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BACKGROUND: The recent identification of embryonic cell-free
DNA in spent blastocyst media has opened a new era of possibil-
ities for noninvasive embryo aneuploidy testing in assisted repro-
ductive technologies. Yet, previous studies assessing a limited
number of embryos reported variable concordance between embry-
onic cell-free DNA and trophectoderm biopsies, thus questioning the
validity of this approach.

OBJECTIVE: This study aimed to evaluate the concordance and
reproducibility of testing embryonic cell-free DNA vs trophectoderm DNA
obtained from the same embryo in a large sample of human blastocysts
and to assess the contribution of the inner cell mass and trophectoderm to
embryonic cell-free DNA released to the culture media.

STUDY DESIGN: This is an interim analysis of a prospective, obser-
vational study among 8 in vitro fertilization centers in 4 continents to
assess consistency between noninvasive embryo aneuploidy testing of
embryonic cell-free DNA and conventional trophectoderm biopsy. The
analysis included 1301 day-6/7 blastocysts obtained in 406 in vitro
fertilization cycles from 371 patients aged 20—44 years undergoing
preimplantation genetic testing for aneuploidy. Fresh oocytes underwent
intracytoplasmic sperm injection or in vitro fertilization. No previous
assisted hatching or vitrification was allowed before media collection.
Individual spent blastocyst medium was collected from embryos cultured
at least 40 hours from day 4. After media collection, conventional pre-
implantation genetic testing for aneuploidy, comprising trophectoderm
biopsy and blastocyst vitrification, was performed. Embryonic cell-free
DNA was analyzed blindly after embryo transfer. Inner cell mass and

trophectoderm biopsies were also performed in a subset of 81 aneuploid
blastocysts donated for research.

RESULTS: Embryonic cell-free DNA analyses were 78.2% (866/1108)
concordant with the corresponding trophectoderm biopsies. No significant
differences were detected among centers ranging from 72.5% to 86.3%.
Concordance rates exceeded 86% when all defined steps in the culture
laboratory were controlled to minimize the impact of maternal and operator
contamination. Sensitivity per center ranged from 76.5% to 91.3% and
specificity from 64.7% to 93.3%. The false-negative rate was 8.3% (92/
1108), and false-positive rate was 12.4% (137/1108). The 2 fertilization
techniques provided similar sensitivity (80.9% vs 87.9%) and specificity
(78.6% vs 69.9%). Multivariate analysis did not reveal any bias from
patient clinical background, ovarian stimulation protocols, culture condi-
tions, or embryo quality on testing accuracy of concordance. Moreover,
concordances of embryonic cell-free DNA with trophectoderm and inner
cell mass suggest that the embryonic cell-free DNA originates from both
compartments of the human embryo.

CONCLUSION: Noninvasive analysis of embryonic cell-free DNA in
spent blastocyst culture media demonstrates high concordance with tro-
phectoderm biopsy results in this large multicenter series. A noninvasive
approach for prioritizing embryo euploidy offers important advantages
such as avoiding invasive embryo biopsy and decreased cost, potentially
increasing accessibility for a wider patient population.

Key words: embryo aneuploidy testing, embryonic ¢fDNA, IVF, nonin-
vasive PGT-A, spent blastocyst media

ince the isolation of fetal cell-free
DNA (cfDNA) from the peripheral
maternal blood," interest has grown in
the potential for its use in prenatal
diagnosis. In fact, noninvasive prenatal
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testing (NIPT) through the analysis of
fetal cfDNA has dramatically changed
clinical practice in prenatal care for the
detection of fetal aneuploidies during the
first trimester of pregnancy.”’ The use of
NIPT has brought sharp decreases in the
use of invasive procedures such as
amniocentesis or chorionic villus
biopsy,” ® and indications for its use
continue to expand.”

In the setting of assisted reproduction,
embryonic ¢fDNA is offering a new
strategy to assess the preimplantation
embryo. Current practice for preim-
plantation genetic testing of aneu-
ploidies (PGT-A) requires embryo

manipulation, specifically a trophecto-
derm (TE) biopsy, with the retrieval of
4—8 cells and the analysis of chromo-
some copy number by next-generation
sequencing (NGS).® However, biopsy-
based approaches on preimplantation
embryos entail both technical and em-
bryo viability challenges together with
the criticism that in some cases normal
embryos may be discarded.” A nonin-
vasive method for detecting aneuploidies
in the preimplantation embryo would
avoid the technical challenges of biopsy.
In particular, analyzing the cfDNA
released by the embryo to the culture
media during the latest stages of in vitro
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Why was this study conducted?

Key findings

of the human embryo.

for a wider patient population.

Variable concordance rates have been reported for aneuploidy analysis of em-
bryonic cell-free DNA (cfDNA) in spent blastocyst media vs trophectoderm (TE)
biopsy for the same blastocyst in a series with small sample sizes.

In 1301 human blastocysts from 8 reproductive centers in 4 continents, the
chromosomal analysis concordance rate for embryonic cfDNA with the corre-
sponding TE DNA was 78.2% (866/1108). Simultaneous analyses of TE and inner
cell mass suggest that the embryonic cfDNA originates from both compartments

What does this add to what is known?

This is the largest study to date assessing ploidy concordance per embryo between
invasive and noninvasive preimplantation genetic testing for aneuploidies. This
noninvasive approach could help avoid embryo biopsy while still enabling em-
bryo euploidy prioritization and reduce costs, thereby democratizing accessibility

development, namely the blastocyst
stage, could identify any aneuploidies in
the embryo before its transfer into the
uterine cavity.'’

Initial isolation of embryonic cfDNA
from the spent blastocyst media (SBM)
indicated the potential to identify em-
bryonic chromosome copy number.'’
Subsequent  studies explored the
concordance between embryonic cfDNA
in SBM and DNA from the human em-
bryo obtained from polar bodies,'’ TE
biopsies,'”'” and whole blastocysts.'
These studies reported informativity
rates for the embryonic cfDNA (ie, suc-
cessful cfDNA amplification and inter-
pretable NGS results) ranging from 80%
to 100%. However, concordance rates
varied from 3.4% to 85.7% in polar
bodies and TE biopsies.m*15 Yet,
concordance reached 93.8% when
compared with the whole blastocyst,
suggesting that embryonic c¢fDNA in
spent media could be more representa-
tive of the embryonic chromosomal
status than the TE biopsy.'® In these
previous studies of noninvasive PGT-A
(niPGT-A) from other groups'’ '
before media collection, embryos were
manipulated by assisted hatching, bi-
opsy, and vitrification.

For clinical translational purposes, we
modified the strategy to isolate and

amplify embryonic cfDNA without pre-
vious embryo manipulation by collect-
ing spent media from embryos with
intact zona pellucida. Our pilot study
achieved high concordance rates be-
tween embryonic ¢fDNA from spent
media and TE biopsies after optimizing
the protocol for media collection and
embryonic cfDNA amplification at day
6."7 Of note, in those cases with dis-
crepancies between euploid TE biopsies
and aneuploid embryonic ¢fDNA, clin-
ical results were affected in terms of a
decrease in ongoing pregnancies and
increase in rates of miscarriages.'”
Furthermore, our pilot study and the
earlier studies noted previously were
limited by the number of embryos
analyzed, with sample sizes ranging from
22" to 115" from individual assisted
reproductive centers.

To determine the clinical utility of
niPGT-A, we report a prospective
multicenter study to evaluate the
concordance and reproducibility of the
analysis of embryonic ¢fDNA vs TE bi-
opsies from the same embryo in a large
sample size: 1301 blastocysts from 8
assisted reproductive centers in 4 conti-
nents. Furthermore, we assessed the
contribution of the inner cell mass
(ICM) and TE to the embryonic cfDNA
in a subset of 81 aneuploid blastocysts.
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Materials and Methods
Detailed descriptions of the materials
and methods used in this study are
provided in the Supplemental Materials
and Methods section. We report the
interim analysis of a prospective, obser-
vational, multicenter study performed in
8 assisted reproductive centers; the study
was approved by each local institutional
review board. The study design is pre-
sented in Figure 1. TE biopsies and SBM
were collected from April 2018 to
September 2019 for 1301 day-6/7 blas-
tocysts, from 406 cycles (371 patients).
After intracytoplasmic sperm injection
(ICSI) or in vitro fertilization (IVF) in
fresh oocytes, embryos were cultured
using the standard culture conditions of
each laboratory up to day 4. On day 4,
embryos were individually transferred to
a 10-uL drop of fresh media. No previ-
ous assisted hatching or embryo vitrifi-
cation was allowed before media
collection. Individual SBM was collected
at day 6/7 and frozen until analysis. Em-
bryonic cfDNA samples were analyzed by
NGS. Results were evaluated with a spe-
cific algorithm developed for embryonic
cfDNA and compared with the NGS re-
sults obtained from TE biopsies. ICM
biopsy was also performed in a subset of
81 aneuploid blastocysts donated for
research. Concordance rates, false-
positive (FP) and false-negative (FN)
rates, specificity, sensitivity, positive pre-
dictive value (PPV), and negative pre-
dictive value (NPV) were determined.

Results

From 371 patients and 406 PGT-A cycles
(337 patients with 1 cycle, 33 patients
with 2 cycles, 1 patient with 3 cycles),
1301 embryos were assessed. The most
common indication for PGT-A was
advanced maternal age (66.2% of cases).
Baseline demographic and clinical
background details are presented in
Supplemental Table 1.

In 98.7% of cases, antagonist protocol
was employed for gonadal suppression;
the most common stimulation protocol
included follicle-stimulating hormone
plus luteinizing hormone (53.6%) and
gonadotropin-releasing hormone agonist
for triggering ovulation (52.7% of the
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FIGURE 1
Flow diagram of the patients included in the study
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ICM, inner cell mass; SBM, spent blastocyst medium; TE, trophectoderm.
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cycles). A mean (%standard deviation
[SD]) of 10.3 (7.1) metaphase II oocytes
were aspirated and 8.1 (6.0) were nor-
mally fertilized. Most (88.2%) cycles used
the patient’s own oocytes, and ICSI was
conducted in 90.6% of cycles. One center
also performed routine insemination of
oocytes. Ovarian stimulation and cycle
characteristics  are  presented in
Supplemental Table 2.

Embryonic culture conditions used in
this study were diverse. A 1-step system
(varying in commercial culture media)
was used in 93.1% of cycles. MIRI
(ESCO, Egaa, Denmark) (33.5%) and K-
Systems  (CooperSurgical, = Malov,
Denmark) (32.3%) were the most used
incubators, and 5% albumin supple-
mentation was incorporated in 72% of
cycles. Biopsies for most of the 1301
blastocysts were conducted on day 6
(91.2%); at the time of biopsy, most at
the expanded blastocyst stage (68.8%).
Blastocyst quality is described in Table 1.

Embryonic cfDNA concordance with
TE biopsies

To compare chromosome copy number
results between embryonic c¢fDNA and

TE biopsy, stratification was applied ac-
cording to the Standards for Reporting
of Diagnostic Accuracy Studies criteria
(Figure 2), where the index test was the
embryonic cfDNA analyzed from spent
media and the reference standard was
the TE biopsy. DNA amplification failure
(AF) was observed in 34 (2.6%) em-
bryonic cfDNA samples and 14 (1.1%)
TE biopsies. Noninformative (NI) re-
sults were obtained in 70 (5.4%) em-
bryonic cfDNA samples and 26 (2.0%)
TE biopsies. A chaotic profile (>5 an-
euploidies) was observed in 55 (4.2%)
embryonic ¢fDNA samples and consid-
ered as NI because the percentage of
euploid TE biopsies for this type of
samples (49%) was similar to the per-
centage for AF (47%) and for NI (57%).
Therefore, the overall percentage of NI
SBM samples including chaotic samples
was significantly higher than that for
PGT-A (P<.0001), where TE biopsies
with >5 aneuploidies were considered as
chaotic abnormal. In total, 1108 blasto-
cysts (85.2%) had informative results in
both TE and embryonic ¢fDNA samples.

The embryo ploidy concordance rate
between informative samples for TE

biopsies and cfDNA was 78.2% (866/
1108), ranging from 72.5% to 86.3% in
different centers. An additional 1.1% (13/
1108) were concordant for embryo
ploidy but not sex chromosomes. The
total concordance rate for all chromo-
somes was 67.7%, and partial concor-
dance for some chromosomes was
10.5%. Overall concordance rate for tri-
somies was 77.3% and 70.1% for
monosomies.

Regarding subchromosomal abnor-
malities, we were able to detect dupli-
cations and deletions in the SBM above
10 Mb, and the concordance rates with
TE biopsies were significantly lower
(P<.0001) than those for whole-
chromosome abnormalities: 52.2% for
deletions and only 10.3% for duplica-
tions. For this reason, in the prioritiza-
tion system we are developing,
subchromosomal abnormalities, more
specifically duplications, would be
prioritized for transfer before other
abnormalities.

We analyzed the concordance rates
according to female age (stratified into 5
groups), which revealed a significant
linear trend with increasing age (P=02)
(Figure 3, A). In contrast, we did not
detect significant differences in concor-
dance when stratifying by culture media
(Figure 3, B) or incubator model
(Figure 3, C).

Overall sensitivity per center ranged
from 76.5% to 91.3% and specificity
from 64.7% to 93.3% (Table 2; also
shows PPV and NPV). In the center with
higher concordance rate, 86.3%, sensi-
tivity and specificity were 86.7% and
87.5%, respectively, indicating that
optimal results can be achieved when
strictly following the defined steps to
minimize external and maternal
contamination. The FN rate was 8.3%
(92/1108), half of which (46/92) corre-
sponded to female TE biopsies and the
other half (46/92) to male TE biopsies.
The FP rate was 12.4% (137/1108),
43.8% (60/137) of which corresponded
to female TE biopsies and 56.2% (77/
137) to male TE biopsies. Stratified re-
sults for FP indicated 16 SBM with du-
plications (11.7%), 6 SBM with deletions
(4.4%), 28 SBM with single monosomies
(20.4%), 33 SBM with single trisomies
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TABLE 1
ICM and TE quality of day-6 and day-7 blastocysts
Blastocyst quality assessment Day 6 Day 7 Total
Total no. of blastocysts, n (%) 1186 (91.2) 115 (8.8) 1301 (100)
- Early blastocyst 8/1186 (0.7) 0 8/1301 (0.6)
(o - _ Blastocyst (cavitated) 47/1186 (4.0) 3/115 (2.6) 50/1301 (3.8)
|| Blastocyst grading®
Expanded blastocyst 809/1186 (68.2) 86/115 (74.8) 895/1301 (68.8)
Hatching blastocyst 213/1186 (17.9) 14/115 (12.2) 227/1301 (17.5)
Fully hatched 90/1186 (7.6) 11/115 (9.5) 101/1301 (7.8)
N/A 19/1186 (1.6) 1/115(0.9) 20/1301 (1.5)
ICM quality A 550/1186 (46.4) 19/115 (16.5) 569/1301 (43.7)
B 494/1186 (41.6) 60/115 (52.2) 554/1301 (42.6)
C 142/1186 (12.0) 36/115 (31.3) 178/1301 (13.7)
TE quality A 591/1186 (49.8) 15/115 (13.0) 606/1301 (46.6)
B 417/1186 (35.2) 60/115 (52.2) 477/1301 (36.6)
C 178/1186 (15.0) 40/115 (34.8) 218/1301 (16.8)
Values are provided as n/N (%) unless indicated otherwise.
ICM, inner cell mass; /A, not available; TE, trophectoderm.
2 Blastocyst classification following modified Gardner’s criteria.
Rubio et al. Embryonic cell-free DNA released to the spent blastocyst media. Am ] Obstet Gynecol 2020.

(24.1%), and the remaining 54 with
combinations of aneuploidies with more
than 1 chromosome (39.4%). However,
no significant differences were observed
in sensitivity (85.0% and 78.4%) and
specificity (75.0% and 79.7%) between
cfDNA diagnosed as male and female,
respectively. Moreover, ICSI and IVF
techniques provided similar sensitivity
(80.9% vs 87.9%) and specificity (78.6%
vs 69.9%).

Multivariate logistic regression
analysis

Multivariate logistic regression was
applied to assess the impact of patient
characteristics, ovarian stimulation,
embryonic culture, and blastocyst qual-
ity on informativity and concordance
rates. None of these factors significantly
affected informativity or concordance.

Contribution of the ICM and TE to
the embryonic cfDNA

Among blastocysts deemed as aneu-
ploid by initial TE biopsy donated for
assessment of concordance to ICM,
informative results were obtained in

97.5% (79/81) of TE biopsies, 90.1%
(73/81) of embryonic cfDNA samples,
and 90.1% (73/81) of ICM biopsies. All
3 sample types were informative in
79.0% (64/81) (Table 3). Briefly, em-
bryonic c¢fDNA ploidy concordances
with TE and with ICM were similar
(87.5% and 84.4%, respectively).
Among 10 discrepancies between em-
bryonic ¢fDNA and ICM, 4 corre-
sponded to aneuploid cfDNA and
euploid ICM, which could be attributed
to the presence of mosaicism in the
blastocyst (TE biopsies were also aneu-
ploid). The 6 remaining discrepancies
corresponded to euploid cfDNA and
aneuploid ICM, mostly caused by the
presence of maternal contamination
masking the aneuploidies. Considering
ICM as the gold standard, ploidy
concordance rates for embryonic
cfDNA and TE was 84.4% and 87.5%,
respectively, which were not statistically
significant different. FP rates were
similar for embryonic ¢fDNA and TE
biopsy (6.2% and 10.9%, respectively);
EN rates did not significantly differ but
were higher in embryonic <fDNA
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(9.4%) than in TE (1.6%) owing to
potential maternal contamination. Ex-
amples of concordance among embry-
onic cfDNA (SBM), TE, and ICM are
shown in Figure 4.

Discussion

Principal findings

An efficient noninvasive approach can
offer the benefits of invasive PGT-A,
such as improved live birth at the first
embryo transfer, reduction of miscar-
riage rates and multiple pregnancies, and
shortened time to pregnancy,'® without
the limitations of embryo manipulation
and biopsy. Our multicenter study
assessing a niPGT-A approach in a total
of 1301 blastocysts found high concor-
dance rates between embryonic cfDNA
and corresponding TE biopsies (78.2%).
The lack of significant differences in re-
sults among the 8 centers indicates
reproducibility under varied laboratory
conditions. Moreover, the concordances
of embryonic ¢fDNA with TE and ICM
suggest that the embryonic ¢fDNA could
originate from both compartments of
the human embryo.
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FIGURE 2

Standards for Reporting of Diagnostic Accuracy Studies diagram for accuracy comparison SBM between TE

1301 day 6/day7 embryos
(1186 day 6/115 day 7)

!

Index test negative
(euploid medium)
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Final diagnosis
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AF, amplification failure; M, noninformative; SBM, spent blastocyst medium; TE, trophectoderm.
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(AF/NI TE)
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Reference standard
(Trophectoderm biopsy)
n=153

Final diagnosis
Condition present n=69
Condition absent n=84

Results

This is the largest study to date to assess
concordance of embryo ploidy between
embryonic cfDNA and TE biopsy. The
findings align with recent publications
indicating concordance rates between
62.1% and 85.7%.'>"*"" At the same
time, our study differs from these pre-
vious reports. First, the analysis of this
large sample of 1301 human embryos
incorporated variable culture conditions
among the 8 participating centers. Sec-
ond, our study protocol was truly
noninvasive, without any previous
manipulation of the embryos (eg, day-3
assisted hatching, previous vitrifica-
tion). Third, other studies used a mini-
mally invasive approach combining SBM
and blastocoelic fluid and requiring an
extra manipulation step (blastocyst
collapse).’”™*'  These small-sample
studies reported variable concordance
of embryonic cfDNA with TE (45.0%,
87.5%, and 95.3%).

In addition, our study investigated the
origin of embryonic cfDNA using 81
blastocysts donated for research. Em-
bryonic ¢fDNA ploidy was concordant
with both TE and ICM biopsies (87.5%

and 84.4%, respectively). The discordant
findings reflected either mosaicism in
the blastocyst or the presence of
maternal contamination. Embryonic
cfDNA ploidy was concordant not only
with TE biopsies, as in previous studies,
but also with ICM biopsies, suggesting
that both TE and ICM could contribute
to the embryonic cfDNA. However, our
results are in contrast with other publi-
cations suggesting a superiority of the
embryonic cfDNA over the TE biopsies
when compared with whole
blastocysts. "'

Clinical implications

Laboratory and culture conditions vary
between different reproductive centers
worldwide, which could have implica-
tions for clinical testing. Of note, we
observed consistent results for niPGT-
A among centers. These 8 centers used
4 different culture media, sequential
and continuous, and 2 different per-
centages of albumin supplementation
(5% and 10%), without significant ef-
fects on the accuracy of embryonic
cfDNA results. These findings support
the potential applicability of embryonic

cfDNA analysis to every IVF laboratory,
when working under the specific pro-
tocol. A previous study comparing 3
commercial culture media without
previous contact with an embryo re-
ported consistently low DNA concen-
tration. Moreover, the minimal traces of
DNA were mostly derived from protein
supplementation (albumin 5 mg/
mL).”” Continuous culture systems
(embryos left in the same medium from
day 1 to day 6) have also been proposed
to impair the yield and quality of em-
bryonic c¢fDNA.”>*’ Across these 8
centers, culture media were changed at
day 4, which discarded potentially
degraded DNA secreted from days 1 to
3. In addition, the day and volume of
media collection were optimized to
achieve a higher embryonic cfDNA
concentration without compromising
embryo quality. In a previous study, we
observed that concordance rates of
embryonic cfDNA and TE biopsies were
significantly better when the spent
media were collected at day 6/7 rather
than day 5."” This enabled us to stan-
dardize the media collection protocol
for clinical practice.
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FIGURE 3
Concordance rates
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A, Concordance rates according to female age. This figure shows no significant differences among the 5 age groups, but a significant linear trend with
increasing female age (chi-square test for trend; P=.0212). B, Concordance rates between embryonic cell-free DNA and trophectoderm biopsies
according to different culture media brands. No significant differences were found. C, Concordance rates between embryonic cell-free DNA and tro-
phectoderm biopsies according to different incubator models. No significant differences were found.
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-Prészléﬁtiges of concordance between TE biopsies and embryonic cfDNA, sensitivity, specificity, PPV, and NPV per
center

Statistical measures Center 1 Center 2 Center 3 Center 4 Center 5 Center 6 Center 7 Center 8 Total
Concordance 75.6 77.1 81.8 86.3 84.2 85.0 725 77.0 78.2
Sensitivity 80.5 84.8 88.2 86.7 91.3 76.7 76.5 78.9 81.7
Specificity 69.9 72.7 85.2 87.5 80.0 93.3 64.7 78.1 77.4
PPV 83.7 66.9 79.0 74.3 87.5 92.0 81.3 65.1 75.0
NPV 65.2 88.0 92.0 94.0 85.7 80.0 57.9 87.7 83.6

cfDNA, cell-free DNA; NPV, negative predictive value; PPV, positive predictive value; TE, trophectoderm.
Rubio. Embryonic cell-free DNA released to the spent blastocyst media. Am J Obstet Gynecol 2020.

Strengths

Our study provides a strong analysis of
concordance rates through a large sam-
ple size (1301 embryos), a variety of
culture conditions (8 centers from 4
continents), and different insemination
techniques. Furthermore, we compared
the results of embryonic cfDNA with

ICM biopsies (the real representation of
the embryo) in a subset of blastocysts,
with high concordance. The findings
bring closer the clinical application of a
noninvasive approach that would help
avoid embryo manipulation, decreasing
the complexity of the IVF laboratory and
the cost of analysis.

Limitations

Two potential concerns were raised by
embryologists participating in this
study: the small volume of embryo cul-
ture medium (10 uL) and the expanded
culture to day 6 regardless of
morphology at day 5. First, a reduced
volume of medium could positively

TABLE 3

Concordance rates between embryonic cfDNA from SBM, ICM, and TE biopsies

Values are provided as n/N (%) unless indicated otherwise.

SBM vs TE SBM vs ICM TE vs ICM
[ > o
Results T - —
ICM biopsies, N 81 81 81
Informativity Informative ICM — 73/81 (90.1) 73/81 (90.1)
Informative TE 79/81 (97.5) — 79/81 (97.5)
Informative SBM 73/81 (90.1) 73/81 (90.1) —
Informative all 64/81 (79.0) 64/81 (79.0) 64/81 (79.0)
Embryo concordances Global concordance 56/64 (87.5) 54/64 (84.4) 56/64 (87.5)
Concordance for all chromosomes 44/64 (68.8) 44/64 (68.8) 48/64 (75.0)
Concordance for some chromosomes 12/64 (18.7) 10/64 (15.6) 8/64 (12.5)
Embryo discordances False-positive rate 0 4/64 (6.2) 7/64 (10.9)
False-negative rate 8/64 (12.5) 6/64 (9.4) 1/64 (1.6)
Only sex discordance 0 0 0
euploid
Contamination Maternal contamination 8/64 (12.5) 8/64 (12.5) 0
Male contamination 0 0 0
Polar body contamination 0 0 0

No significant differences in concordance rates among groups. Maternal and male contamination identified when discordant sex was observed in SBM compared with TE and ICM.

cfDNA, cell-free DNA; ICM, inner cell mass; SBM, spent blastocyst medium; TE, trophectoderm.
Rubio et al. Embryonic cell-free DNA released to the spent blastocyst media. Am J Obstet Gynecol 2020.
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FIGURE 4
Profiles showing concordant (A) and discordant results (B, C) of SBM vs TE and ICM
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ICM, inner cell mass; SBM, spent blastocyst medium; TE, trophectoderm.

Rubio et al. Embryonic cell-free DNA released to the spent blastocyst media. Am ] Obstet Gynecol 2020.

affect blastocyst development because
the autocrine factors produced by the
embryo could exert a positive effect on
its development.24 Second, we noted that
>75% of blastocysts were expanded
blastocysts, classified as good quality for
ICM and TE, indicating that expanded
culture did not affect embryo quality. In
aprevious study,”” slow embryos at day 5
had better prognosis when transferred at
day 6. In our study, embryos with good
quality at day 5 were also good-quality
embryos at day 6. The correlation be-
tween the day of blastocyst transfer and
clinical outcome was addressed in a
recent meta-analysis that concluded that
implantation, clinical pregnancy, live
birth, and ongoing pregnancy rates are
better for day-5 transfer than for day-6
transfer in untested embryos.”® Howev-
er, when PGT-A is performed, clinical
outcomes are similar for euploid day-5
vs euploid day-6 blastocyst transfer.”
In fact, when the chromosomal content
rather than the day of transfer is
considered, no significant differences are
detected in the sustained implantation
rates between day-5 and day-6 single
embryo transfers.”” These differences in
outcome for tested vs untested day-5
and day-6 embryos could be attributed
to a higher euploidy rate of day-5 than
day-6 embryos, and therefore, the se-
lection of euploid embryos would
eliminate the differences. In addition, in
most of the published studies, day-6
embryos were slow embryos; in our
study, all the embryos were cultured

until day 6 independent of their devel-
opmental stage at day 5. Therefore,
niPGT-A could be applied to all day-6
embryos, good-quality embryos, and
slow-developing embryos, as long as
they reach blastocyst stage. Slower em-
bryos, if they are chromosomally
normal, will benefit the most from this
strategy. The clinical outcomes for
blastocyst  transfer according to
morphology in untested embryos
compared with those for blastocyst
transfer according to cfDNA analysis of
day-6 embryos will be addressed in an
ongoing randomized controlled trial
(ClinicalTrials.gov#NCT4000152).

Conclusion

A niPGT-A approach could be reliably
applied under defined embryo handling
and culture conditions with a custom-
ized NGS protocol and diagnostic algo-
rithm. Furthermore, differing ovarian
stimulation protocols, culture condi-
tions, and embryo quality do not affect
the accuracy of niPGT-A results. In
addition, concordance rates of embryo
cfDNA with ICM were similar to TE
biopsies. We also identified different
concordance rates for different types of
chromosomal and subchromosomal
abnormalities, which allowed us to
develop a prioritization system that
could be applied to a wider scope of
patients undergoing IVF and doctors
reluctant to apply an invasive approach,
with or without indication for PGT-A, to
rank embryos with higher chances of

1.8 American Journal of Obstetrics & Gynecology MONTH 2020

euploidy, to decrease miscarriage, and
increase live birth rates.

niPGT-A could have several impor-
tant advantages compared with current
invasive PGT-A using TE biopsy, pri-
marily in avoiding invasiveness and po-
tential embryo harm, while extending
testing feasibility to a larger number of
clinics and increasing accessibility for a
wider population of patients through
reduced costs. Nevertheless, more
studies are needed to understand the
origin of the embryonic ¢fDNA and the
mechanisms involved.
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Supplemental Materials
and Methods

Study design

We performed a prospective, observa-
tional, multicenter study to validate
noninvasive  preimplantation  genetic
testing of aneuploidies (PGT-A) by
sequencing the embryonic cell-free DNA
(cfDNA) obtained from the spent blasto-
cyst media (SBM) vs the most common
(invasive) PGT-A approach using tro-
phectoderm (TE) biopsy from a blastocyst.

Study participants

TE biopsies and spent media collection
were performed from April 2018 to
September 2019 at 8 different repro-
ductive centers. Women aged 20—44
years enrolled in the PGT-A program for
different indications at the participating
centers in Europe, North and South
America, and Asia were included. Ovum
and sperm donation cases were included;
fertilization techniques were intra-
cytoplasmic sperm injection or in vitro
fertilization (IVF) in fresh oocytes;
sperm used was fresh or frozen. Carriers
of structural abnormalities or mono-
genic diseases were excluded. Patients
who fulfilled inclusion criteria provided
their written informed consent to
participate in the study.

At the time of interim analysis, 478
patients had been assessed for eligibility;
12 patients were excluded for not meeting
the inclusion criteria at the time of PGT-
A (2 patients had abnormal karyotypes,
cycle oocytes were frozen in 1 patient, and
9 women were older than the defined
female age range), and 95 patients were
classified as early withdrawal. Finally, 371
patients were included, corresponding to
406 cycles from which 1301 day-6/7
blastocysts were obtained.

In addition, the contribution of the
inner cell mass (ICM) to the embryonic
cfDNA in spent media was assessed using
81 aneuploid blastocysts (48 cycles in 41
patients, with biopsies performed be-
tween December 2019 and March 2020)
(Figure 1).

Ethical approval

Ethical approval for the study was ob-
tained from the Western Institutional
Review Board (August 16 and 24, 2018)

for Boston IVF and San Diego Fertility
Center (San Diego, CA); Institutional
review board from Clinica Valle Giulia
(March 8, 2018) for Genera (Italy);
Istanbul Bilim Universitesi Klinik Ara-
stirmalari Ethics Committee (September
25, 2018) for Bahgeci Health Group
(Turkey); institutional review board
from the Centro de Educaciéon Médica e

Investigaciones ~ Clinicas  “Norberto
Quirno” (November 11, 2018) for
Pregna Medicina Reproductiva

(Argentina); La Princesa Ethics Com-
mittee (July 26, 2018) for Procreatec
(Spain); Universidade Federal do Rio
Grande do Sul e CONEP Ethics Com-
mittee (April 17, 2019) for Nilo Frantz —
Centro de Reprodugao Humana (Brazil);
and Hospital ABC Ethics Committee
(October 8, 2018) for Nascere clinic
(Mexico). The study protocol was
registered at ClinicalTrials.gov
(NCT03520933); as previously planned,
we report here the interim results in
1301 embryos.

IVF cycle, embryonic culture,
blastocyst media collection, TE
biopsy, and vitrification

Controlled ovarian stimulation (COS)
and induction of ovulation were per-
formed using standard protocols in each
of the participant sites according to fe-
male age, basal hormone levels, basal
ovarian reserve, and body mass index.
The COS protocol was determined by
the enrolling physician. ICSI or IVF was
performed according to the protocols of
the participating sites.

Embryos were cultured according to
the standard conditions of each IVF
laboratory using 1- or 2-step culture
systems employing culture media from
Irvine Scientific (CA), Life Global (CT),
Sage (Denmark), and Vitrolife (Sweden).
Embryo culture was conducted in a
controlled atmosphere containing 6%
—7% CO, and 5%—6% O, (MINC,
Cook Medical, IN; MIRI, ESCO, Egaa,
Denmark; C-top, Labotec, Goéttingen,
Germany; ASTEC, Astec, Minamizato,
Japan;  K-System,  CooperSurgical,
Malov, Denmark) incubators. On day 4,
each embryo was washed and moved to
an individual 10-uL drop for at least 40
hours in culture. Thereafter, spent media
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were collected and TE biopsies per-
formed. Spent medium from each em-
bryo was loaded into a sterile 0.2-mL
polymerase chain reaction (PCR) tube
and stored at —20°C for at least 24 hours
before shipping to the genetics labora-
tory. A negative control sample from
each patient, consisting of a 10-uL drop
of medium undergoing the same proto-
col, but without embryo exposure, was
also collected and analyzed.

Morphology assessment encompassed
developmental stage, blastocyst expan-
sion, and quality of ICM and TE. Blas-
tocysts were graded using published
criteria." To prevent DNA contamina-
tion owing to manipulation of samples,
embryos and their culture media were
handled wunder sterile conditions.
Research personnel were properly
trained in handling embryos and wore a
mask, cap, and gloves while handling
embryos, and the IVF laboratory mate-
rial used was exclusively dedicated to the
study. To minimize maternal contami-
nation, careful denudation of sur-
rounding cumulus cells was conducted
before microinjection in ICSI cycles or at
the moment of fertilization checking in
IVF cycles.

Embryos did not undergo any extra
manipulation during the culture period
before biopsy, that is, no zona drilling at
day 3. SBM was collected after removing
the blastocysts from the culture drop to
perform the TE biopsy. After TE biopsy,
blastocysts underwent the vitrification
procedures routinely used by each IVF
center.

Sample analysis

DNA from TE biopsies and spent media
were analyzed in a blinded fashion.
Whole-genome amplification (WGA)
and DNA barcoding was performed us-
ing the Ion ReproSeq PGS Kit (Thermo
Fisher Scientific, MA), with a modified
protocol for spent media because of the
specific characteristics of embryonic
cfDNA.” WGA success was evaluated by
loading 1.5 uL of amplified products on
an agarose gel (Lonza, Switzerland).
Samples were pooled in batches of 24 or
96 samples. Libraries were quantified
using the Qubit High Sensitivity dsDNA
Kit (Life Technologies, CA), diluted and
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loaded onto the Ion Chef (Thermo
Fisher Scientific) for automated tem-
plate preparation and chip loading. For
TE Dbiopsies, the standard next-
generation sequencing (NGS) protocol
for 96 samples (530 chip) was used. For
spent media, runs of 24 and 96 samples
were performed (520 and 530 chip).
Sequencing of the chips was done using
S5 XL sequencer (Thermo Fisher
Scientific).

Contribution of ICM to embryonic
cfDNA

ICM biopsies were performed in 81
thawed blastocysts previously diagnosed
as aneuploid after invasive PGT-A. Re-
sults were compared with both TE biopsy
and corresponding embryonic cfDNA.
ICM biopsies were performed following a
published protocol,” loaded into sterile
0.2-mL PCR tubes, and stored at —20°C
for at least 24 hours. NGS was performed
as for TE biopsies. All ICM biopsies
included in this manuscript corre-
sponded to a single IVF center where the
research project included this additional
analysis (Boston IVF).

Interpretation of sequencing data
and diagnosis

Quality was assessed for both the run
and individual samples. Sequencing data
were processed and sent to Ion Reporter
Software v5.4 (Thermo Fisher Scienti-
fic). Samples with absence of a band in
the agarose gel were considered as
amplification failure; biopsies showing a
band but without interpretable results
after sequencing were classified as
noninvasive.

For TE and ICM biopsies, data ob-
tained from the BAM files for each em-
bryo were analyzed by an Igenomix
proprietary algorithm. For informative
biopsies, whole-chromosome aneu-
ploidies, mosaicism (between 30%
—70%), and segmental aneuploidies
(deletion or duplication >10 Mb) were
identified.

For embryonic cfDNA samples, the
difference value (DV) for each chromo-
some with 2 copy numbers was
computed, and samples were categorized
as euploid and aneuploid. DVs for the
different aneuploidy types were estab-
lished according to the best fit sensitivity
and specificity values.

Statistical analysis
Sample size was calculated using the
McNemar test for 2 paired proportions
comparison for applying 2 different tests
to the same samples (invasive and
noninvasive PGT-A), considering 60%
aneuploidy rate for the age range of
women participants. Estimated size for
the study was 2496 blastocysts with
paired TE biopsies and spent media
samples. Adding a 30% dropout rate, the
estimated number of samples needed
was 3245. The interim analysis was
planned at 30% of study completion.
Amplification rates (number of suc-
cessfully amplified samples divided by
total analyzed samples) and informa-
tivity rates (number of samples with
interpretable results according to quality
parameters divided by total analyzed
samples) were estimated individually for
TE biopsies, embryonic cfDNA samples,
and ICM biopsies. When all types of

samples were informative, concordance
rates between sample types were calcu-
lated. False-positive and false-negative
rates, specificity, sensitivity, positive
predictive value, and negative predictive
value were determined. Data are pre-
sented globally and by individual center.

Descriptive data for continuous vari-
ables are presented as mean and standard
deviation and categorical data as number
and percentage. For continuous vari-
ables, independent-sample Student ¢-
tests were performed. A normal distri-
bution was confirmed with the use of the
Levene test for equality of variants; thus,
a parametric test was chosen. For
comparing categorical data, chi-square
tests were performed, and nonpara-
metric Fisher exact tests were applied in
cases of low number. Statistical signifi-
cance was set at P<.05. Multivariate lo-
gistic regression was applied to assess the
impact of patient characteristics, ovarian
stimulation, embryo culture, and blas-
tocyst quality on informativity and
concordance rates. Statistical analyses
were performed using IBM SPSS v25.0
(IBM, MD).
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SUPPLEMENTAL TABLE 1
Patient demographics and clinical background

Characteristics Cycles
No. of cycles (patients) 406 (371)
Mean female age (SD), y 36.4 (5.2)
Mean male age (SD), y 39.9 (6.1)
Mean no. of previous implantation failures (SD) 09(1.5
Mean no. of previous miscarriages (SD) 0.8(1.2
Mean no. of previous live births (SD) 0.3(0.7)
Mean female BMI (SD), kg/m? 24.3 (4.7)
Previous PCO history 30/348 (8.6)
Previous endometriosis history 31/348 (8.9)
Primary PGT-A indication:
AMA 268/405 (66.2)
RIF 17/405 (4.2)
RPL 14/405 (3.5)
SMF 8/405 (2.0)
PTP 3/405 (0.7)
Mixed causes 12/405 (3.0)
GS 3/405 (0.7)
GP 32/405 (7.9)

oD 48/405 (11.8)

Values are presented as n/N (%) unless indicated otherwise. Percentages were calculated considering the number of cycles with
informative data for each variable.

AMA, advanced maternal age; BMI, body mass index; GP, good prognosis; GS, gender selection; OD, ovum donation; PCO,
polycystic ovary; PGT-A, preimplantation genetic testing for aneuploidy; PTP, previous trisomy pregnancy; RIF, repetitive im-
plantation failure; RPL, recurrent pregnancy loss; SD, standard deviation; SMF, severe male factor.

Rubio et al. Embryonic cell-free DNA released to the spent blastocyst media. Am J Obstet Gynecol 2020.
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SUPPLEMENTAL TABLE 2
Ovarian stimulation and cycle characteristics
Characteristics Cycles
ICSI cycles 368/406 (90.6)
IVF cycles 38/406 (9.4)
Type of gonadal suppression
Antagonist protocol 391/396 (98.7)
Long-agonist protocol 1/396 (0.3)
Short-agonist protocol 4/396 (1.0)
Type of stimulation protocol
Clomiphene citrate 1/390 (0.3)
FSH only 94/390 (24.1)
FSH+hMG 81/390 (20.8)
FSH-+LH 209/390 (53.6)
hMG 5/390 (1.3)
Type of ovulation triggering
GnRH agonist 206/391 (52.7)
hCG 136/391 (34.8)
Double triggering 49/391 (12.5)
Mean stimulation days (SD) 10.5(1.7)
Mean number of MIl oocytes (SD) 10.3 (7.1)
Mean number of 2PN oocytes (SD) 8.1 (6.0)

Values are presented as n/N (%) unless indicated otherwise. Percentages were calculated considering the number of cycles with

informative data for each variable.

2PN, 2 pronuclei; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone; hCG, human chorionic gonad-
otropin hormone; hMG, human menopausal gonadotropin; /CSI, intracytoplasmic sperm injection; /VF, in vitro fertilization; LH,

luteinizing hormone; M, metaphase II; SD, standard deviation.

Rubio et al. Embryonic cell-free DNA released to the spent blastocyst media. Am J Obstet Gynecol 2020.
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