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Polygenic risk score (PRS) assessment for embryo selection
(hereafter referred to as preimplantation testing for poly-
genic disorder [PGT-P]) is an emerging reproductive tech-
nology currently offered by a small number of commercial
labs to screen for several common disorders, including

Keywords:

Embryo selection diabetes, cardiovascular disease, and some cancers. PGT-P
Ethics is marketed as a test that allows for “better outcomes,”
In vitro fertilization utilizing “choice over chance.”" Despite these claims, there
Polygenic risk score has been only a limited number of published studies™”
Preimplantation genetic testing maintaining this testing as valid and informative. No re-

ports of long-term or short-term outcomes to assess the
clinical utility of PGT-P have been published. Opinion pa-
pers on the use of PGT-P have been cursory, focusing on the
right of individuals to all information available to them,
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rather than the actual validity of such information. Neither
have they discussed the associated clinical issues sur-
rounding the necessary use of in vitro fertilization (IVF) for
such testing.

The implementation of PGT-P has been challenged by
several groups of scientists and professional societies,
including the American Society of Human Genetics, the
European Society of Human Genetics and the European
Society of Human Reproduction and Embryology, all of
which have called the utilization of PGT-P unethical and
reject its use in clinical care.”*’ Although these statements
mention some of the scientific and ethical issues surround-
ing the implementation of PGT-P, none of them provide an
in-depth analysis of the clinical utility of this testing and the
reasons why this practice is considered problematic. Sharing
the same concerns of other professional organizations, we
herein provide the background needed to evaluate the
practice and understand why PGT-P should not currently be
offered as a clinical service.

Application of PRS testing for embryo selection raises
both clinical and ethical concerns because this practice
merges 2 distinct testing technologies: PRS testing and
preimplantation genetic testing (PGT). Medical challenges
of PGT/IVF in achieving a successful pregnancy, as well as
risks to the pregnant person and fetus must be considered
because IVF is a necessary component for all forms of PGT.

To build the case for clinical utility of PGT-P, we first
briefly review developments related to PRS, which is neces-
sary for understanding PGT-P, and then integrate this with an
overview of genetic testing services offered with IVF. We will
initially consider the development and use of PRS for adult
clinical care and public health. Use of these scores for embryo
screening deviates significantly from all the ways PRS are
being studied; however, the problematic character of these
differences cannot be appreciated unless the current state of
research of PRS is first outlined. Separate ACMG working
groups have addressed PRSs for adults. Here, we simply
highlight some aspects of the work in adults that provides
background necessary to evaluate the ways PGT-P uses these
scores to make decisions about embryos.

We will then discuss unique aspects of IVF that directly
affect PGT in the setting of embryo selection. Next, we will
discuss the challenges in applying PRS data developed in
adults to embryo selection. Finally, we will synthesize this
information and analyze the utility of PGT-P in various clinical
scenarios. We ultimately conclude that the use of PGT-P has
not been proven to provide clinical utility—in short, the
practice has moved too fast with too little evidence. In this
statement we do not address either individual or broader social,
ethical, and regulatory issues this testing raises.

Current landscape of PRS testing
Although PRS testing for common polygenic disorders and

cancer is currently being studied and utilized on a popula-
tion level to identify individuals at higher risk of these

Abbreviations

ES - embryo selection

IVF — in vitro fertilization

PGT-A — preimplantation genetic testing for aneuploidy
PGT-M - preimplantation testing for monogenic disorders
PGT-P - preimplantation testing for polygenic disorders
PRS - polygenic risk score

SNV - single-nucleotide variant

disorders and provide early intervention, it is currently
available only in a limited scope in adult clinical care and
not in pediatric or prenatal care, nor has it been adopted as a
routine clinical screening test. Position statements outlining
standardization of laboratory testing procedures and vali-
dation and clinical practice policies for PRS testing in adults
have only just been published by the American College of
Medical Genetics and Genomics (ACMG).*” No such
standards exist for prenatal or embryo PRS testing. Use of
PRS for adults in the clinical setting is currently limited but
is growing and expected to increase over time. PGT for PRS
for embryo selection is currently offered by a small number
of clinical laboratories that market their services directly to
consumers, as well as to fertility clinics.

Background on PRS

What are PRSs?

A PRS for a disease trait is an estimate of a person’s pre-
dicted liability to be diagnosed with its corresponding
disease based on the combined association of many single-
nucleotide variants (SNVs) derived from genome-wide as-
sociation studies (GWAS), which represent a unique
genomic profile. Typically, each SNV has a relatively small
contribution to a person’s genetic risk for a given condition,
and their individual biological significance is limited
because they often map to non-coding regions, have no
obvious influence on function, or they are highly correlated
with many other SNVs. When combined into a PRS,
however, they can be moderately associated with the dis-
ease in question. The PRS is generated by combining all the
SNVs in the GWAS, with greater weight given to the SNVs
more strongly associated with the disease trait, creating a
single score. An individual with a higher PRS is predicted
to have a higher risk of the disease than an individual with a
lower PRS."""" In 1 study, high polygenic risks were not
only associated with an increased risk of developing disease
but also of earlier onset of disease manifestations."'

Benefits of PRS testing

The health value of PRS is being tested in a variety of
settings. PRS applied in population health can identify
groups at risk for common disorders (eg, breast cancer and
cardiovascular disease) for which early interventions may
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decrease disease burden. These could include earlier or more
frequent screening for biomarkers of disease, diet or lifestyle
changes, or preventative medical treatment. PRS testing
may also identify individuals for whom participation in new
treatment trials could be beneficial.'” Finally, individuals are
now availing of direct-to-consumer PRS testing because of a
family medical history of a polygenic disorder or for in-
formation about their personal health risks. The latter reason
is the most common one for which couples or individuals
would likely seek PGT-P. The more closely related the
affected family member, the higher the chance that their
offspring could be affected as well, and the more likely that
PRS testing could be of benefit to them.

Limitations of PRSs

Because polygenic disorders are not perfectly heritable (in
contrast to a Mendelian disease), a PRS cannot determine
with certainty whether a person will or will not be diagnosed
with the disorder. A PRS is not a diagnostic test but more
correctly a screening tool. Consider the PRS for coronary
artery disease (CAD), one of the most predictive clinical
PRS available (Figure 1). Although individuals with higher
PRS are much more likely to be diagnosed with CAD, even
among those in the top decile of polygenic risk for CAD,
over half are never diagnosed with CAD; among those in the
bottom decile of the PRS for CAD, 16% still develop CAD.
Also, diagnosis of CAD varies over the life cycle such that
the absolute risk of being diagnosed with CAD depends not
only on the PRS but also the age of the individual and
environmental influences. This illustrates a practical prob-
lem with polygenic prediction—what works well for a
population can be misleading for an individual expecting the
test outcome to be a binary disease/no-disease prediction.

This issue is not unique to PRS—indeed, preimplantation
testing for monogenic disorders (PGT-M) is offered for
some conditions with incomplete penetrance—but this is 1
consideration among the others listed below that contribute
to our current assessment of PGT-P.

In addition, the clinical utility of PRS testing may be
affected by the presence of a single-gene variant with a large
phenotypic effect (including Mendelian genes). These may
be present in individuals with a low score for the PRS for
the same condition. A low-risk PRS result may, in such
situations, be offering false assurance. For these reasons,
some have concluded that polygenic predictors cannot be
used meaningfully to predict an individual’s outcome.'”
One approach to a more accurate risk assessment would
be to provide PGT-M for known Mendelian genes linked to
the disorder in addition to PGT-P (should it be deemed to
have clinical utility).

The above factors illustrate a basic challenge of PRS for
embryo selection: PRS is a risk assessment that is often
highly influenced by additional non-genetic factors. This is
in contrast to testing for Mendelian conditions, which tend
to be more directly associated with, and informative for, a
genetic diagnosis. This creates a risk of miscommunication
of the value of the test results.

Limited portability between populations

PRSs, similar to other clinical prediction models,14 can
perform poorly when applied to a population different to
that originally studied. The poor portability of PRS has been
attributed to a bias toward the discovery of disease-
associated common genetic variants in European pop-
ulations, differences in the linkage disequilibrium between
populations, and demographic and environmental differ-
ences between populations.'” The current reference genome
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databases are dominated by Western European populations,
although extending these databases to more diverse pop-
ulations is a high priority of researchers and research fun-
ders, accompanied by a large recent effort to do so.
Nevertheless, with few exceptions,“’ PRS still remain more
predictive in populations with European ancestries. The
“limited portability” of polygenic scores between pop-
ulations highlights that their predictive value is derived only
in part from genomic factors but also reflects environmental
influences. This may have an even greater impact in the
setting of embryo testing, where both the environment of the
embryo and that of the future individual must be taken into
account and may differ greatly from that of the reference
genome database. These observations indicate that the
clinical utility of PRS may be lower than expected because
they have been based on GWAS of individuals of a narrow
socioeconomic profile and fail to take the multiple facets of
life history into account.

Points to consider

« The clinical utility of PRS may be affected by multiple
factors: environmental interactions, phenotypic vari-
ability of the diseases, genetic admixture, and the
presence of single-gene variants with large phenotypic
impact. Screening for monogenic disorders should be
offered and incorporated into PGT-P if clinical utility
is achieved.

o Currently, disparities exist in PRS performance,
limiting their portability. Although research is under-
way to close these gaps, data collection across many
populations and socioeconomic groups should
continue and be improved, and more generalizable
methods should be implemented.

+ ACMG has developed laboratory and clinical practice
guidelines for PRS testing in adults that must be
implemented before PRS testing can be integrated into
other areas of clinical care.®’

Application of PRSs for embryo selection

The application of PRS testing for embryo selection requires
consideration of multiple factors in each step of the testing
process. These include: (1) the impact of the IVF process
itself on clinical utility of PGT-P, (2) the clinical validity of
PGT-P, (3) ethical issues arising from different clinical
scenarios in which PGT-P testing could be requested, and
(4) challenges in providing informed consent and commu-
nicating disease risk information. We will discuss each of
these, building the case for how they inform our consensus
on whether PGT-P should be offered in clinical practice.

How does the IVF process affect risk/benefits of PGT-P?
In order to take advantage of PGT-P, interested persons
must necessarily embark upon the lengthy and invasive
process of IVF, which carries inherent risks of its own.
These must be weighed against any potential benefit of the

information gained through PGT-P. We consider those here,
first providing background on the historical use of IVF, its
benefits, and associated risks.

IVF has been utilized in clinical practice for over 40
years as a major method of assisted reproductive technology
and has resulted in millions of live births, with consistent
increases in both pregnancy and liveborn rates.'” Although
the most common reason to seek IVF is infertility, others
include same-sex partner, single parent, risk for Mendelian
disorder, risk of unbalanced chromosomal rearrangement, or
personal/social concerns.

Multiple factors contribute to the success rate of
achieving a viable pregnancy through IVF, including health
factors of the pregnant person, intrauterine environment,
laboratory techniques, and the genetic status of the embryo
itself. The number of viable embryos that can potentially
lead to a pregnancy varies widely, depending on the medical
history of the parents, most significantly ovarian reserve.

Although the use of IVF has many benefits, there are
risks associated with the process for the pregnant person and
fetus. For individuals considering PGT-P, IVF and embryo
biopsy are necessary procedures. In instances where IVF
would not otherwise be utilized, potential harms to both the
pregnant person and the fetus must be weighed against any
potential benefit. Perinatal risks include preeclampsia,
abnormal placentation, cesarean section, prematurity, low
birth weight, and miscarriage. Studies of fetal risks of IVF
have identified increased risks of birth defects, as well as
imprinting disorders.

How does the process of PGT affect the risk/benefit of
PGT-P?

PGT was first introduced in 1990 to test female embryos to
prevent transmission of X-linked disorders (PGT-M)
(American Society for Reproductive Medicine, ASRM).
The introduction of next-generation sequencing has facili-
tated additional testing with greater accuracy to prioritize
embryos for transfer. To overcome the negative effects of
aneuploidy on pregnancy success rates and its impact on
failed IVF and miscarriage, PGT for aneuploidy (PGT-A)
was introduced, with the intent to improve implantation and
live birth rates with IVF."*"”

A recent study noted that ongoing pregnancy rates and
live birth rates are improved in those of advanced age (> 38)
with the implementation of PGT-A; however, because 32%
of those studied did not have any viable embryos to transfer,
the conclusion is not straightforward.”’ The clinical utility
of PGT-A to select euploid embryos remains controversial
because of lack of proof of efficacy in increasing live
births.”' *° Types of PGT currently utilized widely in clin-
ical practice include PGT-A, PGT-M, and preimplantation
testing for structural rearrangements (PGT-SR). Although
PGT-A is widely utilized by reproductive endocrinologists,
it has not been clinically validated nor is there strict over-
sight on its regulation.””*® The American College of Ob-
stetricians and Gynecologists (ACOG) states that routine
use of PGT-A for IVF in infertile women is not proven and
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hence not currently recommended. Only PGT-M and pre-
implantation testing for structural chromosome rearrange-
ments are recommended.”’ No practice guidelines exist for
the application of PGT-P. This does not negate the need to
be proactive and create practice guidelines before wide-
spread implementation of any new testing modality.

Analytical validity of DNA sequencing from embryo
biopsy

Advances in improving biopsy accuracy include a blastocyte
biopsy (5-8 cells) on embryonic day 5 post fertilization and use
of next-generation sequencing. However, multiple factors may
result in sequencing errors: embryologist techniques and
experience in embryo biopsy, the small amount of DNA ob-
tained from a single biopsy, mitotic mosaicism, cell cycle
phase, sampling errors, or limited collection of cells in the
trophectoderm biopsy.”” Therefore, abnormal cells may be
collected in an otherwise euploid embryo secondary to injury to
the cells during the biopsy and vice versa. This raises concerns
about the accuracy of genetic testing based on embryo biopsy.

Another factor affecting analytic validity is the require-
ment for DNA amplification from a limited number of cells
in an embryo biopsy. To ensure that a sufficiently
comprehensive genotype is obtained for polygenic scores, 2
methods can be used to supplement low coverage sequence
data from amplified DNA. As whole-genome amplification
techniques improve, it is likely that the sequence data
generated from embryo biopsies will become more reliable
and require fewer indirect methods to improve genotyping
accuracy.”!

The first technique to ensure a comprehensive, accurate
genotype uses imputation to identify patterns of sequence
variants that are typically inherited with adjacent, additional
variants. This allows a relatively sparse representation of the
genome to act as a starting point to fill in plausible remaining
information about common DNA sequence variants. The
second source of information is the parental genomes. Ac-
curate and comprehensive parental genomic information can
be assembled, permitting what Kumar et al® described as
“whole-genome reconstruction” of embryos. Theoretically,
this approach should allow suboptimal embryo genotyping to
be rescued to generate accurate embryonic genotypes for
polygenic predictions. In 1 published study,’ researchers
found that, using parental genomes for whole-genome
reconstruction, it is possible to obtain high levels of geno-
typing accuracy. Because this is a single report, the results
require confirmation through additional studies.

Missing parental genotypes or imputation errors derived
from the 2 procedures described above may reduce the
embryonic genotyping accuracy and thereby the efficacy of
PGT-P. Just 1 study to date has compared PRS from em-
bryos with postnatal PRS, showing a high degree of corre-
lation. However, a single study is not sufficient. Additional
studies are needed to confirm the analytical validity of
embryo biopsy results for PGT-P.?

Embryos frequently contain aneuploid cells,” which is
another potential source of genotyping inaccuracies,

introducing a degree of error for polygenic scores propor-
tionate with the relative size of the aneuploid chromosome
within the genome. In practice, however, especially when
both parents can be genotyped, this issue should be
insignificant.

How does the intrauterine environment affect
clinical validity of embryo PRS?

The pathogenesis of common diseases from which PRS are
derived relies on complex gene-environmental interactions.
The clinical validity of this testing is uncertain in the setting
of IVF, given the potential for epigenetic effects at several
stages of the process. These include variability of the em-
bryonic environment encountered in the IVF process
compared with that experienced by individuals from whom
current databases are derived. The increased incidence of
imprinting disorders among children born via IVF provides
evidence of the epigenetic impact of the culture environment
in the assisted reproductive technology process.””

Points to consider on the use of IVF for PGT

o Individuals seek IVF for various clinical indications,
including infertility, risk of all forms of Mendelian
disorders, same-sex parents, personal/social reasons,
etc. The clinical context of IVF will affect decisions
about types of PGT testing to pursue.

« Success of IVF is most significantly affected by age of
the egg and number of euploid embryos, which may
limit the embryo selection options.

« PGT-P testing may require additional rounds of IVF,
particularly in poor responders, or if there are no em-
bryos with a low PRS, adding health risks and
increased cost of testing.

« A single trophectoderm biopsy may not accurately
represent the genetic makeup of the inner cell mass.

« Limitations in the coverage and accuracy of genotyp-
ing small numbers of cells from embryo biopsies do
not preclude the generation of polygenic scores if
imputation is used or parental genomic information is
available. Improved DNA amplification techniques
and deeper sequencing may over time obviate the need
for these indirect measures to improve embryo
genotyping.

« If aneuploidy is present in the embryo biopsy, geno-
typing approaches will need to incorporate adjustment
for these genomic regions to ensure accuracy.

« Companies offering embryonic testing should report
the accuracy of their genotyping procedure used to
produce PRS.

 Clinical validity of PGT-P testing may be affected by
many environmental factors related to IVF.

« Additional research studies must be done to confirm
both the analytical and the clinical validity of PGT-P
before consideration of its use in the clinical setting.
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o Standardized IVF/PGT guidelines should be devel-
oped through the collaboration of ACMG with other
professional medical societies, including ACOG, to
create uniform testing protocols and quality assurance
for all types of PGT. This will inform PGT-P testing in
the clinical setting.

Analysis of clinical utility of PRS testing for embryo
selection/PGT-P

With the above background information on the use of PRS
testing in adults, as well as issues related to IVF and other
types of PGT, we will now assess the clinical utility of PGT-
P. This analysis requires a synthesis of multiple variables:
genetic testing methodology and statistical analysis, preg-
nant person considerations, those relating to the IVF pro-
cess, and most significantly, clinical context of testing. We
will consider each factor and their impact on the clinical
utility of PGT-P.

Effect of environment

A major consideration is the impact of the environment on
PRS as reflected in the current reference databases. PRS are
generated from GWAS, which have identified loci that have
interacted with environmental influences experienced by
affected individuals to generate significant associations with
the disease trait. The common diseases for which GWAS-
derived PRS perform most strongly are “adult-onset,”
typically involving exposures over several decades. Calcu-
lations of the clinical utility of PGT-P require making as-
sumptions about how similar the environment will be over
the next several decades compared with the previous de-
cades. “Unknowable changes in the environment” in the
future may significantly decrease the predictive power of
PRS that are produced today.

Clinical validation and utility

Typically, a new intervention, therapy, or laboratory
developed test is required to undergo multiple clinical
validation studies and laboratory standardization processes
with approval from organizations and regulatory bodies,
such as CAP, CLIA, and the FDA, to confirm its safety and
efficacy before its introduction into clinical care (Box 1).
The PGT-A test remains investigational, reflecting the
caution with which such tests are introduced. In the case of
PGT-A, there are validation tests possible, including
amniocentesis.

For PGT-P, however, validation studies are signifi-
cantly more challenging, given that the disorders for
which it screens are adult in onset. One aspect of
analytical validity of PRS from embryo biopsies has been
demonstrated in a single study® but must be confirmed by
additional ones.

The gold standard for proof of clinical utility, a rigorous
“prospective” clinical trial to demonstrate whether a child
arising from PGT-P is better off than a child would have

been without PGT-P, is clearly difficult to achieve. This
practical obstacle to confirming clinical utility of PGT-P
may be a sufficient argument against the procedure alto-
gether. However, a study confirming the accuracy of genetic
information derived from embryo biopsies® indicates how
techniques integral to PGT-P may be validated in a stepwise
fashion. Much more work is needed to identify types of
studies appropriate for demonstrating the clinical utility of
PGT-P. The diseases for which the strongest polygenic
predictions have been developed are those of adulthood,
typically taking several decades to develop, making pro-
spective studies impractical. The prime example of a poly-
genic disease of early life is juvenile diabetes mellitus, a
potential target for a clinical trial of approximately a decade
in duration. But this type of study is complicated by the
rising worldwide incidence of this disease,” presumably
reflecting a rapidly changing environment (and potentially
influenced by the COVID-19 pandemic).”" Even if a careful
clinical trial found that PGT-P reduced the risk of diabetes
10 years from now, we could not be certain that the PRS
produced in 10 years would be predictive of disease risk 10
years later.

Absent a clinical trial, the strongest potential evidence of
the clinical utility of PGT-P are studies comparing predic-
tive power of PRS between siblings in the same family.
There have been many observational studies for multiple
diseases that have shown that the sibling with a higher PRS
has a great risk of being diagnosed with its corresponding
disease.' ™’ Because biological siblings, such as em-
bryos, share the same biological parents, sibling studies are
suggestive evidence that an embryo with a lower PRS than
other embryos from the same biological parents would have
a lower chance of developing the disease. However, as with
the clinical trial, the applicability of such evidence to a PGT-
P context may be limited if the embryos born today face a
sufficiently different environmental context than the siblings
analyzed in the studies or if parents treat their children
differently if they are selected using PGT-P rather than
being an unselected child with a sibling.

In addition to these limitations of PGT-P testing, the
issue of false assurance arises for PGT-P. As described
above, PRS are probabilistic, and do not capture the role of
de novo genetic events, monogenic variants, or environ-
mental risk factors. Overconfidence in the utility of PGT-P
could, therefore, mislead those choosing PGT-P into
believing the embryo is not at risk of the disease they are
testing.

Relatedly, there is concern that “pleiotropy” could lead
those who select “against” 1 disease to simultaneously select
“for” some other disease or unanticipated trait. Indeed,
based on published genetic correlations, some researchers
have suggested that those selecting for increased educational
attainment may also be increasing the risk of bipolar dis-
order.® However, advocates of PGT-P have countered that
most diseases that are related genetically are positively
correlated, such that selecting against 1 disease may reduce
the risk of many diseases.”” Although this appears to be true
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Box 1. ACCE Definitions

making.*’

society.*®

Analytical Validity: refers to the accuracy with which a particular genetic characteristic, such as a DNA sequence variant, chromosomal
deletion, or biochemical indicator, is identified in a given laboratory test.“®

Clinical Validity: refers to the accuracy with which a genetic test identifies a particular clinical condition.*®

Clinical Utility: refers to the risks and benefits resulting from genetic test use. The most important considerations in determining clinical
utility are: (1) whether the test and any subsequent interventions lead to an improved health outcome among individuals with a
positive test result; and (2) what risks occur as a result of testing.“® Also refers to the use of test results to inform clinical decision-

Ethical, Legal and Social Implications (ELSI): a broad category of bioethical benefits and harms of a test for individuals, families and

for some related diseases, a general study of potential
pleiotropic effects, which might undermine utility based on
single or multiple disease selection strategies, has not been
conducted. However, even after these studies are conducted,
it is unlikely that such effects could be ruled out completely.
Individuals undergoing PGT-P would need to accept some
amount of unknowable risk, which should be communicated
to them.

Finally, more work is needed to clarify the relation be-
tween outcomes that matter to prospective parents and the
measure of reduced lifetime incidence of disease presented
as a measure of utility in preliminary simulations of benefit.
A prospective parent will likely care about “reduced burden
of disease over the lifetime” of the future child, not just
whether that individual will get a disease at some time. Even
when a more adequate measure of utility of PGT-P is suf-
ficiently demonstrated so the service can be legitimately
offered, there will still be a host of uncertainties about the
actual clinical utility of PGT as a result of the statistical
characteristic of a PRS. This illustrates the complexity of
counseling that will be required for those who are consid-
ering using such services.

Points to consider

« All PRS data are generated from retrospective data,
generating uncertainty about the clinical relevance of
these scores as applied to embryos who may experi-
ence a significantly different environment if born.

« In generating PRS for many diseases in adults, bio-
metric and biochemical markers are utilized to increase
the accuracy of the risk prediction. This is not possible
when assessing embryos.

« A negative or low-risk result does not rule out the
disease in question and merely reflects a ranking of
lifetime disease risk.

« Additional research into the effects of both positive
and negative pleiotropy are needed, including research
into how they may affect decision making when
multiple disorders are tested.

« There are no prospective studies looking at outcomes
among individuals who have undergone PRS testing at
birth, to determine the likelihood of them developing
the condition in question, with or without intervention.

Although long-term clinical trials exploring the clin-
ical validity of PGT-P for many late onset disorders
may be impractical, many aspects of the practice can
be evaluated in prospective clinical trials. Further
outcome measures are needed before PGT-P is
implemented and widely available for clinical use.

Clinical context considerations in applying PRS
testing for embryos

Communicating risk

A key issue in clinical use of polygenic prediction is how to
communicate both the probabilistic information, as well as the
complex interaction with environmental factors in a way that
allows the individual to be fully informed about their disease
risk. Lewis et al*’ and Pain et al*' defined 3 key parameters for
risk representation that need to be conveyed to those receiving
the results of PRS: percentile risk, relative risk, and absolute
risk. Figure 2 illustrates the complexities of these parameters:
a person can be in a very high-risk percentile (85%) but still
have low absolute risk (15%). In essence, an increased risk of
a very rare disease carries a much smaller overall risk of
disease than for a more common disease. The risk of misin-
terpretation of results is increased by the fact that individuals
may obtain PRS testing through multiple mechanisms,
including direct-to-consumer tests, and may or may not
receive pre- or post-test counseling. How individuals under-
stand and interpret PRS reports for disease risk remains an
understudied area of research.””

Strategies in applying PRS to embryo selection

Assuming the clinical context is driven by a desire to
mitigate disease risk in offspring (typically a family history
of a polygenic disorder in a parent or other family member),
we can apply the 3 components of information about PRS
(Figure 2) to the choices potentially involved in embryo
selection.

We illustrate the information in Figure 3. Focusing on the
relative risk component, the simulation study of Lencz
et al™ predicted different outcomes depending on whether
the embryo with the highest relative risk was excluded (what



8 ACMG Statement
Percentile rank
1 Polygenic risk score
Your risk:
85th percentile
General
population
Relative risk I——
Your risk:
1.5x
Absolute risk UNAEEEGTED
General population: People with your genetics
DISEASE 10% risk 15% risk
Figure 2 Representing 3 components to polygenic predictions to allow interested parties to understand the complexity of the in-

formation. The percentile rank (top, within a suitable population) allows the individual to assess how their risk compares with the population
as a whole. The relative risk (middle) can be depicted as an odds ratio, again having chosen a suitable comparison population. The absolute
risk (bottom) gives a sense of how likely the disease is to occur (within a defined time frame, which could be 5 years, lifetime, or other period)

compared with the general population.

they call “high-risk exclusion”) compared with the positive
selection for the embryo with the lowest PRS (“lowest risk
prioritization,” LRP). The former choice leaves embryos
available for use that could still have pronounced risk of
disease, whereas selecting the embryo with the lowest pre-
dicted risk has more likely benefits in terms of disease risk
reduction.

They also explored the value of knowing the parents’
PRS in advance, noting that, because the embryo’s PRS is
expected to be around the mean of the PRS of the parents
(with a variance of 0.5), an high-risk exclusion strategy will
be more effective for parents with a high mean PRS."’

The contextual information of percentile rank and abso-
lute risk are also likely to influence embryo selection—for
family (A) or (B) in Figure 3 to know that all their embryos
are of similar risk will likely influence their selection
choices relative to family (C), whose embryos happen to
have greater risk variance. Similarly, even in families whose
embryos have very different PRS, these scores may be
associated with very little variation in absolute risk and low
expected risk reduction of disease. This highlights the need
to communicate PRS information completely and carefully.

Another complexity in decision making is the availability
of “PRS for multiple conditions.” If individuals choose to
test for multiple disorders, it is likely that the embryo with
the lowest risk for 1 condition will be different from the
embryo with the lowest risk for other condition(s). This will
necessitate complicated trade-offs in embryo selection to
balance multiple PRS. Some PGT-P tests currently offered
include a combined risk score for multiple disorders,
weighting each individual PRS to produce a single multi-
trait PRS. Although this approach may be helpful to some
parents, the weights used for the combined PRS may not
represent the priorities of the potential parents, influencing
them to choose an embryo that is not optimal for them. This
again points to the need for effective communication of
complex information in decision making, factors that have
not been evaluated in research.

Clinical context

Beyond the requirements for establishing clinical utility of
PGT-P as outlined above, we must consider clinical context
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Percentile rank

Polygenic risk score

Family a Q000
Family b Q000 Embryos
Family ¢ O O O O

General
population

Relative risk

Family x
Family y
Absolute risk EE—
DISEASE
Risk increase Risk increase
from 1.0% - 1.4% from 10.0% - 14.0%

Figure 3 Communicating results of PGT-P using the 3 components of the information described in Figure 2. Different scenarios are
shown for the percentile rank data (top), with families (A) and (B) having all of their embryos at rank extremes but family (C), a broader
range of rank values. Two families are shown to have different ranges of relative risks (middle), whereas the absolute risks for 1 of the
embryos are depicted for 2 diseases with 10x difference in prevalence in the population (bottom).

related to use of IVF to determine who might benefit from such as infertility or family history of monogenic disorders,
PGT-P. The risk/benefit ratios of PGT-P vary widely over a who may wish to add PGT-P on to the embryo testing
broad spectrum of clinical contexts. At one end are in- already underway. Should clinical utility of PGT-P be

dividuals already utilizing IVF with PGT for other reasons, proven, this clinical context may offer greater benefit than
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harm. At the opposite end of the spectrum are individuals
who might seek PGT-P testing alone and must by necessity
pursue IVF for this information. In this clinical scenario,
harm may exceed benefit. As medical professionals, we
have a duty to provide our patients with autonomy to make
their own reproductive choices, insofar as the options for
any medical service are proven to be safe and have clinical
utility. It is also our duty to protect them from harm by not
offering testing that is unproven and carries a greater risk of
harm than good.

Individuals contemplating using PGT-P may mistakenly
assume that the fact some labs are offering the service im-
plies that a broader medical community has vetted those
services and allowed that they be offered. They should be
aware that within the United States, laboratories can market
and provide reproductive services that the broader medical
community considers unvalidated. Clinicians should explain
the lack of clinical validation when approached by in-
dividuals requesting PGT-P and may decline to offer this
testing based on the above principles.

Communication of test information

Expected benefits/informed consent

Informed consent is the foundation for ethically grounded
initiation of any medical test or procedure. In the setting of
an unproven diagnostic method, this is problematic at best,
if not impossible. PGT-P should not be offered as a clinical
service until clinical utility has been firmly established.
When PGT-P is further developed and we have reliable
information on expected benefits and harms, significant
communication issues need to be addressed to properly
enable users to make informed decisions about whether to
utilize PGT-P and, if used, how to interpret results and use
them to make decisions. The speculative nature of this
testing must be clearly communicated to those considering
it. The benefits vs harms of the testing must be weighed and
considered in each individual circumstance as outlined in
the clinical scenarios above. The possible outcomes of the
testing must be clearly explained, including both that the
testing is not a diagnostic test but rather a risk analysis and
that it is possible that the scores among a group of embryos
may not vary significantly to allow for a clear-cut decision.

Communication of results
A clear lesson for PGT-P is that the information for those
who would use such services is extraordinarily complex
compared with even the most sophisticated diagnostic
genomic testing currently available. A key issue in clinical
use of polygenic prediction is how to communicate both the
probabilistic information, as well as the complex interaction
with environmental factors in a way that allows those being
counseled to be fully informed about the disease risk.

Test reports should include not only a numerical repre-
sentation of percent of absolute risk and risk reduction but
also a visual representation (curve or bar graph). Continuous

risk reporting is preferential over binary reporting. Reports
should also include the disease incidence and a phenotypic
description of the condition. Finally, the report should stress
that this result indicates only a risk of developing disease
and is not a diagnostic test. A low PRS does not rule out the
potential for developing the disease in question.

Both pre- and post-test counseling are essential compo-
nents of such a diagnostic service. This requires individu-
alized counseling that is appropriately provided by a board-
certified genetics health care professional. Most IVF clinics
do not directly employ board-certified genetic counselors
and rely upon genetic counselors employed by the testing
laboratories (or telemedicine genetic counseling services).
These services may be optional and may not include
counseling offered both before and after embryo testing.
The potential for a conflict of interest in this setting must be
recognized because it carries a risk to the wellbeing of the
individual(s) being counseled. Ideally genetic counseling
should be provided by a third-party unbiased genetics health
care professional. If this is not possible, the laboratory
should be transparent about its counseling process in mar-
keting a specific test.

Points to consider

« The clinical context in which individuals pursue PGT-
P will affect the choices they have in terms of the
number and types of embryos.

» The clinical context in which individuals consider
PGT-P will affect the risk vs benefit of this procedure
and must be considered before initiating testing and
included in the informed consent process.

« If PGT-P is done for multiple conditions at once, the
decision process is complex and may require trade-
offs.

« If IVF is being done solely for the purpose of PGT-P,
the risks may outweigh the benefits.

« Medical professionals should make clear to those
requesting PGT-P that it has not yet been shown to
have clinical utility. They may refuse to facilitate this
testing based on this and the potential for harm in some
clinical situations.

« If PGT-P is to be offered in a clinical setting, both pre-
and post-test counseling are essential, with a detailed
discussion of how to interpret probabilistic informa-
tion, as well as both relative and absolute risk re-
ductions generated by PRS. A clearly written report
with visual aids should be utilized to clarify this
information.

« Counseling is best done in an individualized objective
approach by a non-partisan board-certified genetics
health care professional.

Conclusion

As the community of genetics professionals, we must pro-
ceed carefully to discern the clinical utility of new testing
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methodologies and how implementation may help or harm
our patients, to thereby provide informed guidelines for
care.

Based on the evidence provided here, the clinical utility
of PGT-P to reduce disease burden remains “unproven” and
must be established through further research and longitu-
dinal studies before the test can be responsibly offered. In
many clinical scenarios in which PGT-P might be imple-
mented, the risks outweigh the benefits, leading to concern
for individual harm to either the prospective parent or the
future child. Even in the best scenarios, there remains the
risk of harm in the form of false assurance and monetary
loss for unclear gain.

At this time, there is insufficient evidence for the clinical
utility of PRS testing for embryo selection. It should not be
offered as a clinical service. The establishment and institu-
tion of technical standards across all types of PRS testing,
and longitudinal clinical research on the clinical validity of
PGT-P are required. Genome databases must continue to be
expanded across populations.

We reaffirm the recent statement by the ACMG Board of
Directors on a related topic that “prenatal testing for disor-
ders that exhibit multigenic or polygenic inheritance is not
yet appropriate for clinical use and should not be offered as
direct-to-consumer testing.”*"

In this statement we do not provide a thorough analysis
of the ethical challenges surrounding PGT-P. Unlike most
other areas of medical practice, in which the clinical utility
of a service is judged on evidence-based medical knowledge
and professional standards, this is not true for PGT-P at
present. Further evaluation of the social, ethical, and legal
ramifications is warranted but not provided here. ACMG’s
position is that, without proven clinical utility, PGT-P
should be regarded as residing within the research realm.
As such, the social, ethical, and legal considerations related
to its potential implementation should be guided by well-
established standards and norms that guide research in all
other areas of medicine, including explicit research pro-
tocols, IRB oversight and informed consent that clarifies the
state of knowledge and risks for research participants.

Should the aforementioned concerns and criteria be met,
then further in-depth discussions must be had regarding
broader issues related to PGT-P. Inclusive dialog about the
social, ethical, and legal issues surrounding PGT-P among
leaders from multiple stakeholders across different spheres,
including patient advocates, ethicists, scientists, and policy
makers, will be needed.

Collaboration across professional medical societies,
including the ASRM, ACOG, AAP, ASHG, and ACMG,
will provide a unified approach to the creation of appropriate
testing guidelines. Societal discussion regarding which
conditions should be offered for testing, how access to
testing can be improved, preventing increasing health dis-
parities, and how adoption of this practice may affect public
health/humanity over time are essential. Finally, review of
all aspects of PGT-P testing must be done frequently to
update testing guidelines.
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