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Abstract

Purpose To determine whether embryo mosaicism prevalence in preimplantation genetic testing for aneuploidy (PGT-A)
cycles is associated with the trophectoderm biopsy technique used (a. number of laser pulses or b. the use of flicking or
pulling) or the time to tubing.

Methods Prospective observational study performed in a single IVF-PGT-A setting from May 2019 to May 2021. Trophecto-
derm biopsies were analysed by next-generation sequencing. Mosaicism was analysed in relation to the biopsy methodology
(number of laser pulses and pulling vs flicking), time elapsed from biopsy to tubing (min), and time of sample cryostorage
from tubing to amplification (days). As a secondary objective, the number of laser pulses and biopsy methodology were
studied in relation to clinical outcomes of transferred euploid blastocysts.

Results None of the analysed variables were associated to mosaicism prevalence. Multivariable regression analysis dem-
onstrated that mosaicism prevalence was comparable either when > 3 laser pulses were used as compared to <3 (13.9% vs
13.8%, aOR =0.8726 [0.60-1.28]) and pulling compared to flicking (13.1% vs 14.0%, aOR =0.86 [0.60-1.23]). Moreover,
neither the number of laser pulses during biopsy (>3 vs <3) nor the technique used (pulling vs flicking) were associated
with clinical pregnancy after the transfer of frozen-thawed euploid blastocysts (54.9% vs 55.2%, aOR =1.05 [0.53-2.09];
61.1% vs 52.9%, aOR =1.11 [0.55-2.25], respectively).

Conclusion Our results suggest that, as long as the biopsy and tubing procedures are performed following standardized high
quality procedures, no specific approach would increase the generation of artefactual mosaicism as a result of trophectoderm
biopsy. Trophectoderm biopsies should be performed regardless of the methodology but always aiming on minimising
blastocyst manipulation.
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Introduction

Embryo chromosomal mosaicism detection has been for a
long time a bump in the road of preimplantation genetic
testing programs. The transfer of mosaic embryos with a
>4 Lluc Coll euploid cell line in coexistence with at least one aneuploid
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time [4]. The molecular mechanisms that origin chromo-
somal mosaicism in human embryos have been widely stud-
ied and discussed [5, 6]. The fact that embryo mosaicism
prevalence may vary among different patients and that it
might be associated to specific patients’ characteristics has
been assessed and discussed [7-9]. This kind of mosaicism
has been referred to as intrinsic mosaicism. Furthermore, a
wide variability in the prevalence of chromosomal mosai-
cism among different IVF laboratories has been reported.
Interventions during the performance of an IVF cycle, such
as ovarian stimulation and culture conditions, may increase
the occurrence of chromosomal mosaicism as they may be
affecting mitotic division. Some authors have actually evi-
denced that suboptimal culture conditions are associated
with a higher prevalence of mosaicism [10, 11]. Therefore, a
certain percentage of mosaicism observed in in vitro preim-
plantation embryos may be iatrogenic and could be reduced.

Some studies analysing the concordance of a mosaic
trophectoderm biopsy with the results obtained from addi-
tional portions of the same embryo (including ICM) have
evidenced that it is not unusual not to observe it in the lat-
ter samples [8, 12—14]. While this can be explained by low
degree mosaicism being confined in a specific region of the
embryo, some authors have speculated that mosaicism is
actually not present in the embryo and an artefactual result
caused by technique may be sometimes diagnosed [15-17].
This has been called artefactual or technical mosaicism.

In this sense, it has been discussed that the quality and
integrity of the trophectoderm biopsy obtained may be
related to artefactual mosaicism [18, 19]. Actually, the
Preimplantation Genetic Diagnosis International Society
(PGDIS) statement on mosaic embryo transfer warns that
poor biopsy technique causing excessive cell damage or the
biopsy of too few cells may affect chromosome profiles [20].
Therefore, the biopsy operator and its expertise may be key
to minimize this issue. Moreover, the use of laser itself and
the amount of laser pulses applied to obtain the biopsy has
also been discussed as a potential source of technical mosai-
cism [21].

Different methodologies for trophectoderm biopsy
have been described [19]. On one hand, the biopsy can be
obtained by a combination of aspiration and pulling the cells
to be biopsied while applying a few intercellular laser pulses
to separate them from the rest of the embryo. Alternatively,
the biopsy can be retrieved from the embryo by aspirating
the cells to be biopsied inside the biopsy pipette and flick-
ing this pipette with the holding pipette to detach the cells.
This method can be complemented by the use of laser pulses
before flicking to ease the biopsy. These different approaches
may lead to trophectoderm biopsies of different character-
istics and DNA integrity that may, in turn, lead to different
kinds of results in terms of artefactual mosaicism. Notably,
the lapse of time between biopsy and tubing and between
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tubing and whole-genome amplification (WGA) have been
paid very little attention, though they could also influence
DNA quality and therefore artefactual mosaicism.

The aim of the present study was to evaluate in depth
the potential role of different interventions during trophec-
toderm biopsy and tubing prior to WGA in the generation
of technical mosaicism. As a secondary objective, we also
assessed whether the biopsy technique influences clinical
outcomes after euploid blastocyst transfer.

Material and methods

This is a prospective observational study performed in a
single IVF-preimplantation genetic testing (PGT) setting
from May 2019 to May 2021 analysing the chromosomal
constitution of 1341 biopsied blastocysts. The prevalence
of mosaicism detected in trophectoderm biopsies was
analysed in relation to the number of laser pulses used
for biopsy, the biopsy technique (flicking vs pulling), the
time lapsed from biopsy to tubing, and time of sample
storage (from tubing to WGA). Additionally, the number
of laser pulses and biopsy technique were analysed with
regard to clinical outcomes.

All cycles included underwent comprehensive chromo-
some screening for PGT-A for one of the following reasons
(advanced maternal age, recurrent miscarriages, severe male
factor, repeated implantation failure, no indication).

Study design was approved and reviewed by our cen-
tre’s institutional review board.

IVF cycle

Standardized protocols were used for ovarian stimulation
[22]. Pituitary suppression was achieved using gonado-
trophin-releasing hormone analogues (agonists or antago-
nists) and multiple follicular recruitment, and growth was
performed under gonadotrophins at clinician’s discretion
according to patient’s characteristics.

Oocyte retrieval was performed 36 h after ovulation trig-
gering. Denudation was conducted before insemination of
metaphase-II oocytes by ICSI 40 h after triggering. Injected
oocytes were left in culture in single-step media (G-TL™,
Vitrolife®, Goteborg, Sweden) in a time-lapse incubator
(Geri®) (Merck, Darmstadt, Germany) with low oxygen
tension (5%). All media used for gamete and embryo han-
dling and culture were G-series media (Vitrolife®, Gote-
borg, Sweden).

Biopsy procedure

Zona pellucida opening was performed on day 3 devel-
oping embryos using laser thermolysis [23]. Embryos
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reaching the blastocyst stage were biopsied between day
5 and day 7. Only hatching or fully hatched blastocysts
with a defined inner cell mass and a cohesive multiple-
cell trophectoderm epithelium were considered suitable
for biopsy.

Trophectoderm biopsy was performed by a combina-
tion of intercellular laser pulses and pulling and aspiration
[24], or by laser and flicking. Laser pulses were performed
with OCTAX Navilase™ (Olympus, Tokyo, Japan) using
trophectoderm biopsy mode. Flicking or pulling method-
ology (Fig. 1) was performed for each embryo biopsy at
operator’s discretion and aiming to minimize manipulation
according to the following criteria. Pulling was the pre-
ferred strategy for biopsy and was generally performed to
blastocysts with few hatched cells and when biopsy could
be obtained without needing an excessive number of laser
pulses and excessive manipulation. In cases of half hatch-
ing blastocysts or more, flicking was preferred to avoid
induced full hatching of the blastocyst. Fully hatched blas-
tocysts were always biopsied by flicking. Holding pipette
used for procedure was a 35° angled Small Holding (Coop-
erSurgical®, Connecticut, USA), and biopsy pipette was
35° angled, flat, and polished with an inner diameter of
13-15 um (CooperSurgical®, Connecticut, USA). Char-
acteristics of the biopsy procedure (operator, number of
laser pulses, time of biopsy) were annotated by the opera-
tor immediately after biopsy.

Tubing of the sample was performed with UV-sterilized
material with sterile gown and sterile gloves. Biopsied
sample was thoroughly washed in 1 X phosphate-buffered
saline (PBS) with 0.1% polyvinyl alcohol (PVA) droplets
before isolation in 0.2 ml PCR tubes with 1.5 pl 1 X PBS.
A 80-pum capillary was used for sample handling. Place-
ment of the biopsy into the tube was confirmed through
stereomicroscope. Isolated samples were centrifuged at
1200 rpm during 3 min and immediately stored at — 80 °C
freezer.

Fig. 1 A Image of a blastocyst
being biopsied by pulling tech-
nique. B Image of an embryo
being biopsied by flicking
technique

Biopsied blastocysts were vitrified as previously
reported [25].

PGT protocol and results

WGA was achieved using Sureplex Amplification Sys-
tem (Illumina®, California, USA). The cytogenetic anal-
ysis of the biopsies was performed by NGS using the
VeriSeq™PGS-MiSeq® platform (Illumina, California,
USA) following the manufacturer’s protocols and guidelines.

Embryos were diagnosed as euploid, aneuploid, or
mosaic. A mosaicism event was called when a deviation
from the normal copy number of 30 to 70% was observed.
In the context of the present study and analysis, mosaic
embryo group includes embryos with at least one mosaic
anomaly regardless of them being euploid or aneuploid for
the remaining chromosomes.

Euploid embryo transfer

Euploid embryos were transferred in a deferred cycle. Hor-
monal replacement for endometrial preparation and frozen
embryo transfer was performed following the established
protocols in our centre [26]. Embryo transfer of warmed sur-
viving blastocysts was conducted under ultrasound guidance
[27]. Luteal phase support treatment plan has been previ-
ously reported [28].

Statistical analysis

Continuous variables were described with mean and SD,
and categorical variables were described with number and
percentage. Chi-squared test was used to compare categori-
cal variables, and 7-test or Wilcoxon Mann—Whitney test
was used to compare continuous variables according to the
necessary assumptions.
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A logistic mixed multivariable model with random
intercepts was applied to estimate the association between
mosaicism and different interventions during trophectoderm
biopsy and tubing adjusted by female and male age, as well
as embryo quality. Patient, IVF cycle, and biopsy operator
were treated as random effects.

To evaluate the association between clinical pregnancy
and the interventions during biopsy, a logistic regression
model was adjusted.

R software [29] was used for statistical analyses. For all
comparisons, a statistical significance was set at P <0.05.
Package MASS [30] was used to adjust the mixed model.

Results
Patients’ demographics and cycles’ characteristics

A total of 474 cycles undergoing PGT with comprehen-
sive chromosome screening from May 2019 to May 2021
were included. Patients’ demographics and cycles’ charac-
teristics are shown in Table 1. Indications for PGT were
advanced maternal age (70.0%; 332/474), recurrent miscar-
riages (9.9%; 47/474), repeated implantation failure (9.5%;
45/474), PGT-A with no indication (9.3%; 44/474), and
severe male factor (1.3%; 6/474).

A trophectoderm biopsy was performed in 1341
developing blastocysts, achieving a conclusive diagno-
sis for 1318 of them (98.3%). The distribution of diag-
nostic rate was similar among the studied variables
(Supplementary Table 1). A euploidy rate of 40.2%
(530/1318) was observed, while 45.9% (606/1318) of
embryos were aneuploid, 6.5% (86/1318) aneuploid
with at least one additional mosaic anomaly (aneu-
ploid-aneuploid mosaic), and 7.3% (96/1318) were
euploid-aneuploid mosaic.

From 182 mosaic blastocysts (86 aneuploid-ane-
uploid mosaic + 96 euploid-aneuploid mosaic), 89
(48.9%) exhibited whole-chromosome mosaicism, 87
(47.8%) segmental mosaicism, and 6 (3.3%) presented
a combination of both.

Table 1 Patients’ demographics and cycles’ characteristics

Mean +SD
Female age (y) 38.4+4.4
Male age (y) 41.0+53
Antral follicle count (AFC) 12.8+6.9
Female body-mass index (BMI) 23.5+4.7
Ovarian stimulations per PGT-A cycle 1.1+0.3
Inseminated oocytes per PGT-A cycle 93+5.4
Biopsied embryos per PGT-A cycle 3.0+2.1
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Biopsy technique, sample handling, and mosaicism

Trophectoderm biopsies were performed by 5 different sen-
ior operators and were distributed as follows: 34.1% Opera-
tor 1 (449/1318), 28.4% Operator 2 (375/1318), 20.5% Oper-
ator 3 (270/1318), 9.8% Operator 4 (129/1318), and 7.2%
Operator 5 (95/1318). The number of laser pulses applied
was <3 in 79.2% of biopsies with results (1044/1318),
while > 3 pulses were applied in the remaining cases. The
mean number of pulses was 3.24 +0.55 with a range from 2
to 8. Additionally, flicking methodology was more frequently
applied than pulling (74.6% vs 25.4%). With regard to the
tubing procedure, the mean time lapsed from biopsy was
53.8 £40.4 min. Samples were cryostored 13.4 +19.1 days
before amplification.

The univariate analysis of the biopsy and tubing pro-
cedure characteristics in relation to mosaicism prevalence
observed in the biopsies did not evidence any statistically
significant association (Table 2).

When a subanalysis was performed differentiating
between embryos with whole-chromosome mosaicism
(n=289) and those with segmental mosaicism (n=_87), no
differences in the parameters analysed were observed either
(Supplementary Table 2).

The multivariable analysis in a mixed-model including
the biopsy related variables with patient, cycle, and biopsy
operator as random effects and adjusted for female and male
age, and embryo quality, confirmed the results observed in
the univariate analysis (Table 3).

Biopsy technique and clinical outcomes

From all embryos included in this study, to date, 213 euploid
blastocysts have been warmed for transfer. Survival rate
was 95.3% (203/213). No differences were found in the sur-
vival rate with regard to the number of laser pulses used for
biopsy, nor to the biopsy technique (Table 4).

Currently, we have data on the clinical pregnancies
from 194 single euploid blastocyst transfers with a clini-
cal pregnancy rate of 55.1% (107/194). Our data did not
evidence differences regarding how the biopsy was per-
formed (Table 5). A multivariable analysis adjusting the
results for embryo quality, biopsy day, and hatching sta-
tus of the embryo (hatching vs hatched) showed results
in the same line (Table 6).

To date, data on pregnancy follow-up is available for 104
pregnancies. Three cases are lost to follow-up. No signifi-
cant differences were observed in miscarriage rate neither
between the use of <3 pulses vs> 3 pulses (13.2%, 10/66 vs
25.0%, 7/21; p=0.229) nor between the use of flicking vs
pulling (14.1%, 10/61 vs 21.2%, 7/26; p=0.52).
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Table 2 .LTnivariate .an.alysis. Mosaicism NO Mosaicism YES OR (95%CI) p-value
o.f mosaicism as.socwtlon with (n=1136) (n=182)
biopsy and tubbing procedures
Biopsy operator: 0.798
Operator 1 392 (87.5%) 56 (12.5%) Ref
Operator 2 320 (85.1%) 56 (14.9%) 1.22 (0.82;1.83)
Operator 3 229 (84.8%) 41 (15.2%) 1.25 (0.81;1.93)
Operator 4 113 (87.6%) 16 (12.4%) 1.00 (0.53;1.77)
Operator 5 82 (86.3%) 13 (13.7%) 1.12 (0.56;2.09)
Number of laser pulses: 1.000
<3 900 (86.2%) 144 (13.8%) Ref
>3 236 (86.1%) 38 (13.9%) 1.01 (0.68;1.47)
Biopsy technique: 0.747
Flicking 845 (86.0%) 138 (14.0%) Ref
Pulling 291 (86.9%) 44 (13.1%) 0.93 (0.64;1.33)
Time to tubing (min): 0.215
(1,22) 284 (85.3%) 49 (14.7%) Ref
(22,45) 292 (85.4%) 50 (14.6%) 0.99 (0.65;1.52)
(45,71) 267 (84.5%) 49 (15.5%) 1.06 (0.69;1.64)
>171) 293 (89.6%) 34 (10.4%) 0.67 (0.42;1.07)
Time to amplification (d): 13.5 (19.1) 13.3 (20.3) 1.00 (0.99;1.01) 0.90

Table 3 Multivariable analysis of mosaicism association with biopsy
and tubbing procedures. *Odds ratios adjusted for female and male
age and embryo quality with patient, cycle, and biopsy operator as
random effects

aOR* 95% CI

Number of laser pulses

<3 Ref Ref

>3 0.87 0.60-1.28

Biopsy technique

Flicking Ref Ref

Pulling 0.86 0.60-1.23
Time to tubing 1.00 0.99-1.00
Time to amplification 1.00 0.99-1.01

Discussion

The potential diagnosis of artefactual mosaicism has become
an important concern among PGT scientific community.

Some authors have suggested that the true incidence of
mosaicism in trophectoderm biopsies might be much lower
than what is actually diagnosed [14]. The fact that we might
be overestimating the prevalence of mosaicism in trophec-
toderm biopsies is an important issue to be addressed as
diagnosis of mosaicism in preimplantation embryos leads,
in most cases, to patients finally discarding such embryos for
transfer [3]. The trophectoderm biopsy procedure has been
suggested as a clear candidate for technical mosaicism gen-
eration [7, 21, 31]. However, to date, data actually assess-
ing this issue are scarce. Therefore, in this study, we have
performed a comprehensive analysis around the role that
biopsy and tubing procedure may have on the generation of
artefactual mosaicism.

The experience of the biopsy operator has always been
a matter of concern regarding PGT results. The biopsy
operator skills could affect the viability of embryos due to
a detrimental biopsy, but could also be inducing artefactual
mosaicism by altering the sample. The results obtained in
this study confirm our previous reports [9] and agree with

Table 4 Warming results

i . Survival NO (n=10) Survival YES (n=203) OR (95%CTI) p-value
according to the biopsy
methodology used Number of laser pulses 0.270
<3 6 (3.75%) 154 (96.2%) Ref
>3 4 (7.55%) 49 (92.5%) 0.47 (0.13;2.00)
Biopsy technique 0.725
Flicking 7 (4.46%) 150 (95.5%) Ref
Pulling 3(5.36%) 53 (94.6%) 0.80 (0.21;4.05)
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Table 5 Univariate analysis showing the association of biopsy meth-
odology with clinical outcomes

Clinical Clinical OR (95%CI) p-value
pregnancy  pregnancy
NO YES
(n=87) (n=107)
Number of laser pulses 1.000
<3 64 (44.8%) 79 (55.2%) Ref
>3 23 (45.1%) 28 (54.9%)  0.99 (0.52;1.89)
Biopsy technique 0.136

Flicking 66 (47.1%)
21 (38.9%)

74 (52.9%)  Ref

Pulling 33(61.1%)  1.40 (0.74:2.68)

Table 6 Multivariable logistic model for biopsy methodology
adjusted for embryo quality, biopsy day, and hatching status of the
embryo (hatching vs hatched)

aOR 95% CI
Number of laser pulses
<3 Ref Ref
>3 1.05 0.53-2.09
Biopsy technique
Flicking Ref Ref
Pulling 1.11 0.55-2.25

other authors that senior biopsy operators equally trained do
not differ in their results [32]. However, the situation might
change in the case of inexpert operators [33].

The implementation of laser-assisted trophectoderm
biopsy has so far been proven safe and harmless for the
embryo [34, 35]. However, it is not clear whether DNA dam-
age on the biopsied cells may be induced by the use of laser
and result in technical mosaicism at diagnosis. Our results
do not evidence an increased prevalence of mosaicism in
biopsies that had been obtained by using > 3 laser pulses
compared to <3 (mean of 3.24 laser pulses). It should be
taken into account that most of the biopsies were obtained by
applying 3 or 4 pulses and that the range of pulses applied is
quite narrow as it was always intended to minimize manipu-
lation during biopsy. We cannot rule out that the use of dif-
ferent number of pulses and intensities might compromise
sample quality, although this has not been observed in previ-
ous reports [36, 37]. While all these studies have compared
different laser methodologies, recent data have pointed to
differences in mosaicism rates when comparing biopsies
obtained with and without laser, with less mosaicism preva-
lence in the latter [38]. More data would be needed to con-
firm these results. Performing a biopsy without laser use
should be considered with caution as it should be confirmed
that it does not induce more damage to both the embryo and
the sample.
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Additionally to the use of laser, two biopsy methods
have been proposed: flicking and pulling. Both methods
have been used depending on centres’ or practitioners’ cri-
teria. However, little is known about the results obtained
with such methodologies and, to date, no published studies
have addressed this issue. Our results regarding mosaicism
prevalence using each of these strategies do not evidence
any difference. It would seem that flicking is more rough and
could lead to more cell damage than pulling strategy where
sampling is more gentle. In fact, some authors have reported
poorer quality of biopsy samples obtained by flicking [39].
However, while flicking may be inducing more cell damage,
according to our data, this does not seem to be related to
artefactual mosaicism.

Concerning laser pulses and biopsy technique, we consid-
ered important to assess whether they were related to clinical
outcomes. An increased number of laser pulses or the use of
a less precise technique such as flicking may be harming the
embryo and thus affecting its implantation ability. Our data
do not show any association between the methodology used
with the survival rate after warming, the clinical pregnancy
rate, or the miscarriage rate. As this was a secondary aim of
the study, results should be considered with caution due to
the limited sample size.

Tubing procedure is a key step in PGT. While the impor-
tance of a proper and standardized tubing procedure is evi-
dent [19], this step has been neglected with regard to artefac-
tual mosaicism generation. The tubing of damaged cells may
lead to inconclusive results, but also to artefactual mosai-
cism. This can be minimized throughout extensive wash-
ings. We hypothesised that extended time from biopsy to
tubing may be helpful to detach such cellular debris from the
biopsy sample and reduce artefacts that could be interpreted
as mosaicism. However, this hypothesis was not confirmed
by our results, as there is no association between mosaicism
prevalence and time from biopsy to tubing. Additionally,
storage at— 80 °C is known to be the optimal strategy for
maintenance of DNA quality [40]. In tune with that, the
length of time the sample was stored at — 80 °C until ampli-
fication was not associated to mosaicism either.

As previously reported, the aetiology of mosaicism seems
to be different when considering separately segmental and
whole-chromosome mosaicism [9]. In this sense, we wanted
to confirm whether a determinate kind of mosaicism was
more influenced by the biopsy procedure than the other. Due
to its nature, segmental mosaicism may be more prone to be
artefactually generated through the biopsy procedure. Our
results did not evidence differences regarding the type of
mosaicism either.

Even though our results show that no biopsy methodol-
ogy is related to mosaicism when biopsies are performed
by experienced operators, this does not exclude that arte-
factual mosaicism can be generated during biopsy or tubing.
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Consequently, it is key to keep the biopsy and tubing opera-
tions at the highest quality standards. Moreover, it has to be
considered that aneuploidy calling in most PGT-A protocols
is based on DNA obtained after whole-genome amplifica-
tion (WGA) and processing, and results are obtained through
algorithms. All this steps could also, at some point, gener-
ate artefacts that may be interpreted as mosaicism [17, 18].
While most artefacts originated at this point are technique-
related and difficult to avoid, it is still important to work
under optimal conditions [19]. However, even taking all
precautions, artefactual mosaicism might always be present
in some cases and artefacts from biological origin due to
cells being in S-phase will be impossible to prevent [18].

Data from this study are of great interest as they shed
light on one of the most discussed yet less assessed topics
around mosaicism: the biopsy technique. The fact that our
results are obtained in a single centre ensures standardized
conditions. However, sample size is limited and data should
be considered with caution. Moreover, being a prospective
observational study, the choice of flicking or pulling was not
randomized. Results regarding clinical outcomes should be
considered as preliminary and must be confirmed after more
data are available.

Conclusions

To the best of our knowledge, this is the first study to assess
in detail the role of biopsy methodology and sample han-
dling on the diagnosis of mosaicism. Our results evidence
that under standardized high-quality procedures, neither the
use of flicking nor pulling nor the number of laser pulses are
related to mosaicism incidence.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10815-022-02453-9.
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