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Abstract

Purpose Balanced carriers of structural rearrangements have an increased risk of unbalanced embryos mainly due to the pro-
duction of unbalanced gametes during meiosis. Aneuploidy for other chromosomes not involved in the rearrangements has also
been described. The purpose of this work is to know if the incidence of unbalanced embryos, interchromosomal effect (ICE) and
clinical outcomes differ in carriers of different structural rearrangements.

Methods Cohort retrospective study including 359 preimplantation genetic testing cycles for structural rearrangements from 304
couples was performed. Comparative genomic hybridisation arrays were used for chromosomal analysis. The results were
stratified and compared according to female age and carrier sex. The impact of different cytogenetic features of chromosomal
rearrangements was evaluated.

Results In carriers of translocations, we observed a higher percentage of abnormal embryos from day 3 biopsies compared with
day 5/6 biopsies and for reciprocal translocations compared with other rearrangements. We observed a high percentage of
embryos with aneuploidies for chromosomes not involved in the rearrangement that could be attributed to total ICE (aneuploid
balanced and unbalanced embryos). No significant differences were observed in these percentages between types of rearrange-
ments. Pure ICE (aneuploid balanced embyos) was independent of female age only for Robertsonian translocations, and signif-
icantly increased in day 3 biopsies for all types of abnormalities. Furthermore, total ICE for carriers of Robertsonian transloca-
tions and biopsy on day 3 was independent of female age too. High ongoing pregnancy rates were observed for all studied groups,
with higher pregnancy rate for male carriers.

Conclusion We observed a higher percentage of abnormal embryos for reciprocal translocations. No significant differences for
total ICE was found among the different types of rearrangements, with higher pure ICE only for Robertsonian translocations.
There was a sex effect for clinical outcome for carriers of translocations, with higher pregnancy rate for male carriers. The higher
incidence of unbalanced and aneuploid embryos should be considered for reproductive counselling in carriers of structural
rearrangements.
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Introduction

Balanced structural chromosome rearrangements are the most
frequent chromosomal abnormalities in the general popula-
tion, with a prevalence of 0.4% of prenatal samples and
0.2% of newborns [1, 2]. The most common structural chro-
mosome rearrangements are reciprocal translocations,
Robertsonian translocations and inversions. Although bal-
anced carriers of these abnormalities are phenotypically nor-
mal, they have an increased risk of fertility problems, recurrent
miscarriages and producing offspring with congenital abnor-
malities and cognitive impairment.

The prevalence of such risks among patients with these
abnormalities can be up to 25 times higher than in the general
population [3-5]. These problems are mainly due to the pro-
duction of unbalanced gametes during meiosis because of
different segregation events in translocation carriers or recom-
bination events in inversion carriers [6, 7]. Unbalanced gam-
etes of these patients will result in embryos with aneuploidy
for chromosomes involved in the rearrangements. The type of
segregation in reciprocal translocations appears to be deter-
mined by the nature of involved chromosomes and the posi-
tion of breakpoints [8, 9].

Preimplantation genetic testing for structural rearrange-
ments (PGT-SR) can improve reproductive outcomes in these
couples, reducing the time to achieve a successful live birth
from 4-6 years to <4 months and decreasing the incidence of
miscarriage from > 90 to < 15% [10-12]. Until recently, fluo-
rescence in situ hybridisation (FISH) was the preferred tech-
nique for PGT-SR in both polar bodies and interphase nuclei
[9, 13—15]. Although FISH diagnosis has improved the repro-
ductive expectations of couples, allowing clinical pregnancy
rates to reach ~40% [10, 16], the technique has limitations,
such as observation of split signals, cross-hybridisation, chro-
mosome polymorphisms, poor fixation quality and loss of
micronuclei or chromosomes during fixation [17-19].
Further, FISH identifies only imbalances of translocated chro-
mosomes and does not evaluate all 23 pairs of autosomes for
the presence of aneuploidy.

To overcome some of these limitations, several alternative
methods have been developed for PGT-SR, such as PCR-
based PGT-SR [20]. However, PCR cannot analyse all 24
chromosomes. More recent approaches involve whole ge-
nome amplification (WGA), including microarray single-
nucleotide polymorphisms (SNPs) [21-25], microarray com-
parative genome hybridisation (aCGH) [26-29] and next-
generation sequencing (NGS) [30, 31].

Chromosomes involved in rearrangements are proposed to
interfere with correct segregation of other chromosomes by
disrupting chromosome alignment on the spindle during mei-
osis . This is known as the interchromosomal effect (ICE) and
was first described by Lejeune (1963) [32], who observed an
increased rate of carriers of balanced reciprocal translocations
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among the parents of children with trisomy 21. Several ICE
studies have been published, with controversial results for
spermatozoa [33-38], oocytes [15, 39—41], cleavage stage
embryos and blastocysts [42, 43].

In this study, we retrospectively analysed the results of
PGT-SR with aCGH to understand the impact of chromo-
somes involved in the rearrangement and the position of
breakpoints on the incidence of unbalanced embryos and ICE.

Materials and methods
Study population

This multicenter retrospective and observational study com-
piled 359 PGT-SR cycles performed from June 2011-June
2016 in 304 couples with structural rearrangements. Clinical
indications for PGT-SR were the presence of a Robertsonian
translocation in 120 couples (n = 143 cycles), reciprocal trans-
location in 123 couples (n = 150 cycles), pericentric inversion
in 23 couples (n=24 cycles) and polymorphic inversion of
chromosome 9 with a previous clinical history of infertility
with recurrent miscarriages and/or implantation failures in 38
couples (n =42 cycles). Couples were included in the study if
they carried a structural chromosome rearrangement and the
female was <43 years old. Couples with both partners carry-
ing a balanced structural rearrangement as well as complex
translocations involving >2 chromosomes were excluded.

Ethical approval

The study was approved by the institutional review board at
the Instituto Valenciano de Infertilidad (1503-IGX-020-EM).

Oocyte retrieval, culture conditions and embryo
biopsy

Patients underwent ovarian stimulation using
standardised protocols. When at least two follicles
reached 18 mm in diameter, recombinant human chori-
onic gonadotropin (Ovitrelle, 250 mg; Merck Serono,
Geneva, Switzerland) was administered, and oocytes
were retrieved 36 h later. Intracytoplasmic sperm injec-
tion (ICSI) was performed in all cases [44]. Fertilisation
was assessed 17-20 h after microinjection, and embryo
cleavage was recorded every 24 h. Embryo culture was
performed using IVF/CCM medium (Vitrolife, Goéteborg,
Sweden) or global sequential culture system
(LifeGlobal, Guilford, CT, USA).

Embryo biopsy was performed at cleavage or blastocyst
stage using laser technology (OCTAX, Herborn, Germany),
and one blastomere or a trophectoderm sample was withdrawn
from each embryo. At cleavage stage, only embryos with > 5
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nucleated blastomeres and <25% fragmentation were
biopsied. Individual blastomeres or trophectoderm samples
were placed in 0.2-mL PCR tubes containing 2 uL of PBS.
For blastomere and trophectoderm washing and handling, 1%
polyvinylpyrrolidone was used. In day 3 biopsies, fresh trans-
fers of normal/balanced embryos were performed. In day 5/6
biopsies, blastocysts were vitrified after biopsy and a deferred
transfer was performed. Blastocysts were vitrified using the
Cryotop method, as previously described [45].

WGA and aCGH

For WGA amplification, the multiple displacement amplifica-
tion method for a single cell or a trophectoderm biopsy was
performed using a SurePlex WGA Kit (Illumina, Cambridge,
UK) according to the manufacturer’s instructions.
Amplification quality was ensured by gel electrophoresis
(Lonza, Rockland, ME, USA). Sample and control DNA were
labelled with Cy3 and Cy5 fluorophores, mixed according to
manufacturer’s instructions and hybridised for 6-12 h on
24sure (V2 and V3) for Robertsonian translocations and
24sure+arrays (Illumina, Cambridge, UK) for all other rear-
rangements. The technique involves competitive
hybridisation of differentially labelled test and reference
DNA samples. Fluorescence intensity was detected using a
two-channel laser scanner (Powerscanner, TECAN,
Minnedorf, Switzerland), and BlueFuse Multi software
(Illumina, Cambridge, UK) was used for data processing.

Statistical analysis

Euploid balanced embyos were defined as embryos without
total or partial aneuploidies for any of the chromosomes.
Euploid unbalanced embryos were defined as embryos with
total or partial aneuploidies only for chromosomes involved in
the rearrangement. Aneuploid balanced embryos were defined
as embryos with total or partial aneuploidies only for chromo-
somes not involved in the rearrangement. Aneuploid unbal-
anced embryos were defined as embryos with total or partial
aneuploidies for chromosomes involved and not involved in
the rearrangement.

Implantation rate was defined as the percentage of embryos
transferred resulting in an implanted gestational sac. Clinical
pregnancy rate was calculated as the percentage of clinical
pregnancies with a foetal heartbeat. Ongoing clinical pregnan-
cy rate was calculated as the percentage of clinical pregnan-
cies with a foetal heartbeat and evolving to term. Miscarriage
rate was defined as the percentage of clinical pregnancies that
were spontaneously miscarried before week 12 of pregnancy.

Comparisons of proportions for the incidence of chromo-
somal abnormalities and clinical outcomes between study
groups were conducted using the Fisher or chi-square exact
tests. Comparison of means was conducted using the Kruskal-

Wallis test (nonparametric ANOVA). Statistical analysis was
performed using the R Free software and GraphPad InStat
version 3.00 for Windows 95 (GraphPad Software, San
Diego California USA). A value of p <0.05 was considered
statistically significant.

Results
Parameters related to PGT-SR cycle

As shown in Table 1, a total of 359 cycles in 304 couples
carrying a chromosomal rearrangement were included in the
study. Mean female age was similar among groups, although
mean age was significantly higher in the group with polymor-
phic inversions for chromosome 9 compared with the group
with Robertsonian translocations (p < 0.05). Mean number of
oocytes retrieved per cycle and mean number of previous
implantation failures before PGT-SR cycle did not significant-
ly differ among groups. Mean number of embryos biopsied
per cycle did not significantly differ in embryos biopsied at a
similar stage. As recurrent miscarriage was the main indica-
tion in carriers of polymorphic inversions for chromosome 9,
this group had a significantly higher mean number of previous
miscarriages compared with carriers of Robertsonian translo-
cations (p <0.05).

Incidence of chromosomal abnormalities

Analysis of chromosomal abnormalities is shown in Table 2.
No significant differences were observed in the percentage of
informative results considering the day of biopsy or type of
structural rearrangement (range 97-100%). In carriers of
translocations, a higher percentage of abnormal embryos
was observed from day 3 biopsies compared with day 5/6
biopsies, with significant differences for reciprocal transloca-
tions (p < 0.05). Focusing on day 3 biopsies, the percentage of
abnormal embryos for reciprocal translocations was signifi-
cantly increased compared with the other three groups of re-
arrangements (p < 0.05). On day 5/6 biopsies, the percentage
of abnormal embryos in reciprocal translocations was signif-
icantly increased compared with Robertsonian translocations
(p<0.05).

In all groups, we observed a high percentage of embryos
with aneuploidies for chromosomes not involved in the rear-
rangement that could be attributed to total ICE (aneuploid
balanced and unbalanced embryos). No significant differences
were observed in these percentages between types of rear-
rangements. Pure ICE (aneuploid balanced embyos) was in-
dependent of female age only for Robertsonian translocations
and significantly increased in day 3 biopsies for all types of
abnormalities (Supplementary Table I). Furthermore, total
ICE for carriers of Robertsonian translocations and biopsy
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Table 1 Parameters related to PGT-SR cycle
Day 3 biopsy Day 5/6 biopsy
Robertsonian Reciprocal Pericentric Polymorphic inversion ~ Robertsonian ~ Reciprocal
translocation translocation  inversion on chromosome 9 translocation translocation
Patients 112 80 23 38 8 43
Cycles 135 102 24 42 8 48
Mean female age (years, SD) 34.1 (4.2) 35.4 (4.0) 35.1(3.8) 36.1 (4.7)° 359 (5.2) 35.1(4.1)
Mean MII oocytes (SD) 11.9 (5.1) 13.1(5.9) 11.5 (4.9) 11.0 (5.8) 15.6 (8.2) 14.0 (8.0)
Mean biopsied embryos (SD) 6.6 (3.7) 7.1 (4.1) 5.82.7) 5.8(3.2) 5.5(.1) 3.8 (2.5)
Mean previous miscarriages (SD) 0.6 (0.9)b 1.0 (1.3) 0.9 (1.3) 1.1 (1.0)b 0.4 (0.7) 1.0 (1.6)
Mean previous implantation failure (SD) 0.8 (1.6) 0.8 (1.3) 0.4 (1.0) 0.7 (1.3) 0.6 (1.1) 0.5(0.9)

ab p<0.05, for ANOVA comparison between columns in the same row. SD, standard deviation

on day 3 was independent of female age too. The percentage
of euploid unbalanced embryos (without ICE) was also sig-
nificantly higher for reciprocal translocations compared with
other groups, both on day 3 and day 5/6 biopsies, followed by
Robertsonian translocations, with a low percentage of euploid
unbalanced embryos in both types of inversions. However, the
pattern for pure ICE observed in aneuploid balanced embryos
followed an opposite trend and was significantly higher for
Robertsonian translocations and both types of inversions com-
pared with reciprocal translocations for day 3 biopsies, with-
out reaching statistical significance for day 5/6 biopsies.
However, no significant differences were found for total
ICE. Finally, the percentages of chaotic embryos were signif-
icantly higher on day 3 biopsies compared with day 5/6 biop-
sies (13.7% vs. 1.4%; p <0.0001), since most chaotic embry-
os arrest before reaching the blastocyst stage.

Detailed analysis for each group according to maternal age
is presented in Supplementary Table I, following a similar
pattern as described above. Supplementary Table II shows
the analysis according to sex of the carrier, indicating an

increase in the percentage of abnormal embryos for female
carriers of translocations, but without a sex effect for
inversions.

On day 3 biopsies of carriers of reciprocal translocations,
we analysed the percentage of normal and abnormal embryos
and the percentage of euploid unbalanced (without ICE) and
aneuploid balanced/unbalanced (with ICE) embryos accord-
ing to length of the translocated fragment (Fig. 1), chromo-
some group involved in the translocation (Fig. 2) and chro-
mosome arms with the breakpoint (Fig. 3). No significant
differences were observed for any of these parameters.
However, there was a trend towards decreased percentage of
euploid unbalanced embryos as the size of one of the chromo-
somes involved in the rearrangement increases (groups 1, 2
and 3; Fig. 2b).

Clinical outcome

A summary of clinical outcomes is presented in Table 3. High
clinical pregnancy rate per transfer was observed for all

Table 2  Incidence of chromosomal abnormalities according to type of rearrangement and day of biopsy

Day 3 biopsy Day 5/6 biopsy

Robertsonian  Reciprocal Pericentric  Polymorphic inversion Robertsonian  Reciprocal

translocation  translocation inversion on chromosome 9 translocation  translocation
Biopsied embryos 889 725 140 242 44 180
Informative results (%) 864 (97.2) 703 (97.0) 138 (98.6) 236 (97.5) 44 (100.0) 178 (98.9)
Abnormal embryos (%) 638 (73.8 628 (89.3)*>%% 94 (68.1)> 161 (68.2)° 27 (61.4)° 143 (80.3)**
Euploid unbalanced embryos (%) 114 (13.2)"h 182 25.9)H9% 9 (6581 7 (3.0 7 (15.9) 62 (34.8)!
Aneuploid balanced embryos (%) 289 (33.4)™" 153 (21.8)™*P 50 (36.2)° 104 (44.1)™P 16 (36.4) 38 (21.3)
Aneuploid unbalanced embryos (%) 118 (13.7)%% 206 (29.3)¥*" 9 (6.5)™ 9 (3.8)*" 3 (6.8)Y 41 (23.0)Y
Aneuploid balanced + unbalanced embryos (%) 407 (47.1) 359 (51.1) 59 (42.8) 113 (47.9) 19 (43.2) 79 (44.4)
Chaotic embryos 117 (13.5) 87 (12.4)" 26 (18.8)  41(174) 12.3) 2 (1.)Y”

a—
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Fig. 1 Percentage of normal and a 1000
abnormal day 3 embryos (a) and
percentage of day 3 embryos a 80.0
without ICE (euploid unbalanced) 2 60.0
and with ICE (aneuploid balanced E 0.0
and unbalanced) (b) according to ; ’
translocated fragments length in 200
carriers of reciprocal 0.0
translocations. Fragment Length:
T1 (6-40 Mb), T2 (41-80 Mb), or
T3 (81-125 Mb)

b soo

60.0

0% Euploid unbalanced Embryos

groups, independent of the day of biopsy. Miscarriage and
ongoing pregnancy rates were also comparable among
groups. Clinical outcome according to age group did not show
statistical differences for each type of structural rearrangement
(Supplementary Table III). Clinical pregnancy rate per transfer
was significantly higher for male carriers of translocations,
and again, this sex effect was not observed for inversions
(Supplementary Table IV).

Discussion

Our analysis 0f 359 PGT-SR cycles from 304 couples carrying
a chromosomal rearrangement found a higher percentage of

100.0

90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
oo M1 B MO

Group 1

% Embryos

Group2 Group3 Group4 Group5

@ % Abnormal embryos 0% Normal embryos

Fig. 2 Percentage of normal and abnormal day 3 embryos (a) and
percentage of day 3 embryos without ICE (euploid unbalanced) and
with ICE (aneuploid balanced and unbalanced) (b) according to the
chromosome group of the human karyotype of translocated
chromosomes in carriers of reciprocal translocations. Groups 1, 2 and 3
consists of translocations in which one of the chromosomes involved in
the reciprocal translocation belongs to a group of large chromosomes of

TiT1 TiT2+T2T1 T2T2

TIT3+T3T1 T2T3+T3T2 T3T3

@ % Abnormal embryos 0% Normal embryos

HI HI HI HI HI mI

TiT1 T1T2+T2T1 T2T2

TIT3+T3T1 T2T3+T3T2 T3T3

@ % Aneuploid balanced and unbalanced embryos

abnormal embryos for reciprocal translocations, a higher pure
ICE for Robertsonian translocations and a sex effect for clin-
ical outcome for carriers of translocations, with higher preg-
nancy rate for male carriers. It is important to emphasise the
differences in aneuploid balanced embryos because they
would be classified as normal/balanced with techniques that
only analyse the chromosomes involved in the rearrangement.
The size of the study allowed us to perform several sub-
analyses considering different types of rearrangements, chro-
mosomes, breakpoints and carrier sex.

Starting with overall incidence of chromosome abnormal-
ities, we observed a higher percentage of abnormal embryos
for reciprocal translocations, with more in day 3 biopsies com-
pared with day 5/6 biopsies. This could be explained by nat-
ural selection between day 3 and day 5/6 embryos in couples

60.0

50.0
400
8
§ 300
o
€ 20.0
&
* 100
0.0

Groupl Group2 Group3 Group4 Group5
0% Euploid unbalanced Embryos

@ % Aneuploid balanced and unbalanced embryos

the karyotype (AA+AB+AC+AD+AE+AF+AG, BC+BD+BE and CC+
CD+CE+CF+CQG respectively); group 4 consists of translocations in
which one of the chromosomes involved in the reciprocal translocation
is a medium-size chromosomes (DD+DF) and group 5 consists of trans-
locations in which chromosomes involved in the reciprocal translocation
are small chromosomes (EE+EF)

@ Springer
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a 100.0
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py [] ]
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@ % Abnormal embryos

% Embryos

pa+ap

0% Normal embryos

Fig. 3 Percentage of normal and abnormal day 3 embryos (a) and
percentage of day 3 embryos without ICE (euploid unbalanced) and
with ICE (aneuploid balanced and unbalanced) (b) according to the
chromosome arm containing breakpoints. Translocations with both

with reciprocal or Robertsonian translocations [46], which
could be attributed to delayed development of embryos carry-
ing unbalanced chromosomal translocations as shown by
time-lapse imaging [47]. Further, the percentage of chaotic
embryos was significantly higher in day 3 biopsies compared
with day 5/6 biopsies. We previously reported a similar trend
in cases with preimplantation genetic testing for aneuploidies
(PGT-A), indicating that chaotic day 3 embryos arrest before
reaching the blastocyst stage as a result of the number of
aneuploid chromosomes in cell divisions [48]. Previous pub-
lications have reported high percentages of abnormal gametes
and embryos produced by couples carrying a structural rear-
rangement. For these couples, PGT-SR is effective to reduce
the number of miscarriages and children born with an unbal-
anced translocation in comparison with spontaneous concep-
tion [10, 11, 14, 49], especially with molecular analysis tech-
niques to analyse the whole karyotype [27].

Different frequencies of segregation modes and incidence
of unbalanced gametes between male and female carriers of
translocations have also been reported recently [50]. In the
present study, we found an increase in the percentage of ab-
normal embryos in female carriers of translocations, but no

Table 3

b
IW

% Embryos

40.0
20.0 H
0.0
PP aq

pa+ap
0 % Euploid unbalanced Embryos

@ % Aneuploid balanced and unbalanced embryos

breakpoints in the short arm of the chromosomes involved in the
reciprocal translocation (pp), both breakpoints in the long arm of the
chromosomes (qq) or one breakpoint in the short arm and one breakpoint
in the long arm (pg+qp) of both translocated chromosomes

sex effect for inversions. Regarding the effect of cytogenetic
aspects of translocations, many published studies have
attempted to determine the relationship between breakpoints,
chromosomes involved in the translocation, regions of
translocated chromosomes, size of centric and translocated
fragments, and symmetry of the quadrivalent during meiosis,
with the preferential type of segregation in gametes and em-
bryos of translocation carriers [8, 51]. We found a trend to-
wards higher percentage of abnormal segregation modes with
smaller size of translocated fragments and with smaller chro-
mosomes. Quadrivalents with acrocentric chromosomes have
been correlated with a higher incidence of unbalanced
adjacent-1 products, and asymmetric quadrivalents have been
correlated with a higher percentage of unbalanced adjacent-2
products [50].

Focusing on ICE, day 3 biopsies showing aneuploid bal-
anced embryos were significantly higher for Robertsonian
translocations and both types of inversions compared with
reciprocal translocations, although day 5/6 biopsies showed
no significant differences. In sperm, ICE has not been ob-
served for reciprocal translocations [34, 35, 52, 53], but sev-
eral studies have found ICE in sperm from carriers of

Clinical outcome according to type of rearrangement and day of biopsy

Day 3 biopsy

Day 5/6 biopsy

Robertsonian Reciprocal Pericentric ~ Polymorphic inversion Robertsonian ~ Reciprocal

translocation translocation inversion on chromosome 9 translocation  translocation
Cycles with transference (%) 90 (66.7) 42 (89.3) 15 (62.5) 31(73.8) 6 (75.0) 23 (47.9)
Mean transferred embryos (SD) 1.5(0.5) 1.2 (0.4) 1.4 (0.5) 1.5(0.5) 1.5(0.5) 1.1 (0.3)
Clinical pregnancy rate/embryo transfer  48.9 (44/90) 50.0 (21/42) 60.0 (9/15)  71.0 (22/31)* 83.3 (5/6) 39.1 (9/23)*
Clinical pregnancy rate/patient 39.3 (44/112)°  26.3 (21/80)°  39.1 (9/23)  57.9 (22/38)*¢ 62.5 (5/8) 20.9 (9/43)>4
Clinical pregnancy rate/cycle 32.6 (44/135°7  20.6 21/102)8  37.5 (9/24)  52.4 (22/42)&" 62.5 (5/8) 18.8 (9/48)™"
Ongoing clinical pregnancy rate/transfer  42.2 (38/90) 50.0 (21/42) 60.0 (9/15)  64.5 (20/31) 50.0 (3/6) 39.1 (9/23)
Implantation rate 42.4(59/139)  45.1 (23/51) 524 (11/21)  60.0 (27/45)! 88.9 (8/9) 34.6 (9/26)'
Miscarriage rate 13.6 (6/44) 0.0 (0/21Y 0.0 (0/9) 9.1 (222) 40.0 (2/5Y 0.0 (0/9)

aj p <0.05, for Fishers exact test/chi-square test between columns in the same row. SD, standard deviation
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Robertsonian translocations. This could be explained by asso-
ciation of asynaptic regions of translocated fragments to other
bivalents [54-56].

Most sperm studies using FISH have only analysed a lim-
ited number of chromosomes, which could contribute to dif-
ferences from analysis of 23 chromosome pairs by potentially
underestimating ICE in sperm [57]. Godo et al. (2015) [38]
found that the frequency of normal/balanced spermatozoa in
reciprocal translocations is much lower in aneuploid and dip-
loid sperm than in the population of non-selected spermato-
zoa, with differences among patients. In fact, our study of
reciprocal translocations in day 3 embryos confirmed an in-
crease of ICE only in unbalanced embryos compared with
Robertsonian translocations, with increased ICE in balanced/
normal embryos. Other studies in oocytes and embryos have
found ICE only in Robertsonian translocations [41, 58].
Therefore, ICE may have a mitotic rather than a meiotic origin
for embryos [39, 59].

Inter-patient differences in the incidence of ICE could be
correlated to size of the rearranged fragment and specific chro-
mosomes involved in the rearrangement [8]. Other studies
have associated increased ICE rate to other factors, such as
combination with oligoasthenoteratozoospermia or advanced
female age [60—64]. In our study, we observed similar percent-
ages of aneuploidy in normal/balanced day 3 embryos for both
male and female carriers, and the effect was independent of
female age for Robertsonian and reciprocal translocations.
However, in inversion carriers, aneuploidy rates were higher
in patients 38-42 years of age and thus could be mainly at-
tributed to female age.

Regarding clinical outcome, a recent systematic review
showed no benefit in live birth rate in PGT-SR cases with
recurrent miscarriages compared with natural conception
[65], but only two reviewed studies have compared both nat-
ural and PGT-SR cycles [66]. Another limitation of the sys-
tematic review is heterogeneity of included studies, some of
which collected cumulative live birth rates for different pe-
riods of time. Further, PGT-SR technology differed among
studies. Ikuma et al. (2015) [66] included FISH on day 3
biopsies, without accounting for other aneuploidies that are
detected with aCGH or NGS. Another study also including
FISH described successful clinical outcomes compared with
previous reproductive history in carriers of translocations with
fertility problems [67], emphasising potential population dif-
ferences in studies of conception in couples that can conceive
naturally and PGT-SR studies, in which most couples are in-
fertile due to structural rearrangements. These results suggest
cytogenetic differences among translocations and their differ-
ent impact from gametogenesis to birth.

More recently, a study by Maithripala et al. (2018) [68]
including cases with FISH, aCGH and NGS reported live birth
rates for PGT-SR and clinical management of 66.6% and
53.3%, respectively. However, this difference was not

statistically significant, which could be due to the limited
number of cases included in the study and the fact that it
was a retrospective study. To our knowledge, there is no pro-
spective study comparing clinical outcomes of natural concep-
tions vs. PGT-SR with current PGT technology based on
trophectoderm biopsies and analysis of 24 chromosomes.
Therefore, additional studies are needed to draw conclusions
with current PGT-SR protocols.

In addition to considering live birth rates, other critical
parameters are relevant, such as decreased miscarriages [66]
as well as potential reductions in unbalanced live births de-
spite being neglected in terms of incidence; these are major
concerns for most couples. In our study, high ongoing preg-
nancy rates were achieved for all types of structural rearrange-
ments and biopsy days. Clinical pregnancy rate per transfer
was significantly higher for male carriers of translocations,
and this sex effect was not observed for inversions. In addi-
tion, a sex effect has not been observed previously for recip-
rocal translocations [50, 69]. Finally, despite no consensus
among publications, the length of time to conceive was also
dramatically reduced compared with published data for simi-
lar populations not undergoing PGT-SR [10]. In summary,
these factors, particularly the higher incidence of unbalanced
and aneuploid embryos, should be considered for reproductive
counselling in carriers of structural rearrangements.
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