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Abstract
Purpose This study was to evaluate if spent culture media (SCM) of embryos could be used as a non-invasive tool to achieve
aneuploidy screening. Ploidy calls, as well as concordance rates between PGT-A results from trophectoderm (TE) and SCM,
were compared. Clinical outcomes of single euploid transfers were also evaluated.
Methods The study was conducted fromMarch 2017 to June 2018 in a university-based ARTcenter. SCM of day 3 to the day(s)
of TE biopsy of all biopsied blastocysts were collected for testing. PGT-A results of SCM were compared with the standard
results of TE, with clinical relevance and outcomes examined.
Results NiPGT-A using SCM gave a sensitivity of 81.6%, specificity of 48.3%, positive predictive value of 82.6%, and negative
predictive value of 46.7% in ploidy calling. The concordance rates for autosomes and sex determination were 62.1% and 82.4%,
respectively. There were 14 single embryo transfer cycles of euploids as determined by TE biopsy. Clinical outcomes not only confirmed
3 false positive results from SCM but also reflected the true ploidy status of the transferred embryo in one case. If ploidy calls were
dichotomizedwithoutmosaic embryos, the sensitivity andNPVwould increase to 91.0%and 66.7% (p= 0.60 and p= 0.25), respectively.
Conclusions Cell-free DNA found in SCM could provide ploidy information of an embryo as in PGT-A from its TE. Given its
potential to reflect the comprehensive chromosomal profile of the whole embryo, more research based on clinical outcomes is
required to determine if SCM could be a reliable selection tool in PGT-A.
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Introduction

In vitro fertilization (IVF) has helped many couples to com-
plete their families. Despite over three decades of clinical

application, singleton live birth rate still varies from around
20% to slightly above 40%, depending on different age groups
and the cycle types being scrutinized [1–3]. Delay in child-
bearing age may be one of the culprits, but reliance on
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morphological assessment alone in embryo selection is likely
to be another. Although embryo morphology is an easy and
non-invasive assessment of developmental potential, morpho-
logically normal embryos can carry chromosomal abnormali-
ties [4, 5]. Aneuploidy, or an abnormal number of chromo-
somes, occurs when chromosomes do not properly segregate
during cell division. The chance of aneuploidy increases with
advancedmaternal age [6], and whether ovarian stimulation in
IVF also contributes to aneuploidy is still debatable [7–10]. In
recent years, preimplantation genetic testing for aneuploidies
(PGT-A) has integrated into many IVF programs to improve
success rates by identifying suitable embryo(s) for transfer
based on its ploidy status. Several published studies demon-
strated improved implantation and pregnancy rates when
PGT-Awas used [11–13]. However, there remains much un-
known for PGT-A to be applied as a universal screening test
for all IVF patients. One of the main concerns is that the
process of PGT-A involves an embryo biopsy procedure,
which is invasive and may have potential detrimental effect
on the embryo developmental potential [14]. While
trophectoderm (TE) biopsy alleviates this concern, it is possi-
ble that the genetic constitution of TE may not represent that
of the inner cell mass (ICM) [15, 16], although there were also
evidence showing high concordance between TE and ICM
[17, 18]. Therefore, a non-invasive method that can evaluate
the ploidy status of an embryo as a whole would be ideal in
embryo selection.

The finding of genomic DNA in human blastocoele fluid by
Palini et al. [19] has provided the ground work for non-invasive
PGT-A (NiPGT-A). In their study, they demonstrated the suc-
cessful amplification of TBC1D3 and TSPY1, which are multi-
copy genes on chromosome 17 and the Y chromosome, respec-
tively. They proposed that blastocoele fluid could be obtained
and used in PGT for some monogenic diseases or for sex deter-
mination. Since then, a few studies used blastocentesis to obtain
blastocoele fluid for NiPGT-A and compared with TE biopsies
[20–22]. However, blastocentesis is still a minimally invasive
procedure during which a needle for intracytoplasmic sperm in-
jection (ICSI) needs to puncture into the blastocoelic cavity to
aspirate its fluid content. Technical variability might lead to vary-
ing degree of concordance in ploidy status even when cell-free
DNA is present. The procedure may also take up any loose cells
or dislodged cellular material trapped in the cavity, leading to
discordant results.

On the other hand, sampling spent culture media (SCM) for
cell-free DNA seems to be more promising due to its non-
invasive nature. Indeed, using polymerase chain reaction
(PCR) methodology, embryonic DNA can be detected in
SCM [23] and one early study investigated the use of SCM
in diagnosing alpha-thalassemia-SEA [24]. A few pilot studies
[25–28] also showed feasibility of NiPGT-A using SCM and
demonstrated ploidy consistency between TE biopsy and the
corresponding SCM of the same embryo. However, the actual

sample size dedicated to ploidy comparison was small, and
additional PCR cycles were sometimes included in the whole
genome amplification (WGA) process for SCM but not for TE
samples. These differences might introduce bias in ploidy de-
termination and comparison, challenging the result validity.
Here, we reported our prospective study in which 168 SCM
samples were collected from 48 PGTcycles of 37 patients. To
the best of our knowledge, this study constituted one of the
largest data set on the subject. Our objectives were as follows:
(1) to conduct the study with close adherence to standard
routines in the IVF and PGT laboratories, (2) to evaluate
non-invasive PGT-A (NiPGT-A) using SCM in a clinical set-
ting by comparing ploidy status and chromosomal concor-
dance rates with the current PGT-A using TE, and (3) to cor-
relate reproductive outcomes of single euploid transfers as
determined by TE with NiPGT-A results.

Materials and methods

Study design and patient population

We conducted this prospective study at the Assisted
Reproductive Technology Unit of the Chinese University of
Hong Kong from March 2017 to June 2018. All patients un-
dergoing PGT for monogenic diseases (PGT-M), structural
rearrangement (PGT-SR), and/or aneuploidies (PGT-A) were
recruited. In cases where PGT-M or PGT-SR were indicated,
PGT-Awould be performed for those embryos unaffected by
the disease or being carriers in a recessive condition. PGT-A
were not performed for disease-affected embryos. Patients
with no blastocyst for biopsy were excluded. The study was
approved by the Joint Chinese University of Hong Kong-New
Territories East Cluster Clinical Research Ethics Committee,
CREC Ref. No. 2015.472. A research licence (no. R3004)
was also obtained from the Council on Human Reproductive
Technology of Hong Kong.

Ovarian stimulation and oocyte retrieval

Ovarian stimulation was achieved as previously described [29].
Briefly, a long down-regulation protocol with buserelin nasal
spray (Suprecur, Hoechst, Germany) or a short protocol with a
gonadotropin releasing hormone (GnRH) antagonist (Cetrotide,
Merck Serono, Germany) was used. Highly purified human
menopausal gonadotropin (Menopur, Ferring, USA) or recombi-
nant follicle-stimulating hormone (rFSH, Gonal-F, Serono,
Switzerland; or Puregon, MSD, USA) at doses ranging from
150 to 450 IU were given daily. When 3 or more follicles ≥
18 mm in diameter were seen, 5,000 IU of hCG (Pregnyl,
MSD, USA) or 0.2 mg triptorelin (Decapeptyl, Ferring,
Sweden) was administered as ovulation trigger, followed by
transvaginal oocyte retrieval 36 h later and subsequent ICSI.
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Fertilization and embryo culture

Cumulus cells were removed from oocytes with hyaluroni-
dase (Vitrolife, Goteborg, Sweden). After denudation, all ma-
ture oocytes were given at least an hour in culture.
Insemination by ICSI took place 4–6 hours post-retrieval.
Fertilized oocytes were cultured in G-1 medium (Vitrolife,
Goteborg, Sweden) supplemented with 10% serum substitute
supplement, SSS (Irvine Scientific, Santa Ana, USA). On the
morning of day 3 development, each embryo was cleaned and
rinsed using a 170-μm pipette (Flexipets, Cook Medical,
Bloomington, USA). A hole of approximately 10 μm in di-
ameter was drilled on the zona pellucida by using a non-
contact laser (Saturn 5 Active Laser System, Research
Instrument, UK). After assisted hatching, each embryo was
individually cultured in G-2 medium (Vitrolife, Goteborg,
Sweden) supplemented with 10% SSS until blastocyst stage.
All embryos in this study were cultured using sequential cul-
ture media in 30-μl microdrops under oil, with incubation
conditions of 37.0 °C and 6% CO2/5% O2 balanced in N2.

Trophectoderm biopsy

Blastocyst grading was performed using the criteria
established by Gardner and Schoolcraft [30]. Blastocysts were
categorized into good, fair, or poor quality based on the sim-
plified SART embryo scoring system [31]. The grade is good
when the ICM/TE is AA or AB; the grade is fair when the
ICM/TE is BA, BB, or BC; and the grade is poor when the
ICM/TE is CB or CC. TE biopsy would be performed when
an embryo attained at least one grade B, or better, for either its
ICM or TE on day 5 or day 6 of development. Blastocyst(s) of
CC grade were biopsied when there was no good-quality blas-
tocyst within the same cohort. In a typical biopsy procedure,
5–8 cells were removed from the TE by laser. The cell sample
was rinsed and tubed for PGTwhile the biopsied embryo was
cryopreserved by vitrification (Vit Kit–Freeze, Irvine
Scientific, Santa Ana, USA).

Culture medium collection

Culture medium in which an embryo had grown from day
3 until the day of biopsy was collected. After a blastocyst
was removed from its culture dish for TE biopsy as de-
scribed above, 20 μl of its spent culture medium was
collected into RNase- and DNase-free PCR tubes, using
sterile dual-filter pipette tips (Eppendorf, New York,
USA). Each pipette tip was discarded after collecting
one SCM sample to avoid cross contamination. Care
was taken to avoid merging of culture microdrops with
each other. Culture medium of a blank microdrop, which
had not been exposed to any embryo, was also collected
from the same dish as negative control. All samples were

then stored at − 20 °C until ready for analyses, with stor-
age period ranged from 2 days to up to 3 months before
whole genome amplification (WGA).

PGT procedures

Trophectoderm (TE) biopsies underwent WGA using the
PicoPLEX WGA Kit (Rubicon Genomics, Ann Arbor,
USA), following manufacturer’s instructions. WGA products
of TE samples were then subjected to standard PGT-A proce-
dures as in clinical routine. Microarray comparative genomic
hybridization (aCGH, Agilent Technologies) had been clini-
cally applied in our unit since year 2015 and switched to semi-
conductor sequencing platform, Ion Proton (Life
Technologies, Carlsbad, CA, USA), beginning from January
2018. For cycles where PGT-M or PGT-SR was indicated,
Sanger sequencing and linkage analysis were concomitantly
performed for validation.

For NiPGT-A, each SCM sample was amplified by
SurePLEX (Illumina Inc., Santa Clara, CA, USA) using a
single aliquot of 3 μL as the input volume, following
SurePLEX protocol without modification. WGA success
was evaluated by loading 5 μL of the amplified products on
a 2% agarose gel. Samples that failed amplification did not
proceed to library construction. Library of the WGA product
of SCM was then constructed by VeriSeq PGS Library Prep
Kit according to the manufacturer’s protocol. The 6 base-pair
index sequence was added for the downstream dual-indexed
single-end 36 base-pair sequencing. Each library was quanti-
fied for quality control before pooling by Qubit High
Sensitivity dsDNA kit (Life Technologies, Carlsbad, CA,
USA) for optimal molar concentration for sequencing.
Sequencing was performed by MiSeq Reagent Kit v3-PGS
on MiSeq System (Illumina Inc., Santa Clara, CA, USA).

Before variant calling, fastQ files were quality controlled
by both FastQC (Babraham bioinformatics) and lane metrics
on BaseSpace (Illumina Inc., Santa Clara, CA, USA).
Sequencing data were aligned byBaseSpace and copy number
variations (CNV) were called by BlueFuse Multi software
(Illumina, USA).

PGT result interpretation

For clinical reporting, standard PGT-A results as obtained
from TE were used. The detection limit for segmental aneu-
ploidy or CNV was ≥ 10 Mb. When segmental or numerical
aneuploidies were detected, the aberrations were always re-
ported and the embryo would not be recommended for trans-
fer. In the case of mosaicism, a mosaic level of ≥ 30% would
be reported; this cut-off was established by our in-house val-
idation using cell line mixtures at 7 artificial mosaic ratios:
0%, 16.7%, 33.3%, 50%, 66.7%, 83.3%, and 100%. Cell line
mixture of 33.3% provided reproducible results with good
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calling rates; and therefore, we set the detection limit of mo-
saicism at 30%. Embryos carryingmosaic aberration(s) would
not be recommended for transfer.

For SCM results, due to the small fragment size and very
minute DNA concentration, the window size for analysis was
larger because sequencing data for SCM were relatively nois-
ier than for TE; and therefore, the detection limit was down to
sub-chromosomal level. The same cut-off of 30% was used
for mosaicism. When comparing concordance between SCM
and TE, segmental CNV was taken into consideration but not
to the exact coordinates of the variation. Similarly, mosaic
chromosome was compared in terms of its presence or ab-
sence but not its percentage level.

For the purpose of comparing ploidy status between TE
and SCM, a negative result referred to a euploid result or a
result with < 30% mosaicism; a positive result referred to an
aneuploid or ≥ 30% mosaic result, which could include a
whole chromosome gain or loss and segmental CNVs.

When assessing concordance of SCMwith TE results at the
chromosomal level, autosomal and sex chromosomes were
independently compared. In autosomal concordance, a result
from SCMmust exactly match that from TE to be in complete
concordance, i.e., implying a true positive or a true negative
result (Fig. 1). In partial concordance, SCM identified a gain
on a chromosome or chromosomal segment while TE identi-
fied a loss of the same chromosome or chromosomal segment,
or vice versa; also included as partial concordance were SCM
that identified some but not all the chromosomal variations as
identified by TE. In autosomal discordance, SCM identified a
chromosomal variation when there was none (false positive),
or SCM was not able to identify any chromosomal variation
when TE identified at least one (false negative); also, SCM
could identify CNV(s) involving totally different chromo-
somes when compared with those identified by TE.

For sex chromosomes X and Y, results between SCM
and TE could only be concordant or discordant. If SCM
showed an XO result while TE showed an XX result,
this would be classified as discordant but not partial
concordant.

Detection of maternal contamination by QF-PCR

Quantitative fluorescence-polymerase chain reaction (QF-
PCR) was performed on SCM samples that were
suspected to contain maternal cell contamination. The
WGA products of SCM and of the corresponding TE bi-
opsy, as well as the corresponding parental genomic
DNA, were tested with five short tandem repeat (STR)
markers on chromosomes 13 (D13S796), 18 (D18S535),
21 (D21S11, D21S1435), and X (DX981). QF-PCR pro-
tocol was as previously described by our group [32]. The
volume of input DNA for SCM was adjusted to 2 μl.

Euploid embryo transfer

Euploid embryo was thawed (Vit Kit–Thaw, Irvine
Scientific, Santa Ana, USA) and the transfer was per-
formed by synchronization with a day 5 endometrium of
a natural cycle or hormonal replacement treatment (HRT)
cycle. All transfers were performed under ultrasound
guidance. Pregnancy test was performed 9–12 days after
embryo transfer, and was considered positive when serum
β-hCG was ≥ 20 IU/L. Luteal phase support was omitted
in natural cycles while progesterone in the form of
Endometrin (Ferring, USA) would continue to be admin-
istered until 8–10 weeks of gestation in HRT cycles.

Fig. 1 Concordance between
spent culture media (SCM) and
trophectoderm (TE) results
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Outcome measures

Primary outcome measures were concordance rates for aneu-
ploidy or segmental CNVs and accuracy of ploidy calls.
Secondary outcome measures included the reproductive out-
comes after euploid embryo transfer. For reproductive out-
come measurement, miscarriage is defined as a loss of an
intrauterine pregnancy detected clinically or by ultrasound,
and less than 20 weeks of gestation; ongoing pregnancy is a
viable pregnancy with fetal cardiac activity and of ≥ 12 weeks
of gestation; live birth is defined as live delivery after ≥
24 weeks of gestation.

Statistical analysis

Concordance rates between TE and SCM were calculated for
aneuploidy and sex determination. Sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were calculated for euploid versus aneuploid calls.
Chi-square test was used to assess categorical parameters.
All statistical analyses were performed using IBM SPSS
Statistics Version 22. A p value of < 0.05 was considered
statistically significant.

Results

A total of 168 SCM samples were collected from 48 PGT
cycles of 37 patients during the study period. They had a mean
age of 36.8 ± 3.9 years of age (range 28–44 years), and their
PGT indications were shown in Table 1. Overall, there were
49 euploids (29.2%) and 119 aneuploids (70.8%) based on
their PGT-A results from TE biopsies. The blastocysts of
day 5 and day 6 did not differ in aneuploidy rates: 68.9%
(62/90) vs. 73.1% (57/78), p = 0.671. SCM samples of these
blastocysts were collected on day 5 or day 6, corresponding to
the day when TE biopsies were performed.

After whole genome amplification, 150 of the 168 SCM
samples (89.3%) were successfully amplified, followed by
library preparation and next-generation sequencing. There
were 116 samples (77.3%) with over 250,000 reads after
filtering, allowing interpretable results. The other 34 sam-
ples had low reads and noisy results, likely due to low
DNA amount or fragmented DNA. The mean DNA con-
centration was significantly higher in samples with inter-
pretable results (20.0 ng/μl, range 2.7–59.6 ng/μl) than in
samples with failed amplification or low reads (11.3 ng/μl,
range 2.3–42.4 ng/μl), p = 0.001. Moreover, SCM collect-
ed on day 6 (84.6%, 66/78) had a significantly higher
chance of producing interpretable results than those col-
lected on day 5 (55.6%, 50/90), p < 0.0001. The mean
DNA concentration from day 5 SCM (15.5 ng/μl, range
2.3–45.2 ng/μl) was significantly lower than that from
day 6 SCM (20.6 ng/μl, range 2.7–59.6 ng/μl), p = 0.02.
Blank media that were collected from the same dish did not
show amplification after WGA, implying the absence or an
undetectable level of background DNA pre-existing in the
culture media.

The overall concordance between TE and SCM samples
for autosomal chromosomes was 62.1% (72/116). There were
27 SCM samples (23.3%) in complete concordance with TE
samples, i.e., showing euploid results or aneuploid results for
the same gain or loss of the same autosome(s). There were 45
SCM samples (38.8%) showing partial concordance only. In
this subgroup, both SCM and TE gave aneuploid calls, but
SCM had fewer or additional chromosomal gains or losses, in
among which 12 samples (26.7%) showed reciprocal gain or
loss as compared with TE (Fig. 1). There were 44 discordant
cases (37.9%) between SCM and TE. Sixteen were false neg-
ative results, where SCM indicated euploidy while TE indi-
cated aneuploidy; 15 were false positive results, where SCM
indicated aneuploidy while TE indicated euploidy; and 13
results in which both SCM and TE called for aneuploidy but
based on completely different chromosome(s) (Fig. 1).

Table 1 Indications for PGT
PGT indication Total

cycles
Number of cycles in
sub-category

Description of sub-category

PGT-A 25 4 Advanced maternal age

5 Advanced maternal age with previous abnormal
fetus

12 Recurrent miscarriage

4 Repeated implantation failure

PGT-M+PGT-A 16 2 Autosomal dominant

10 Autosomal recessive

1 X-linked dominant

3 X-linked recessive

PGT-SR+
PGT-A

7 6 Balanced translocation

1 Deletion
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Pertaining to sex chromosomes alone, due to the lack of
such information on the clinical PGT report from one of the
couples with 8 embryos, only 108 samples (93.1%) could be
compared between SCM and TE. SCM correctly identified 43
embryos with XX, 42 embryos with XY, and 4 embryos with
XO, equivalent to 82.4% (89/108) concordance. Fifteen of the
19 discordant samples could not detect the Y chromosome
present as shown in the TE biopsies, likely attributable to
maternal cell contamination (MCC). Four discordant samples
were due to copy number difference in the X chromosome. In
the 15 sex-discordant samples, i.e., TE biopsies showing XY
while SCM showing XX, we used five short tandem repeat
(STR) markers to check for possible MCC. Although some
markers were non-informative probably due to the very low
amount of embryonic DNA and also small DNA fragment
size, 3 of the samples indeed showed possible MCC
(Supplementary Table 1).

Embryo morphology was also taken into consideration for
concordance rates between TE and SCM. In the 116 SCM sam-
ples collected, there were 63 corresponding blastocysts (54.3%)
with good/fair quality and 53 (45.7%) with poor quality. The
concordance rates in blastocysts of good/fair quality versus those
of poor quality were 58.7% vs. 66.0% for autosomes and 77.6%
vs. 88.0% for sex chromosomes, respectively. The difference in
concordance rates was not statistically significant.

Overall, the use of SCM from blastocysts of day 5 and day
6 in aneuploidy detection gave a sensitivity of 81.6%, speci-
ficity of 48.3%, positive predictive value (PPV) of 82.6%, and
a negative predictive value (NPV) of 46.7% (Table 2). The
same was compared between SCM collected on day 5 versus
day 6, with no significant statistical difference found in sensi-
tivity, specificity, PPV, and NPVwhen the embryos needed an
extra day before reaching blastocyst stage.

There were 29 euploids (25.0%) based on TE results
among the 116 embryos that had PGT-A results from both
TE and SCM samples. Fifteen of them were thawed for 14
single euploid transfer cycles, resulting in 3 live births, 3 on-
going pregnancies, and 5 miscarriages (Table 3). Figure 2
showed the original aCGH profiles of TE biopsies for 4 of
the transferred euploids compared with their NiPGT-A pro-
files, with Fig. 2a–d being euploids 2, 4, 9, and 15 of Table 3,
respectively. The implantation rate (78.6%) and live birth/

ongoing pregnancy rate (42.9%) were comparable with those
reported in literature. If the PGT-A results from TE for these
same 14 embryos were blinded and transfer decision were to
be based on NiPGT-A results from SCM, there would only be
7 euploid transfers, with an implantation rate of 71.4% (5/7)
and a live birth/ongoing pregnancy rate of 42.9% (3/7)
(Table 3). In spite of the small sample size, the clinical out-
comes of this hypothetical scenario were compatible with
those of standard PGT-A.

Discussion

Our study reported a large series of non-invasive PGT-A using
SCM, utilizing a common and well-established NGS protocol
without making modification to the amplification cycles in
WGA. As compared with PGT-A using TE, our NiPGT-A
results showed a concordance of 73.3% (85/116) and 82.4%
(89/108) on autosomal and sex chromosomes, respectively.
As a screening test for aneuploidy, NiPGT using SCM dem-
onstrated a sensitivity of 81.6%, specificity of 48.3%, PPVof
82.6%, and NPV of 46.7%. Although this high concordance
with PGT-A results was undermined by the high non-
informative and false positive rates, our data suggested that
NiPGT-A using SCM might be improved to achieve similar
efficacy as routine PGT-A in identifying euploid embryos and
potentially enhancing pregnancy outcomes. We contributed
the largest sample size in among recent studies that utilized
NGS methodologies on SCM, and our results gave high sen-
sitivity and PPV (Table 4). Although there should be room for
improvement, PGT-A results from TE biopsy but not the ac-
tual pregnancy outcomes were used as reference to evaluate
performance; and therefore, we also presented our clinical
outcomes with PGT-A results from TE and NiPGT-A results
from SCM side-by-side (Table 3). Although this preliminary
comparison on clinical outcomes was small, it is intriguing
that a euploid based on TE is not always equal to a live birth.
For example, there was one miscarriage (euploid no. 12,
Table 3) with whom the product-of-conception was available
and tested to have mosaic trisomy 21 while its corresponding
SCM showed a mosaic result involving trisomy 12 and mono-
somy 21. The PGT-A result inconsistencies between TE and

Table 2 Spent culture media sampling as a screening test for aneuploidy and sex determination

Stage of collection Sensitivity Specificity Positive predictive
value (PPV)

Negative predictive
value (NPV)

Day 5 (n = 50) 83.8% 53.8% 83.8% 53.8%

Day 6 (n = 66) 80.0% 43.8% 81.6% 41.2%

Blastocysts (day 5 and day 6 combined) 81.6% [71.9–89.1%] 48.3% [29.5–67.5%] 82.6% [76.7–87.1%] 46.7% [32.9–61.0%]

Values in parentheses were test at 95% confidence interval
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SCM certainly deserve a re-evaluation of the predictive value
of the different sampling methods. We believe healthy live
birth should be a more appropriate endpoint to use.

Earlier studies of PGT-A involving single centers demon-
strated improved ongoing pregnancy rates, reduced miscar-
riage rate, and a shorter time-to-pregnancy [11, 12, 33]; how-
ever, a recent multi-center randomized controlled trial (RCT)
showed usefulness only in patients 35 years of age or above
[34]. Since the same NGS platform was used for PGT-A in
this RCT, the subtle differences in biopsy techniques, embryo
handling and culture conditions, cryopreservation methods
and cryosurvival, and patient social and/or fertility back-
ground across centers could likely cause the variation in out-
comes. Interestingly, our data from the small number of trans-
ferred euploids (Table 3) appeared to have a high incidence of
miscarriage (5/13 or 38.5%), which could possibly be related
to the sample size, the biopsy process, and the limitation of
sampling TE but not the ICM, and also patients’ etiologies,
such as recurrent miscarriage, that require PGT. Thus, a sam-
pling method that is consistent and not technically demanding
will be ideal to truly realize the potential benefit from PGT-A.
Collecting SCM for PGT-A appears to be quick and easy
without having to inflict any trauma on the embryos, if such
methodology can be proven to be sound and robust.

Although two other recent studies [27, 28] also reported on
the successful amplification of cfDNA from SCM, they

employed additional amplification cycles in order to maxi-
mize yield for subsequent sequencing. As the amount of
DNA present in SCM was very low, variation to a validated
WGA protocol might introduce bias to the process and affect
downstream interpretation of results [35]. Since we had 18
samples that failed amplification and 34 samples that had
low reads, it remained unclear whether increasing the number
of amplification cycles could enhance the total quantity of
DNA for sequencing; on the contrary, the increased cycles
of amplification might lead to higher error rate, leading to a
decrease in the number of mapped reads. Perhaps NGS results
derived from the recommended number and additional num-
ber of amplification cycles on the same SCM aliquots should
be compared for potential improvement in accuracy and noise
reduction.

Since it is our goal to use SCM as a non-invasive embryo
selection tool, we did not modify our clinical routine so to
keep all steps practically applicable. We did assisted hatching
on day 3 of embryo development for all our PGT cycles, and
we collected culture media on day 5 or day 6 when TE biop-
sies were performed. In the recent publication by Ho et al.
[28], the group confirmed that assisted hatching on either
day 3 or day 5 did not affect the concentration of cfDNA
found in SCM, and we had similar findings through a separate
series of SCM collected in ICSI cycles without PGT-A (un-
published data). In our ICSI series, embryo handling and

Table 3 Clinical outcomes of
single euploid transfer (SET) Euploid

no.
Reason for PGT* Clinical outcome SCM

result
NiPGT-A details

1 RM Not applicable; embryo did not
survive thawing

Euploid 46,XX

2# PGT-M+AMA Healthy live birth Euploid 46,XY

3 RM Healthy live birth Aneuploid 47,XY,+1q

4# PGT-M+AMA Healthy live birth Aneuploid 46,XX/45,XX,-14

5 AMA+previous
abnormal fetus

Ongoing pregnancy Euploid 46,XX

6 PGT-M+AMA Ongoing pregnancy Aneuploid Complex
abnormality

7 PGT-M Ongoing pregnancy Euploid 46,XY

8 RM Miscarriage Aneuploid 45,XO

9# RM Miscarriage Aneuploid 48,XY,+16,+20

10 PGT-M Miscarriage Euploid 46,XX

11 PGT-SR Miscarriage Euploid 46,XY

12 PGT-M Miscarriage Aneuploid 46XY/46XY,+
12,-21

13 PGT-M Not pregnant Euploid 46,XX

14 PGT-SR Not pregnant Euploid 46,XY

15# PGT-M Not pregnant Aneuploid 44,XX,-8,-14,-16,+
20

*AMA advanced maternal age, PGT-M preimplantation genetic testing for monogenic disease, PGT-SR preim-
plantation genetic testing for structural rearrangement, RM recurrent miscarriage
#Array-CGH profiles of trophectoderm biopsies and NiPGT-A profiles of SCM were provided in Figs. 2a to d
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culture conditions were the same as PGT-A cases except that
we did not perform assisted hatching on day 3. The SCM
collected from blastocysts without assisted hatching could still
produce interpretable NGS results. This would imply that
NiPGT-A, if clinically applied, would not require additional
intervention to current laboratory routine other than having to
collect SCM from usable blastocysts. On the other hand, pub-
lished data has not yet addressed if SCM could be collected
from embryos on day 6. In such case, an embryo would have

been in the samemedia from day 3 to day 6, or a culture period
of approximately 72 h.We found that SCM from embryos that
were only at morula stage on day 5 but formed blastocysts on
day 6 had a better chance of producing PGT-A results and
gave similar concordance rate as SCM from day 5 blastocysts.
This might be directly related to the longer time during which
the embryo could release cfDNA.

Our study also took a very strict approach to assess
autosomal concordance rates. Only if the PGT-A results

aaCGH profile of TE biopsy of Euploid No. 2: 46,XY

NiPGT-A profile of SCM of Euploid No. 2: 46,XY

1                     2                   3                 4                 5               6               7              8            9            10          11          12        13 14        15      16     17     18    19   20   21   22      X          Y
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aCGH profile of TE biopsy of Euploid No. 4: 46,XX

NiPGT-A profile of SCM of Euploid No. 4: 46,XX/45,XX,-14
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Fig. 2 Original aCGH profiles of TE biopsies andNiPGT-A profiles of SCM for embryos in Table 3; a euploid no. 2, b euploid no. 4, c euploid no. 9, and
d euploid no. 15
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of SCM exactly matched with those of TE were classified
as complete concordance. SCM results that revealed more
or fewer chromosomal involvement, or those with recipro-
cal gains and losses, were classified as partial concordance.
When both SCM and TE called aneuploidy but for differ-
ent chromosome(s), such results were classified as discor-
dance. On the basis of using PGT-A results of TE as the
standard for comparison, the above three scenarios still
called for the correct ploidy status of the embryo tested.
As such, our use of SCM was capable of achieving a

correct ploidy call, or general concordance with TE results,
of 73.3% (85/116). This finding was similar to the 65.4%
reported by an Australian group, when they collected the
SCM of embryos incubated from day 3 to day 5 [36]. This
group further proposed that SCM could be collected from a
narrower growth period of day 4 to day 5 to improve ploidy
concordance, because moving the embryos to fresh media
on day 4 and collecting the media on day 5 might reduce
maternal contamination from cumulus cells or polar body
DNA and increase embryonic DNA in the SCM. However,

aaCGH profile of TE biopsy of Euploid No. 9: 46,XY

NiPGT-A profile of SCM of Euploid No. 9: 48,XY,+16,+20
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aCGH profile of TE biopsy of Euploid No. 15: 46,XX

NiPGT-A profile of SCM of Euploid No. 15: 44,XX,-8,-14,-16,+20
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Fig. 2 (continued)
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refreshing culture medium on day 4 could be a major
change in routine practice, whether the embryology labo-
ratories use sequential or single-step culture media. The
extra embryo handling outside of the incubator may im-
pose unknown effect on developmental potential, and one
must balance the risks over benefits in a clinical setting.

One of the limitations of our study is that in our cohort of
116 embryos, there were only 29 euploids (25%), implying
that one false positive result from SCM would have a higher
impact on the overall specificity than one false negative result
on sensitivity. The proportion of euploids and aneuploids was
discrepant, which might have led to the relatively low speci-
ficity (48.3%) and NPV (46.7%) from our SCM. We further
examined the proportion of euploids and aneuploids in the 52
embryos with non-informative SCM. We found 20 euploids
(38.5%) and 32 aneuploids (61.5%) that did not have enough
cfDNA in their SCM, which was not statistically different to
those with informative SCM. This comparison suggested that
the amount of DNA released by an embryo into its culture
environment was probably unaffected by its ploidy status, in
agreement with the findings by Vera-Rodriguez et al. [27].

Another limitation we encountered was contamination of
maternal origin, which has been the major hurdle for most
studies trying to find non-invasivemeans for embryo selection
[26–28, 36]. ICSI was used to fertilize the oocytes in our study
to eliminate the chance of paternal contamination from sperm.
To avoid or minimize the chance of MCC, we included an
additional cleaning and rinsing step on day 3 before each
embryo was transferred into its individual culture microdrop.
When the embryo became a blastocyst on day 5 or day 6, each
of the SCMwas collected using a new sterile pipette tip. Blank
media from the same dish under the same culture condition
were also collected as negative control, and their lack of DNA
amplification was strong evidence that contamination did not
originate from the environment or the manufacturing of the
media. Despite all measures, some cumulus cells might still be
adhering to the zona pellucida (ZP) after oocyte denudation,
and slow degeneration of the two polar bodies trapped inside
the ZPmight release maternal DNA [37]. As pointed out in the
delicate experimental design of Vera-Rodriguez et al. [27], the
maternal DNA fraction found in SCM could be as high as
86% when NGS did not even show a contaminated pattern.

Using single nucleotide polymorphism (SNP) analyses, they
found that the median fraction of embryonic DNA in SCM
was only 8%. This finding may imply that when embryonic
DNA could be present up to a certain fraction, above 14% for
example, the effect of maternal contamination on the accuracy
of the sequencing result might be negligible. If SCM were to
become a useful non-invasive tool, there needs to be an effec-
tive way to either diminish/identify the maternal DNA or to
enhance signals from cfDNA of the embryo. Indeed, 7 of our
SCM were shown to be full maternal contamination; in other
words, these SCM samples had female-euploid results while
the TE of the corresponding embryos indicated male euploids.
Should the noise from maternal contamination be resolved in
the near future, our same set of samples would have much
improved sensitivity and NPV (88.8% and 60.9%, respective-
ly; Table 5).

Nevertheless, the increase in sensitivity of NGS technology
not only gives better molecular resolution but also adds com-
plexity to result interpretation. Mosaicism creates a new cate-
gory of embryos that carry some potential of making healthy
babies but with a lower implantation potential and a higher
chance of miscarriage than euploid embryos [38–40]. Since
mosaicism is common in early human embryo development,
the sampling of only a few cells from the TE of a blastocyst is
in itself a limitation [41–43]. As the clinical consequence of
transferring a mosaic embryo is not well understood, we did
not transfer any of the 9 embryos with mosaic TE but euploid
SCM results in our study cohort. Since we could not evaluate
the potential of mosaics to give healthy live births, we tried to
exclude these 9 embryos and re-calculated the performance of
SCM as compared with routine PGT-A. As expected, NiPGT-
A sensitivity and NPV increased to 91.0% and 66.7%, respec-
tively, although the improvement was not statistically signifi-
cant (Table 5).

One of the putative advantages of using SCM instead of TE
biopsy on aneuploidy screening is its usefulness in assessing
blastocysts of poor quality. In performing TE biopsy, it is not
unusual to forego a blastocyst with poor morphology when
there are a few blastocysts of good to fair quality. Poor-quality
embryos contain very few cells in the ICM and/or TE, and
degeneration or cellular fragments are not uncommon. When
these blastocysts are biopsied, their PGT-A results often reveal

Table 4 Comparison of NiPGT performance in 4 independent studies

Our study
(n = 116)

Xu et al. [26]
(n = 42)

Vera-Rodriguez
et al.23 (n = 51)

Ho et al. [28]
(n = 40)

Sensitivity TP/(TP+FN) 81.6% 88.2% 46.5% 80.0%

Specificity TN/(TN+FP) 48.3% 84.0% 75.0% 61.0%

Positive predictive value (PPV) TP/(TP+FP) 82.6% 79.0% 90.9% 47.0%

Negative predictive value (NPV) TN/(TN+FN) 46.7% 91.3% 20.7% 88.0%

TP true positive, TN true negative, FP false positive, FN false negative
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aneuploidy or no result due to the suboptimal amount and
quality of cells biopsied. However, the quality of an embryo
has weak correlation with its ploidy status; a euploid of poor
morphology still has an implantation potential comparable to
that of good morphology [4, 5]. In examining morphology of
the blastocysts in our study, we found that SCM provided
similar concordance rates in blastocysts of good/fair quality
and of poor quality. Therefore, SCM could theoretically offer
complementary information beside morphology in usable
blastocysts which might otherwise be discarded.

In addition to NiPGT-A, SCM may potentially serve as a
non-invasive tool to PGT-M and PGT-SR. We collected 20 μl
of SCM from each embryo, with which only 3 μl was ade-
quate for PGT-A. Although we focused on PGT-A in this
study, approximately half of the 168 SCM samples were col-
lected from cycles with PGT-M or PGT-SR indications.
Therefore, we have substantial volume of SCM remaining
for further PGT-M and PGT-SR investigation. So far, there
has only been one proof-of-concept study by Wu et al. using
SCM to diagnose α-thalassemia-SEA [24].

With clinical outcomes of 14 single euploid transfers avail-
able, we were surprised that 7 of them had aneuploid results
from SCM. Among these “false positive results” from SCM,
we followed up on euploids no. 3 and no. 4 during their preg-
nancies; however, both mothers declined amniocentesis and
only reported that their babies were delivered full-term and
healthy. On the other hand, euploid no. 12 (Table 3) was a
miscarriage, with its product-of-conception (POC) showing a
mosaic gain of chromosome 21, whereas NiPGT-A showed a
mosaic loss of the same chromosome. Assuming this embryo
was already a euploid/aneuploid mosaic at the time of biopsy,
the TE obtained might have only sampled the euploid cell line
while SCMmight have reflected a more comprehensive scope
of the embryo. However, this interpretation should be taken
with caution since this was only one single case with a third
source of testing material available. POC from the other 4
miscarriages was not obtainable or available for further test-
ing.More research is warranted to correlate SCM findings and
clinical outcomes.

So far, we have been relying on TE result as the “gold
standard” as it is the best available reference point for

comparison. However, we performed NGS on 24 donated
aneuploids or embryos affected by single gene disorders from
our study to verify the discordant results between TE and
SCM. By utilizing the whole embryo to obtain at least 2 bi-
opsies from the TE alone and 1 biopsy containing ICM, we
found that only 9 of the 24 embryos (37.5%) had consistent
result across the several biopsy locations within the same em-
bryo. This implied that TE results could only be accurate at the
site of biopsy. On the other hand, all studies including ours
unanimously demonstrated that cfDNA found in SCM could
reflect the chromosomal profile of an embryo. With consider-
ation given to the potential origin of cfDNA found in SCM,
such as cell apoptosis and degeneration of arrested cell(s),
SCM might perform better in reflecting the “average” ploidy
status of the embryo as a whole at the time of collection.

It is very clear that the ultimate goal of NiPGT is to allow de-
selection of inviable embryos and selection of embryo(s) com-
patible with successful pregnancy. It is important to note that
NiPGT, or any other non-invasive methods such as those used
in prenatal testing, cannot offer a diagnosis with exact certainty;
an invasive intervention is always recommended in high-risk
subjects. Unlike embryo morphology, NiPGT can objectively
prioritize the order of embryos for intrauterine transfer based on
their ploidy status. This strategy shortens the time to pregnancy,
avoids the invasive and traumatic biopsy procedures, saves the
potential damage to preimplantation embryos, and gives a
woman undergoing IVF a good chance to transfer embryo(s).
We foresee that in the near future, technology will take another
leap by which time the embryonic DNA fraction in the SCM
can be targeted for NiPGT.

Conclusions

Cell-free DNA of embryonic origin is present in spent culture
media and can produce PGT-A profiles. Slight modification to
standard procedures in the IVF and PGT laboratories may be
possible to enhance the quality of cfDNA found in SCM while
strategies must be developed to reduce or eliminate maternal
contamination. Although the well-established PGT-A still has
its place, NiPGT using SCM has the potential to reflect the

Table 5 NiPGT performance
with and without the inclusion of
samples with known maternal
contamination or mosaic embryos
based on PGT by TE

Performance All embryos
(n = 116)

Full maternal contamination
excluded (n = 109)

Mosaic embryos excluded
(n = 107)

Sensitivity 81.6% [71.9–89.1%] 88.8% [79.7–94.7%] 91.0% [82.4–96.3%]

Specificity 48.3% [29.5–67.5%] 48.3% [29.5–67.5%] 48.3% [29.5–67.5%]

Positive predictive
value

82.6% [76.7–87.1%] 82.6% [76.8–87.2%] 82.6% [76.7–87.1%]

Negative
predictive value

46.7% [32.9–61.0%] 60.9% [43.1–76.2%] 66.7% [47.3–81.7%]

Values in square brackets were test at 95% confidence interval
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comprehensive chromosomal composition of an embryo as a
whole and can gradually gain its ground for clinical application.
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