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Main principles for establishing a clinical genetic (PGT) test

GENETIC FINDINGS SHOULD BE REPORTED ONLY IF THEY FACILITATE 

INFORMED DECISIONS AND IMPROVMENT OF MEDICAL CARE

Clinical performance in 

detecting the phenotype
of interest

(for PGT-A embryo
lethality)

ANALYTICAL VALIDITY CLINICAL VALIDITY CLINICAL UTILITY

how accurately the test 

measures the genetic
variant(s) of interest

(PGT-A: aneuploidy detection in 
known bx samples)

The extent to which the 

test improves health 
outcomes

(for PGT-A: LBR, 
miscarriage)

Go to 
clinic!

Smith, et al. ACGS. 2020; Deans, et al. EJHG. 2022; Richards, et al. Genetics Medicine. 2015; Matthijs, et al. EJHG. 2016; Centre for Disease Control and Prevention. ACCE Model Process for Evaluating Genetic Tests. 



Rethinking the limits of genetic testing in embryos: Achieving optimal analytical 
accuracy is particularly important in PGT
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CRUCIAL POINTS TO KEEP IN MIND

One-time procedure: unlike 
blood tests, PGT is single 

shot, performed once 
without the possibility of 

repetition

Phenotype-agnostic: PGT is 
performed without prior 

knowledge clinical phenotype 
that may aid in the 

interpretation of findings

vs

Resolution: 3-7 Mb (according to 
the platform/genomic position)

PGT can detect aneuploidies and 
gross structural unbalances



PASSO 1
Idoneità del caso valutata da 

Juno

1. Gruhn JR, et al., Science. 2019; 2. Capalbo A, et al., Hum Reprod Update. 2017; 3. Ottolini CS, et al., Nat Protoc. 2016; 4. Ottolini 
CS, et al.,  Nat Genet. 2015; 5. McCoy RC, et al., Hum Mol Genet. 2018; 6. Hassold TJ & Hunt PA. Nat Rev Genet. 2001. 

Meiotically derived aneuploidies from egg shape natural fertility

Nondisjunction

Fertilization

Sperm
Eggs

Trisomy

Implantation failure
Miscarriage
Aneuploid conceptions

Adapted from Gruhn JR, et al., 20191



Evaluating clinical validity: why non-selection studies offer the strongest evidence

• Non-selection studies are the ideal design for 

assessing the clinical utility of  a genetic test.

• In the context of  PGT the genetic test is

conducted before ET, but the results remain

blinded until after the transfer.

•

Although non-selection trials are challenging to 

conduct, they are essential particularly when
evaluating variants of  uncertain clinical
significance.

Blinded studies minimizes selection bias by avoiding decisions based on test results, allowing for 

a reliable assessment of the relationship between genetic findings and pregnancy outcomes.

PPV

NPV

Negative 
pregnancy



Uniform aneuploid embryos do not 
make babies!

Capalbo A, et al., Am J Hum Genet. 2022



Embryos with meiotic aneuploidies fail to make 
babies....also in Maastricht!

PGT-AO (Aneuploidy Origin)

No Live Births in 83 
meiotically

trisomic Ets!

ESHRE 2024 Oral com:

Clinical utility of preimplantation genetic
testing for aneuploidy origin (PGT-AO) to 
enhance embryo selection for monogenic
disorders: a retrospective pan-country 
integrative genomic and clinical study.

Rick Essers, The Netherlands
Masoud Zamani Esteki’s group

Development of noninvasive PGT
PGT-IVF centres invasive vs noninvasive PGT Collaboration

Collect the spent blastocyst medium

Trophectoderm biopsy

Haplotypering-based

analysis

Haplotyping-based

genetic diagnosis

Goal of the research:

Developing a noninvasive

preimplantatie genetic test for

simultaneous PGT-M, PGT-SR and

PGT-A in one generic test 

using cell-free DNA in the 

spent blastocyst culture 

medium

day 5 embryo

PGT

PGT-M

PGT-SR PGT-A

Collect spent blastocyst medium

Collaborate? Contact

a.e.j.janssen@mumc.nl

Store the spent blastocyst medium 

in the -20 °C freezer

> 15 μl

PGT-M Nov 2019 – Sept 2024

Essers et al. ESHRE 2024; PGT Consortium 2026

https://www.linkedin.com/posts/masoud-zamani-esteki-10331038_proud-of-rick-essers-who-has-shined-again-activity-7216439100462034945-HZU7
https://www.linkedin.com/posts/masoud-zamani-esteki-10331038_proud-of-rick-essers-who-has-shined-again-activity-7216439100462034945-HZU7
https://www.linkedin.com/posts/masoud-zamani-esteki-10331038_proud-of-rick-essers-who-has-shined-again-activity-7216439100462034945-HZU7


Why there still is debate?

1. Wrong outcome measure
and patients population



Morphology based                      PGT-A

aneuploid

LIVE BIRTHS ITT

BEST CASE:

⇧ ET outcomes

= LBR per ITT

MISCARRIAGE

IMPLANTATION
 FAILURE

=

>

>

1. HFEA. Pre-implantation genetic testing for aneuploidy (PGT-A). 2025; 
2. Image courtesy of Dr. Capalbo based on own insights

PGT-A: Preimplantation genetic testing for aneuploidies; ET: 
Embryo transfer; LBR: Live birth rate; ITT: Intention to treat

The goal of PGT-A: Identify and deselect embryos with uniform 
aneuploidies that have no reproductive potential.1



1. Scott, et al., Fertil Steril. 2012; 2. Tiegs, et al., Fertil Steril. 2021; 3. Wang, et al., Prenatal Diagnosis. 2021;  4. Yang, et al., Nat Cell Biol. 2021; 5. Barad, et al., Hum Reprod. 2022; 
6. Kasaven, et al., J Assist Reprod Genet. 2023; 7. Unpublished 8. Mumusoglu et al., Fertil Steril. 2025

M
iscarriage

rate
LB

R

Cost-effectiveness
Somigliana and Capalbo 2019;
Collins SC et al., 2017;
Neal 2017.

Reduced time to pregnancy
Eliner et al., 2025;
Panatu et al., 2022;
Neal et al., 2018.

Similar LBR per ITT
Kasaven et al., 2023;
Sanders et al., 2021;
Yan et al., 2021.

Clinical Utility in case-control studies 



Why RCTs failed: wrong definition of outcome measures
Cumulative LBR used as primary endpoint!

Study weaknessess:

• Only 3 embryos received biopsy in PGT group

• «Mosaic» embryos not trasnferred by policy!!!

• Mean female age 29 years!!!!

• Primary outcome: non-inferiority of control group for 
the  cumulative LBR!!!

RESULTS: Similar number of babies with fewer transfers 
and ~30% fewer miscarriages (8.7% vs. 12.6%) 



More appropriate DEFINITION OF 

    PATIENT POPULAITON FOR PGT-A

AMA: >35 years

RPL: avoid recurrent aneuploidies

RIF: reduced TTP

aneuploidy rate in blastocysts by female age

Most RCTs
Most clinical 
experience



The only RCT where mosaicism was not used to inform
embryo selection showed improved LBR with PGT-A

Published: 21 July 2025 Cumulative live birth 
(Total of 3 ET)

36/50
(72.0%)

26/50
(52.0%)

OR 2.37, 95% CI: 1.04–
5.44; p-value = 0.04

PGT-A Contr



Why there still is debate?

1. Wrong outcome measure 2. Wrong use of technology
i.e. mosaicism reporting

The clinical utility of a technology should not be 
dismissed simply because it's inconsistently applied



1st prospective blinded study 2nd prospective blinded study

AJHG 2022
Primary cohort, US clinics: 9828 SETs

Validation cohort, European clinics: 5,487 SETs

PGT-A Mosaicism Reporting Lacks Clinical Predictive Value: Evidence from a Multisite, Double-
Blinded Study with Independent Validation Across 15,315 Single-Embryo Transfers

P. Gill, X. Tao, Y. Zhan, F. Mulas, C.S. Ottolini, L. Picchetta, S. Caroselli, D. Babariya, D. Wells, G. Clark, 
E. Fernandez Marcos, C. Marin Vallejo, V. Jobanputra, M. Werner, R. Scott, T. Molinaro, J. Pla, V. Vergara 

Bravo, A. Requena Miranda, Juan A. García Velasco, A. Pellicer, E. Mounts, C. Jalas, A. Capalbo

AJOG 2025

Lack of clinical utility of mosaicism reporting in prospective blinded studies

1. Capalbo A et al., Am J Hum Genet. 2022; 
2. Gill P et al., MedRxiv. 2025 (preprint)

Main clinical transfer outcome (897 SETs)

Euploid Low putative mosaic (20-30%) Moderate putative mosaic (30-50%)
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Mosaicism reporting in PGT-A

If an ongoing pregnancy 

should result, further 

discussion of prenatal 

diagnostic testing options 

should be offered.

REDUCED PGT-A
ACCURACY

Any patient considering 

transfer of an embryo 

diagnosed as mosaic should 

receive genetic counselling 

before and after the transfer.

GENETIC COUNSELLING AND 
INCREASED ANXIETY

If an ongoing pregnancy 

should result, further 

discussion of prenatal 

diagnostic testing options 

should be offered.

INCREASED ADOPTION OF 
AMNIOCENTESIS

<3% transferred 143/4,932; 

(Munnè 2017)

"Over half of the clinics surveyed do 

not permit mosaic embryo transfer" 

Kim 2018; Besser 2019

ESHRE SURVEY: 75% consider 

discarding or donating to research 

mosaic embryos!

POTENTIAL WASTAGE OF EMBRYOS

4.5

4

3.5

3

2.5

2

1.5

1

0.5

1 2 3 4 5 6 7 8 9 11 1210 13 14 15 16 17 18 19 20 21 22 X Y

MAPD=0.212 Confidence filter=1.0

PGT-A: Preimplantation genetic testing for aneuploidy; ESHRE: European 
Society of Human Reproduction and Embryology

Speaker’s own insights; Munné S et al., Fertil Steril. 2017; McGowan 
et al., Fertil Steril. 2020; De Rycke et al., Hum Reprod. 2022

The Lack of an Evidence-Based Framework for Reporting 
Mosaicism Has Challenged PGT-A



New technological developments in PGT-A hold potential for further 
improving clinical validity and utility1–4
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1. Capalbo A, et al. Fertil Steril. 2016; 2. Caroselli S, et al. Human Reproduction. 2023;

3. Iturriaga A, et al. Fertility and Sterility. 2024; 4. Janssen AEJ, et al. Nature Communications. 2024     



Spindle instability: tripolar spindles-triploid conceptions in humans

Almost all haploid samples lack the 

paternal genome

Lack of meiotic recombination 

explain 1/3 of triploid conceptions



New technological 
developments in PGT-A 
can further boost 
clinical and utility1–4

1. Capalbo A, et al. Fertil Steril. 2016; 2. Caroselli S, et al. Human Reproduction. 
2023;3. Iturriaga A, et al. Fertility and Sterility. 2024; 4. Janssen AEJ, et al. 
Nature Communications. 2024     

BAF: B-allele frequency; PN: Pronucleus/pronuclei

70%

45%

95%

2% increase
cumulative LBR, 
Capalbo et al., und rev

aneuploidy 
26,8%

haploidy 0,2%

triploidy 0,9%

no 

aneuploidy 
69,3%

no result 
2,9%

1% of 2PN embryos are ploidy abnormal



New technological developments in PGT-A hold potential for further improving clinical 
validity and utility1–4

20
1. Capalbo A, et al. Fertil Steril. 2016; 2. Caroselli S, et al. Human Reproduction. 2023;

3. Iturriaga A, et al. Fertility and Sterility. 2024; 4. Janssen AEJ, et al. Nature Communications. 2024     

Embryo clinical genome sequencing



From standard PGT to clinical WGS of embryos to 
unravel genomic diversity of human embryos

N

STANDARD PGT-A

Clinical WGS in PGT-A

Gross chromosomal abnormalities

• SVs
• Indels
• Criptic structural rearrangements
• CNVs
• Repeat expansion
• mtDNA variants
• Gross chromosomal rearrangements



Inherited

de novo

PGT-Whole Genome Sequencing



Germline De Novo Mutations (DNM) can explain a fraction of implantation 
failure and negative pregnancy outcomes

100
Novel SNVs, Indels or CNVs per 
genome per generation

Newborns with intellectual
disability60%

2
Additional DNMs per year of life of 

the father at the time of conception

Goldman et al., 2019; Veltman et al., 2012; Conrad, D. et al., Nat Gen 2011



40 genes under significant positive 
selection in the male germline, involved in 
diseases

positive selection during spermatogenesis
drives a 2–3-fold increased risk of known
disease-causing mutations.

3–5% of sperm from middle-aged to older
individuals with a pathogenic mutation
across the exome.



The unkwown genomic diversity of human perimplantation embryos

❖ Small CNVs ❖ SNVs ❖ Epigenetic markers 
of differentiations

KNOWLEDGE GAP stillbirths

10%

60%

neurodevelopmental
disordersEuploid losses

10-20%



Clinical whole genome sequencing-based PGT in pratical terms

▪ Universal approach for all PGT indications

▪ Improve assessment of genetic embryonic lethality 

beyond aneuploidies (understand why euploid embryos 

fail)

▪ Mitigate the burden of genetic diseases for the next 

generations (de novo mutations/CNVs for severe 
developmental disorders)

PGT: Preimplantation genetic testing; CNVs: Copy number variations

Zhang S et al., clin Transl Med. 2021

Reference genome

Patient DNA collected Medical-grade sequencing

Interrogation of
exome or genome
sequencing data

Results

(-22,000 protein-coding genes) (50-100x larger region than exome sequencing:

includes regulatory, intronic, and intergenic regions)

Intron
Exon

Sequence reads

Exome sequencing Genome sequencing

→



Advancing PGT  Through Whole Genome Sequencing
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POINTS TO CONSIDER BEFORE IMPLEMENTATION OF WGS

o Clinical grade analytical performance!

o What is the clinical gain?

o Data Interpretation & Reporting (VUS, mild penetrance)

o Cost-effectiveness?

o How to manage Incidental/Secondary findings?

o Consent, privacy, counseling, and equitable access.

Clinical trials required

We MUST be careful NOT to prematurely adopt a 
technology just because of its potential



Take home

Meiotically aneuploid embryos without 
reproductive potential can be accurately detected 
and safely deselected for clinical use.

Information about PGT-A should be ready available
and provided to all couples planning IVF, with AMA
most appropriate

Scientifically driven comunication to patients

and public! Avoid overstatments or miscomunication

Skilled IVF and genetic labs and teams  are critical! 
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