). 
These are women with poor 
prognosis of pregnancy [14].
So far, poor pregnancy prognosis 
relying on a low ovarian reserve has 
meant a small supply of cells, and as 

In the case of resignation from 
preimplantation genetic diagnosis, 
in most cases pregnancies 
can be obtained, however in more 
than 20% ending in a miscarriage. 
Such an algorithm of treatment 
reduces the chances of giving birth 
to a healthy baby. Patients after 
miscarriages may be recovering 
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Figure 2. Result of two monosomic, two trisomic embryo
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a result, smaller amounts of derived 
embryos. Contrary 
to expectations, it was found 
that as many as 58.1% of blastocysts 
obtained from these women exhibited 
genetic abnormalities. This raises the 
suspicion that genetic disorders are 
not the only reason of major decline 
in implantation rates in older women. 
Only when considering reduced 
ovarian reserve affecting 
the increase in aneuploidy rate, 
the low performance in assisted 
reproduction centres can be explained. 
A significant increase 
in the aneuploidy rate was observed 
from the age of 39, which confirms 
previous observations of a cut-off 
age when the effectiveness 
of the treatment after a woman 
reaches the age of 38 [17]. The 
presented study also examined 
the types of abnormalities identified 
during analysis using next generation 
sequencing. The occurrence 
of a single monosomy was found 
in about 29% of cases, a single trisomy 
in 22%, and other disorders such 
as double monosomy and trisomy 
in almost 25% of cases. Yang et al. 
[11] showed the analogous results 
using aCGH: 36%, 21% and 29% 
(respectively). Yang’s results strongly 
differed in the amount of complex 
aneuploidies – 14.7% vs. 23.9% 
in the current study. However, after 
the exclusion of complex disorders 
(considered to be of mitotic origin), 
the rates of single and dual 
abnormalities in the current study were 
67.4–66.3%, compared to the results 
obtained by Yang for individuals 
32.5–33.7%, respectively. The 
differences in the detection of complex 
chromosome abnormalities could 
be a result of the greater sensitivity 
of next generation sequencing 
in comparison with aCGH. 
In the presented study, only 
aneuploidies connected with 
chromosome 22 showed a prevalence 
rate much higher than for other 
chromosomes. The remaining 
aneuploidies appear to be rather 
accidental errors without any regularity. 
Verlinsky et al. [15] showed the highest 
frequency of aneuploidies in small 
chromosomes, especially 21 and 22. 
Similar findings are described 
by Jóźwiak et al. using MLPA reaction 
[16]. In the presented study, low 
resolution sequencing was used 
as it is sufficient for detecting 
quantitative abnormalities 

2013; 99: 1054-U225.
8. Verlinsky Y, Lerner S, Illkevitch N, 
Kuznetsov V, Kuznetsov I, Cieslak J, 
et al. Is there any predictive value 
of first polar body morphology for 
embryo genotype or developmental 
potential? Reprod Biomed Online 
2003; 7: 336–41. 9. Alfarawati S, 
Fragouli E, Colls P, Stevens J, 
Gutierrez-Mateo C, Schoolcraft WB, 
et al. The relationship between 
blastocyst morphology, chromosomal 
abnormality, and embryo gender. 
Fertil Steril. 2011; 95: 520–4.
10. Montag M, Toth B, Strowitzki 
T. Polar body diagnosis. Numerical 
and structural analysis of chromosomal 
aberrations. Medizinische Genet. 2011; 
23: 479–82.
11. 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.
12. Lukaszuk K, Liss J, Lukaszuk 
M, Maj B. Optimization of estradiol 
supplementation during the luteal 
phase improves the pregnancy rate in 
women undergoing in vitro fertilization-
embryo transfer cycles. Fertil Steril. 
2005; 83: 1372–6.
13. Lukaszuk K, Kunicki M, Liss J, 
Lukaszuk M, Jakiel G. Use of ovarian 
reserve parameters for predicting live 
births in women undergoing in vitro 
fertilization. Eur J Obstet Gynecol 
Reprod Biol. 2013; 168: 173–7.
14. Lukaszuk K, Kunicki M, Liss J, 
Bednarowska A, Jakiel G. Probability 
of live birth in women with extremely low 
anti-Mullerian hormone concentrations. 
Reprod Biomed Online 2014; 28: 64–9.
15. Kuliev A, Cieslak J, Verlinsky 
Y. Frequency and distribution of 
chromosome abnormalities in human 
oocytes. Cytogenet Genome Res. 2005; 
111: 193–8.
16. Jozwiak A, Bijok J, Massalska D, 
Pawlowska B, Ilnicka A, Bogdanowicz 
J, et al. Effectiveness of multiplex 
ligation dependent probe amplification 
(MLPA) in prenatal diagnosis of common 
aneuploidies. Ginekol Pol. 2013; 84: 
682–90.
17. Lukaszuk K, Liss J, Kunicki M, 
Jakiel G, Wasniewski T, Woclawek-
Potocka I, Pastuszek E. Anti-Müllerian 
hormone (AMH) is a strong predictor of 
live birth in women undergoing assisted 
reproductive technology. Reproductive 
Biology. 2014; 14: 176–181

of chromosomes. The average number 
of reads was 55,000, which is about 20 
times more than the coverage 
of routinely-used arrays. By using 
NGS, the resolution could easily 
be adjusted to optimize the cost of 
obtaining results, which is not possible 
in the case of applying the aCGH. 

Conclusions
A larger study is needed to exclude 
possible biases connected with the 
different causes of patient infertility. 
Cross-laboratory validation is also 
necessary and will be possible when 
other PGD laboratories switch from 
aCGH to NGS technology.
The presented study suggests that 
NGS PGD is applicable for routine 
genetic preimplantation testing. 
It provides much more data than 
aCGH and allows adjustment 
of the diagnostics for each patient 
individually. Personalized diagnostic 
tools are probably only a small step 
towards achieving a goal of holistic, 
personalized treatment for each 
patient.
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