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study question: Is blastocyst biopsy and quantitative real-time PCR based comprehensive chromosome screening a consistent and re-
producible approach across different biopsy practitioners?

summary answer: The blastocyst biopsy approach provides highly consistent and reproducible laboratory and clinical outcomes across
multiple practitioners from different IVF centres when all of the embryologists received identical training and use similar equipment.

what is known already: Recently there has been a trend towards trophectoderm (TE) biopsy in preimplantation genetic screening
(PGS)/preimplantation genetic diagnosis (PGD) programmes. However, there is still a lack of knowledge about the reproducibility that can be
obtained from multiple biopsy practitioners in different IVF centres in relation also to blastocysts of different morphology. Although it has
been demonstrated that biopsy at the blastocyst stage has no impact on embryo viability, it remains a possibility that less experienced individual
biopsy practitioners or laboratories performing TE biopsy mayaffect certain outcomes. We investigated whether TE biopsy practitioners can have
an impact on the quality of the genetic test and the subsequent clinical outcomes.

study design, size, duration: This longitudinal cohort study, between April 2013 and December 2014, involved 2586 consecutive
blastocyst biopsies performed at three different IVF centres and the analysis of 494 single frozen euploid embryo transfer cycles (FEET).

participants/materials, setting, methods: Seven biopsy practitioners performed the blastocyst biopsies in the study
period and quantitative PCR was used for comprehensive chromosome screening (CCS). The same practitioner performed both the biopsy
and tubing procedures for each blastocyst they biopsied. To investigate the quality of the biopsied samples, the diagnostic rate, sample-specific
concurrence and the cell number retrieved in the biopsy were evaluated for each biopsy operator. Clinical outcomes following FEET cycles were
stratified by biopsy operator and compared. Cellularity of the biopsy sample was also correlated with clinical outcomes.

main results and the role of chance: The seven practitioners performed 2586 biopsies, five in centre IVF-1 and one in each of
the other two IVF centres (IVF-2 and IVF-3). Overall, 2437 out of 2586 (94.2%) blastocyst biopsies resulted in a conclusive diagnosis, 119 (4.6%)
showed a nonconcurrent result and 30 (1.2%) failed to amplify, suggesting the absence of TE cells in the test tube or presence of degenerated/lysed
cells only. Among the samples producing a conclusive diagnosis, a mean concurrence value of 0.253 (95% CI ¼ 0.250–0.257) was observed.
Logistic regression analysis adjusted for confounding factors showed no differences in the diagnosis rate and in the concurrence of the genetic
analysis between different biopsy practitioners. An overall mean number of 7.32 cells (95% CI ¼ 6.82–7.81; range 2–15) were predicted
from all biopsies. Higher cellularity was significantly associated with a better quality of the CCS diagnosis (P , 0.01) and with the conclusive diag-
nosis rate, with nonconcurrent samples showing significantly lower numbers of cells (2.1; 95% CI¼1.5–2.7) compared with samples resulting in a
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conclusive diagnosis (mean cells number 7.5; 95% CI ¼ 7.1–7.9, P , 0.01). However, no differences were recorded between different biopsy
practitioners regarding cellularity of the biopsy. Finally, logistic analysis showed no impact of the biopsy practitioners on the observed ongoing rates
of implantation, biochemical pregnancy loss and miscarriage after the FEET cycles.

limitations, reasons for caution: These data come from a restricted set of laboratories where all of the embryologists received
identical training and use identical equipment. A single TE biopsy method and CCS technology was used and these data particularly apply to PGS
programmes using blastocyst biopsy without zona opening at the cleavage stage and using qPCR-based CCS. To make firm conclusions on the
potential impact of biopsy on biochemical pregnancy loss and miscarriages according to practitioner and biopsy cellularity, a larger sample size is
needed.

wider implications of the findings: We reported a very high consistency and reproducibility of the blastocyst biopsy approach
coupled with qPCR-based CSS for both genetic and clinical outcomes across different practitioners working in different IVF centres when appro-
priate training is provided and when the same laboratory setting is used. These data are important considering the trend towards the use of blasto-
cyst biopsy worldwide for PGD/PGS applications.

study funding/competing interest(s): None.
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Introduction
Blastocyst biopsy is now widely used for both preimplantation genetic
screening (PGS) for aneuploidies and preimplantation genetic diagnosis
(PGD) of single gene defects. In particular, trophectoderm biopsy
coupled with comprehensive chromosome screening (CCS) now repre-
sents the most promising approach for PGS to detect aneuploidies
coming from both male and female meiosis, as well as clinically relevant
mitotic errors fixed during preimplantation embryo development
(Schoolcraft et al., 2010; van Echten-Arends et al., 2011; Forman et al.,
2012a,b; Capalbo et al., 2013a,b). Biological and clinical evidence of
the high effectiveness of blastocyst stage PGS to improve embryo selec-
tion are being reported, leading to a growing clinical application of this
strategy worldwide (Fragouli et al., 2008; Schoolcraft et al., 2010;
Forman et al., 2012a,b; Yang et al., 2012; Capalbo et al., 2013a,b).
Several randomized controlled trials have been published, enrolling
patients from different populations and using different CCS technologies,
with all pointing out its clinical value for improving embryo selection in IVF
cycles (Yang et al., 2012; Forman et al., 2013a,b; Scott et al., 2013a,b). In
fact, the ESHRE PGD consortium data collection XII (data for the years
2009–2010) reported that ,0.1% of PGS cycles performed in European
centres were based on blastocyst stage biopsies (Moutou et al., 2014),
but this rate has grown impressively up to 24% in 2012–2013 (Synodi-
nos, 2014, data reporting from ESHRE PGD consortium) to the detri-
ment of the polar bodies (PBs) biopsy strategy application that
dramatically decreased to 2%. However, blastomere biopsy, whose ap-
plication has been constantly around 74% from 2009 to 2014, remains
the most widely used technique. This is despite all the published evidence
of its drawbacks, ranging from the impact of mosaicism and the technical
issues related to single cell genetic analysis, to the risk of compromising
embryo viability (Los et al., 2004; Munnè et al., 2005; Johnson et al.,
2010; Scott et al., 2013a,b; Van der Aa et al., 2013). This may be due
to cleavage stage biopsy being easier to perform and standardize when
compared with blastocyst biopsy, where the rate of embryo develop-
ment is asynchronous and often different morphological qualities and
degrees of expansion that may impact on the time and quality of the
biopsy. Indeed, whereas most normally developing embryos reach the
6- to 10-cell stage on the morning of Day-3 post insemination, allowing
a reproducible biopsy approach of a single cell, the timing of blastocyst

expansion can vary by over 24 h and occur on Day 5 or 6, or even Day
7 in �5% of embryos (Capalbo et al., 2014a,b). Furthermore, trophecto-
derm (TE) biopsy involves removing a small segment of trophectoderm
where the range of cells obtained is not precisely defined. Also, the TE
layer may differ in elasticity between blastocysts of different quality.

Thus, although this approach yields good clinical results, variability in
embryo quality, particularly in the trophectoderm layer, and the rate of
development to the fully expanded blastocyst stage, remains a challenge.
Indeed, as aconsequence of the recent introduction of TE biopsy in PGS/
PGD programmes on a large scale, there is still a lack of knowledge about
the reproducibility and consistency that can be obtained from multiple
biopsy practitioners in different IVF centres in relation to blastocysts of
different morphological quality. It has been demonstrated by Scott
et al. (2013a,b) that there is little, if any, impact of embryo biopsy at
the blastocyst stage in their elegant prospective non-selection study.
However, it still remains a possibility that less experienced or skilled
biopsy practitioners may have different impacts on one or more labora-
tory or clinical aspects of the blastocyst biopsy approach.

In this study, weaimed to determinewhether the operator performing
the TE biopsy procedure can influence the quality of the TE biopsy by
looking at genetic data obtained from a large cohort of human blastocysts
from multiple centres, as well as whether the biopsy operator might
impact the reproductive potential of euploid blastocysts following
single frozen embryo transfer cycles.

Materials and Methods

Study design
This was a longitudinal cohort study performed between April 2013 and
December 2014 involving 2586 consecutive blastocyst biopsies performed
at three different GENERA IVF centres in Italy, namely Rome (hereafter
referred as IVF centre 1), Marostica (hereafter referred as IVF centre 2)
and Naples (hereafter referred as IVF centre 3) and the analysis of 494
single frozen euploid embryo transfer cycles (FEET).

From 2013 in these three IVF centres, blastocyst biopsy and quantitative
PCR (qPCR) based CCS was increasingly explored to improve embryo selec-
tion. PGS was offered to patients of advanced female age (.35 years) or to
younger patients with a history of unsuccessful IVF treatments (more than
two failed IVF cycles) or previous spontaneous abortion (more than two
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miscarriages). In IVF centre 1, where most of the IVF-PGS cycles were per-
formed, five different biopsy practitioners were gradually enrolled in the
blastocyst biopsy programme over the study period while for IVF centres 2
and 3, only one resident practitioner at each centre was involved in the
biopsy programme. Before performing clinical biopsies, all practitioners
had to complete a training consisting of 20 supervised embryo biopsy and
tubing procedures. The ability and competence of each practitioner were
assessed on three parameters that defined the key performance indicators
for blastocyst biopsy: (i) time length to perform the biopsy; (ii) percentage
of blastocyst re-expansion after biopsy and (iii) genetic laboratory outcomes.
In particular normal values were considered as ,3 min to perform a single
biopsy, .90% re-expansion within 3 h after biopsy and successful amplifica-
tion and diagnosis in .90% of samples. Accordingly, a practitioner was con-
sidered completely trained when at least 9 out of 10 consecutive biopsies met
these criteria (with a minimum of 20 full procedures completed). All embry-
ologists in this study completed their training within the 20 trials.

All CCS procedures were performed at a single genetic centre (GENETYX
srl, Marostica, Italy) using a single 24-chromosome aneuploidy screening
technology based on qPCR.

The infertility treatment protocols, including hormonal stimulation, oocyte
retrieval, in vitro fertilization, embryo culture and transfer methods, applied in
these clinics have been previously described by Rienzi et al. (2010).

The Institutional Review Boards of the Clinics approved the study.

Outcome measures
The main outcome measures to determine the laboratory and clinical con-
sistency of blastocyst biopsy were based on the quality of the genetic analysis
and on the clinical outcomes achieved by each single operator, controlling for
possible confounding factors.

To investigate the qualityof the genetic test, the CCS diagnostic rate, sample-
specific concurrence and cellularity of the TE biopsy were evaluated for each
biopsy practitioner and corrected for embryo quality and batches of reagents
used for the qPCR-based aneuploidy screening over the study period. The
main laboratory outcome measure was the successful diagnostic rate.

To evaluate the cellular quality of the TE biopsies, the overall concurrence
of the chromosome analysis was calculated for each sample. In particular,
qPCR-based aneuploidy screening entails the analysis of four different
assays per chromosome that are then normalized on a control set of
normal male references. In this analysis, it is first assumed that the qPCR
assay can assess only whole-chromosome aneuploidy, such that the four
copy number assignments within each chromosome should always agree.
Therefore, the standard deviation of the four measurements of copy
number for each chromosome was calculated. The standard deviations of
each of the 24 chromosomes are then averaged for each sample giving a
precise estimation of the general quality of the analysis. The output is a
numerical variable with values ranging from 0.1 for the best reactions to
0.4 for the poorest quality. Biopsies consisting of few, lysed or degenerated
cells obtained higher scores of concurrence. Outliers (nonconcurrent
samples with no diagnosis) are defined as samples found outside an inter-
quartile range of 1.5 from the overall distribution of average sample-specific
standard deviations for each sample type and, in general, samples resulting in
concurrence values higher than 0.5.

Unamplified samples show failed amplification for all assays included for
the 24-chromosome analysis, suggesting the absence of cells in the test
tube that can be related to a failure during the tubing procedure.

Finally, a standardized curve based upon quantitative real-time PCR amp-
lification of single fibroblast cell datawas used to estimate the cellularity of the
TE biopsies, which was then analysed as a continuous variable or in quartiles
from least (1) to most (4) cellular.

To evaluate the possible impact of the biopsy operator on embryonic re-
productive competence, clinical outcomes following single FEET cycles were

stratified per biopsy operator and compared. Biochemical pregnancy loss
(absence of an identifiable pregnancy on ultrasound examination after a posi-
tive pregnancy test), miscarriage (spontaneous termination of pregnancy
between Week 7 and 20) and ongoing implantation rate (number of
fetuses with heart activity beyond 20 weeks of gestation per transferred
embryo) were compared between practitioners following adjustment for
confounding factors (Farquharson et al., 2005). Cellularity of the biopsy
sample was also correlated with clinical outcomes of FEET cycles. The
main clinical outcome measure was the ongoing implantation rate.

Blastocyst classification and biopsy
The blastocysts were evaluated according to the degree of expansion and the
quality of the inner cell mass and of the trophectoderm cells (Gardner and
Schoolcraft, 1999). Details about embryo classification have been described
previously (Capalbo et al., 2014a).

At 120–160 h from insemination, all expanded blastocysts, independently
of ICM and TE morphology and regardless the presence of herniating cells or
not, underwent TE biopsy as previously described (Capalbo et al., 2014a). In
brief, the main difference in the biopsy method implemented in our clinical
practice with the one initially described by McArthur in 2005 (McArthur
et al., 2005) and then adopted in most IVF centres performing TE biopsy
(Schoolcraft et al., 2010), resides in the moment of zona pellucida opening.
According to our method, zona opening and TE cells retrieval are conse-
quently performed on Day 5, 6 or 7 of preimplantation development at
the time of biopsy. All blastocysts with a visible blastocoel where an inner
cell mass could be identified and with at least a few cells forming the troph-
ectoderm epithelium, were included. All biopsy procedures were conducted
on a heated stage of a Nikon IX-70 microscope, equipped with micromani-
pulation tools in a dish prepared with three droplets of 10 ml of HEPES buf-
fered medium (Quinn’s Advantagew, Cooper Surgical) overlaid with
pre-equilibrated mineral oil. The blastocyst is positioned on the holding
pipette and oriented in a way that the ICM is clearly visible and opposite
with respect to the biopsy pipette (Research Instruments, Cornwall TR11
4TA, UK). A diode laser (Research Instruments) is used to assist the
opening of a 10–20 mm hole in the zona pellucida. A series of laser pulses
are fired being careful not to damage the blastocyst. When the hole is suffi-
ciently large to allow the passage of 3–10 TE cells, some media is blown
from the biopsy pipette through it so that the TE detaches from the inner
surface of the zona and starts collapsing. By entering the zona with the
pipette, 3–10 TE cells are aspirated with moderate suction, and by synchron-
ously firing several laser pulses aiming at the thinnest junctions between cells
and stretching them with a continuous gentle suction until the sample sepa-
rates from the body of the embryo. Following this, the retrieved TE fragment
is expelled from the biopsy pipette to be collected during the tubing proced-
ure. According to our practice, the same embryologist always performs both
the TE biopsy and tubing procedures for each individual procedure. Soon
after biopsy, the blastocyst is moved to a post-biopsy dish and put back
into the incubator until vitrification. The TE fragment is extensively washed
through 10 ml drops of hypotonic solution with a stripper pipette mounting
140 mm tips, in order to remove any possible fragmented or degenerated
cells and, in presenceof awitness, transferred to a PCR tube properly labelled
with the couple univocal ID and embryo number. Samples are stored at
2208C, shipped to the referring genetic centre and then processed for
qPCR analysis.

Aneuploidy screening of trophectoderm
biopsies and cellularity assessment
Trophectoderm biopsies were sent to a reference genetic laboratory for the
analysis (GENETYX srl, Marostica, Italy). All samples were processed for
CCS by placing them in an alkaline lysis buffer and performing real-time poly-
merase chain reaction protocol of 24-chromosome analysis as previously
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described by Treff et al. (2012). In brief, multiplex amplification of 96 loci
(four for each chromosome) was carried out, and a method of relative
quantification (Schmittgen and Livak, 2008) was applied to predict the
copy number status of each chromosome. This methodology was designed
to specifically identify whole chromosome, not segmental, aneuploidy, and
was validated in preclinical (Treff et al., 2012) and clinical studies (Scott et al.,
2013b) as well as extensively validated in our laboratory (Capalbo et al.,
2014b). A karyotype prediction was made for each embryo by a certified
cytogeneticist.

A standard curve of quantitative real-time (q)PCR-based mean threshold
cycles (CT) from a 96-plex reaction was established by analysing the results of
assays on known numbers of cells (1, 2, 3, 4, 5, 10, 15 and 20) from cell lines
that are easily counted and loaded. The curve was then used to interpolate
cell numbers using the CT data from analysis of TE biopsies undergoing aneu-
ploidy screening. This analysis may result in a little overestimation of the cell
number predicted in TE biopsies due to the potential presence of tetraploid
cells in the human blastocysts. However, this aspect will not affect the com-
parisons and analysis performed in the study since tetraploid cells will be
evenly distributed in TE samples from different embryos and similarly repre-
sented in all biopsy practitioner’s results.

Statistical analysis
Continuous data arepresented as absolute, mean with 95% confidence inter-
val (CI). Categorical variables are presented as absolute, percentage fre-
quency with 95% CI. Fisher’s exact test and ANOVA test with Bonferroni’s
correction were used to assess differences between categorical and continu-
ous variables, respectively. Forward logistic regression analysis was used to
control for potential confounding factors for the main comparisons. In par-
ticular, genetic data were controlled for preamplification lot number, gene
expression master mix lot number, 24-chromosome qPCR primer pool
number, blastocyst quality and timings of development to the blastocyst
stage. Clinical outcomes of FEET cycles were controlled for female age, indi-
cation for PGS, blastocyst quality and day of blastocyst biopsy following fer-
tilization.

Alpha was set at 0.05 for single comparisons and to 0.002 when Bonferro-
ni’s correction for multiplicity of testing was applied. All analyses were carried
out using the statistical software R version 2.14.2 (Free Software Foundation,
Inc., Boston, MA, USA).

Results
This study included the analysis of 2586 trophectoderm biopsies from
906 IVF-PGS cycles in three IVF centres using similar laboratory and clin-
ical protocols and the evaluation of 494 single FEET cycles. The mean
female age at oocyte retrieval was 39.4 (SD ¼ 3.2; range 23–44) and
the main indication for aneuploidy screening was advanced female age
(Table I). No differences were observed between the three IVF
centres regarding embryological, genetic and clinical outcomes
(Table I). All IVF centres experienced consistent rates of ongoing im-
plantation, biochemical pregnancy loss and miscarriage during the
study period (Table I).

Seven biopsy practitioners performed the biopsy procedures, five in
IVF centre 1 and one in each of the other two IVF centres. In total, five
embryologists performed 2179 blastocyst biopsies in IVF centre 1
(84.3%; 95% CI ¼ 83.5–86.3), while one embryologist for each centre
performed 200 (7.7%; 95% CI ¼ 6.7–8.8) and 207 (8.0%; 95% CI ¼
7.0–9.1) biopsy procedures for IVF centres 2 and 3, respectively
(Fig. 1A). Embryo biopsies and FEET cycles were evenly distributed
between embryologists of IVF centre 1 (Fig. 1A). There were 494

FEET performed, 432 in IVF centre 1, 34 and 28 in IVF centres 2 and 3,
respectively (Table I).

Genetic data per biopsy operator
Overall, 2437 out of 2586 (94.2%; 95% CI ¼ 93.3–95.1) blastocyst
biopsies resulted in a conclusive diagnosis at the first attempt, 119
(4.6%; 95% CI ¼ 3.8–5.5) showed a nonconcurrent result and 30
(1.2%; 95% CI ¼ 0.8–1.6) failed to amplify, suggesting the absence of
TE cells in the test tube. Following preamplification excess reanalysis of
nonconcurrent samples, the overall conclusive diagnosis rates increased
to 96%. No differences were observed in CCS outcomes when stratified
per biopsy operator (Fig. 1B). Logistic regression analysis confirmed that
biopsy operator was not related to the outcome of the CCS diagnosis
(conclusive versus nonconclusive result) following adjustment for pos-
sible confounding factors (P ¼ 0.62; Supplementary Table SI). Although
not statistically significant, practitioner 7 showed a notably higher no
result rate relative to all of the others, highlighting a specific difficulty in
co-ordinating the tubing procedure.

Among the samples producing a conclusive diagnosis, a mean concur-
rence value of 0.253 (95% CI ¼ 0.250–0.257) was observed. ANOVA
testing showed no differences in the concordance values between the
seven embryologists, suggesting similar cellular quality of the biopsied
samples (Fig. 1C).

The development of a standard curve using samples with increasing
concentration of cells allowed a detailed estimation of the cell number
in clinical TE biopsies. An overall mean number of 7.32 (95% CI ¼
6.82–7.81; range 2–15) was predicted from all biopsies.

Higher cellularity was significantly associated with a better quality of
the genetic test, with lower concurrence levels observed with increasing
number of cells estimated in the biopsy (P , 0.01). In particular, concur-
rence values of 0.28 (95% CI ¼ 0.26–0.3), 0.24 (95% CI ¼ 0.23–0.26),
0.21 (95% CI ¼ 0.20–0.23) and 0.19 (95% CI ¼ 0.18–0.20) were
observed for TE biopsies containing high, medium high, medium low
and low cellularity. The diagnosis rate was also correlated with TE
biopsy cellularity, with nonconcurrent samples showing significant
lower numbers of cells (2.1; 95% CI ¼ 1.5–2.7) compared with
samples resulting in a conclusive diagnosis (7.5; 95% CI ¼ 7.1–7.9,
P . 0.01; Supplementary Table SII).

The day of biopsy was also mildly associated with cellularity, with
embryos biopsied on Day 5 showing a slightly lower cellular concentra-
tion compared with Day 6 and 7 blastocysts (6.6, 8.2 and 7.7 cells for Day
5, 6 and 7, respectively; P ¼ 0.01; Supplementary Table SII).

No differences were also observed between embryos of different
morphology and the outcomes of CCS diagnosis (P ¼ 0.58), with good
and poor quality embryos showing similar conclusive diagnostic rates
and concordance values (Fig. 2).

Finally, no impact of biopsy practitioners on cellularity was observed.
In particular, ANOVA analysis with Bonferroni’s correction failed to
show differences in cells number in clinical biopsies from different practi-
tioners (Fig. 1D) as well as the logistic regression model adjusted for con-
founding factors (Supplementary Table SII).

Clinical data according to biopsy operator
All of the 2586 blastocysts underwent vitrification soon after trophecto-
derm biopsy. None of the embryo showed degeneration immediately
after biopsy although a prolonged observation of this phenomenon
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was not possible in accordance with our clinical settings where biopsied
blastocysts are immediately vitrified. In the observational period, 501
euploid blastocysts were warmed and 6 did not survive (1.2%; 95% CI ¼
0.4–2.6). Within two hours after thawing, 494 single embryo transfers of
euploid blastocysts were performed into the course of natural cycles.
There were 264 embryos that implanted and 223 resulted in an ongoing
pregnancy or delivered. There were biochemical pregnancy losses and
23clinicalmiscarriageswere recorded (Fig. 3).Nodifferences inclinicalout-
comes were recorded between the different IVF centres (Table I).

FEET cycles were evenly distributed among biopsy practitioners for
IVF centre 1. Logistic regression analysis adjusted for possible confoun-
ders showed no impact of biopsy practitioners on the observed

ongoing implantation rate of FEET cycles (Fig. 3; Supplementary Table
SIII). Only extremely poor quality blastocysts showed a lower implant-
ation rate (P , 0.01) compared with average, good and excellent
quality blastocysts. Female age, indications for treatment, day of biopsy
and IVF centres were all unrelated variables to the clinical outcomes.

Biochemical pregnancy losses and miscarriages were also evenly dis-
tributed among different embryologists (Fig. 3) although the small
sample size did not allow a proper comparison for these outcomes.

Cellularity of the TE biopsy was also unrelated with clinical outcomes.
The number of TE cells estimated for implanted and unimplanted blasto-
cysts was 7.2 (3–14; 95% CI ¼ 6.4–8.0) and 7.9 (4–15; 95% CI ¼
7.02–8.77), respectively (P ¼ 0.32).

.............................................................................................................................................................................................

Table I Clinical and embryological data across the three IVF centres participating to the study.

Total Centre 1 Centre 2 Centre 3 P-value

Number of patients 812 626 117 69

Number of cycles 906 707 118 81

Mean female age (range) 39.4+++++3.2
(23.0–44.0)

39.4+3.2
(23.0–44.0)

39.4+3.1
(28.0–43.9)

38.8+3.7
(31.0–44.0)

NS

Indication to PGS

AMA (%) 628 (69.3) 486 (68.7) 88 (74.6) 54 (66.7) NS

RPL (%) 8 (0.9) 6 (0.8) 1 (0.8) 1 (1.2) NS

RIF (%) 52 (5.7) 38 (5.4) 9 (7.6) 5 (6.2) NS

AMA + RPL (%) 51 (5.6) 38 (5.4) 6 (5.1) 7 (8.6) NS

AMA + RIF (%) 92 (10.2) 80 (11.3) 6 (5.1) 6 (7.4) NS

Other (%) 75 (8.3) 59 (8.3) 8 (6.8) 8 (9.9) NS

Biopsied blastocysts 2586 2179 200 207

Mean number of biopsied blastocysts per cycle (range) 2.8+++++1.9 (1–14) 2.9+1.9 (1–14) 2.4+1.6 (1–10) 1.5+0.7 (1–10) NS

Morphology

Excellent (%) 1157 (44.8) 993 (45.6) 77 (38.7) 87 (41.9) NS

Good (%) 387 (15.0) 328 (15.0) 28 (13.8) 31 (15.2) NS

Average (%) 442 (17.1) 350 (16.1) 51 (25.4) 41 (19.9) NS

Poor (%) 600 (23.2) 508 (23.3) 44 (22.1) 48 (23.0) NS

Day of biopsy

Day 5 (%) 955 (36.9) 816 (37.4) 63 (31.5) 76 (36.7) NS

Day 6 (%) 1396 (54.0) 1159 (53.2) 127 (63.5) 110 (53.1) NS

Day 7 (%) 236 (9.1) 205 (9.4) 10 (5.0) 21 (10.1) NS

DIAGNOSIS

Euploid (%) 1025 (39.6) 864 (39.6) 94 (47.2) 70 (33.8) NS

Single/Double aneuploid (%) 1178 (45.5) 986 (45.2) 89 (44.3) 103 (49.7)

Complex aneuploid (%) 234 (9.1) 207 (9.5) 7 (3.5) 18 (8.5)

Nonconcurrent analysis (%) 119 (4.6) 102 (4.7) 8 (4.0) 9 (4.3)

No amplification (%) 30 (1.2) 21 (1.0) 2 (1.0) 7 (3.4)

Transferred blastocysts 494 432 34 28

Clinical outcomes

Positive pregnancy tests (%) 264 (53.4) 225 (52.1) 20 (58.8) 19 (67.9) NS

Biochemical pregnancies (%) 18 (6.8) 14 (6.2) 2 (10.0) 2 (10.5) NS

Miscarriages (%) 23 (9.3) 21 (9.9) 2 (11.0) 0 (0) NS

Ongoing implanted blastocysts (.12 weeks of gestation)(%) 223 (45.1) 190 (44.0) 16 (47.1) 17 (60.7) NS

The data highlight no relevant differences between the three IVF centres in terms of patient population, embryological data and clinical outcomes. In bold are reported the overall values
from the 3 IVF centers.
AMA, advanced maternal age; RPL, recurrent pregnancy loss; RIF, recurrent implantation failure.
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Discussion
In this study, we report for the first time a comprehensive analysis of the
laboratory and clinical consistency of the blastocyst biopsy approach for
aneuploidy screening in relation to the biopsy practitioners. These data
are extremely important in the IVF field considering the impressive

growth in application of the TE biopsy procedure in recent years as
blastocyst biopsy can be seen as difficult to standardize compared with
the biopsy of PBs or of a single cell at the cleavage stage of embryo devel-
opment. The combination of different embryologists performing TE
biopsy on blastocysts of different developmental stages and morphology
can be thought to result in variable outcomes. On the contrary, in this

Figure 1 Comprehensive chromosome screening (CCS) data across different biopsy operators. (A) Number and percentage frequencies of biopsied
blastocysts from each operator. (B) No significant differences were shown at the logistic regression analysis among different biopsy operators in terms of
absence of amplification, nonconcurrent results and good quality CCS data, underlining the high reliability and reproducibility of CCS-based aneuploidy
screening on trophectoderm (TE) fragments. Although not significant, Operator 7 showed a relatively higher no result rate that might highlight a difficulty
in coordinating the tubing procedure as the most critical step in the blastocyst biopsy and processing procedure. (C) Boxplots displaying that qPCR data
concurrence between different biopsy operators. (D) Boxplots displaying the estimated number of cells retrieved from different biopsy operators.
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study, when appropriate training was provided and working in a standar-

dized IVF setting, very high consistency and reproducibility of the qPCR-

based CSS blastocyst biopsy approach, for both the genetic and clinical

outcomes, was observed.
First, to compare the quality of the biopsy samples obtained from dif-

ferent biopsy practitioners, we investigated the genetic laboratory out-
comes of the qPCR-based CCS defining analytical indicators of cellular
quality and quantity. The assessment of sample concurrence served as
a measure of the cellular quality of the biopsy sample while cellular
count was performed using a unique method based on the interpolation
to a reference standard curve developed using samples with increasing
cell number (Tao et al., 2013). All embryologists performed similarly in
terms of conclusive CCS diagnosis, sample concurrence and number

of TE cells sampled from the different blastocysts. One practitioner
obtained a notably higher no result rate (3.4%) that was on average 4
to 5 times higher when compared with the others. This could reflect a
lower ability in coordinating the tubing procedure for that operator.
These data suggest performance of an extensive validation of the
tubing step that can be the most critical step with the highest inter-
operator variability observed. However, no differences were observed
when comparing performances for the overall success rate, suggesting
that the final laboratory outcome measure (conclusive diagnosis rate)
was consistent for all practitioners. This evidence suggests that blasto-
cysts biopsy is very reproducible from a technical perspective when
adequate training is completed before starting the clinical application
and when a robust genetic technology for CCS is used.

In this study, when all related laboratory procedures such us extended
culture and vitrification were already optimized, a minimum training
period of 20 procedures was sufficient for training experienced embry-
ologists in TE biopsy, following which enrolling them in the biopsy pro-
gramme was straightforward. The biopsy training for each of the
embryologists was based on three main key performance indicators;
(1) the time that the embryologist took to perform the biopsy, (2) the
blastocysts re-expansion after biopsyand, (3) the successful amplification
and diagnosis after the genetic analysis. Regardless of the varying degree
of experience of the embryologists in the study (ranging from 4 years to
immediate enrolment in the biopsy programme after training as for
operators 4, 5, 6 and 7), the results were shown to be very consistent
between practitioners when experienced embryologists were involved.

The analysis of genetic data in relation to the TE biopsy sampled also
revealed a wide range of cellularity that composed different biopsy
samples, with a range between 1 and 15 cells collected. Regardless,
the quality of qPCR-based CCS analysis was mildly affected by this pro-
cedural variability. Although samples with higher cellularity resulted in
better sample concurrence, diagnosis was still possible in more than
96% of samples with a very low cellularity (≤3 cells). Another interest-
ing observation was that the blastocyst quality per se did not severely
affect the CCS results, with poor quality blastocysts showing mildly
lower cellularity in the biopsy but a similar rate of conclusive diagnosis
when compared with good and excellent quality blastocysts. Com-
bined with previous observations showing that even poor quality blas-
tocysts, when euploid, retain a significant implantation potential
(Capalbo et al., 2014a,b), these data further demonstrate the import-
ance of considering all blastocysts for the biopsy and CCS regardless of
their morphological appearance, provided that the expanded stage is
reached.

Next, we compared clinical outcomes of single FEET cycles between
different biopsy practitioners to investigate the clinical reproducibility
of the procedure. First, although the blastocysts were cryopreserved
soon after the biopsy, we did not observe any degeneration following
trophectoderm biopsy. This observation is consistent with previous
studies on the same matter performed by McArthur and Schoolcraft
(McArthur et al., 2005, 2008; Schoolcraft et al., 2010). In particular,
McArthur and colleagues reported 1050 biopsied blastocysts with no
degeneration in their first paper in 2005, and confirmed the same
result in a paper published in 2008 on a further 609 biopsy procedures.
In 2009, Schoolcraft and colleagues also reported 100% of survival after
biopsy of 287 blastocysts.

After warming, 98.8% of the biopsied blastocysts survived. Un-
fortunately, due to our clinical setting, where the embryo transfer is

Figure 2 The number of cells retrieved and the CCS results do not
correlate with blastocyst morphology. (A) Boxplot showing the esti-
mated number of cells retrieved from blastocysts belonging to different
morphological classes. Lower quality blastocysts did not require bigger
TE fragments to obtain a proper diagnosis. (B) Boxplot relating qPCR
data concurrence with blastocyst morphological evaluation. No signifi-
cant differences were revealed among different classes, underlining
the absence of influence of morphology upon CCS data quality.
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performed within two hours from warming, it was not possible to assess
the blastocyst re-expansion rate following warming and long-term sur-
vival. Accordingly, the clinical FEET cycle data in this analysis have to
be mainly considered as ongoing implantation rate per thawed euploid
blastocyst, since almost all embryos included in this study were trans-
ferred immediately after warming, without waiting for re-expansion.

Our clinical data showed very high consistency between different prac-
titioners performing the blastocyst biopsy procedure in terms of ongoing
implantation rates, biochemical pregnancy losses and miscarriage rates,
suggesting that the different embryologists had no impact at all on the re-
productive potential of the embryos. Furthermore, a wide range of cellu-
larity was noted between the different biopsy samples, however the
number of trophectoderm cells removed from the blastocyst seemed
to be unrelated to the clinical outcomes of FEET cycles in this dataset, al-
though a higher sample size will be needed to corroborate these findings,
particularly for biochemical losses and miscarriages. Furthermore, it
should be acknowledged that the method used to assess cellularity pro-
vides an estimation of the actual number of TE cells removed from the
embryo that can be partially overestimated due to the sporadic presence
of tetraploid cells in the TE biopsies.

Another potential limitation of the study relies on the use of a single TE
biopsy method and CCS technology. Even if it is expected that similar
outcomes can be achieved with different blastocyst biopsy approaches
and CCS technologies, these data particularly apply to PGS programmes

using blastocyst biopsies without zona opening at the cleavage stage
(Capalbo et al., 2014a) and a qPCR-based CCS technology (Treff
et al., 2012). It should be also acknowledged that these data come
from a small set of laboratories where all of the embryologists received
identical training and used identical equipment.

All together these data provided evidence for a high reproducibility
and consistency of the blastocyst biopsy approach in the clinical settings.
The biopsy of a single cell as either a polar body or blastomere at the
cleavage stage has been advocated in the past as the main approaches
for PGS and PGD, due to the relatively easy technical approach and
the lack of effective blastocyst culture systems and cryopreservation pro-
tocols. Growing preclinical and clinical evidence about blastocyst biopsy
accuracy, safety and effectiveness indicate trophectoderm analysis as the
most advantageous stage for all applications of preimplantation genetics
although it was only recently introduced on a large scale into the clinical
practice of IVF (Yang et al, 2012; Chang et al., 2013; Forman et al.,
2013a,b; Scott et al., 2013a,b). The success of any new procedure is
based on consistency and reproducibility in different settings and
across different practitioners to reach a widespread consensus and appli-
cation. In this study, we have demonstrated blastocyst biopsyand CCS to
be a consistent and reproducible procedure across multiple practitioners
and in different IVF centres for both laboratory and clinical outcomes
when appropriate training is provided and when the same laboratory
setting is used.

Figure 3 IVF clinical outcomes across the biopsy operators. Each operator is represented by a different grade of blue, while the total data are shown
through a white red-edged column. Absolute numbers of biopsied blastocysts diagnosed as euploid and transferred per each operator are reported
under the legend. Data are shown for positive pregnancy tests, biochemical pregnancy loss, miscarriages and ongoing (.20 gestational weeks) implantation.
No significant differences in any of these variables among the seven biopsy operators were shown, subtending a comparable efficiency in performing the
procedure without affecting blastocyst viability and implantation potential.
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Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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