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Current Preimplantation Genetic Testing (PGT) consists of taking
a biopsy of human embryos, usually at blastocyst stage, on day 5-6
of development, to be genetically analyzed to select healthy embryos
for transfer during the in vitro fertilization (IVF) process.

PGT-A is standard of care

The major use of PGT has been to detect aneuploidy and other
chromosomal defects, which is known as PGT-A (PGT for Aneuploidy).
The rationale for PGT-A, first developed by Munné et al. !, is that
aneuploidy in human embryos is very common and increases with
advancing maternal age, from about 30% in young women to more
than 80% after age 422 (Figure 1). Most aneuploid embryos fail to
implant or lead to a miscarriage for this reason, selecting euploid
embryos increases ongoing pregnancy rates per transfer, since
euploid embryos mostly implant at the same rate irrespective of
maternal age?. Several randomized clinical trials (RCTs) involving
women 35 and older®®show an improvement in ongoing pregnancy
rates per transfer. For younger women, the results are not so clear,
with some RCTs showing beneficial effect and others not®*,
However, these initial RCTs in young patients included fewer than
2,514 IVF cases. In contrast, a recent analysis of the compiled data of
IVF cycles performed in the USA, comprising over 35,000 IVF cycles
with a transfer, showed a significant improvement in ongoing live
birth rates in young patients? (Figure 1). Reasons why some early
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Figure 1: live birth rates after PGT-A or no PGT-A
Based on SART latest data of 2023% on live births per intended egg retrieval
(all embryo transfers), comprising 88,828 PGT-A cycles and 64,482 non PGT-A
cycles, showing a significant improvement in results even for young patient.
Even the PGT-A group of patients >42 has higher live birth rates than the <35

non-PGT group.

Page 1 of 6



Munné S, Anomaly J. Recent Developments in Preimplantation Genetic Testing and

Embryo Selection. J Human Clin Gen (2025);4(2):2-6

Journal of Human and Clinical Genetics

Source —@— Herasight

0.25
0.20
o
\n
> 0.15
=
5 o o
= 0.10
3 o) + +
0.05 * + L
0.00
< X > <
& & & &
&S RO
@ X N S N
e > & NG K
& Q}Q‘ o N
Q¢ 9‘50 e
&P

—@— Genomic Prediction © Orchid

© + + +

(o5 00
3 ) Q& > () 2
& & &\0 & ¥ & o &
& & & &
Q) 9 ) >
@ X & &
<R o \J
\4‘9 OK\\
v &

Figure 2: More et al 2025 method for PGT-P vs other PGT-P providers

Results are shown for three commercial entities, Herasight, which used the Moore et al*® methods, Genomic Prediction and Orchid.
Bands represent bootstrapped 95% confidence intervals, although these could not be determined for Orchid. Equivalent population

prevalences were applied when converting to liability R2. 3

RCTs did not show beneficial effects in younger patients
include the embryo biopsy techniques damaging embryos,
and the fact that mosaic embryos were often discarded
because it was not known at the time that they often have
the potential to implant'?. Most recent studies show that
putative mosaic embryos detected by PGT-A and with 50%
or fewer cells have a lower to similar chance of implanting
than euploid embryos, and very little risk of producing a
mosaic baby!314,

The most recent SART data'® shows that PGT was
performed in 233,073 cycles vs. 182,880 cycles that did not
use PGT. Therefore, the procedure is now standard of care.
In addition, SART data'® shows that by performing PGT,
about 15,000 miscarriages were prevented, and 11,000
more miscarriages would have been avoided if PGT was
performed®®.

PGT-A Error Rate and Recent Improvements

PGT-A has evolved over the years, from using FISH to
analyze only a handful of chromosomes to the currently
most used next generation sequencing (NGS). Overall,
most studies reanalyzing embryos or performing non-
selection studies show <1% error rate'’!® and therefore
transferring fully aneuploid embryos results in fewer than
1% viable euploid pregnancies'®!®. Some of these errors, as
well as misclassifying embryos due to putative mosaicism,
were due to artifacts of amplification. Newer and more
precise methods of amplifying DNA, such as primary
template-directed amplification (PTA)?® have been recently
introduced, potentially lowering further PGT-A error rates.

PGT-A using molecular techniques (SNP arrays, NGS,
targeted NGS) can also be used to detect structural

chromosome rearrangements, such as translocations,
insertions, and deletions that would appear as gains or
losses, also called PGT-SR (for ‘structural rearrangements”).
However, since using PGT-A does not differentiate between
normal and balanced embryos (“balanced” embryos contain
the entire genome but with a structural rearrangement), so
if a balanced embryo is transferred the structural problem is
passed along to future generations.

To illustrate this problem, consider the real case of a
woman whose parents underwent PGT 30 years ago. She
has a balanced translocation, and is perfectly healthy but
at risk, again, of passing along an unbalanced translocation
and is now seeking PGT.

Karyomapping or high-density SNP arrays have been
used to differentiate balanced from normal embryos
using an unbalanced embryo as a reference to phase
parental haplotypes near the breakpoints?.. An improved
approach uses long-read sequencing (typically 10-100
kb), which enables direct identification of rearrangement
breakpoints in parental DNA by spanning the breakpoint
site and resolving it at single-base precision. Because long
reads capture multiple heterozygous SNPs within a single
fragment, they provide much more accurate phasing than
short-read sequencing. This allows precise determination
of which parental chromosome harbors the balanced
translocation®

Other recent developments in PGT-A involve detecting
not only aneuploidy but also triploidy and haploidy. About
1% of embryos classified by standard NGS methods as
euploid are in fact haploid or triploid. By analyzing SNPs in
addition to copy number variations and detecting A/B allele
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frequencies of only 0% or 100% (haploidy), 0% or 50% or
100% (diploidy), or 0%-33%-66%-100% (triploidy) all
numerical chromosome abnormalities (except tetraploidy)
can be detected (23). This is important because in the past
embryologists have usually discarded embryos derived
from zygotes with abnormal number of pronuclei (0PN,
1PN, 3PN). But a significant proportion of these embryos
are euploid when analyzed with PGT-A with SNPs and can
be rescued?. Interestingly, the error rate of PGT is lower
than the proportion of embryos derived from abnormal
pronuclei zygotes that are euploid and would be discarded
without PGT-A with SNPs.

Non-invasive PGT-A (niPGT-A)

Although several studies indicate there is no detrimental
effect of blastocyst biopsy when done correctly, lack of expert
embryologists and equipment in developing countries, or
regulations that do not allow embryo biopsy, makes non-
invasive selection of embryos attractive. niPGT-A?* aims to
avoid embryo biopsy by analyzing embryonic cell-free DNA
(cfDNA) released into blastocoel fluid and spent culture
medium (SCM). Initial reports confirmed that cfDNA could
be reliably detected in these sources, though the quantity
and integrity vary with embryo stage, freezing/thawing,
and mechanisms of release (apoptotic versus necrotic
pathways). Evidence suggests that aneuploid embryos may
shed more DNA due to increased apoptosis and autophagy,
potentially improving detection sensitivity. Research has
focused on SCM, where results have been mixed. Small,
well-controlled studies report concordance rates of 90-
100%, but a large multicenter trial?® observed only 78%
agreement, primarily due to maternal DNA contamination
from cumulus/corona cells?*. Strategies to reduce this
include stringent denudation, culture media changes,
parent-of-origin sequencing to detect contamination, and
prolonging culture to day 6, which increases embryonic
DNA yield relative to maternal contamination. However,
culturing to day 6 is not standard practice and makes
embryo vitrification of expanded or hatched embryos more
difficult. Another limitation of niPGT-A is that embryos
cannot be group-cultured. Other limitations have been the
need to culture embryos in smaller drops than usual (20uL
or less).

Nonetheless, amplification failure, fragmented DNA,
and culture variability remain challenges. Meta-analyses
indicate that while niPGT-A can approximate biopsy-
based results, error rates compared with whole embryo
analysis are 8-12%, similar to or slightly lower than TE
biopsy. Importantly, an RCT® demonstrates potential
clinical benefit comparable to invasive PGT-A. They found
cumulative live birth rates significantly higher with both
niPGT-A (44.9%) and biopsy PGT-A (51.0%) compared
with no testing (27.9%). Overall, niPGT-A shows strong
promise as a less invasive alternative for embryo selection,

but robust validation, standardization, and careful
management of contamination and amplification issues are
essential before routine clinical use.

PGT-M, Comprehensive PGT and Whole Genome
Sequencing of Embryos (PGT-WGS)

There are 20,000 genes coding for proteins and over
10,000 genetic diseases identified, of which the majority
are rare. Carriers of recessive monogenic diseases will
produce 25% of embryos that are affected, 50% that
are carriers and 50% that are non-carriers. A variety of
techniques can detect embryos with monogenic diseases
(called PGT-M for monogenic diseases). PGT-M currently
represents about 10% of all PGT procedures. Compounding
the risk of transmitting a monogenic disease with that of
aneuploidy (30-80% abnormal embryos depending on
age) makes analyzing all potential abnormalities at once,
with the same platform, paramount.

PGT-M has been performed for over 1500 different
genetic defects. First generation PGT-M involved using
linked polymorphic markers such as short tandem repeats.
It was prone to misdiagnosis if recombination occurred
and the markers were not close enough to the mutation to
detect the recombination. Second generation PGT-M, still
widely used, uses SNP arrays and parental Haplophasing,
that is, determining which SNPs are located together on
the same maternal or paternal chromosome to reconstruct
haplotypes, which are contiguous stretches of DNA sequence
that are inherited together. Once the haplotypes are known,
Haplophasing is performed, consisting of assigning alleles
in an embryo biopsy to their parental origin by comparing
them with the parents’ haplotypes. This allows us to infer
the mutation site by reconstructing which chromosomal
segments came from which parent?®. Its drawback is that
some areas of the genome are not well covered. In contrast,
third generation PGT-M can use either long-read sequencing
of the area of interest plus haplophasing, or whole exome
or whole genome sequencing (WGS) plus haplophasing,
which allows us to detect chromosome abnormalities and
monogenic conditions simultaneously.

Many techniques have been developed to perform
comprehensive PGT involving PGT-M -SR and -A. Some
strategies involve the use of high-throughput SNP arrays to
genotype as well as perform copy number analysis, other
strategies involve sequencing with enough depth to allow
enough SNPs to be detected or combine sequencing plus
targeted SNPs.

Genotyping strategies use high throughput SNP arrays
(200K - 800K SNPs) of parents and embryos, which
allows copy number quantitative analysis and genotyping
by analyzing Log R and SNPs B-allele frequencies can
achieve 99% accuracy and can detect all polyploidies?’.
Using parental DNA allows linkage analysis and detects
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enough SNPs within 2Mb window of the gene defect. For
PGT-SR purposes it can differentiate normal from balanced
embryos with a 10Mb resolution.

Sequencing strategies involve either whole genome
sequencing at high depth (>20x) without the need of
parental DNA analysis or sequencing the parents at high
depth to reconstruct the haplotypes and then sequencing
the embryos at lower depth, which is more affordable.

These strategies allow copy number analysis enough
to detect aneuploidy, polyploidy, structural abnormalities
(<10Mb), haplotyping for mutation detection, or direct
mutation analysis of the inherited mutation. However,
only whole genome sequencing (x30 depth or more) of the
embryo can detect de novo mutations.

De novo mutations (DNV) DNV mutations accumulate
in gametes with age and are not detectable by carrier
screening of the parents. It is estimated that on average,
embryos carry more than seven DNVs, 1-2 of which are
pathogenic. DNV mutations increase with paternal age with
fathers aged 45 having about 3.5 times the risk of conceiving
an autistic child and 27 times the risk of conceiving a child
who develops bipolar disorder compared to a 25-year-
old father?. In fact, 1/488 children are born with a DNV
mutation causing congenital abnormalities, more than
from inherited genetic defects (parents being carriers).

In addition, in women <40 years old only 60% of
implantation failure is explained by aneuploidy and the
rest potentially by mutations that reduce viability. For
example, over 50% euploid miscarriages have mutations
incompatible with life. Therefore, to detect DNV mutations
whole genome sequencing is necessary. Several approaches
have been developed, one consisting of sequencing the
parents at x30 depth and the embryos at x40 and applying
extensive variant filtration to differentiate amplification
artifacts from de novo mutations?®. With this approach
about 1.2 de novo mutations per embryo were detected.
Another method is to use PTA amplification for more
faithful amplification without then the need of parental
sequencing?°3°,

PGT-WGS for Germ Line Gene Editing

Germ line gene editing has been banned in most
countries due to the off-target effects produced by older
methods such as CRISPR/cas-9. However, newer methods
of gene editing are now more precise, such as base editing,
and if off-target mutations were generated we can now
perform PGT-WGS after the editing to check whether the
embryo is free of genetic defects. In principle, germline
gene editing could be used for carriers of recessive gene
defects and chromosome structural abnormalities (with
25% risk of an affected embryo), as well as dominant
late onset genetic defects (with 50% risk of an affected
embryo), or for couples with a baby with a gene defect that

would benefit from bone marrow transplant from a perfect
HLA match sibling, which only 1/18 embryos would be. By
editing the affected embryos, we would have a much higher
chance of a pregnancy free of genetic disease. A limitation,
to be assessed with newer techniques, is the generation of
mosaic embryos if editing is not fully attained in all cells.
These advances raise the question of whether the current
ban should be reconsidered, especially once the genetic
architecture of complex diseases is better understood.

PGT for Polygenic Diseases and Traits (PGT-P)

Most inherited diseases are not monogenic but polygenic,
meaning that many genetic variants - often hundreds or
thousands - add up to an overall risk of developing a disease
like breast cancer, schizophrenia, or rheumatoid arthritis.
Non-disease traits, such as intelligence, personality, and
height, are also highly polygenic. Preimplantation genetic
testing for polygenic traits (PGT-P) is the latest and most
complex form of genetic testing for embryos.

PGT-P requires using either SNP-based arrays or whole-
genome sequencing, which includes coverage from rare
variants and non-coding regions of the genome. Whole-
genome sequencing can improve the predictive power of
polygenic scores over arrays. Instead of directly performing
WGS on embryos it is also possible to impute the whole
genome of each embryo (with varying degrees of accuracy)
from embryo PGT-A genetic data plus WGS data from the
parents.

PGT-P is made possible by polygenic risk scores, which
measure the likelihood that a trait will emerge, given a
particular genetic endowment. These scores are developed
using biobanks, which contain genetic data from hundreds
of thousands of people. A past limitation of polygenic
risk scores was the use of data sets mostly representing
Caucasian population, such as the UK Biobank, or its use in
admixed populations.

Researchers with access to larger and more diverse
biobanks can look for common genetic variants that are
correlated with particular traits or diseases?!. These scores
are validated by testing how accurately they gauge the traits
of adult siblings. Since embryos are essentially unrealized
siblings, if polygenic scores can predict the traits of adult
siblings, they should be able to predict the likelihood that
embryos will develop those traits if they are implanted.
Polygenic scores are best validated using ‘within-family’
methods which capture genetic variants that are causally
associated with the relevant outcome, rather than signals
that might come from sources that are irrelevant to
genomic prediction3!,

PGT-P is only useful if the polygenic scores that make
it possible have strong predictive power. One challenge for
improving polygenic scores is the quality and quantity of

Page 4 of 6



Munné S, Anomaly J. Recent Developments in Preimplantation Genetic Testing and

Embryo Selection. J Human Clin Gen (2025);4(2):5-6

Journal of Human and Clinical Genetics

data to which researchers have access: accurate polygenic
scores require genetic data from large biobanks with
reliable measures of the traits being studied. They also
require genetic data from diverse ancestry groups if they
are to work well for all people.

PGT for Fertile Couples

An increasing number of fertile couples without known
genetic diseases are undergoing IVF electively, so that they
can use PGT to select embryos with a lower risk of polygenic
diseases like diabetes, and for traits that they value, including
intelligence, which a recent study can predict 16% differences
between individual embryos32. With birth rates declining
worldwide, many couples are putting more resources into
making sure that every child has the best possible start in life.
They spend money on education, health care, and a nurturing
social environment. And now they have the option to invest
in their children’s genetic potential. Current PGT techniques
extend earlier tests to enable parents to reduce a far greater
number of diseases and influence other traits that they care
about. PGT thereby enables parents to create future children
who enjoy the best chance of the best life.
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