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Abstract Preimplantation genetic testing is implemented worldwide as an effective tool to
avoid transmission of single gene disorders and/or chromosome abnormalities. This approach
requires the obtention of representative samples from embryos in order to infer its genetic
status. Nowadays, the embryo biopsy is the first-choice method for embryo sampling. Biopsy
procedures are safe and widely performed in the clinical routine. However, this intervention is
invasive and requires trained personnel and investment in specific equipment. Recently, new
sampling methods have been suggested under the term of ‘‘non-invasive’’. These approaches
are based on the existence of cell-free DNA into the embryo or its environment. An increas-
ing number of studies suggest the collection of fluid from embryos or spent culture medium
to obtain cell-free DNA to assess the genetic condition of preimplantation embryos avoiding
embryo biopsy. The reliability of this attractive idea needs to be confirmed and validated.
In this sense, this work offers a deep review of data published to date. Several methods of
DNA detection, quantification and amplification have been tested and different protocols and
culture systems, with or without additional embryo manipulations, are being investigated. In
general terms, an enormous variability among published results is noteworthy. Central aspects
as DNA detection rates, contamination with extraembryonic DNA and concordance between
results (cell-free DNA versus embryo samples) are centring proofs-of-concept and validation
experiments. However, basic questions as the biological origin and representativeness of cell-
free DNA are pending to be answered. Solved, unsolved and serious limitations of the new
approaches are discussed. A final reflection respecting the state of the technique is offered.
© 2021 Asociacion para el Estudio de la Biologia de la Reproduccion y Sociedad Espafiola de
Fertilidad. Published by Elsevier Espana, S.L.U. All rights reserved.
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PGT no invasivo

Resumen Las pruebas genéticas de preimplantacion se aplican en todo el mundo como una
herramienta eficaz para evitar la transmision de trastornos de un solo gen o de anomalias cro-
mosomicas. Este enfoque requiere la obtencion de muestras representativas de los embriones
para inferir su estado genético. Hoy en dia, la biopsia embrionaria es el método de primera
eleccion para la toma de muestras de embriones. Los procedimientos de biopsia son seguros
y se realizan ampliamente en la rutina clinica. Sin embargo, esta intervencion es invasiva y
requiere personal capacitado e inversion en equipos especificos. Recientemente, se han prop-
uesto nuevos métodos de muestreo bajo el término de «no invasivos». Estos enfoques se basan en
la existencia de ADN libre de células en el embrién o en su entorno. Un nimero cada vez mayor
de estudios proponen la recogida de liquido de los embriones o del medio de cultivo empleado
para obtener ADN libre de células con el fin de evaluar el estado genético de los embriones
de preimplantacion y evitar la biopsia embrionaria. La fiabilidad de esta atractiva idea debe
ser confirmada y validada. En este sentido, este trabajo ofrece una profunda revision de los
datos publicados hasta la fecha. Se han probado varios métodos de deteccion, cuantificacion
y amplificacion del ADN y se estan investigando diferentes protocolos y sistemas de cultivo,
con o sin manipulaciones adicionales del embrion. En términos generales, destaca una enorme
variabilidad entre los resultados publicados. Aspectos centrales como las tasas de deteccion de
ADN, la contaminacion con ADN extraembrionario y la concordancia entre los resultados (ADN
libre de células frente a muestras de embriones) estan centrando las pruebas de concepto y
los experimentos de validacion. Sin embargo, cuestiones basicas como el origen bioldgico y la
representatividad del ADN libre de células estan pendientes de respuesta. Se discuten los prob-
lemas resueltos, los no resueltos y las graves limitaciones de los nuevos enfoques. Se ofrece
una reflexion final respecto al estado de la técnica.
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Introduction

Preimplantation genetic testing (PGT) of human embryos
generated in vitro is globally implemented in the clini-
cal routine depending on countries’ legal framework. In
the past decades, different modalities of PGT have been
developed in order to avoid the transmission of monogenic
disorders (PGT-M), unbalanced structural chromosome rear-
rangements (PGT-SR), chromosome aneuploidies (PGT-A),
selection of HLA-compatible embryos (PGT-HLA) or the com-
bination of all together (Carvalho et al., 2020). Sample
collection is one of the limiting factors to obtain suffi-
cient and representative embryonic DNA for genetic testing.
From the PGT framework, sample collection has changed
throughout embryo development, from the zygote, cleav-
age to blastocyst stage. Nowadays, the biopsy of a few (five
to ten) trophectoderm cells from the blastocyst is consid-
ered the first-choice method of sampling in the majority
of IVF (in vitro fertilization) laboratories. It is a safe pro-
cedure ensuring accuracy, reliability and reproducibility. It
has also show not impact on subsequent embryo viability
and reproductive potential (Cimadomo et al., 2016). How-
ever, biopsy protocols are invasive, technically challenging,
requiring specific equipment and trained personnel. In addi-
tion, an accurate biopsy is a crucial step to maximize the
results of genetic testing (Kokkali et al., 2020), always avoid-
ing to compromise the blastocyst implantation potential.
This critical step has activated the research of new forms of

embryo sampling and new strategies are being evaluated in
the frame of ‘‘non-invasive’’ approaches. Non-invasive PGT
(ni-PGT) methodologies aim to obtain representative DNA
from the embryo without contact (or by a minimal interven-
tion) with the embryo structures.

The first attempt of biopsy-free PGT approach dates from
2013 (Palini et al., 2013). Pailini’s group obtained DNA from
fluid aspirated from the blastocele cavity. They aimed to
analyse particular genes to avoid the transmission of single-
gene disorders. That initiative did not become routinely
established and, nowadays the embryo biopsy-based proto-
cols are the first-election method in the PGT-M framework
(De Rycke et al., 2017). Thus, the efforts on developing new
emerging non-invasive protocols are focused on chromosome
analysis.

The correlation between numerical chromosome abnor-
malities and early pregnancy loss, in the field of assisted
reproduction was initially suggested in the mid-eighties
(Seppala, 1985). In that time, the capital contribution of
chromosome aberrations to the preimplantation loss of
embryos produced in vitro was evidenced (Plachot et al.,
1988; Wimmers and Van der Merwe, 1988) and it was the
seed of a new concept that has arrived at the present time
as PGT-A. In essence, the idea was that selecting an euploid
embryo to transfer could improve clinical outcomes of the
assisted reproduction technologies (ART) by avoiding failed
pregnancy attempts, miscarriages, and the need of termina-
tion of pregnancy in cases of affected foetus. It was logical
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and extremely attractive concept that caught the attention
of the IVF community. In the recent past, the implemen-
tation of embryo micromanipulation procedures together
with the fast evolution of genomic technologies allowed
to pass from the first in situ hybridization (FISH)-based
protocols designed to study a few chromosomes, to mod-
ern high-throughput massive genome sequencing platforms
(globally named ‘*NGS’’: next generation sequencing), in
just a decade.

Currently, IVF centres worldwide are performing PGT-A
on trophectoderm samples, obtained by embryo biopsy, at
the blastocyst stage. The randomized control trials (Yang
etal., 2012; Scott et al., 2013a,b; Forman et al., 2013; Rubio
et al., 2017; Verpoest et al., 2018; Munné et al., 2019), as
well as the meta-analysis (Chen et al., 2015; Dahdouh et al.,
2015) shown that PGT-A increases implantation rates, ongo-
ing pregnancy rates and live birth rates per embryo transfer
in selected (good prognosis) patients. In addition, euploid
single embryo transfer significatively reduces multiple preg-
nancy rates, miscarriage rates and, practically eliminates
aneuploid conceptions. Moreover, it decreases the required
number of embryo transfers to achieve a pregnancy. Further-
more, chromosome screening of trophectoderm offers the
ultimate biomarker of embryo developmental potential bet-
ter than morphological or morphokinetic criteria. Finally, is
important to note that PGT-A helps to reduce drastically the
cryopreservation of spare supernumerary viable blastocyst,
as only the euploid ones are vitrified for further reproductive
purposes, reducing the surplus cryobanked embryos.

However, some authors are critical about PGT-A and
claim for additional validation and clinical experimenta-
tion (reviewed in: Rosenwaks et al., 2018; Mochizuki and
Gleicher, 2020). The PGT-A detractors argue the mitotic
errors (whole-chromosome and segmental aneuploidy) and
mosaicism could be confined to the trophectoderm, increas-
ing the false positive results. Furthermore, the hypothesis
of self-correction of human embryos could explain the high
rates of aneuploidy detected in this tissue. In addition,
they doubt about the safety of the trophectoderm biopsy
and the representativeness of a few cells respecting to the
whole embryo. Besides, an accurate technical validation
to demonstrate the clinical validity of new methodolo-
gies by comparing with blinded positive controls, such as
cell lines, was also claimed. Finally, the irruption of new
NGS platforms has evidenced conditions as mosaicism and
segmental aneuploidy which have forced to redefine the
threshold of ‘‘chromosome normality’’ of human preimplan-
tation embryos.

In the middle of this debate, new forms of non-invasive
sampling are being evaluated. The aim of this work is to
review the results of the validation and proofs-of-concept
experiments reported to date, to stablish the current status
of this techniques prior to translation to clinical practice.

The non-invasive PGT approaches

The interest on investigating alternatives to embryo biopsy
seems to be very reasonable to extent the applicability
of PGT by reducing investment in equipment, time for
sample collection and avoiding affecting embryo viabil-
ity. Additionally, non-invasive methods could reduce both

the cost-efficiency of the PGT procedure and human-factor
dependency as no experienced embryologists with special
skills would be required. In this way, two ni-PGT methods
have been proposed to infer the genetic and chromosome
status of the embryo.

DNA from blastocoelic fluid

This is not a new idea. In fact, cell-free DNA (cf-DNA)
was obtained from liquid aspirated from the blastocoel
cavity from day-5 expanded blastocysts in 2013 (Palini
et al., 2013). The pioneers of this method proposed the
term ‘‘blastocentesis’’ to refer to the aspiration of blas-
tocoele fluid with a conventional ICSI (intracytoplasmic
sperm injection) micropipette introduced into the blasto-
coel cavity (Gianaroli et al., 2014). This system was not
strictly ‘‘non-invasive’’ and therefore, it was introduced
as the first “‘minimally-invasive’’ attempting to obtain DNA
from expanded blastocysts. In that occasion, picograms
of DNA were obtained and real-time PCR was used for
molecular amplification of the multicopy TSPY/ gene (on
the Y chromosome). Thus, gender identification of male
embryos concluded that genotyping of specific loci was reli-
able (Palini et al., 2013). Nonetheless, obtained DNA was
degraded and present at not enough quantity for single copy
gene analysis. Despite these limitations, preliminary results
encouraged other groups, who applied whole genome ampli-
fication (WGA) protocols to increase the total DNA quantity
(Galluzzi et al., 2015; Zhang et al., 2016; Shangguan et al.,
2017). The WGA step is applied when limited quantity of
DNA is available in the primary sample (for example, it usu-
ally occurs in forensic samples) which acts as a template for
replication in an exponential reaction (Kroneis, 2015; Huang
et al., 2015; Li et al., 2018; Lin et al., 2017).

The analysis of individual loci from WGA products
obtained from blastocoel fluid (BF) shown extremely varying
efficiencies between studies. Amplification rates fluctuated
between 34.8% and 87.5% (reviewed by Leaver and Wells,
2020). Additionally, ADO (allele drop-out) rates increase in
degraded DNA, rising the risk of misdiagnosis or undiagnosed
embryos (Piyamongkol et al., 2003). On the other hand, the
grade of concordance between BF and the rest of the blas-
tocyst tissues was not stablished in all cases. Conclusively, it
is assumed that BF for accurate PGT-M is pending to further
validation and several technique aspects should be improved
prior to clinical application (Capalbo et al., 2018).

In the field of PGT-A, the use of BF brings conflicting
conclusions (reviewed by Farra et al., 2018; Leaver and
Wells, 2020). Globally, the main limitation is the lack of
reproducibility among laboratories. There were laboratories
reporting WGA amplification and aneuploid/euploid concor-
dance rates (among BF and polar bodies, blastomeres and
trophectoderm) up to 90% considering the results as ‘‘whole
aneuploidy’’ (Gianaroli et al., 2014; Magli et al., 2016,
2018). However, not full chromosome formula’s matching
between BF and embryo biopsied samples were reported in
all the cases (Gianaroli et al., 2014). Additionally, the anal-
ysis of BF was performed by combining WGA protocols with
comparative genome hybridization microarray (aCGH). This
technique detects copy number variations on whole chromo-
some but does not accurately detect segmental aneuploidy
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or mosaicism. Therefore, additional studies established on
high-resolution based technologies (as NGS) could probably
help to increase the evidence to validate BF results as a
genetic test to assist on euploid embryo selection. In any
case, the use of BF to PGT-A requires additional validation
prior to clinical application because of firstly, the aspiration
of BF is not trivial, and embryologist must acquire special
skills (Poli et al., 2015; Magli et al., 2016); secondly, the
DNA quantity and level of degradation in BF samples varies
notably and it is detrimental for standardization. Finally, the
improvement diagnostic efficiency depends on the applica-
tion of more powered genomic tools for chromosome study.
In conclusion, genetic analysis of DNA from BF is not right-
now a clinically validated tool for preimplantation embryo
genetic diagnosis or screening.

DNA from culture medium

The existence of cell-free DNA (cf-DNA) circulating in blood
was reported in 1984 (Mandel and Metais, 1948). Since then,
huge amount of work has been addressed to design diagnos-
tic strategies based on the genetic/genomic analysis of this
cf-DNA. It was particularly relevant in oncology, because it
is possible to obtain valuable clinical information without
tumor invasion. In this context, the term ‘liquid biopsy’’
has been coined in order to express the method to obtain cf-
DNA from blood or any other human fluid. The liquid biopsy
opened a new area, the non-invasive genetic diagnosis and
screening, that revolutionized the biomedical community.
This idea has been recreated in the human embryos grow-
ing in vitro. Several authors reported the detection of
genomic DNA (gDNA) and mitochondrial DNA (mtDNA) in the
medium where embryos were in vitro cultured either up to
cleavage-stages as well as to the blastocyst stage (Stigliani
et al., 2013, 2014; Assou et al., 2014; Galluzzi et al., 2015;
Hammond et al., 2017; Yang et al., 2017). Several reports
have been recently published related to technical param-
eters in the form of both proofs-of-concept and validation
works, and two deeply systematic reviews have collected
the main conclusions from more than 20 papers on the
matter (Leaver and Wells, 2020; Brouillet et al., 2020). In
general terms, the great variability reported among groups
is noteworthy. From our insight, there are three critical
points that merit special attention prior to treating the
applicability of cf-DNA on the culture medium in the PGT
framework: the cf-DNA detection rate, contamination with
non-embryonic DNA and genetic concordance between sam-
ples from spent culture medium (SCM) and preimplantation
embryo tissues.

DNA detection rate

The reported DNA detection rate varies dramatically from
6.7% (Galluzzi et al., 2015) to 100% (Xu et al., 2016), depend-
ing on the technique used for cf-DNA amplification (i.e.
quantitative PCR directly or preamplification by WGA plus
genomic analysis of the WGA products, respectively). In fact,
the efficiency of detection/amplification rates depends on
two factors: the protocol used for DNA amplification and
the development stage of embryos. Firstly, cf-DNA from
SCM amplification is successfully achieved by a great variety

of procedures from different providers and with different
chemical principles (Farra et al., 2018; Leaver and Wells,
2020; Brouillet et al., 2020). In this sense, WGA protocols
merge as the best option for DNA detection/amplification
ensuring a wider coverage of the genome (Zong et al., 2012)
than PCR-based procedures that are directed to a narrower
region of the genome (Voet et al., 2013). However, there is
not a universal method to amplify DNA from SCM or limited
number of cells. The different WGA procedures have their
own advantages and disadvantages in terms of genome cov-
erage, representation bias, error rates, yield and robustness
(Deleye et al., 2017). In general terms, the use of MALBAC
has been suggested as the preferred amplification method
for cf-DNA analyses, because of its high coverage of the
genome and low allele drop-out ratio (Zong et al., 2012).

On the other hand, to stablish the best timing for SCM
aspiration is crucial to maximize the quantity of sampled
DNA. Unfortunately, there is not a consensus on this matter.
Lane et al. (2017), demonstrated a higher testing accuracy
when SCM sampling occurred on day-4 to day-5 compared
to day-3 to day-5. This observation may be explained by the
increase on the embryonic:maternal DNA ratio, which occurs
coincidentally with the exponential increase of embryonic
cell number at blastulation. The exchange or refreshing
culture media during the course of embryo development was
deemed helpful in eliminating cumulus cells which reduces
the impact of maternal contamination. In contrast, other
groups (Feichtinger et al., 2017; Hammond et al., 2017) pro-
posed that embryo culture until blastulation, in a continuous
system improves the cumulative yield of embryo-derived
cf-DNA. On the other hand, other factors do not seem to
affect the performance of DNA detection/amplification in
the SCM, including the grade of embryo fragmentation, addi-
tional embryo manipulation (vitrification, assisted hatching
or combined BF plus SCM sampling), the presence of trophec-
toderm cells out of the zona pellucida (hatched blastocyst)
or double amplification strategy (performing of two con-
secutive WGA rounds on the same sample (Brouillet et al.,
2020)).

Contamination

The detection of exogenous cf-DNA in the intact medium
(unexposed to embryos) has been reported by several
authors. Brouillet et al. (2020) reported this finding in
57.1% reviewed works (eight out of fourteen) and this phe-
nomenon has been also detected in commercial chemicals
used for DNA amplification (personal experience, unpub-
lished data). The existence of non-embryonic cf-DNA in
culture medium was deeply analyzed by Hammond et al.
(2017) who remarked the presence of baseline DNA conta-
mination in the culture medium non exposed to embryos and
concluded that DNA arises throughout the culture period or
after sample processing. In addition, they discussed about
the confounding role of human serum albumin present in the
medium tested, which has a major binding affinity for DNA.
The authors claimed the need of implementing adequate
controls to fully assess the level of baseline DNA contamina-
tion in the culture media in an IVF setting.

On the other hand, Feichtinger et al. (2017) confirmed
the presence of maternal DNA contamination in SCM. DNA
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from cumulus cells has been stressed as the main additional
source of contaminating DNA (Capalbo et al., 2018; Rubio
et al., 2020). This source of contamination was described
as ‘‘massive’’ by Vera-Rodriguez et al. (2018) after finding
it in 65% of the samples. Such level of DNA contamination
was persistent even after implementing strategies to reduce
the background noise of paternal DNA contamination with
‘ICSI-for-all’, carefully removal cumulus cells during the
denudation, exchanging the culture media during in vitro
incubation or extending the time of culture (Lane et al.,
2017). Paternal DNA (sperm cells), laboratory personnel or
microorganism’s contamination of culture plates cannot be
also ruled out. In this sense, the control of all eventual
sources of contamination is crucial, and molecular typifi-
cation of extra-embryonic DNA has not been considered in
the majority of studies validating PGT using SCM (Leaver and
Wells, 2020). Additional pretesting work-up is mandatory to
clarify the mixed origin of DNA extracted from medium.

Concordance of results cf-DNA vs embryonic DNA

Clinical application of cf-DNA is usually validated compar-
ing genetic results obtained from SCM versus those obtained
from preimplantation embryos. At this point, it is necessary
to establish what level of concordance is acceptable before
its translation to the clinical practice. Besides, the correct
template or genetic compartment selected for comparison
should be agreed: polar bodies, single blastomere, trophec-
toderm cells, whole embryo, fetus samples (amniocytes)
or newborn samples (peripheral blood, buccal swab) (for
overview see Vendrell and Escriba, 2019). Additionally, it is
mandatory to unify genetic data to compare genetic variants
(genotype), haplotype (short tandem repeats [STR] or single
nucleotide polymorphism [SNP]-based), chromosome consti-
tution, total DNA quantity, special DNA fractions (single or
double-strand), etc. From this point of view, there is great
variability and different comparisons have been stablished
among groups. Moreover, the concept of *‘concordance’’ has
been redefined. Diverse expressions have been used to talk
about concordance when results do not exactly match (not
perfect chromosome matching achieved): ‘‘general concor-
dance’’, **full concordance’’, ‘‘euploid versus aneuploid’’
or ‘‘healthy versus unhealthy’’. Following these expressions,
the concordance rates varied enormously among groups
from 15% to 100% (reviewed by Farra et al., 2018; Brouillet
et al., 2020; Leaver and Wells, 2020). In this sense, the
concept of concordance goes beyond a semantic matter,
and global agreement should be reached in function of the
ni-PGT expected scope (diagnosis, screening or indirect esti-
mator of the chromosome status).

It is interesting to explain discordances in order to better
understand the inferential power of genetic data obtained
from SCM. Besides limitations associated to the origin of the
cf-DNA in the SCM (different foreign gDNA has been already
discussed), several causes of discordance have been pro-
posed: (i) Source of embryonic DNA: the majority of studies
published until now (60%, reviewed by Brouillet et al., 2020)
used embryo samples for comparison (polar bodies, single
blastomeres or trophectoderm cells) adding difficulty to talk
about concordance rates when comparing the genetic results
of SCM with a part of the embryo (Gleicher and Barad, 2019).

In this sense, discordant result may be the consequence of a
different chromosome composition of different parts of the
embryo (Soler et al., 2021). At clinical level, whole preim-
plantation embryos, fetal cells or clinical outcomes from live
births seem to be the optimal templates to determine ni-
PGT reliability. (ii) Technical challenge: the WGA methods
used to amplify cf-DNA from SCM are prone-to-error pro-
cedures, introducing bias and sample-to-sample variability
that change depending on gDNA base composition content,
ADO rates, aberrant preferential allele amplification, dimer
(or chimeric) DNA-molecules formation or artificially gen-
erated copy errors. These technical limitations should be
clarified prior to define the concordance rate. (iii) The
origin of cf-DNA: the major limitation concerns to eluci-
date whether cf-DNA represents the whole embryo genome.
Apoptotic or actively dividing embryonic cells release DNA
out of the cytoplasm of cells during embryo development.
However, inner cell mass and trophectoderm have different
division and programed cell-death subroutines. In this case,
the exact origin of the cf-DNA found in SCM needs to be still
verified. The genetic status of SCM could be inconsistent
with the developing preimplantation embryos, therefore it
should be taken into account to confirm eventual misdiag-
nosis due to false negative/positive results.

Applicability of spent embryo culture testing

Considering above cited limitations, the potential use of
genetic analysis of cf-DNA from SCM has been tested in both
PGT-M and PGT-A frameworks.

PGT-M using spent culture medium

The use the SCM to detect parental mutations, haplotyp-
ing or sex determination of embryos has been reported by
some authors (systematically revised by Brouillet et al.,
2020) and, once again, there is a great variability concern-
ing embryo manipulation, timing of aspiration, incubation
times, amplification methodologies, genetic DNA analysis
and concordance. The sex determination was one of the
first attempts to test ni-PGT-M after analysis of TSPY1 gene
(Y-chromosome gene) (Assou et al., 2014; Galluzzi et al.,
2015). In two subsets of analysis the amplification rates
varied from 6.7% (2/32) to 38.9%. (21/54) (Galluzzi et al.,
2015). Additionally, the amplification product reported of
fresh medium (unexposed to embryos) (Hammond et al.,
2017) suggesting a DNA contamination within culture media
after manufacturing. These data rule out the use of SCM for
sex determination and claim the necessity of adequate qual-
ity controls to detect false-positive amplification. Any other
report has been published to date in relation to the use of
SCM for this purpose.

The embryo genotyping, beyond sex determination, has
been proposed. In particular, PCR-based methods have been
described to determine the carrier status of a deletion vari-
ant causing alfa-thalassemia (HBA gene; Wu et al., 2015).
The authors obtained very different rates of cf-DNA detec-
tion depending on embryo stage (19.67% in day-4 versus
90.16% and 88.46% in day-5 and day-6, respectively). Unfor-
tunately, the concordance between paired samples were
not reported and diagnostic evidence remain to be proved.
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Similarly, Capalbo and co-workers in a technical work
(Capalbo et al., 2018) reported an amplification rate
of 89.7%, but only 20.8% of samples were concordant
with trophectoderm biopsies. In addition, high rates of
artifacts/maternal contamination were communicated.
Other groups applied WGA plus PCR protocols. Particularly,
the detection of C667T polymorphism of the MTHFR gene
was reported with an amplification and genotyping rate
of 62.5%. Nevertheless, only eight samples were analysed,
and solid conclusions were not possible to reach (Galluzzi
et al., 2015). In summary, data reported do not provide
sufficiently reliable results to support the clinical use of
the SCM for PGT-M.

PGT-A using spent culture medium

The use of SCM for PGT-A has centred the interest of repro-
ductive genetics’ groups. Recently, several reports aimed
to validate the clinical applicability of the ni-PGT-A using
different designs, laboratory protocols, sampling proce-
dures, additional embryo manipulation, ploidy estimation
and concordance criteria. We consider this variability as
something usual at these first stages of validation pro-
cess of new methodology. However, the great variability
on data complicates the extrapolation of critical findings
and compromise the reproducibility and standardization.
The revision of related literature brings sixteen articles
with more or less detailed information concerning valida-
tion experiments from 2016 to the present day (compiled
partially by Farra et al., 2018; Brouillet et al., 2020; Leaver
and Wells, 2020). To perform a comprehensive analysis of
variability intergroups, we separated three phases in the
reported procedures: pre-analytical, analytical and post-
analytical phases.

Pre-analytically, we observe a great variability con-
cerning several aspects (Fig. 1): origin of the embryos,
fresh/frozen states, additional interventions on embryos,
volume of incubation microdrops, type of culture medium
and incubation time before SCM collection. Concerning the
origin of the embryos, several stages have been used to
design comparison experiments: arrested cleavage-stage
embryos, arrested blastocyst, expanded spare blastocyst,
expanded blastocyst from PGT-A programs or a mix of dif-
ferent stages. Additionally, poor or good-quality embryos are
usually mixed. Equally, early, expanded or hatched blasto-
cyst are mixed in some schemes. Thus, diversity of embryo
stages implies that comparisons are diverse. Finally, the SCM
results are compared with whole-embryos, trophectoderm
biopsied cells or disaggregated blastomeres, depending on
the experimental design.

In relation to fresh or cryopreserved state, both fresh and
D2/D3/D5 cryopreserved embryos have been reported. In
some case, a mix of both of them (fresh plus frozen/thawed)
were included in the same experimental pool (Kuznyetsov
etal., 2018). Additionally, in spite of ‘‘non-invasive’’ quality
of this strategy, some authors have performed manipulations
on the embryos as polar bodies or trophectoderm biopsies,
freezing/thawing, assisted hatching, laser collapse or BF
aspiration. In some cases, BF and SCM are mixed and jointly
analyzed.

In relation to culture volume, it variates from 10plL
(Capalbo et al., 2018; Rubio et al., 2019, 2020) to 30 L
(Xu et al., 2016; Liu et al., 2017; Fang et al., 2019; Yeung
etal., 2019). Different embryo culture schemes from several
manufacturers have been registered going from continu-
ous, using one-step medium [G-TL medium (Vitrolife), CSCM
(Irvine Scientific), Global (Life Global), Continuous Sage
(Origio)] to sequential systems [G1/G2 PLUS (Vitrolife),
Quinn (SAGE), Cleavage medium (Cook)+CCM (Vitrolife),
Cleavage medium (CooperSurgical) + Quinn (SAGE)]. Con-
cerning the waiting-time before aspiration, in general
embryos are washed and changed to fresh-medium drops,
where DNA will be finally collected. However, several strate-
gies have been suggested: (i) SCM collection in D3 (Ho et al.,
2018); (ii) collection in D5/6/7 (Liu et al., 2017; Feichtinger
et al., 2017; Ho et al., 2018; Huang et al., 2019; Jiao et al.,
2019). (iii) Changeover step in D3 and collection in D5/D6/D7
(Shamonki et al., 2016; Xu et al., 2016; Li et al., 2018;
Vera-Rodriguez et al., 2018; Fang et al., 2019; Yeung et al.,
2019; Lledo et al., 2021). (iv) Changeover step in D4 and col-
lection in D5/D6/D7 (Rubio et al., 2019, 2020; Kuznyetsov
et al., 2018). Therefore, the secretion time variates from 1
day, 2-3 days, 4 days to 5 days. Finally, most of SCM sam-
ples are shipped to external genetic laboratories and scarce
information was provided about shipping conditions.

In the analytical phase, aspirated SCM microdrops, are
individually processed with commercial WGA kits to amplify
the cf-DNA, this technical step is generalized in all reviewed
reports. However, modifications on WGA original protocols
(Ho et al., 2018; Huang et al., 2019; Jiao et al., 2019;
Rubio et al., 2019, 2020) or combination of two different
WGA systems in the same experiment have been reported
(Vera-Rodriguez et al., 2018). Practically, all commercial
kits available have been tested [RepliG (Qiagen), MALBAC
and NICS-modified (Yikon Genomics), SurePlex (lllumina),
PicoPlex (Takara), NICSwift-modified MALBAC, lonReproseq
(ThermoFisher)] to amplify cf-DNA from SCM rendering
amplification rates that variated from 82% (Feichtinger
et al., 2017) to 100% (Xu et al., 2016; Kuznyetsov et al.,
2018; Jiao et al., 2019).

At this point, the quantity of total DNA obtained is vari-
able and depends on the method used to quantify. This
issue is relevant because each quantification method has
different sensitivity threshold and physicochemical prin-
ciples [Qubit® (ThermoFisher, fluorometric quantification)
2100 Bioanalyzer® (Agilent, automated electrophoresis);
resDNASEQ® (ThermoFisher, quantitative PCR); Nanodrop®
(Thermo Scientific, spectrophotometer)]. In this scenario,
measured DNA concentration variates considerably from 2 to
642 ng/pl (Shamonki et al., 2016). It is challenging to stab-
lish a minimum threshold to distinguish between background
noise and really amplified cf-DNA. This is crucial because
most of chromosome studies have been performed below the
threshold recommended by the manufacturers to perform a
copy number chromosome detection. The commercial kits
have been designed to trophectoderm biopsies and the min-
imum quantity of cf-DNA from SCM to initiate the assay is
still to be clarified.

In relation to the cytogenetic method used for chro-
mosome analysis, employed platforms go from microarray-
based log-ratio estimation [Genetisure (Agilent Technolo-
gies) and 24Sure (lllumina)] (Shamonki et al., 2016;
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Figure 1  The image shows the different experimental designs to validate the chromosome number detection in SCM at the pre-
analytical phase. (A) Embryo stage: most groups performed the SCM collection at blastocyst stage and some laboratories aspirated
SCM at cleavage or compacting stages. The origin of embryos was diverse, ranging from embryos originated from couples undergoing
PGT-A/PGT-M/PGT-SR, supernumerary embryos leftovers from fertility treatments, embryos donated for research following oocyte
donation or surplus embryos donated from couples undergoing fertility treatments. In most cases, the final pool of embryos was a
mix of fresh and frozen/thawed embryos, at different developmental stages including good and poor-quality embryos, ranging from
dividing to early/expanded blastocyst. (B) Culture medium volume ranges from 10 to 30 uL. In relation to culture conditions, both
sequential and one-step (continuous) culture media from several different commercial compositions are included. (C) Additional
embryo manipulation: in spite of the term ‘‘non-invasive’’, most groups performed some kind of embryo manipulation with the idea
of favoring the release of DNA. These manipulations involve biopsy of the polar bodies, assisted hatching on day-3 or day-5 of embryo
development, artificial shrinkage of blastocysts by laser pulsing (collapse) or aspiration of fluid from blastocoel cavity to further
mixing with SCM collected. (D) Time that embryo spent in culture medium before medium collection. Basically, four strategies have
been reported, from the top down: (i) continuous embryo culture to day-3 and subsequent medium refreshing for culture until day
5/6/7, when SCM is collected; (ii) SCM aspiration in day-3; (iii) continuous embryo culture until day-4 and medium refreshing until
day 5/6/7, when SCM collection and; (iv) continuous embryo culture until day-5, when SCM is collected. In some cases, the embryos
were cryopreserved before the SCM collection. SCM: spent culture medium; BF: blastocoel fluid. *Assisted hatching at 14-18h
post-intracytoplasmic sperm injection; eCryopreserved prior to SCM collection. Numbers correspond to the following references:
TShamonki et al. (2016); 2Xu et al. (2016); 3Feichtinger et al. (2017); “Liu et al. (2017); 3Capalbo et al. (2018); ®Ho et al. (2018);
"Kuznyetsov et al. (2018); 8Li et al. (2018); °Vera-Rodriguez et al. (2018); "OFang et al. (2019); ""Huang et al. (2019); "2Jiao et al.
(2019); *Rubio et al. (2019); “Yeung et al. (2019); "Lledo et al. (2021); '®Rubio et al. (2020).

Feichtinger et al., 2017) to NGS-based copy number counts variable resolution rates and coverage of the genome. Two
per chromosome [NEBnext® and VeriSeq_PGS® (Illumina); lon approaches have been used: synthesis-based NGS (Illumina)
Reproseq® (ThermoFisher)]. Again, different NGS platforms and ion detection (ThermoFisher). The most widely used
are based on different biochemical principles and they have method is the high-resolution synthesis-based NGS (Xu et al.,
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2016; Liu et al., 2017; Li et al., 2018; Kuznyetsov et al.,
2018; Fang et al., 2019; Huang et al., 2019; Jiao et al., 2019;
Yeung et al., 2019; Lledo et al., 2021) versus ion detection
(Ho et al., 2018; Vera-Rodriguez et al., 2018; Rubio et al.,
2019, 2020).

Post-analytically, concordance between SCM results and
preimplantation embryos changes among revised works.
Globally, two forms of reporting concordance have been
used: ‘‘overall ploidy’’, considering the chromosome results
as a whole (“‘normal’’ vs ‘‘abnormal’’, ‘‘euploid’’ vs
“*aneuploid’’, ‘‘aneuploid’’ vs ‘‘aneuploid’’ and ‘‘euploid
vs euploid’’) and *‘full karyotype matching’’, comparing the
specific chromosomes implied in aneuploidies. In both sce-
narios, concordance is reported with or without detailed
information, respecting mosaicism and segmental aneu-
ploidy, when NGS was applied. There is not clear information
respecting the detection rate of this chromosome events in
the papers. On the other hand, as it has already suggested,
several comparisons have been referred: SCM vs. polar
bodies; SCM vs. disaggregated blastomeres from arrested
embryos; SCM vs. trophectoderm samples (one or two) used
to conventional PGT-A; SCM vs. whole embryo (arrested
during cleavage-stage or expanded blastocyst) or SCM vs.
live births. In these circumstances, the establishment of
concordance is challenging. The overall concordance fluc-
tuates from minimal values of 15.4% (overall aneuploidy
comparing SCM versus whole-embryos) in arrested embryos
analyzed by ion detection-NGS (Ho et al., 2018) to 100%
(overall aneuploidy comparing SCM with trophectoderm
biopsies, four to six cells) in expanded blastocyst analyzed
by synthesis-based NGS (Kuznyetsov et al., 2018). One paper,
registered full concordance in three cases of live births
(Xu et al., 2016), but it only confirms euploidy status. The
value of concordance concerning full chromosome match-
ings oscillates from 5%, after comparing whole-chromosome
aneuploidies between SCM and trophectoderm samples ana-
lyzed by ion detection-NGS (Vera-Rodriguez et al., 2018), to
the maximum registered value of 79% after comparing SCM
with whole embryos (including mosaicisms and segmental
aneuploidy), analyzed by synthesis-based NGS (Kuznyetsov
et al., 2018). In general, the full karyotype matching falls
drastically compared to the overall aneuploidy concordance.

According to the extreme variability among the dif-
ferent studies, it is difficult to draw global conclusions
about ni-PGT-A. Furthermore, the majority of studies are
based in a few number of embryos. Most of the studies
reported very low concordances to be accepted in a clinical
context. The existence of poorly understood biologic mech-
anisms as mosaicisms, segmental aneuploidy, self-correction
hypothesis or differentiate chromosome distribution among
blastocyst compartments could explain these discrepancies.
In addition, technical aspects are relevant. The variable
performance of WGA methods and external or internal
(predominantly maternal) DNA contamination cannot be
ignored.

On the other side, the implementation of the ni-PGT
involve modifications on the current standard operational
processes of embryology laboratories. The effect of redu-
cing the culture volume (until 10 ul, in some cases) on
the physiology of embryos is pending to study. Aspects as
the osmolality are crucial and evidence on how hyper-
tonic media may impair embryo development and negatively

affect clinical outcomes have been reported (Mestres et al.,
2021). This is particularly relevant in dry-culture systems.
Similarly, culture extension beyond day 5 in extremely low
volumes is not harmless and medium refreshing is manda-
tory (Insogna et al., 2021) Otherwise, other authors consider
that the extended culture beyond day 6 could even be ben-
eficial for selected patients (Hammond et al., 2017). In this
way, eventual adaptation of time-lapse, dry or multi-drop
culture systems should be considered. Finally, prior to the
clinical implementation of these procedures, it would be
highly recommended to set up the minimal threshold of both
cf-DNA and WGA products, in order to optimize molecu-
lar techniques and establish minimal quality standards to
obtain reliable results. On this issue, the predictive posi-
tive/negative values and likelihood value remain still to be
agreed. These values have a real impact on the clinical prac-
tice more than statistical significance determination on the
concordance rates between samples.

Where does DNA in culture medium come
from?

The fact that cf-DNA is present in the SCM is undoubted.
However, some questions concerning the origin of this DNA
are pending to be solved and probably it should be the main
initial questions: which embryonic cells are secreting the
cf-DNA to the SCM? and what is known about their charac-
teristics or biological significance?

The elucidation of the origin of cf-DNA has focused the
interest of geneticist since 1950s (Vlassov et al., 2007).
Several biological pathways actively expel DNA to the
extracellular environment and some authors have reviewed
source and function of this DNA in different clinical scenar-
ios (Bronkhorst et al., 2016; Aucamp et al., 2018; Szilagyi
et al., 2020). We may summarize two main origins: cellular
breakdown and active DNA release mechanisms (includ-
ing vesicular transport of nucleic acids). The difference
between each mechanism is crucial talking about live or
death cells. In the case of ‘‘cellular breakdown mecha-
nisms’’ we are talking about damaged, dead and/or dying
cells and processes as necrosis, apoptosis, chromotripsis,
pyroptosis, autophagy and mitotic catastrophe would be
implicated sharing common pathways as phagocytosis and
lysosomal degradation (Aucamp et al., 2018). On the con-
trary, active DNA release implies living cells and newly
synthesised and proactive functional DNA release. Gahan
and Stroun (2010) reported that DNA released from cells
can be complexed with glycolipoproteins and associating
RNA forming functional complexes (virtosomes) detected
in culture medium of healthy cells. The DNA fraction of
these complexes is newly synthesised in the nuclei of divid-
ing cells and dead or dying cells do not release these
complexes. This DNA has functions as intercellular mes-
senger, homeostatic synchronising cell differentiation or
activation/inactivation oncogenic processes. Moreover, a
source of extracellular DNA is located inside the extracel-
lular vesicles (EV). All human cells excrete EV-containing
DNA during many processes, including cancer, cellular differ-
entiation, stress, activation, senescence, stimulation with
cytokines, stimulation by shear force, exposure to ATP, apop-
totic cell death, changes in the microenvironment, hypoxia,
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and malignant transformation. EVs are generally categorised
as exosomes (30-100nm), apoptotic bodies (<4000nm),
prostasomes (40-490 nm), large oncosomes (500-10000 nm)
and microvesicles (100 and 1000 nm), which are sometimes
referred to as microparticles or shedding vesicles (Raposo
and Stoorvogel, 2013). These functional vesicles are partic-
ularly secreted at the blastocyst stage and it is hypothesized
that are crucial to embryo-endometrial communication
in vivo (Bridi et al., 2020).

Taking all together into account, it seems logical to think
that in the SCM there exist extracellular DNA from differ-
ent sources: live cells, death cells and EVs that would be
mixed with contaminants (mother/father, handling or man-
ufacturing process). Nowadays, there is not data concerning
characterization of each fraction of cf-DNA. It is challenging
to quantify the different sub-sets of cf-DNA and determine
whether a particular kind of cf-DNA is preferentially ampli-
fied by WGA protocols. In this sense, the inference in terms
of healthy/unhealthy or euploid/aneuploid/mosaic embryo
from a sample of SCM-DNA could be compromised.

On the other hand, beyond the origin of cf-DNA, it is
relevant to study the causes of DNA secretion/extrusion
to distinguish between normal (physiological) or patholog-
ical DNA release. Some authors have speculated about the
apoptosis as the main source of cf-DNA released from blas-
tocyst. Nevertheless, programmed cell death subroutines in
human blastocyst is not well-understood. A few works pub-
lished by Hardy and co-workers in 1980-90s (Hardy, 1997,
1999; Hardy et al., 1989) indicated that apoptosis levels
are similar in both inner cell mass (ICM) and trophectoderm
(TE) compartments. Taking into account the different size
(cellularity) of both tissues (ICM represents approximately
15% of the whole blastocyst size), it is conceivable that in
the D5-Dé blastocyst, the majority of apoptotically origi-
nated cf-DNA might mainly derive from the trophectoderm
lineage. Additionally, evidences of euploid livebirths after
transfer of mosaic embryos suggest that ‘‘euploidization’’
mechanism may act in human blastocyst. In mice, the self-
correction hypothesis defends that chromosomely abnormal
cells, located in the foetal lineage (ICM) are eliminated by
apoptosis, while those located in the placental (TE) lineage
showing proliferative defects though survive (Orvieto et al.,
2020). Furthermore, following animal models (Lin et al.,
2017), the delay in blastocyst culture could increase the
incidence of apoptosis, decrease the ICM:TE cell ratio and
influencing the gene expression and diameter of blastocyst
derived from in vitro-produced embryos. These arguments
would lead us to believe that DNA from SCM is enriched on
apoptotic (fragmented and poor-quality DNA, probably from
aneuploid cells), increasing the risk of false positive results
in ni-PGT. It is important to note that this fact has not been
proven in human embryos.

Other cause of DNA release could be the macroautophagy,
the sequestering of portions of cytoplasm into a double-
membraned vesicle that fuses with lysosomes to promote
degradation of their content. Recently, a very impacting
publication has proven the linkage between aneuploidy,
autophagy and apoptosis in the preimplantation embryos
(Singla et al., 2020). Particularly, it has been established
that this mechanism acts correcting aneuploidy in murine
blastocyst. It is a process mainly reserved for the quality
control and turnover of cytosol or cytoplasmic organelles

in mammalian cells. Autophagic removal of nuclei can be
lethal, and it has been suggested as a mechanism to correct
aneuploidy resulting in the release of DNA to extracellular
environment. Autophagy is also specially referred to mito-
chondria turnover (mitophagy) which result in the release
of mtDNA into the plasma (Oka et al., 2012; Rello-Varona
et al., 2012). At the human blastocyst, mitochondrion clear-
ance was observed in the trophoblast cells because of
lysosomal digestion (Escriba et al., 2006). Previously, it
has been interpreted as degradation bodies (Cocero et al.,
2002; Sathananthan, 2003; Escriba et al., 2006) whose ori-
gin is uncertain, but it has been suggested to be related
to apoptotic, abnormal cells and cytoplasmic fragments
from the embryo (Levy et al., 2001; Sathananthan et al.,
2003) participating in the ubiquitin-mediated degradation
of paternal mitochondria carried by the spermatozoa dur-
ing fertilization (Sutovsky, 2003; Sutovsky et al., 2000,
2001). Summarizing, most probably autophagic mechanisms
are responsible of expelling fragmented and poor-quality
DNA, probably from aneuploid nuclear embryonic DNA and
mtDNA.

The oxidative stress is other of the mechanisms triggering
apoptosis and it has been classically studied as a plausible
cause of cf-DNA release in the form of both normal and oxi-
dised nuclear and apoptotic DNA fragments (Aucamp et al.,
2018). The effect of reactive oxygen species in the human
oocyte and embryo was suggested in the nineties as aetio-
logical origin of aneuploidy (Tarin, 1995). Furthermore, the
detrimental effect of the oxidative stress has been proven on
bovine embryos cultured in vitro (Dallemagne et al., 2018).
The oxidative stress as a mechanism inducing apoptosis and
other cell cycle disturbances, is yet to be deeply analysed
in human embryos developed in vitro. Some authors sug-
gested the concomitant action of oxidative stress with other
mechanism in the background of this cf-DNA liberation in
stressed conditions. Mitotic catastrophe and chromosome
fragmentation are two of these mechanisms, described in
cultured cells (Stevens et al., 2011). Both mechanisms take
place in the G1 phase, following abnormal division. Abnor-
mal chromosome segregation triggers the DNA degradation.
This event is associated with classical apoptosis, as the cas-
pase cascade is activated following entry of multinucleated
cells into the G1. Fragmented chromosomes are encapsuled
in micronuclei in temporally viable cells that posteriorly die
and serve as a source of cf-DNA due to the autophagic pro-
cess. Cancelling or shortening of G1 and/or G2 checkpoints
is an essential step in this phenomenon (Roninson et al.,
2001). Coincidently, the lack of cell cycle checkpoints is one
of the main definitory traits of early human preimplantation
embryos and it has been directly related with mosaicism
(Harrison et al., 2000). Additionally, chromotripsis, other
poorly understood mechanisms, could explain the chromo-
some instability and segmental aneuploidy find in human
blastocyst, as recently suggested (Escriba et al., 2019).

Finally, normal house-keeping functions as DNA replica-
tion, repair, recombination, or transcription can contribute
to generate cf-DNA that is extracellularly released. How-
ever, there are not available data to estimate the impact
of this cf-DNA in SCM. Additional causes of cf-DNA con-
cerns genetic processes as re-replication, endoreplication,
gene amplification and transposons (Aucamp et al., 2018).
It is relevant to note the role of endoreplication in human
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Table 1

Compilation of solved, unsolved and limiting aspects of the validation of non-invasive preimplantation genetic testing

based on spent culture medium. cf-DNA: cell-free DNA; SCM: spent culture medium; TE: trophectoderm.

Solved

Unsolved

Serious limitations

o cf-DNA is present in SCM:
detectable, quantifiable and
amplifiable.

e Non-invasiveness of the procedure.
o No specific skills and equipment are
required.

o It is possible to obtain genetic and
chromosome information from SCM.

o SCM from all disposable embryos
could be analyzed.

e Great variability in designs and
protocols.

o Extremely low concentration of cf-DNA
from SCM. There is not information
concerning a minimum acceptable
threshold to ensure reliable results.

o Effects of reduced culture volume on
embryo physiology.

e There is not a consensus on the best
template for comparison (TE samples,
whole-embryo, fetus, livebirth).

e There are great discrepancies
respecting chromosome matching (SCM
vs embryo samples).

e There is not accurate information
concerning mosaicisms and segmental

e What is the biological origin of cf-DNA
present in SCM?

e What is the representativeness of
cf-DNA? (does it come from healthy or
discarded cells of the embryo?)

e What are the molecular characteristics
of cf-DNA fractions? (size, degradation
level).

o SCM contamination by exogenous
and/or parental DNA.

e How to manage the decision-making in
relation to PGT embryo transfer based
on SCM results.

aneuploidy.

"n i_PGT"

Efficacy No proof-of-principle has been d d P

Considered safe in animals

Safety Reassuring preclinical data

Procedure |No procedure has been described yet, or the

Effectivennes Unknown, doubful or extremly low

Figure 2

Proof-of-principle has been d

inciple has been

Reassuring short-term data in human (up to at
least 3 months post-delivery) in peer-reviewed
journals

Technical performance of the procedure is variable
procedure varies enormously between laboratories | | or relatively comparable between laboratories

Low or reasonable

Reassuring mid-term data in human (up to at
least 5 years post-delivery and including data
on psychological development) in peer-
reviewed journals

Technical performance of the procedure is
highly comparable between laboratories

As high or higher than established ART
techniques

Sequential scheme to consider the state of an intervention in the field of the assisted reproduction techniques. The flow-

chart shows the evolution of an intervention from ‘‘experimental’’ to ‘‘established’’ status and suggested criteria to be included
in each category, considering evidence about efficacy, safety, procedure and effectiveness. The arrow indicates suggested state for
non-invasive preimplantation genetic testing (PGT). Adapted from Provoost et al. (2014). ART: assisted reproduction technique.

preimplantation embryos. Endoreplication consists of chro-
mosome replication without cell division. Thus, discrete
periods of the S and G phase result in cells with a sin-
gle polyploid nucleus. This mechanism has been related
to morulae’s formation and cause of aneuploidy in the
human embryos (Daughtry and Chavez, 2016). Programmed
endoreplication is related to differentiation and the restart-
ing of normal mitosis during preimplantation development
(Taylor et al., 2014; Liu, 2020). The resume of normal cell
division after endoreplication exhibits chromosome instabil-
ity and activation of error-prone mitotic cycles activating
mitotic catastrophe and cf-DNA release (Fox and Duronio,
2013).

In conclusion, few studies have focused on identifying the
main origin of cf-DNA in the SCM and the scientific discus-
sion is inferred from other clinical scenarios. In any case,
theoretical sources and causes of cf-DNA released from live
and dead/dying cells should be taken into account in order
to translate results obtained from SCM analysis. The utility
of cf-DNA depends on the aim of the study. In this sense,

functional and actively released DNA fraction corresponds
to a small fraction of total cf-DNA isolated and usually pro-
tected to the DNAses injury (complexed with DNA-binding
proteins) to accomplish one biological function (Szilagyi
et al., 2020). On the contrary, cf-DNA released via cel-
lular breakdown corresponds to majority cf-DNA fraction
in cell systems, usually it is considered as a by-product
of the biological waste and comprises naked, fragmented
and degraded DNA molecules. The decision of which frac-
tion of cf-DNA to examine for clinical research in the
PGT framework will depend on the quantification and
identification of cf-DNA patterns. This preclinical research
should be priority considered to optimize SCM sample
processing.

Final remarks

The research of new methods to obtain clinically rele-
vant information from in vitro cultured human embryos has

10
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been constant since the beginning of assisted reproduction
technologies. Interventions on the embryo or its environ-
ment, as well as the interpretation of its morphokinetic
behaviour, has offered outstanding data for translational
research in our field. In this sense, the experimentation
on non-invasive methods to infer the genetic or chromo-
some status of preimplantation embryos is tremendously
attractive. This practice can make PGT accessible to a
larger number of IVF laboratories. The genetic analysis
of SCM seems to be the most promising approach. Nowa-
days, it offers solved, unsolved, and seriously limiting issues
(Table 1). The efficacy, sensitivity, specificity, reproducibil-
ity, and clinical value of the results are yet to be confirmed.
Now is the time for these verifications. Reviewing liter-
ature, several culture strategies, amplification protocols,
and analytical platforms are being tested with the aim to
find the best combination to ensure reliable results. The
great variability among laboratories is the main issue. From
our insight, this variability is assumable at this exploratory
stage, however it is necessary to clarify the real state of
the technique. Following the boundaries definition between
“‘experimental’’, ‘‘innovative’’ and ‘‘established’’ inter-
ventions proposed by ESHRE (Provoost et al., 2014) it
can be concluded that ni-PGT is at an intermediate
stage between experimental and early innovative technique
(Fig. 2). In terms of efficacy, the proof-of-principle has
been demonstrated and this issue is mandatory to move
from experimental to innovative procedures. However, con-
cerning the safety, data from experimental animals and
reassuring short-term in human peer-reviewed journals are
scarce. Respecting the procedural aspects, the technical
performance is highly variable between laboratories, and
claims for necessary standardization prior to consider ni-PGT
as an innovative intervention. Finally, the effectiveness,
defined as the likelihood of producing the desired outcome
compared with conventional established ART technique out-
come is still low.

In conclusion, in agreement with previous authors
(Brouillet et al., 2020; Leaver and Wells, 2020; Qasemi
et al., 2021) more work is necessary to consider ni-PGT
as a clinically indicated technique. Nowadays, the num-
ber of studies is limited, and considerable differences exist
in design, methods and studied populations. The inferen-
tial power of the results obtained from SCM is pending to
be confirmed and the decision concerning transfer of an
elective blastocyst based on SCM analysis requires of more
powerful validation. Mainly, we strongly thought that more
data concerning the biological origin and sources of DNA
detected in SCM are necessary prior to confirm its represen-
tative value. Nevertheless, published data are promising and
the effort of groups working on this area is really valuable.
Most probably, additional pre-test interventions focused on
classifying cf-DNA fractions from SCM as well as monitoriza-
tion and follow-up of first clinical outcomes are mandatory
prior to implement non-invasive PGT into clinical routine
practice.

Conflicts of interest

The authors declare no conflicts of interest.

11

References

Assou, S., Ait-Ahmed, O., El Messaoudi, S., Thierry, A.R., Hamamah,
S., 2014. Noninvasive pre-implantation genetic diagnosis of X-
linked disorders. Med. Hypotheses 83, 506-508.

Aucamp, J., Bronkhorst, A.J., Badenhorst, C.P.S., Pretorius, P.J.,
2018. The diverse origins of circulating cell-free DNA in the
human body: a critical re-evaluation of the literature. Biol. Rev.
Camb. Philos. Soc. 93 (3), 1649-1683.

Bridi, A., Perecin, F., Silveira, J.C.D., 2020. Extracellular vesicles
mediated early embryo-maternal interactions. Int. J. Mol. Sci.
10 (213), 1163.

Bronkhorst, A.J., Wentzel, J.F., Aucamp, J., van Dyk, E., du Plessis,
L., Pretorius, P.J., 2016. Characterization of the cell-free DNA
released by cultured cancer cells. Biochim. Biophys. Acta 1863
(1), 157-165.

Brouillet, S., Martinez, G., Coutton, C., Hamamah, S., 2020. Is cell-
free DNA in spent embryo culture medium an alternative to
embryo biopsy for preimplantation genetic testing? A systematic
review. Reprod. Biomed. Online 40 (6), 779-796.

Capalbo, A., Romanelli, V., Patassini, C., Poli, M., Girardi, L.,
Giancani, A., Stoppa, M., Cimadomo, D., Ubaldi, F.M., Rienzi,
L., 2018. Diagnostic efficacy of blastocoel fluid and spent
media as sources of DNA for preimplantation genetic test-
ing in standard clinical conditions. Fertil. Steril. 110 (5),
870-879.

Carvalho, F., Moutou, C., Dimitriadou, E., Dreesen, J., Giménez,
C., Goossens, V., Kakourou, G., Vermeulen, N., Zuccarello, D.,
De Rycke, M., 2020. ESHRE PGT Consortium good practice rec-
ommendations for the detection of monogenic disorders. ESHRE
PGT-M Working Group. Hum. Reprod. Open 2020 (3), hoaa018.

Chen, M., Wei, S., Hu, J., Quan, S., 2015. Can comprehensive
chromosome screening technology improve IVF/ICSI outcomes?
A meta-analysis. PLOS ONE 15 (1010), e0140779.

Cimadomo, D., Capalbo, A., Ubaldi, F.M., Scarica, C., Palagiano, A.,
Canipari, R., Rienzi, L., 2016. The impact of biopsy on human
embryo developmental potential during preimplantation genetic
diagnosis. Biomed. Res. Int., 7193075.

Cocero, M.J., Moreno Diaz de la Espina, S., Aguilar, B., 2002.
Ultrastructural characteristics of fresh and frozen-thawed
ovine embryos using two cryoprotectants. Biol. Reprod. 66,
1244-1258.

Dahdouh, E.M., Balayla, J., Garcia-Velasco, J.A., 2015. Compre-
hensive chromosome screening improves embryo selection: a
meta-analysis. Fertil. Steril. 104 (6), 1503-1512.

Dallemagne, M., Ghys, E., De Schrevel, C., Mwema, A., De Troy,
D., Rasse, C., Donnay, I., 2018. Oxidative stress differentially
impacts male and female bovine embryos depending on the
culture medium and the stress condition. Theriogenology 117,
49-56.

Daughtry, B.L., Chavez, S.L., 2016. Chromosome instability in mam-
malian pre-implantation embryos: potential causes, detection
methods, and clinical consequences. Cell Tissue Res. 363 (1),
201-225.

De Rycke, M., Goossens, V., Kokkali, G., Meijer-Hoogeveen, M.,
Coonen, E., Moutou, C., 2017. ESHRE PGD Consortium data col-
lection XIV-XV: cycles from January 2011 to December 2012
with pregnancy follow-up to October 2013. Hum. Reprod. 32,
1974-1994.

Deleye, L., Tilleman, L., Vander Plaetsen, A.S., Cornelis, S.,
Deforce, D., Van Nieuwerburgh, F., 2017. Performance of four
modern whole genome amplification methods for copy number
variant detection in single cells. Sci. Rep. 7 (1), 3422e669.

Escriba, M.J., Escobedo-Lucea, C., Mercader, A., de los Santos,
M.J., Pellicer, A., Remohi, J., 2006. Ultrastructure of preim-
plantation genetic diagnosis-derived human blastocysts grown
in a coculture system after vitrification. Fertil. Steril. 86 (3),
664-671.


http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0005
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0010
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0015
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0020
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0025
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0030
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0035
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0040
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0045
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0050
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0055
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0060
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0065
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0070
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0075
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0080

X. Vendrell and M.-J. Escriba

Escriba, M.J., Vendrell, X., Peinado, V., 2019. Segmental aneuploidy
in human blastocysts: a qualitative and quantitative overview.
Reprod. Biol. Endocrinol. 17 (1), 76.

Fang, R., Yang, W., Zhao, X., Xiong, F., Guo, C., Xiao, J., Chen,
L., Song, X., Wang, H., Chen, J., Xiao, X., Yao, B., Cai, L.Y.,
2019. Chromosome screening using culture medium of embryos
fertilised in vitro: a pilot clinical study. J. Transl. Med. 17, 73.

Farra, C., Choucair, F., Awwad, J., 2018. Non-invasive pre-
implantation genetic testing of human embryos: an emerging
concept. Hum. Reprod. 1 (3312), 2162-2167.

Feichtinger, M., Vaccari, E., Carli, L., Wallner, E., Madel, U., Figl, K.,
Palini, S., Feichtinger, W., 2017. Non-invasive preimplantation
genetic screening using array comparative genomic hybridiza-
tion on spent culture media: a proof-of-concept pilot study.
Reprod. Biomed. Online 34, 583-589.

Forman, E.J., Hong, K.H., Ferry, K.M., Tao, X., Taylor, D., Levy,
B., Treff, N.R., Scott Jr., R.T., 2013. In vitro fertilization with
single euploid blastocyst transfer: a randomized controlled trial.
Fertil. Steril. 100 (1), 100-107, e1.

Fox, D.T., Duronio, R.J., 2013. Endoreplication and polyploidy:
insights into development and disease. Development 140 (1),
3-12.

Gahan, P.B., Stroun, M., 2010. The virtosome—a novel cytosolic
informative entity and intercellular messenger. Cell Biochem.
Funct. 28 (7), 529-538.

Galluzzi, L., Palini, S., De Stefani, S., Andreoni, F., Primiterra,
M., Diotallevi, A., Bulletti, C., Magnani, M., 2015. Extracellular
embryo genomic DNA and its potential for genotyping pplica-
tions. Futur. Sci. OA (1), FSO62.

Gianaroli, L., Magli, M.C., Pomante, A., Crivello, A.M., Cafueri, G.,
Valerio, M., Ferraretti, A.P., Blastocentesis:, 2014. a source of
DNA for preimplantation genetic testing. Results from a pilot
study. Fertil. Steril. 102, 1692-1699.

Gleicher, N., Barad, D., 2019. Not even noninvasive cell-free DNA
can rescue preimplantation genetic testing. Proc. Natl. Acad.
Sci. U.S.A. 116 (44), 21976-22197.

Hammond, E.R., McGillivray, B.C., Wicker, S.M., Peek, J.C.,
Shelling, A.N., Stone, P, Chamley, L.W., Cree, L.M., 2017.
Characterizing nuclear and mitochondrial DNA in spent embryo
culture media: genetic contamination identified. Fertil. Steril.
107, 220-228, e5.

Hardy, K., 1997. Cell death in the mammalian blastocyst. Mol. Hum.
Reprod. 3, 919-925.

Hardy, K., 1999. Apoptosis in the human embryo. Rev. Reprod. 4,
125-134.

Hardy, K., Handyside, A.H., Winston, R.M., 1989. The human
blastocyst: cell number, death and allocation during late preim-
plantation development in vitro. Development 107, 597-604.

Harrison, R.H., Kuo, H.C., Scriven, P.N., Handyside, A.H., Ogilvie,
C.M., 2000. Lack of cell cycle checkpoints in human cleavage
stage embryos revealed by a clonal pattern of chromosome
mosaicism analysed by sequential multicolour FISH. Zygote 8 (3),
217-224.

Ho, J.R., Arrach, N., Rhodes-Long, K., Ahmady, A., Ingles, S., Chung,
K., Bendikson, K.A., Paulson, R.J., McGinnis, L.K., 2018. Push-
ing the limits of detection: investigation of cell-free DNA for
aneuploidy screening in embryos. Fertil. Steril., 110.

Huang, L., Ma, F., Chapman, A., Lu, S., Xie, X.S., 2015. Single-
cell whole-genome amplification and sequencing: methodology
and applications. Annu. Rev. Genomics Hum. Genet. 16,
79-102.

Huang, L., Bogale, B., Tang, Y., Lu, S., Xie, X.S., Racowsky, C., 2019.
Noninvasive preimplantation genetic testing for aneuploidy in
spent medium may be more reliable than trophectoderm biopsy.
Proc. Natl. Acad. Sci. U.S.A. 116, 201907472.

Insogna, I.G., Lanes, A., Ginsburg, E.S., Racowsky, C., 2021. Qual-
ity of embryos on day 7 after medium refreshment on day 6: a
prospective trial. Hum. Reprod., deab038.

Jiao, J., Shi, B., Sagnelli, M., Yang, D., Yao, Y., Li, W., Shao, L., Lu,
S., Li, D., Wang, X., 2019. Minimally invasive preimplantation
genetic testing using blastocyst culture medium. Hum. Reprod.
34, 1369-1379.

Kokkali, G., Coticchio, G., Bronet, F., Celebi, C., Cimadomo, D.,
Goossens, V., Liss, J., Nunes, S., Sfontouris, |., Vermeulen,
N., Zakharova, E., De Rycke, M., 2020. ESHRE PGT Consortium
and SIG Embryology good practice recommendations for polar
body and embryo biopsy for PGT. Hum. Reprod. Open 2020 (3),
hoaa020.

Kroneis, T., 2015. Whole Genome Amplification: Methods and Pro-
tocols., http://dx.doi.org/10.1007/978-1-4939-2990-0.

Kuznyetsov, V., Madjunkova, S., Antes, R., Abramoyv, R., Motamedi,
G., Ibarrientos, Z., Librach, C., 2018. Evaluation of a novel non-
invasive preimplantation genetic screening approach. PLOS ONE,
13e0197262.

Lane, M., Zander-Fox, D.L., Hamilton, H., Jasper, M.J., Hodgson,
B.L., Fraser, M., Bell, F., 2017. Ability to detect aneuploidy from
cell free DNA collected from media is dependent on the stage of
development of the embryo. Fertil. Steril. 108, e61.

Leaver, M., Wells, D., 2020. Non-invasive preimplantation genetic
testing (niPGT): the next revolution in reproductive genetics?
Hum. Reprod. Update 1 (261), 16-42.

Levy, R.R., Cordonier, H., Czyba, J.C., Guerin, J.F., 2001. Apopto-
sis in preimplantation mammalian embryo and genetics. Ital. J.
Anat. Embryol. 106, 101-108.

Li, P., Song, Z., Yao, Y., Huang, T., Mao, R., Huang, J., Ma, Y.,
Dong, X., Huang, W., Huang, J., 2018. Preimplantation genetic
screening with spent culture medium/Blastocoel fluid for in vitro
fertilization. Sci Rep. 8, 9275.

Lin, T., Lee, J.E., Oqgani, R.K., Kim, S.Y., Cho, E.S., Jeong, Y.D.,
Baek, J.J., Jin, D.l., 2017 Oct. Delayed blastocyst formation or
an extra day culture increases apoptosis in pig blastocysts. Anim
Reprod Sci. 185, 128-139.

Liu, J., 2020. The ‘‘life code’’: a theory that unifies the human life
cycle and the origin of human tumors. Semin. Cancer Biol. 60,
380-397.

Liu, W., Liu, J., Du, H., Ling, J., Sun, X., Chen, D., 2017. Non-
invasive pre-implantation aneuploidy screening and diagnosis of
beta thalassemia IVSII654 mutation using spent embryo culture
medium. Ann. Med. 49, 319-328.

Lledo, B., Morales, R., Ortiz, J.A., Rodriguez-Arnedo, A., Ten, J.,
Castillo, J.C., Bernabeu, A., Llacer, J., Bernabeu, R., 2021. Con-
sistent results of non-invasive PGT-A of human embryos using two
different techniques for chromosome analysis. Reprod. Biomed.
Online 42 (3), 555-563.

Magli, M.C., Pomante, A., Cafueri, G., Valerio, M., Crippa, A.,
Ferraretti, A.P., Gianaroli, L., 2016. Preimplantation genetic
testing: polar bodies, blastomeres, trophectoderm cells, or blas-
tocoelic fluid? Fertil. Steril. 105, 676-683, e5.

Magli, M.C., Albanese, C., Crippa, A., Tabanelli, C., Ferraretti,
A.P., Gianaroli, L., 2018. Deoxyribonucleic acid detection in
blastocoelic fluid: a new predictor of embryo ploidy and viable
pregnancy. Fertil. Steril. 111, 77-85.

Mandel, P., Metais, P., 1948. Les acides nucléiques du plasma san-
guine chez ’homme. CR Seances Soc. Biol. Fil. 142, 241-243.

Mestres, E., Garcia-Jiménez, M., Casals, A., Cohen, J., Acacio, M.,
Villamar, A., Matia-Algué, Q., Calderén, G., Costa-Borges, N.,
2021. Factors of the human embryo culture system that may
affect media evaporation and osmolality. Hum. Reprod. 18 (363),
605-613.

Mochizuki, L., Gleicher, N., 2020. The PGS/PGT-A controversy in
IVF addressed as a formal conflict resolution analysis. J. Assist.
Reprod. Genet. 37 (3), 677-678.

Munné, S., Kaplan, B., Frattarelli, J.L., Child, T., Nakhuda, G.,
Shamma, F.N., Silverberg, K., Kalista, T., Handyside, A.H., Katz-
Jaffe, M., Wells, D., Gordon, T., Stock-Myer, S., Willman, S.,
STAR Study Group, 2019. Preimplantation genetic testing for

12


http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0085
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0090
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0095
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0100
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0105
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0110
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0115
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0120
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0125
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0130
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0135
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0145
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0140
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0150
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0155
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0160
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0170
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0165
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0175
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0180
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0185
dx.doi.org/10.1007/978-1-4939-2990-0
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0195
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0200
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0205
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0210
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0495
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0215
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0220
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0225
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0240
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0235
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0245
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0250
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0255
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260

Medicina Reproductiva y Embriologia Clinica 8 (2021) 100101

aneuploidy versus morphology as selection criteria for single
frozen-thawed embryo transfer in good-prognosis patients: a
multicenter randomized clinical trial. Fertil. Steril. 112 (6),
1071-1079, e7.

Oka, T., Hikoso, S., Yamaguchi, O., Taneike, M., Takeda, T., Tamai,
T., Oyabu, J., Murakawa, T., Nakayama, H., Nishida, K., Akira,
S., Yamamoto, A., Komuro, I., Otsu, K., 2012. Mitochondrial
DNA that escapes from autophagy causes inflammation and heart
failure. Nature 10 (4857397), 251-255.

Orvieto, R., Shimon, C., Rienstein, S., Jonish-Grossman, A., Shani,
H., Aizer, A., 2020. Do human embryos have the ability of self-
correction? Reprod. Biol. Endocrinol. 6 (181), 98.

Palini, S., Galluzzi, L., De Stefani, S., Bianchi, M., Wells, D., Mag-
nani, M., Bulletti, C., 2013. Genomic DNA in human blastocoele
fluid. Reprod. Biomed. Online 26 (6), 603-610.

Piyamongkol, W., Bermidez, M.G., Harper, J.C., Wells, D., 2003.
Detailed investigation of factors influencing amplification effi-
ciency and allele drop-out in single cell PCR: implications for
preimplantation genetic diagnosis. Mol. Hum. Reprod. | (97),
411-420.

Plachot, M., Veiga, A., Montagut, J., de, G.J., Calderén, G., Lep-
rétre, S., Junca, A.M., Santald, J., Carles, E., Mandelbaum, J.,
Barri, P.N., Degoy, J., Cohen, J., Egozcue, J., Sabatier, J.C.,
Salat-Baroux., 1988. Are clinical and biological IVF parameters
correlated with chromosome disorders in early life: a multicen-
tric study. Hum. Reprod. 3, 627-635.

Poli, M., Ori, A., Child, T., Jaroudi, S., Spath, K., Beck, M., Wells, D.,
2015. Characterization and quantification of proteins secreted
by single human embryos prior to implantation. EMBO Mol. Med.
7, 1465-1479.

Provoost, V., Tilleman, K., D’Angelo, A., De Sutter, P., de Wert,
G., Nelen, W., Pennings, G., Shenfield, F., Dondorp, W., 2014.
Beyond the dichotomy: a tool for distinguishing between experi-
mental, innovative and established treatment. Hum. Reprod. 29
(3), 413-417.

Qasemi, M., Mahdian, R., Amidi, F., 2021. Cell-free DNA discover-
ies in human reproductive medicine: providing a new tool for
biomarker and genetic assays in ART. J. Assist. Reprod. Genet.
38, 277-288.

Raposo, G., Stoorvogel, W., 2013. Extracellular vesicles: exosomes,
microvesicles, and friends. J. Cell. Biol. 18 (2004), 373-383.
Rello-Varona, S., Lissa, D., Shen, S., Niso-Santano, M., Senovilla,
L., Marifo, G., Vitale, I., Jemaa, M., Harper, F., Pierron, G.,
Castedo, M., Kroemer, G., 2012. Autophagic removal of micronu-

clei. Cell Cycle 1 (111), 170-176.

Roninson, I.B., Broude, E.V., Chang, B.D., 2001. If not apoptosis,
then what? Treatment-induced senescence and mitotic catas-
trophe in tumor cells. Drug Resist. Updates 4, 303-313.

Rosenwaks, Z., Handyside, A.H., Fiorentino, F., Gleicher, N., Paul-
son, R.J., Schattman, G.L., Scott Jr., R.T., Summers, M.C., Treff,
N.R., Xu, K., 2018. The pros and cons of preimplantation genetic
testing for aneuploidy: clinical and laboratory perspectives. Fer-
til. Steril. 110 (3), 353-361.

Rubio, C., Bellver, J., Rodrigo, L., Castillon, G., Guillén, A., Vidal,
C., Giles, J., Ferrando, M., Cabanillas, S., Remohi, J., Pellicer,
A., Simén, C., 2017. In vitro fertilization with preimplantation
genetic diagnosis for aneuploidies in advanced maternal age: a
randomized, controlled study. Fertil. Steril. 107 (5), 1122-1129.

Rubio, C., Rodrigo, L., Garcia-Pascual, C., Peinado, V., Campos-
Galindo, I., Garcia-Herrero, S., Simon, C., 2019. Clinical
application of embryo aneuploidy testing by next-generation
sequencing. Biol. Reprod. 24 (1016), 1083-1090.

Rubio, C., Navarro-Sanchez, L., Garcia-Pascual, C.M., Ocali, O.,
Cimadomo, D., Venier, W., Barroso, G., Kopcow, L., Bahceci, M.,
Kulmann, M.I.R., Lopez, L., De la Fuente, E., Navarro, R., Val-
buena, D., Sakkas, D., Rienzi, L., Simoén, C., 2020. Multicenter
prospective study of concordance between embryonic cell-free

DNA and trophectoderm biopsies from 1301 human blastocysts.
Am. J. Obstet. Gynecol. 223 (5), 751.e1-e13.

Sathananthan, H., 2003. Mechanics of human blastocyst hatching in
vitro. Reprod. Biomed. OnLine 7, 228-234.

Sathananthan, H., Gunasheela, S., Menezes, J., 2003. Critical eval-
uation of human blastocysts for assisted reproduction techniques
and embryonic stem cell biotechnology. Reprod. BioMed. Online
7, 219-227.

Scott Jr., R.T., Upham, K.M., Forman, E.J., Hong, K.H., Scott, K.L.,
Taylor, D., Tao, X., Treff, N.R., 2013a. Blastocyst biopsy with
comprehensive chromosome screening and fresh embryo trans-
fer significantly increases in vitro fertilization implantation and
delivery rates: a randomized controlled trial. Fertil. Steril. 100
(3), 697-703.

Scott Jr., R.T., Upham, K.M., Forman, E.J., Zhao, T., Treff,
N.R., 2013b. Cleavage-stage biopsy significantly impairs human
embryonic implantation potential while blastocyst biopsy does
not: a randomized and paired clinical trial. Fertil. Steril. 100
(3), 624-630.

Seppala, M., 1985. The world collaborative report on in vitro fer-
tilization and embryo replacement: current state of the art in
January 1984. Ann. N. Y. Acad. Sci. 442, 558-563.

Shamonki, M.l., Jin, H., Haimowitz, Z., Liu, L., 2016. Proof of
concept: preimplantation genetic screening without embryo
biopsy through analysis of cell-free DNA in spent embryo culture
media. Fertil. Steril. 106, 1312-1318.

Shangguan, T., He, W., Li, H., Shang, X., Liu, Y., Bai, X., Li, M.,
Xie, J., 2017. Detectionand analysis of DNAmaterial in human
blastocoel fluid. Biomed. Genet. Genomics 2, 1-5.

Singla, S., Iwamoto-Stohl, L.K., Zhu, M., Zernicka-Goetz, M., 2020.
Autophagy-mediated apoptosis eliminates aneuploid cells in a
mouse model of chromosome mosaicism. Nat. Commun. 11 (1),
2958.

Soler, N., Bautista-Llacer, R., Escrich, L., Oller, A., Grau, N., Tena,
R., Insua, M.F., Ferrer, P., Escriba, M.J., Vendrell, X., 2021
Apr 26. Rescuing onopronucleated-derived human blastocysts:
a model to study chromosome topography and fingerprinting.
Fertil Steril. 26, S0015-0282(21)00243-0.

Stevens, J.B., Abdallah, B.Y., Liu, G., Ye, C.J., Horne, S.D., Wang,
G., Savasan, S., Shekhar, M., Krawetz, S.A., Hittemann, M.,
Tainsky, M.A., Wu, G.S., Xie, Y., Zhang, K., Heng, H.H., 2011.
Diverse system stresses: common mechanisms of chromosome
fragmentation. Cell Death Dis. 2 (6), e178.

Stigliani, S., Anserini, P., Venturini, P.L., Scaruffi, P., Mitochondrial,
D.N.A., 2013. content in embryo culture medium is significantly
associated with human embryo fragmentation. Hum. Reprod. 28,
2652-2660.

Stigliani, S., Persico, L., Lagazio, C., Anserini, P., Venturini,
P.L., Scaruffi, P., 2014. Mitochondrial DNA in Day 3 embryo
culture medium is a novel, non-invasive biomarker of blasto-
cyst potential and implantation outcome. Mol. Hum. Reprod. 20,
1238-1246.

Sutovsky, P., 2003. Ubiquitin-dependent proteolysis in mammalian
spermatogenesis, fertilization, and sperm quality control: killing
three birds with one stone. Microsc. Res. Tech. 61, 88-102.

Sutovsky, P., Moreno, R.D., Ramalho-Santos, J., Dominko, T.,
Simerly, C., Schatten, G., 2000. Ubiquitinated sperm mitochon-
dria, selective proteolysis, and the regulation of mitochondrial
inheritance in mammalian embryos. Biol. Reprod. 63, 582-590.

Sutovsky, P., Motlik, J., Neuber, E., Pavlok, A., Schatten, G., Pale-
cek, J., et al., 2001. Accumulation of the proteolytic marker
peptide ubiquitin in the trophoblast of mammalian blastocysts.
Cloning Stem Cells 3, 157-161.

Szilagyi, M., Pés, O., Marton, E., Buglyd, G., Soltész, B., Keserdi,
J., Penyige, A., Szemes, T., Nagy, B., 2020. Circulating cell-free
nucleic acids: main characteristics and clinical application. Int.
J. Mol. Sci. 17 (2118), 6827.

13


http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0260
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0265
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0270
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0275
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0285
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0290
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0295
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0300
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0305
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0310
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0315
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0320
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0325
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0330
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0340
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0335
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0350
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0345
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0355
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0360
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0365
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0370
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0375
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0380
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0390
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0395
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0400
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0415
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0405
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0410
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0420

X. Vendrell and M.-J. Escriba

Tarin, J.J., 1995. Aetiology of age-associated aneuploidy: a mecha-
nism based on the ‘free radical theory of ageing’. Hum. Reprod.
10 (6), 1563-1565.

Taylor, T.H., Gitlin, S.A., Patrick, J.L., Crain, J.L., Wilson, J.M.,
Griffin, D.K., 2014. The origin, mechanisms, incidence and clin-
ical consequences of chromosome mosaicism in humans. Hum.
Reprod. Update 20 (4), 571-581.

Vendrell, X., Escriba, M.J., 2019. The model of ‘‘genetic compart-
ments’’: a new insight into reproductive genetics. J. Assist.
Reprod. Genet. 36 (3), 363-369.

Vera-Rodriguez, M., Diez-Juan, A., Jimenez-Almazan, J., Martinez,
S., Navarro, R., Peinado, V., Mercader, A., Meseguer, M., Blesa,
D., Moreno, I., Valbuena, D., Rubio, C., Simon, C., 2018. Ori-
gin and composition of cell-free DNA in spent medium from
human embryo culture during preimplantation development.
Hum. Reprod. 1 (334), 745-756.

Verpoest, W., Staessen, C., Bossuyt, P.M., Goossens, V., Altarescu,
G., Bonduelle, M., Devesa, M., Eldar-Geva, T., Gianaroli, L.,
Griesinger, G., Kakourou, G., Kokkali, G., Liebenthron, J., Magli,
M.C., Parriego, M., Schmutzler, A.G., Tobler, M., van der Ven, K.,
Geraedts, J., Sermon, K., 2018. Preimplantation genetic testing
for aneuploidy by microarray analysis of polar bodies in advanced
maternal age: a randomized clinical trial. Hum. Reprod. 1 (339),
1767-1776.

Vlassov, V.V., Laktionov, P.P., Rykova, E.Y., 2007. Extracellular
nucleic acids. Bioessays 29 (7), 654-667.

Voet, T., Kumar, P., Van Loo, P., Cooke, S.L., Marshall, J., Lin, M.L.,
Zamani Esteki, M., Van der Aa, N., Mateiu, L., McBride, D.J.,
Bignell, G.R., McLaren, S., Teague, J., Butler, A., Raine, K., Steb-
bings, L.A., Quail, M.A., D’Hooghe, T., Moreau, Y., Futreal, P.A.,
Stratton, M.R., Vermeesch, J.R., Campbell, P.J., 2013. Single-
cell paired-end genome sequencing reveals structural variation
per cell cycle. Nucleic Acids Res. | (4112), 6119-6138.

Wimmers, M.S.E., Van der Merwe, J.V., 1988. Chromosome studies
on early human embryos fertilized in vitro. Hum. Reprod. (37),
894-900.

Wu, H., Ding, C., Shen, X., Wang, J., Li, R., Cai, B., Xu, Y., Zhong,
Y., Zhou, C., 2015. Medium-based noninvasive preimplantation
genetic diagnosis for human «a-thalassemias-SEA. Medicine (Bal-
timore) 94.

Xu, J., Fang, R., Chen, L., Chen, D., Xiao, J.-P., Yang, W., Wang, H.,
Song, X., Ma, T., Bo, S., et al., 2016. Noninvasive chromosome
screening of human embryos by genome sequencing of embryo
culture medium for in vitro fertilization. Proc. Natl. Acad. Sci.
U.S.A. 113, 11907-11912.

Yang, Z., Liu, J., Collins, G.S., Salem, S.A., Liu, X., Lyle, S.S., Peck,
A.C., Sills, E.S., Salem, R.D., 2012. Selection of single blas-
tocysts for fresh transfer via standard morphology assessment
alone and with array CGH for good prognosis IVF patients: results
from a randomized pilot study. Mol. Cytogenet. 2 (51), 24.

Yang, L., Lv, Q., Chen, W., Sun, J., Wu, Y., Wang, Y., Chen, X.,
Chen, X., Zhang, Z., 2017. Presence of embryonic DNA in culture
medium. Oncotarget 8, 67805-67809.

Yeung, Q.S.Y., Zhang, Y.X., Chung, J.P.W., Lui, W.T., Kwok, Y.K.Y.,
Gui, B., Kong, G.W.S., Cao, Y., Li, T.C., Choy, K.W., 2019. A
prospective study of non-invasive preimplantation genetic test-
ing for aneuploidies (NiPGT-A) using next-generation sequencing
(NGS) on spent culture media (SCM). J. Assist. Reprod. Genet.
36, 1609-1621.

Zhang, Y., Li, N., Wang, L., Sun, H., Ma, M., Wang, H., Xu, X., Zhang,
W., Liu, Y., Cram, D.S., et al., 2016. Molecular analysis of DNA
in blastocoele fluid using next-generation sequencing. J. Assist.
Reprod. Genet. 33, 637-645.

Zong, C., Lu, S., Chapman, A.R., Xie, X.S., 2012. Genome-wide
detection of single-nucleotide and copy-number variations of a
single human cell. Science 21 (3386114), 1622-1626.

14


http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0425
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0430
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0435
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0440
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0445
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0450
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0455
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0230
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0460
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0465
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0475
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0470
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0480
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0485
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490
http://refhub.elsevier.com/S2340-9320(21)00011-6/sbref0490

	Non-invasive PGT
	Introduction
	The non-invasive PGT approaches
	DNA from blastocoelic fluid
	DNA from culture medium
	DNA detection rate
	Contamination
	Concordance of results cf-DNA vs embryonic DNA
	Applicability of spent embryo culture testing
	PGT-M using spent culture medium
	PGT-A using spent culture medium

	Where does DNA in culture medium come from?
	Final remarks
	Conflicts of interest
	References


