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Main principles for establishing a clinical genetic (PGT) test
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Rethinking the limits of genetic testing in embriobieving optimal analytical
accuracy Is particularly important in PGT

CRUCIAL POINTS TO KEEP IN MIND

Resolution :3-7 Mb (according to

the platform/genomic position)

PGT can detect aneuploidies and
gross structural unbalances

Phenotype -agnostic : PGT is
performed without prior
knowledge clinical phenotype
that may aid in the
interpretation of findings

One-time procedure : unlike
blood tests, PGT is single
shot, performed once
without the possibility of
repetition

microARRAY
? B WES and WGS

|
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Meiotically derived aneuploidies from eggshape natural fertility
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Evaluating clinical validity: why noselection studies offer the strongest evidence

Blindedstudiesninimizes selectionbias by avoidingdecision®asedon testresultsallowingfor
a reliable assessmenbf therelationshigpetweengeneticfindingsand pregnancyoutcomes

Prospective Blinded Study Design to Assess

Embryo biopsy
collected prior to
transfer, PGT not
vet performed

Blopsy stored under
blinded conditions

the Predictive Value of PGT

Positive Negative
pregnancy  pregnancy
Embryo transfered
without PGT result
disclosure (blinded)
phase)

Unblinded comparison of
PGT and clinical outcomes
to determine predictive
accuracy

DIAGNOSTIC TEST

Positive result Negative result
True False False True

positive positive negative negative

Positive Negative
Predictive Predictive
Value Value

PPV NPV



Uniform aneuploid embryos do not
make babies!

PERSPECTIVE The American Journal of Human Cenetics 109, 15721581, September 1, 2022

On the reproductive capabilities of aneuploid

human preimplantation embryos

Antonio Capalbo,’* Maurizio Poli,' Chaim Jalas,? Eric ]. Forman,* and Nathan R. Treff

Stud Transfers of Uniformly
y Aneuploid Embryos n

Miscarriage rate

% (n, 95%CI)

Lethality rate
% (n, 95%CI)

Scott et al. o 33.3% (2/6) 95.8% (91/95)
2012 (4.3%-77.7%) 84.5%-99.4%)
Tiegs et al. . 100% (24/24) 100% (102/102)
2021 Rlizaed e (85.8%-100%) (96.5%-100%)
o Wang et al. _ 75.0% (6/8) 95.5% (42/44)
2021 Clinidea 4 (34.9%-96.8%) (84.5%-99.4%)
Yang et al. — - 100% (6/6) 100% (6/6)
2022 inae (54.1%-100%) (54.1%-100%)
Barad et al. _ 85.7% (6/7) 99.1% (105/106)
2022 LAl e L (42.1%-99.6%) (94.9%-99.9%)
(o) (o)
- _— 86.3% (44/51) 98.0% (346/353)

(73.7%-94.3%)

(96.0%-99.2%)



Embryos with meiotic aneuploidies fail to make
babies....also in Maastricht!
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Why there still Is debate?

1. Wrong outcome measure
and patients population

TRANSFER @
OUTCOMES
IMPROVED @

N @ CUMULATIVE
,,,,,,, LIVE BIRTH RATE
UNCHANGED
\




The goa| of PGT _ A ldentify and deselect embryos with uniform
aneuploidies that have no reproductive potential. 1

BEST CASE:

N C[ ET outcomes
= LBR perlITT

IMPLANTATION
FAILURE

MISCARRIAGE T

LIVEBIRTHS ITT

Morphology based

PGT-A: Preimplantation genetic testing for aneuploidies; ET: 1. HFEA. Pre-implantation genetic testing for aneuploidy (PGT -A). 2025 ;
Embryo transfer; LBR: Live birth rate; ITT: Intention to treat 2. Image courtesy of Dr. Capalbo based on own insights



Clinical Utility in case -control studies

Cost-effectiveness
Somigliana and Capalb2019
Collins SC et al2017
Neal2017.

Reduced time to pregnancy
Elineret al., 2025

Panatuet al., 2022

Neal et al.,2018

Similar LBR per ITT
Kasaveret al.,2023

Sanders et al.2021;

Yan et al.2021

1. Scott, etal., Fertil Steril . 2012 ; 2. Tiegs, etal., Fertil Steril . 2021 ; 3. Wang, et al., Prenatal

6. Kasaven , et al.,

PGT-A Non PGT-A Odds Ratio 0Odds Ratio
Studv or Subaroup  Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
B Clinical pregnancy loss
Lei et al., 2019 12 89 46 133 14.4% 0.29 [0.15, 0.60] 2019 =g g
Kim et al., 2019* 72 480 20 62 16.1% 0.37[0.21, 0.67] 2019 — wn
Sato et al., 2019 2 14 2 10 3.8% 0.67[0.08, 5.75] 2019 ——— (@)
Sui et al., 2021 2 59 18 49 6.4% 0.06 [0.01, 0.28] 2021 ———w—— Q
Bhatt et al., 2021 463 2510 517 1898 21.3% 0.60 [0.52, 0.70] 2021 3 =
Shi et al., 2023 15 69 5 34 9.6% 1.61[0.53, 4.88] 2023 —— Q
Kato et al., 2023 1 5 5 5 1.7% 0.03[0.00, 0.94] 2023 ———— (@)
Pavlovic et al., 2023* 64 260 20 67 16.0% 0.77[0.42, 1.39] 2023 - (¢)
Kim et al., 2024 6 36 35 70 10.8% 0.20 [0.07, 0.54] 2024 —— —
Subtotal (95% CI) 3522 2328 100.0% 0.42 [0.27, 0.67] <> o))
Total events 637 668 ('.'D"
Heterogeneity: Tau? = 0.25; Chi2 = 25,86, df = 8 (P = 0,001); 12 = 69%
Test for overall effect: Z = 3.69 (P < 0.0002)
C Live birth per embryo transfer
Lei et al., 2019 75 167 87 346 13.9% 2.43[1.64,3.58] 2019 -
Sato et al., 2019 11 21 8 37 2.8% 3.99 [1.25, 12.72] 2019 —_——
Kim et al., 2019* 408 660 42 101 12.6% 2,27 [1.49, 3.48] 2019 -
Bhatt et al., 2021 2047 4288 1381 4116 27.1% 1.81[1.66, 1.98] 2021 n
Mantravadi et al., 2021* 27 82 9 30 4.2% 1.15[0.46, 2.84] 2021 F—p—
Sui et al., 2021 50 115 29 156 9.3% 3.37[1.95, 5.82] 2021 - —
Kato et al., 2023 4 5 0 9 04% 57.00[1.92,1693.41] 2023 E— ¥
Pavlovic et al., 2023* 196 442 47 147  13.7% 1.70 [1.14, 2.51] 2023 — pu
Shi et al., 2023 54 120 29 102 8.9% 2.06[1.18, 3.61] 2023 —
Kim et al., 2024 28 57 32 132 7.2% 3.02[1.57,5.80] 2024 e
Subtotal (95% CI) 5957 5176 100.0% 2.17 [1.77, 2.65] O
Total events 2900 1664
Heterogeneity: Tau? = 0.04; Chi2 = 16.54, df = 9 (P = 0.06); 12 = 46%
Test for overall effect: Z = 7.49 (P < 0.00001)
+ } + {
0.01 0.1 1 10 100

Lower in PGT-A

Higher in PGT-A

Forest plot comparing reproductive outcomes per embryo transfer in patients with unexplained recurrent pregnancy loss undergoing
in vitro fertilization treatment with and without preimplantation genetic testing for aneuploidy (PGT-A); (A) clinical pregnancy rates,
(B) dinical pregnancy loss rates, (C) live birth rates. CI=confidence interval; M-H=Mantel-Haenszel; RPL=recurrent pregnancy loss.

*Indicate meeting abstract.

Mumusoglu. PGT-A for unexplained RPL, Fertil Steril 2025,

Diagnosis . 2021 ;

4.Yang, et al.,

Nat Cell Biol. 2021 ; 5. Barad, et al.,
J Assist Reprod Genet. 2023 ; 7. Unpublished 8. Mumusoglu etal.,

Hum Reprod . 2022 ;

Fertil Steril . 2025



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

Studyweaknessess

Live Birth with or without Preimplantation
Genetic Testing for Aneuploidy

Yan J et al. DOI: 10.1056/NEJM0a2103613

* Only 3embryosreceivedbiopsyin PGT group

CLINICAL PROSBLEM Conventional Preimplantation Genetic Testing
Selecting the best embryos for transfer during in vitro In Vitro Fertilization for Aneuploidy
fertilizati (IVF) optimi the live-birth rate per
fer. A ploidy (i.e., missing or extra ch
is iated with impl. ion fail and

spontaneous abortion. Whether using preimplantation
genetic testing for aneuploidy (PGT-A) in the embryo
selection process might increase the rate of successful
treatment is unclear.

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

CLINICAL TRIAL

s, | - Meanfemale age 29 years!!!!

Design: A multi d ized, controlled, nonin-
feriority trial evaluated whether conventional IVF is - Amsuplold
noninferior to PGT-A with P to the lative

live-birth rate.

Intervention: 1212 subfertile women 20 to 37 years of

age with three or more good-quality blastocysts were
igned to ional IVF, with embryos selected

= * Primaryoutcome: non-inferiority of control group for

< . . b nd transfe
for transfer by morphologic criteria alone, or to PGT-A, 28 a nsfer
- e

o T, gk Shin shx :;‘;T:s fsrr\:» the cumulative LBR!!!

RESULTS

Efficacy: The cumulative live-birth rate after up to three . - o .
embryo transfers within 1 year (the primary outcome) Primary Outcome: Cumulative Live-Birth Rate

in the conventional IVF group was noninferior to that Absolute difference, —4.6 percentage points; 95% CI, —9.2 to —0.0;

D e e e | R T RESULTSSimilar number of babies with fewer transfers
rates in the conventional IVF group. >
Safety: The incidences of adverse events, including i
moderate or severe ovarian hyperstimulation syndrome,
ectopic pregnancy, and obstetrical or perinatal compli-
cations, were similar in the two groups.

and ~30% fewer miscarriages 8.7% vs.12.6%)

463/606

LIMITATIONS AND REMAINING QUESTIONS

= Only women with a good prognosis for a live birth
were included in the study, and no more than three .
transfers were performed, limiting the generalizabili- he
ty of the Its to with p prog: or o=

to situations in which more embryos are available.

P<0.001 for
noninferiority

Percentage of Patients

PGT-A Group

CONCLUSIONS

= Intracytoplasmic sperm injection was performed in
all patients in both groups but is not routinely per-
formed or warranted as part of standard IVF pro- CONCLUSIONS
grams. Among women with a good prognosis for a live birth,

Among women with a good prognosis for a live birth,
conventional IVF resulted in a cumulative live-birth rate
that was noninferior to thar with PGT-A.

conventional IVF resulted in a cumulative live-birth rate
that was noninferior to that with PGT-A.

Links: Full Article | NEJM Quick Take




More appropriate DEFINITION OF
PATIENT POPULAITON FOR PGT -A

Most clinical
experience

MostRCTs

4

AMA: >35 years

uploidy

RPL: avoid recurrent aneuploidies

percent with ane

RIF: reduced TTP

0 10 20 30 40 50 60 70 80 90 100

aneuploidy rate in blastocysts by female age



JCD:‘;;:;;EM Medicine m\b\l’y
The only RCTwhere mosaicism was not used to inform

Preimplantation G tic Testing for Aneuploidy Vi : : .
ELS oA S T g B pasveD embryo selection showed improved LBR with PGTA

Pilot Randomized Controlled Trial

Yusuf Beebeejaun ?*, Daniela Bakalova 3%, Anastasia Mania !, Timothy Copeland *(, Ippokratis Sarris -2

’

Kypros Nicolaides 2%, Antonio Capalbo ¢ and Sesh K. Sunkara !/ P G—“ Con tr

Published: 21 July 2025 Cumulative live birth 36/50 26/50 OR 2.37, 95% CI: 1.04

(Total of 3ET) (72.0%) (52.0%) 5.44; p-value = 0.04

Cumulative Probability of Live Birth by Embryo Transfer Number

ING’S
College
LONDON : |

1 2 3
Number of Embryo Transfers



Why there still Is debate?

1. Wrong outcome measure 2. Wrong use of technology

l.e. mosaicism reporting

[ PGT-A ] @
TRANSFER @ Technical misuse Data bias Biased interpretation
OUTCOMES of PGT-A outcomes
IMPROVED @

....... @ g

w CUMULATIVE

,,,,,,, LIVE BIRTH RATE
UNCHANGED
~

( A BAD WORKMAN

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

HIS TOOLS




Lack of clinical utility

15t prospective blinded study

AJHG 2022

ARTICLE

Mosaic human preimplantation embryos and
their developmental potential in a prospective,
non-selection clinical trial

Antonio Capalbo,’* Maurizio Poli,’ Laura Rienzi,” Laura Girardi,' Cristina Patassini,’ Marco Fabiani,’
Danilo Cimadomo,? Francesca Benini,® Alessio Farcomeni,* Juliana Cuzzi,> Carmen Rubio,®”

Elena Albani,® Laura Sacchi® Alberto Vaiarelli,” Matteo Figliuzzi," Necati Findikli,*. " Onder Coban,!?
Fazilet K. Boynukalin,’* Ivan Vogel,'* Eva Hoffmann,'* Claudia Livi,” Paclo E. Levi-Setti,®

Filippo M. Ubaldi? and Carlos Siméns. 71415

Main clinical transfer outcome (897 SETS)

50 55.8 55.7
40
434 42

30
20
10

0

PPT LBR

BPL Miscarriage

MEuploid  Mow putative mosaic ( 20-30 %) Moderate putative mosaic (  30-50 %)

of mosaicism

&

reporting in

prospective  blinded studies

2"d prospective blinded study

False Positive Rate

Predictive  Value: Evidence froma Multisite
Across 15,315 Single -Embryo Transfers

Lacks Clinical , Double -

Validation

PGT -A Mosaicism  Reporting
Blinded Study with Independent

P. Gill, X. Tao, Y. Zhan,
E. Fernandez Marcos, C. Marin Vallejo, V.
Bravo, A. Requena Miranda, Juan A. Garcia Velasco, A.

AJOG 2025

F. Mulas, C.S. Ottalini, L. Picchetta, S. Caroselli, D. Babariya , D. Wells, G. Clark,
Jobanputra , M. Werner, R. Scott, T. Molinaro, J. Pla, V. Vergara
Pellicer , E. Mounts , C. Jalas, A. Capalbo

1. Capalbo A et al., Am J Hum Genet.
2.GilllPetal.,

2022 ;
MedRxiv . 2025 (preprint)

Primary cohort , USclinics: 9828 SETs
: Validation  cohort , European clinics: 5,487 SETs
: 10 Receiver Operating Characteristic
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The Lack of an Evidence-Based Framework for Reporting
Mosaicism Has Challenged PGT-A

Mosaicism reporting in PGT  -A

MAPD=0.212 Confidence filter=" 1.0

45

35
;.5 ] A/\
15 :; v .j i?ql Vo g; vV E‘ :wqf : 7" A

1 2 3 4 5 6 7 8 9 10 un 12 13 14 15 6 17 18 19 0 212 X Y

REDUCED PGT -A GENETIC COUNSELLING AND INCREASED ADOPTION OFE
ACCURACY INCREASED ANXIETY AVNIOCENTESIS POTENTIAL WASTAGE OF EMBRYOS
If an ongoing pregnancy Any patient considering If an ongoing pregnancy < 3% transferred 143/4,932 ;
should result, further transfer of an embryo el el A (Munné 2017)
discussion of prenatal diagnosed as mosaic should discussion of prenatal
diagnostic testing options receive genetic counselling diagnostic testing options "Over half of the clinics surveyed do
should be offered. before and after the transfer. =imanl) 59 GhEReG) not permit mosaic embryo transfer"
Kim 2018 ; Besser 2019
ESHRE SURVEY: 75% consider
discarding or donating to research
mosaic embryos!
PGT-A: Preimplantation genetic testing for aneuploidy; ESHRE: European Speaker 6s owriMunnaéS étaglh tFertj] Steril . 2017; McGowan

Society of Human Reproduction and Embryology etal.,, Fertil Steril . 2020; De Rycke etal.,, Hum Reprod. 2022



New technological developments in PGA hold potential for further
improving clinical validity and utility™

1995 FISH
Ploidy evaluation
2008 aCGH [
L
2010 aSNP
Contamination
2012 gPCR Q‘J)
np"ui W‘m"w - Fi hE
el 5
2013 NGS : LS ingerprinting
: : : Genotyping to widen EEE
- NGS with validated algorithms : ; ; .
20152019 g diagnostic spectrum Better aneuploidy calling
12/24 chromosomes 24 chromosomes and genotyping
1. Capalbo A etal. Fertil  Steril . 2016 ; 2. Caroselli S, et al. Human Reproduction. 2023 ;
3. lturriaga A, et al. Fertility and Sterility. 2024 ; 4. Janssen AEJ, et al. Nature Communications. 2024
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Spindleinstabllity: tripolar spindlestriploid conceptionsin humans

The American Journal of Human Genetics 172, 1-14, November 6, 2025 AR TICLE

Maternal age and genome-wide failure

of

meiotic recombination are associated

with triploid conceptions in humans

Ludovica Picchetta,!?2 Christian Simon Ottolini,!? Xin Tao,* Yiping Zhan,* Vaidehi Jobanputra,+*
Carlos Marin Vallejo,> Francesca Mulas,! Elvezia Maria Paraboschi,! Maria José Escriba Pérez,®”

Tho

mas Molinaro,® Christine Whitehead,” Pavan Gill,® Emily Mounts,* Dhruti Babariya,!©

Laura Francesca Rienzi,!!.!2 Filippo Maria Ubaldi,!! Juan Antonio Garcia-Velasco,!? Antonio Pellicer,!*
Shai Carmi,!> Eva R. Hoffmann,!®'8* and Antonio Capalbo!.6.17,18,*
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New technological ke
developments in PGTA
Can fu rth er bo OSt An expert opinion on rescuing atypically pronucleated

human zygotes by molecular genetic fertilization checks

clinical and utility in IVF

Antonio Capalbo {®*?**, Danilo Cimad. ®* ci i Coticchio €9)°, and Christian Simon Ottolini {5+

Morphological fertilization check M"'?:“l';l’i;h‘:g‘ggm”"s Mzm;; vi:;n::zs?r?:réﬁgck
r 1T 7 [ |
A B c
ABBABABABABAABBAABBABA
1% of 2PN embryos are ploidy abnorma 9504 S
= Haploid 3.7% (N=3; 95%Cl:1.3-10.3) 08
0 PRONUCLEI * Diploid 95.1% (N=77; 95%Cl: 88-98.1)
(0PN) Polyploid 1.2% (N=1; 95%Cl; 0.2-6.7) 008 ® 8 o 0 o8 00 & o
HAPLOID

2% increase

AABABAABBABAABBAABBABA‘ ) Cum UIative LBR’
Capalbo et al., und rev

nc; rg;u IL\ aneuploidy
=70 . 26,8%

/0%

o
-
-
o
.
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©

= Haploid 27.2% (N=61; 95%Cl: 21.8-33.4)
1 PRONUCLEUS * Diploid 70.5% (N=158; 95%Cl: 64.3-76.1)
(1PN) Polyploid 2.2% (N=5; 85%Cl: 1.0-5.1)

haploid®, 26
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BAF: B -allele frequency; PN: Pronucle us/pronuclei

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



New technological developments in PGA hold potential for further improving clinical

validity and utility™

1995 ——  FISH

Ploidy evaluation

Embryo clinical genome sequencing

2008—— aCGH
Types of Genomic Variations
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- Most common type of varia- segments
tion.
2012 GPCR > . Repeat Expansions
N R + Insert.lons and Repetitive DNA sequences (e.g.
‘ ik Deletions (Indels) trinucleotide repeats) that
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2013 —— NGS o Mitochondrial Variations
wm=m COpY Number Variations Differences in mitochondrial DNA
e (CNVs) inherited maternally
T : Genotyping to widen
.2019—— INGS withvalidated algorithms : . : :
2018-2019 d diagnostic spectrum Better aneuploidy calling
12/24 chromosomes 24 chromosomes and genotyping
1. Capalbo A etal. 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 20




From standard PGT to clinical WGS of embryos to
unravel genomic diversity of human embryos
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Skimming through a book to see if any
chapters are missing or in the wrong order
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Reading every single letter of every word
in the book, catching a typo
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PGTWhole Genome Sequencing
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More often paternal
and with age

Functional Signature
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Medical-grade sequencing

Results

Exome sequencing
(~22,000 protein-coding genes)

Sequence reads

Reference genome —»

Interrogation of
exome or genome
sequencing data

Genome sequencing

(50-100x larger region than exome sequencing;

includes regulatory, intronic, and intergenic regions)

Sequence reads

|
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Reference genome -
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Germline De Novo Mutations (DNM) can explain a fraction of implantation
failure and negative pregnancy outcomes
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Spermsequencing reveals extensive positive
selectioninthe malegermline
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The unkwown genomic diversity of human perimplantation embryos
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Clinical whole genome sequencing -based PGT in pratical terms

O Q O Q ; : L
A Universal approach for all PGT indications
) 0 A
é_ § %) © A Improve assessment of genetic embryonic lethality
'"he"tedl"a"a"ts o l beyond aneuploidies (understand why euploid embryos
Qg)% g//%@ De Novo Genomic fall)

Variants

7 A Mitigate the burden of genetic diseases for the next
‘/ generations (de novo mutations/CNVs for severe
developmental disorders)

: \ o< j
: \\q' =  / Inherited @
Variants ‘7@ >
Whole Genome iﬁ i Gametogensss Rare and
Severe

Sequencing-based PGT Inherited Genetic
Variants Disease

PGT: Preimplantation genetic testing; CNVs: Copy number variations




Advancing PGT Through Whole Genome Seguencing

POINTS TO CONSIDER BEFORE IMPLEMENTATION OF WGS

Clinical trials required
Clinicalgrade analyticalperformance!

What istheclinicalgain?
Data Interpretation& ReportingVUSmildpenetrance
Costeffectiveness

Howto managelncidentdlSecondanfinding®

o O O O o o

Consenprivacy,counselingnd equitableaccess

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

27



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

Take home

Q Scientifically driven comunication to patients
and public! Avoid overstatments or miscomunication

Q Skilled IVF and genetic labs and teams are critical !
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