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Abstract
In recent years, a growing body of literature has emerged investigating the clinical utility of spent embryo media (SEM) for
preimplantation genetic testing for aneuploidy (PGT-A) (Hammond et al. in Fertil Steril. 107(1):220–8, 2017; Xu et al. in Proc
Natl Acad Sci USA. 113(42):11907–12, 2016; Shamonki et al. in Fertil Steril. 106(6):1312–8, 2016; Feichtinger et al. in Reprod
BioMed Online. 34(6):583–9, 2017; Vera-Rodriguez et al. in Hum Reprod. 33(4):745–56, 2018; Kuznyetsov et al. in PLoS One.
13(5):e0197262, 2018; Ho et al. in Fertil Steril. 110(3):467–75, 2018; Capalbo et al. in Fertil Steril. 110(5):870–9, 2018). Most of
these studies have reported moderate success rates, suggesting the need for improvements in sensitivity and specificity. The
concordance between spent media and embryo biopsy or whole embryo was reported to be between 30.4 and 90%, with 50–70%
correlation being the most representative (Xu et al. in Proc Natl Acad Sci USA. 113(42):11907–12, 2016; Shamonki et al. in
Fertil Steril. 106(6):1312–8, 2016; Feichtinger et al. in Reprod BioMedOnline. 34(6):583–9, 2017; Vera-Rodriguez et al. in Hum
Reprod. 33(4):745–56, 2018; Kuznyetsov et al. in PLoS One. 13(5):e0197262, 2018; Ho et al. in Fertil Steril. 110(3):467–75,
2018). Here, we will analyze all spent media testing strategies including SEM collection methods, whole genome amplification
(WGA) strategies, chromosome copy number detection, and bioinformatics analysis tools. We will propose improvements to
further increase the accuracy and sensitivity of the assay before bringing PGT-Awith SEM into the clinical sphere.
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Introduction

In the context of in vitro fertilization (IVF), SEM refers to the
medium surrounding a growing embryo during culture. The
length of time an embryo maintains contact with its surround-
ingmedium depends on the standard operating procedures in a
given IVF laboratory. While some laboratories culture embry-
os in a single-step monophasic medium, others opt for sequen-
tial media changes once or twice between fertilization and
blastulation. These differences, in turn, may affect the quantity
of cell-free DNA (cfDNA) as well as the quality or ability to
analyze these samples for comprehensive chromosomal

screening (CCS). Currently, it is unclear which system pro-
vides the ideal SEM sample for non-invasive preimplantation
genetic testing for aneuploidy (PGT-A).

Multiple studies have demonstrated the ability to detect,
extract, and amplify cfDNA from SEM at the cleavage and
blastocyst stages, albeit with varying rates of amplification
success [1–8]. The biological mechanism for this release of
embryonic cfDNA into the medium is not clearly defined.
Some have proposed the idea of embryonic Bself-correction^
for aneuploidies [9, 10]. Those who subscribe to this hypoth-
esis suggest it as a possible explanation for artificially inflated
or otherwise discordant PGT-A results in SEM samples com-
pared to their trophectoderm (TE) biopsy or whole blastocyst
(WB) counterparts. Still, the notion that a growing embryo
will programmatically and preferentially discard aneuploid
cells rather than other cell types has not yet been unequivo-
cally proven [5, 9, 10].

Despite these uncertainties, SEM represents a preferable
analyte for PGT-A due to its non-invasive nature. TE biopsies
have become a standard protocol in IVF labs that routinely
perform PGT-A. The procedure requires technically proficient
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laboratory staff and additional instrumentation such as laser
equipment. In comparison, SEM collection requires no spe-
cialized training and imposes negligible disruption to the em-
bryo. Other non-invasive techniques to predict or assess IVF
outcomes include time-lapse morphokinetics, proteomics, and
metabolomics [11, 12]. However, the indirect nature of these
techniques and the minimal evidence for their ability to sig-
nificantly improve IVF outcomes renders them relatively un-
popular in comparison to a more robust alternative.

With so many variables at play, assessing the question,
BWhere are we today with IVF spent media research?^ is a
unique challenge. In the last 3 years alone, nearly a dozen
studies have been published on the efficacy of non-invasive
strategies for PGT-A and/or PGT-M. Analytes studied have
included SEM, blastocoel fluid (BF), and polar body biopsy
[2–8, 13–16]. Focusing on PGT-A studies, research groups are
asking different study questions, employing different embryo
culturing protocols, and measuring outcomes in different
ways. Furthermore, differences in analytes, duration of an
embryo’s contact with the collected medium, performance of
assisted hatching (AH), amplification methods, CCSmethods,
sequencing platforms, bioinformatics analyses, and strategies
for identifying maternal contamination all contribute to an-
swering the question—can we reliably use SEM for PGT-A?

Culturing methods

Differences in culturing systems result in variability in the
length of time that an embryo is in contact with the medium
to be tested for PGT-A. These differences impact both the
quantity of cfDNA and performance of the CCS assay.
Monophasic or single-step medium techniques allow for the
longest exposure to the growing embryo, theoretically increas-
ing the quantity of cfDNA. Two SEM studies using single-
step culturing systems showed successful amplification in
81.8% and 100% of tested samples [4, 7]. A significant draw-
back of this method, however, is increased cfDNA degrada-
tion over time decreasing the quality of the cfDNA. We have
suggested collection of media at standard time points through-
out culture may mitigate this issue; however, daily SEM col-
lection has yet to be evaluated [3]. The use of sequential media
may represent an alternative for minimizing DNA degradation
in SEM. One study found that 24–48 h of contact with the
embryo was sufficient to obtain amplification of cfDNA from
SEM [6]. Our group and others using sequential media for
SEM collection have reported amplification success rates be-
tween 91.1 and 100% [2, 3, 5, 6]. Currently, sequential media
appears to be a more common choice for the SEM–PGT-A
workflow, with slightly increased WGA success rates over
single-step methods.

Previously frozen donated whole embryos have been uti-
lized in many studies. However, the effects of freeze-thawing

embryos have not been thoroughly evaluated in the context of
SEM. It is plausible that the process of vitrification can lead to
a higher rate of apoptosis and therefore an increased amount of
cfDNA in the media. In two studies, the amount of DNA after
amplification was lower in freshly cultured embryos com-
pared to previously frozen embryos; however, these differ-
ences were not statistically significant [6, 7]. Freezing and
thawing SEMmay cause increased DNA degradation, though
this has yet to be systematically evaluated.

The composition of the medium used is an important con-
sideration when collecting SEM for PGT-A. The ideal analyte
for non-invasive PGT-A is medium that contains a sufficient
amount of cfDNA that is of sufficient quality for downstream
amplification and CCS. Perhaps the balance between media
that is just aggressive enough to encourage minimal cell lysis
while gentle enough not to harm the embryo will play an
important role in identifying the optimal medium for SEM
analysis.

The optimal day for collecting SEM has not yet been
established. While most research groups are collecting at the
blastocyst stage, observed amplification rates from D5 SEM
vary from 81.8 to 100% [2–7]. Ho et al. were the first group to
investigate PGT-A on SEM collected both prior to and after
blastulation [7]. In this study, SEM was collected on D3 and
D5. DNAwas detectable in 97% of samples collected at D3,
though only 39% of amplified samples produced enough se-
quencing reads to yield a PGT-A result. In this same study,
SEM collected on D5 had an amplification rate of 97% with
80% of amplified samples producing sufficient yields for a
reliable PGT-A result [7]. This suggests that there is an opti-
mal collection date for SEM in order to maximize quantity of
cfDNA without sacrificing quality. Perhaps more important
than SEM collection day is the duration of contact with the
embryo, which is determined by culturing methods as previ-
ously discussed.

Another source of variability in PGT-A with SEM is
assisted hatching (AH)—the technique of thinning or ruptur-
ing the zona pellucida (ZP). AH is widely practiced in IVF
labs today to improve implantation and pregnancy rates and as
a standard protocol for PGT-A [17, 18].We have hypothesized
that breaching the ZP would increase amounts of cfDNA in
the surrounding media, thereby providing better sampling of
the embryo and increased accuracy of the test [3]. However,
our subsequent study comparing hatched versus unhatched
embryos did not reveal a significant difference in cfDNA con-
centrations [7]. More studies are required to assess the impact
of AH on the accuracy of non-invasive PGT-A.

The gold standard

Perhaps the biggest question we face is whether cfDNA in
SEM uniformly and completely represents the embryonic
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genome. The Bgold standard^ is defined differently in most
SEM–PGT-A studies. When considering accuracy and con-
cordance rates between SEM and the Bgold standard^ of
choice, comparisons between cfDNA and D5 whole embryos
(blastocysts) perhaps make the strongest cases for concor-
dance. While WBs may arguably best represent the whole
embryonic genome, these donatedWBs are not always readily
available.

Today in IVF, TE biopsy is a standard clinical practice for
PGT-A. Thus, in clinical SEM studies, TE biopsies are gener-
ally used as the gold standard. TE biopsy has been criticized as
mathematically incapable of accurately determining ploidy
status due to the relatively few cells sampled, which therefore
may not accurately represent the ploidy of the untested inner
cell mass [19]. Although the invasive nature of the procedure
elicits significant opposition, TE biopsy for PGT-A remains a
widely employed practice in IVF, preferable to the riskier and
less-accurate blastomere biopsy [20, 21]. In the current litera-
ture of SEM, TE biopsy represents the most frequently utilized
gold standard for comparison of SEM PGT-A results.

Comparisons between cfDNA and polar body biopsies
have also been studied, but with the important limitation of
only detecting meiotic aneuploidies of maternal origin. Polar
body analysis is incapable of detecting paternally inherited
meiotic aneuploidies or mitotic aneuploidies [4]. Blastocoel
fluid (BF) has also been explored as a non-invasive PGT-A
analyte, both alone and in combination with SEM [6, 8, 13].
Research in BF analysis has shown inconsistent performance
for DNA amplification rates and concordance, 34.8–76.5%
and 37.5–97.4% respectively [8, 13].

The PGT field has been marked with significant improve-
ments to create and optimize safer, more accurate testing op-
tions. It remains to be seen if improvements in non-invasive
PGT-A can eliminate the need for biopsy in the future. An
unbiased assessment of the efficacy of non-invasive PGT-A
using SEM requires standardization across a number of vari-
ables, including the gold standard to which we compare
cfDNA PGT-A results.

Whole genome amplification methods

Differences in amplification methods such as multiple dis-
placement amplification (MDA), PCR-based techniques, and
multiple annealing- and looping-based amplification cycles
(MALBAC) appear to have an effect on amplification success
rates of cfDNA derived from SEM. Furthermore, maternal
DNA contamination in these samples complicates the inter-
pretation of amplification success, where amplification of ma-
ternal DNA rather than embryonic DNA may provide an in-
accurate measure of performance.

MDA is an isothermal amplification reaction that utilizes
the high processivity and strand-displacement ability of the

phi29 DNA polymerase [22]. Random hexamer primers an-
neal to the template DNA, resulting in amplicon products
greater than 10 kb in length [23]. Whole genome sequencing
coverage usingMDA has been reported as high as 72% and as
low as 10% in whole exome sequencing [24, 25]. Despite the
high fidelity of the polymerase, amplification bias due to non-
linear amplification remains a significant weakness of this
technique.

PCR-based amplification using a single degenerate oligo-
nucleotide primer (DOP-PCR) was among the first WGA
methods employed to successfully detect aneuploidy using
aCGH [26, 27]. Relatively low coverage of the genome and
high incidence of allele dropout (ADO) renders DOP-PCR
inferior to more modern WGA techniques [28]. Methods
using a combination of displacement pre-amplification and
PCR-amplification such as the PicoPlex/SurePlex WGA sys-
tem are widely used in PGT-A today and have been reported
to cover ~ 30% of the genome [25].

MALBAC is a technique first described in 2012 that uses a
quasi-linear pre-amplification step followed by multiple an-
nealing and looping based amplification cycles. The strategy
was effectively used to identify copy number and single nu-
cleotide variants in single cancer cells, with ~ 93% genomic
coverage and ~1% ADO [29]. MALBAC on SEM has pro-
duced PGT-A sensitivity of 88.2% [2]. Despite this increased
coverage, the lack proofreading capability from the pre-
amplification polymerase may contribute to increased inci-
dence of false positives [30]. Of additional concern, the high
coverage reported has not been replicated and published by
other labs.

Current literature on spent media has shown a broad repre-
sentation of different WGA techniques. Our study employing
MDA on SEM showed an amplification rate of 97%; howev-
er, only 2% of amplified samples yielded a reliable PGT-A
result. Re-amplification of the samples increased the quantity
of DNA but still failed to produce high-quality PGT-A results
[3]. To the best of our knowledge, no other studies have pub-
lished data on non-invasive PGT-A using MDA. Therefore,
further investigation into the efficiency of MDA to amplify
whole genomes from SEM is necessary.

The SurePlex/PicoPlex system is a popular choice in PGT-
A. In our recent study, PicoPlexWGAwas used on two sets of
SEM collected on D3 and D5. WGA has shown amplification
rates of 97% for both sets of samples. Only 39% of amplified
samples fromD3 produced sufficient sequencing reads to gen-
erate a PGT-A result; meanwhile, 80% of amplified samples
from D5 yielded PGT-A results [7]. Another group using the
SurePlex amplification method reported amplification rate of
81.8% in 22 SEM samples, with all amplified samples pro-
ducing a PGT-A result by aCGH [4]. Double amplification on
SEM using two consecutive rounds of this WGA method
yielded 91% amplification rate in 56 PGT-A SEM samples,
with all amplified samples producing reliable PGT-A results
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[5]. One publication studying combined blastocoel fluid (BF)
and SEM employed SurePlex WGA and found 100% ampli-
fication rate in 28 samples, with all producing PGT-A results
[6].

While these PCR-based approaches are widely employed
today, newer techniques such as MALBAC have also
emerged. Amplification rate on SEM using MALBAC has
been reported at 100% in 42 samples, with all samples pro-
ducing a PGT-A result [2]. Importantly, the issue of significant
maternal contamination demonstrated in SEM samples may
inflate amplification rates. Further studies with MALBAC on
SEM are necessary to assess the reproducibility of this result
and determine if this technique is the ideal option for WGA
before non-invasive PGT-A.

Aneuploidy detection

As IVF and PGT co-evolve, notable improvements to CCS
methods have been accomplished. These include the move-
ment from fluorescent in situ hybridization (FISH) to more
sensitive techniques such as quantitative polymerase chain
reaction (qPCR), array competitive genomic hybridization
(aCGH), single nucleotide polymorphism (SNP) microarrays,
and next-generation sequencing (NGS).

Array CGH has long been considered the gold standard for
CCS in the last decade, making significant improvements in
aneuploidy detection rates compared to previous in situ
methods [31]. More recently, the development and application
of NGS for PGT-A have brought a greater level of sensitivity,
precision, and accuracy [32–34]. With increasing popularity
of single thawed euploid embryo transfer cycles, NGS has
proven to increase implantation rates and live birth rates com-
pared to aCGH [35, 36]. As mosaicism gains more interest
and attention in the IVF community, NGS represents a favor-
able platform for PGT-A to detect mosaicism due to its in-
creased sensitivity over aCGH [32, 34].

Bioinformatics analyses

As the chemistry and sequencing platforms mature, so must
their complementary analytical tools. Out-of-the-box software
for analysis of chromosome copy number seems to be a stan-
dard practice among researchers and PGT-A providers [3–7].
Still, variability between different software and quality control
(QC) thresholds set by individual testing providers may lend
additional bias during analysis. Depending on the platform
used for CCS, a variety of QC metrics contribute to the final
call on a PGT-A report. Most importantly, these analytics were
designed for whole-cell DNA sequencing and thus may not
apply to cfDNA assessment.

For NGS platforms, the number of reads per sample is a
pertinent metric in determining quality of the test. One study
employing the Ion Torrent sequencing platform allowed for
150,000–200,000 reads per sample [7]. Another study sequenced
approximately 2 million reads per sample on an Illumina plat-
form [2]. Notably, differences in read lengths between the two
sequencing platforms may justify the differences in reads per
sample, and overall coverage per base is comparable.
Furthermore, differences in uniformity, GC-bias, reproducibility,
and CNV detection for single-cell sequencing between Ion
Torrent and Illumina technologies have been observed [37].

In-house pipelines developed from synthesizing publicly
available tools for trimming, alignment, duplicate read remov-
al, base recalibration, and downstream variant calling and
copy number analyses are an alternative to commercial soft-
ware and introduce more variability in the data-processing
workflow.

Custom pipelines and commercial software to tackle the
challenge of maternal DNA contamination are a requisite for
implementing non-invasive PGT-A into clinical practice.
Currently, in non-invasive prenatal testing (NIPT), calculating
fetal fraction (ff)—the ratio of fetal DNA to total cfDNA—is a
crucial step in determining the efficacy of the test. In general,
performance of the assay gets better with increased ff [38].
There are many ways to calculate ff or quantify fetal DNA;
these include differential methylation analysis, short-tandem
repeat (STR) analysis, single nucleotide polymorphism (SNP)
panels, indel polymorphism panels, real-time PCR (qPCR),
droplet digital PCR (ddPCR), and whole-genome sequencing
[39–43]. In SEM research, the prevalence of maternal contam-
ination was investigated using a small SNP panel; importantly,
maternal contamination was found in the majority of the sam-
ples tested [5]. Ultimately, it may be necessary to perform
oocyte striping and ICSI to minimize the risk of maternal
and paternal contamination if cfDNA assessment of embryos
is planned. NIPT has taught us that not all bioinformatics
approaches are equally powered to accurately differentiate
fetal from maternal DNA in a cost-effective way. There may
be additional value for couples enrolled in IVF to seek com-
prehensive genetic screening in order to generate parental hap-
lotypes to rule out ADO and contamination events during non-
invasive testing. Further large-scale studies are required to
find a practical and cost-effective strategy for identifying ma-
ternal contamination. As with commercially available NIPTs,
the ability to accurately distinguish between embryonic and
maternal DNA is absolutely necessary to achieve a reliable
PGT-A result.

Defining concordance

Rates of concordance between SEM and the gold standard of
choice have been reported in several categories including
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general ploidy status (aneuploid versus euploid), concordance
for sex, whole chromosome number (WCN) concordance,
concordance for all aberrations (including mosaicism and seg-
mental aneuploidies), and concordance per single chromo-
some. For an added level of precision, the degree of concor-
dance between two samples from the same blastocyst has also
been described in several sub-categories. In most studies, per-
fect matches were few and far between. Most common were
instances of imperfect or partial concordance. Some examples
include the following: complementary concordance—a triso-
my in one sample and a monosomy of the same chromosome
in the corresponding sample; aneuploid-mosaic—a full triso-
my or monosomy in one sample and a mosaic call affecting
the same chromosome in the corresponding sample; aneuploid
complex—at least one shared aneuploidy between two sam-
ples, but with other unshared aneuploidies; and aneuploid–
aneuploid—both samples are aneuploid but for completely
different chromosomes.

Mosaicism presents a unique challenge in the definition of
concordance in the context of SEM. Discordant results for
PGT-Awith SEM are often attributed to mosaicism [2, 5, 6].
However, due to the nature of the DNA source and relatively
low embryonic fraction, current methods for non-invasive
PGT-A do not appear to be sufficiently sensitive to detect
mosaicism [5, 7]. This further complicates the definition of
true concordance between SEM and its corresponding biopsy
or embryo.

General ploidy concordance rates between cfDNA from
SEM and the corresponding WB or TE biopsy have been
published as low as 30.4% and as high as 87.5% [2, 5].
Other studies have published moderate rates in the 55–75%
range [4, 7]. One study measuring cfDNA from a mixture of
BF and SEM found 100% ploidy concordance between
cfDNA and TE biopsy in 19 freshly cultured embryos, with
98.2% concordance per chromosome [6]. The great variability
between these rates and the relatively small sample sizes in
each study point to large-scale studies as a crucial next step for
non-invasive PGT-A.

Discussion

In the vast majority of publications on SEM and PGT-A, con-
cordance between two samples is Bachieved^ when two sam-
ples have the same general ploidy status. For example, TE
biopsy yielding a PGT-A result of 45, XY, − 16 is
Bconcordant^ with its corresponding cfDNA sample result
of 44, XX, − 16, − 17, though the whole chromosome number
is discordant between the two samples. Similarly, a WB with
karyotype 46, XX, + 4 is Bconcordant^ with its corresponding
cfDNA sample with karyotype 50, XX, + 1, + 5, + 10, + 13,
though there are no shared aneuploidies between the two sam-
ples. Although the different results may converge on the same

clinical decision—not recommended for transfer—there is a
clear issue of imprecision between the two samples. In these
examples, unshared aneuploidies between the samples prompt
the question—how can we be convinced that cfDNA is an
accurate representation of the growing embryo? A more trou-
bling question: what if cfDNA is actually more accurate and
representative of the entire embryo? Preliminary data suggest
otherwise, but large-scale studies are needed to confirm this.

It has been demonstrated that the prevalence of aneuploidy
increases with maternal age [44, 45]. Recently, a randomized,
controlled trial showed a clinical benefit for women 35 years
and older to have PGT-A [46–48]. Notably, findings from this
multicenter study did not support a benefit for PGS in all
patient age groups. It is possible that this may be attributed
to lack of standardization across laboratory protocols, which
result in variable false-positive rates across centers. To dem-
onstrate a clinical benefit of PGT-Awith SEM, accuracy and
reliability of the result must meet a minimum threshold of
95%. The creation and subsequent validation of a standardized
protocols for PGT-A with SEM represent significant short-
term goals. The initial stages of a validation with a clinical
trial would primarily study concordance with TE biopsy re-
sults. Many clinical parameters discussed in this review in-
cluding culture media, culturing system, assisted hatching,
WGA chemistry, and sequencing platform must all be inter-
rogated in the validation to establish standardized procedures
for PGT-A. Once standard procedures have shown accuracy
and reliability of SEM compared to conventional methods,
follow-up studies measuring clinical outcomes such as ongo-
ing pregnancy rate, miscarriage rate, and live birth rate will be
necessary. This proposed validation of the protocols
established in the initial study phase requires the participation
of multiple IVF centers and multiple PGT-A laboratories.
Analysis of the data by age group represents an important step
in understanding the clinical utility of the test. Parallel testing
of the corresponding TE biopsy during this phase will be
performed as a control.

Maternal contamination is a common theme among discor-
dant results. Full maternal contamination was observed in TE
euploid males that had corresponding SEM result with euploid
female karyotype, indicating that the Y chromosome was not
sampled in the cfDNA [5]. The majority of false-negative
results have been attributed to partial or full maternal contam-
ination. Clinically validating non-invasive PGT-A requires the
development of strategies—whether in silico or in practice—
to parse maternal and embryonic DNA in order to report ac-
curate aneuploidy calls. Additionally, interpreting success of
amplification may be further complicated by the extent to
which non-embryonic DNA is present and amplified.

Mosaicism has drawn significant attention in the IVF com-
munity in recent years. The debate over the impact of trans-
ferring mosaic embryos is ongoing. False-positive and other-
wise discordant results in non-invasive PGT-Awith SEMhave
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been hypothesized to have arisen from mosaicism [2, 5, 6].
One study found a majority of samples with imperfect or
partial concordance between SEM and TE biopsy originated
from mosaic blastocysts. FISH analysis of these WB showed
concordance with the TE result in most cases, suggesting a
potential preferential release of certain types of aneuploid cells
[5]. The underlying biology remains unknown.

Other applications for spent media

Spent media has been studied in the context of preimplanta-
tion genetic testing for monogenic diseases (PGT-M) such as
alpha- and beta-thalassemia [14, 15]. Though contamination
of the medium and ADO due to low embryonic DNA input
are significant concerns, concordance has been reported be-
tween SEM and biopsies [14, 15]. Studies that follow clinical
outcome after testing are a necessary next step for non-
invasive PGT-M.

Additionally, it has been shown that embryonic
microRNAs (miRNAs) are differentially secreted into the cul-
ture medium with distinct expression profiles [49]. Evidence
has also been published supporting the role of miRNA in
embryo implantation, ploidy status, and pregnancy outcome
[49–51]. A clinical application for this may involve selection
of embryos with miRNA expression profiles consistent with
euploidy and increased implantation potential. Further clinical
investigation is needed to determine the efficacy of miRNAs
as biomarkers for non-invasive embryo selection.

Conclusions

Improvements in SEM collection methods, cfDNA amplifica-
tion, and chromosome copy number screening technologies
must be developed and optimized before clinical application
of non-invasive PGT-A. Currently, many IVF labs are grow-
ing human embryos in group culture. Testing spent media
requires each embryo to be cultured separately (single embryo
culture). Uprooting the established culturing systems in an
IVF lab is likely to be met with opposition, as these changes
would require significantly more space, consumables, and
time from laboratory staff.

Still, once optimized, the test offers significant benefits.
Patients with fewer or more fragile embryos who elect to
forego an invasive biopsy procedure will benefit greatly from
spent media collection as an alternative for PGT-A. Older
patients generally have low-quality embryos that are suscep-
tible to degradation, stress, and viability when biopsied. A
non-invasive technic such as SEM will alleviate stress on the
embryos and offer a better embryo survival. Due to high an-
euploidy rate among patients over 40 years old (65%), false-
positive rate of SEM test will have less impact on the overall

clinical outcome. For example, if SEM test produces a 10%
false-positive rate, patients under 35 years old and aneuploidy
rate of 34% will have a false-positive rate of 22.7% (10 out of
44 aneuploidy diagnoses is false). In contrast, for patients over
35 years old and aneuploidy rate of 65%, false-positive rate
would be only 13% (10 out of 75 aneuploidy diagnoses is
false).

Overall, our assessment is that PGT-Awith SEM is not yet
ready to be offered as a commercial or clinical test. Surely
improvements to existingWGA chemistry will bring us closer
to uniform, complete coverage of the genome with minimal
amplification bias. Likewise, CCS technologies and their bio-
informatics analysis pipelines must continue to evolve, espe-
cially to tackle the significant challenge of maternal contami-
nation. Perhaps the future of embryo quality assessment and
selection for transfer may employ SEM in a multifaceted ap-
proach by combining PGT-A, gene expression analysis,
miRNA expression profiling, time-lapse parameters, and other
non-invasive techniques.
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