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ABSTRACT

Purpose Wide controversy is still ongoing regarding efficiency of preimplantation genetic testing for aneuploidy (PGT-A). This
systematic review and meta-analysis, aims to identify the patient age group that benefits from PGT-A and the best day to biopsy.
Methods A systematic search of the literature was performed on MEDLINE/PubMed, Embase and Cochrane Central Library up
to May 2020. Eleven randomized controlled trials employing PGT-A with comprehensive chromosomal screening (CCS) on
Day-3 or Day-5 were eligible.

Results PGT-A did not improve live-birth rates (LBR) per patient in the general population (RR:1.11; 95%CI:0.87-1.42; n=1513;
1°=75%). However, PGT-A lowered miscarriage rate in the general population (RR:0.45; 95%CI:0.25-0.80; n=912; >=49%).
Interestingly, the cumulative LBR per patient was improved by PGT-A (RR:1.36; 95%CI:1.13-1.64; n=580; I°=12%). When
performing an age-subgroup analysis PGT-A improved LBR in women over the age of 35 (RR:1.29; 95%CI:1.05-1.60; n=692;
°=0%), whereas it appeared to be ineffective in younger women (RR:0.92; 95%CI:0.62-1.39; n=666; 1°=75%). Regarding
optimal timing, only day-5 biopsy practice presented with improved LBR per ET (RR: 1.37; 95% CI: 1.03-1.82; P=72%).
Conclusion PGT-A did not improve clinical outcomes for the general population, however PGT-A improved live-birth rates
strictly when performed on blastocyst stage embryos of women over the 35-year-old mark.
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Introduction

Preimplantation genetic testing for aneuploidy (PGT-A) is the
definitive tool in embryo selection on the grounds of euploidy
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address the risk of fewer embryos reaching blastocyst stage.
On the other hand, it has been reported in literature that em-
bryos which were classified as mosaic during cleavage stage
biopsy were then evaluated as euploid in a blastocyst stage
biopsy [6]. Furthermore, cleavage stage biopsy harbors the
peril of inaccurate diagnosis, on the grounds of the single-
cell analysis [7], while trophectoderm biopsy may hold re-
markable promise considering it allows for an abundance of
biopsied cells [7]. Misdiagnosis following trophectoderm bi-
opsy may reflect cases of mosaicism. Despite the fact that
discordance between trophectoderm and inner cell mass is a
rare event [8, 9], it should not be overlooked in the limited
number of cases it may be observed. . Regarding the biopsy
technique, controversies are apparent [7, 10, 11]. The day 3
(D3) vs day 5 (D5) biopsy battle has been at the spotlight for
years with more recent data supporting performing biopsy at
blastocyst stage coupled by comprehensive chromosomal
screening (CCS) [12].

Several meta-analyses investigated the benefit of PGT-A,
with 2 out of 3 meta-analyses concluding that PGT-A, when
employing the FISH technique, was accompanied with lower
ongoing pregnancy and live-birth rates, when compared to
conventional cycles [3, 13, 14]. Contrarily, it was observed
that PGT-A based on CCS may improve clinical pregnancy
and live-birth rates [15, 16]. The fact that lately PGT-A has
been marketed and provided on a more horizontal level has led
to well-informed patients viewing it as an “add-on” to im-
prove clinical outcome of IVF, a scenario harboring risk [17,
18]. The present meta-analysis aims to provide updated evi-
dence regarding the efficiency of PGT-A on clinical out-
comes. The extensive employment of CCS as well as the
vitrification method for embryo cryopreservation renders
meta-analyses based on less recent studies outdated. In com-
parison to other meta-analyses analyzing strictly CCS, the
present one reports on considerably higher volume of data.

This study includes both a per ET and a per patient analy-
sis, with the latter representing the intention-to-treat (ITT)
analysis. The rationale behind this is that deviations from the
protocol—in this case performing ET—may be due to valid
prognostic factors that lead to exclusion of a case from the
analysis. To provide an example on this, if the study design
dictates that only euploid embryos should be included for ET,
and if PGT-A indicates that all embryos tested are mosaic and
yet the patient decides to proceed with transferring mosaic
embryos, then this case would be excluded from the analysis,
unless an ITT approach is adopted. A major decision that is
not commonly accounted for are mosaic embryos. Since mo-
saic embryos may ultimately report on a euploid or aneuploid
embryo, it depends on the respective protocol of each study
whether they proceed with an ET or not—irrespectively of
whether genetic analysis has been successful regarding iden-
tification of the true chromosomal status of the biopsied ma-
terial. In order to be able to include these embryos which do
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not fall into the binomial outcome (euploid or aneuploid), for
which PGT-A with CCS has been reported to be extremely
accurate (false results <1%), employing an ITT was regarded
as a prerequisite by the authors. Employing an ITT analysis
ensures that all cases that were intended to be treated—
irrespectively of whether an ET was performed—are included
and reported on presenting an all-inclusive analysis.

This work aims to uniquely bring to literature network
meta-analytical data on PGT-A regarding the efficiency of
performing biopsy at the cleavage or the blastocyst stage,
considering the age group that this procedure may prove ben-
eficial for.

Methods
Search strategy

A systematic search of the literature was performed in the
databases of PubMed/Medline, Embase, and Cochrane
Central Library, limited to articles published in peer-
reviewed journals up to June 2019 (Online Resource 1)
and updated until the 10th of May 2020. The search strat-
egy included the following keywords and their respective
combinations: “In Vitro Fertilization,” “IVF,”
“Intracytoplasmic Sperm Injection,” “ICSI,” “Assisted
Reproduction,” “Assisted Reproduction Technologies,”
“Preimplantation Genetic Screening,” “PGS,” “chromo-
some abnormality,” “aneuploidies,” “disorders,” “Day
3,” “cleavage stage embryo,” “Day 5,” “Day6,”
“Blastocyst,” “biopsy,” “Randomized controlled trials,”
and “RCT.” The initial search yielded 1819 studies from
the three databases (PubMed/Medline: n=1098, Embase:
n=608, Cochrane Central Library: n=113). From the total
yield, 215 studies were duplicates thus removed.
Following initial screening regarding titles and abstracts
of all records, 1504 were refined resulting in relevant
articles. Thenceforth, full texts were thoroughly screened,
and citation mining of selected relevant publications was
conducted for final inclusion. Following this thorough
screening, a total of 10 studies [4, 5, 19-26] were includ-
ed in this meta-analysis. Following the update, a total of
28 were identified. Following screening, only one relevant
study was identified and added in this meta-analysis [27].
The flowchart of Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) is depicted in
Online Resource 2. Screening and study selection were
performed by three independent authors (MA, PT, KS).
Any disagreements between the authors were resolved by
an arbitration mediated by the senior author. No protocol
was submitted to the PROSPERO: International
Prospective Register of Systematic Reviews, providing
details on conducting of this study.
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Study selection

The authors concurred on including only RCTs in this meta-
analysis conducted in humans and published in English re-
view articles, retrospective studies, nonrandomized prospec-
tive cohort studies, case series or reports were not eligible. The
initial selection performed included screening of titles and
abstracts of the studies in order to exclude obviously irrelevant
studies. Following the initial selection, full-text articles of the
remaining studies were obtained and thoroughly screened. A
forward and backward citation mining was performed on all
relevant studies. The population involved women undergoing
IVEF/ICSI cycles with or without PGT-A prior to embryo
transfer (ET), with the former corresponding to the study
group and the latter corresponding to the control group.
Polar body biopsy was excluded from this meta-analysis,
along with PGT for monogenic disorders, structural chromo-
somal abnormalities, or translocations. Regarding the control
group, only morphological assessment of D3 or D5 embryos
was performed prior to ET. Authors concurred on including
studies that involved both fresh and frozen PGT-A cycles, as
frozen cycles employing vitrification are reported to be of
equal efficiency with fresh cycles, concerning clinical out-
comes [28]. In this metanalysis, studies that included patients
that were not randomized regarding PGT-A efficiency on
pregnancy outcomes were not eligible for inclusion. These
were studies comparing different techniques on chromosomal
analysis such as NGS, aCGH, or PCR and studies that com-
pared ovarian stimulation protocols or different culture media.
The current meta-analysis included only studies that conduct-
ed 24 chromosome aneuploidy screening (24chr-AS), exclud-
ing those that conducted the analysis on certain number of
chromosomes. The study by Forman et al., 2013 was also
excluded as the number of embryos transferred between the
two groups differed by protocol—single vs double ET.

Data extraction

Data extraction was performed independently by four authors
(AR, PG, AP, and KN) according to the selection criteria.
Regarding studies that did not provide age-subgroup analysis,
personal communication was attempted with the authors. The
communication attempts included two e-mails to the corre-
sponding authors, 2 weeks apart, and a total waiting for re-
sponse time of 1 month. Only the authors of the study con-
ducted by Sui et al. responded to this inquiry.

Outcome measures

The primary outcome measures for this meta-analysis are live-
birth rate per patient and miscarriage rate per clinical pregnan-
cy. The secondary outcome measures are ongoing pregnancy
rate per patient, clinical pregnancy per patient, cumulative

live-birth rate per patient, live-birth rate per ET, ongoing preg-
nancy rate per ET, clinical pregnancy rate per ET, and cumu-
lative live-birth rate per ET. Ongoing pregnancy is defined as
a viable pregnancy at 20 weeks of gestation and clinical preg-
nancy as the presence of a gestational sack at 4-5 weeks of
gestation. The per patient analysis—with the exception of cu-
mulative live-birth rate—includes the events of the first at-
tempt for ET only, while the population includes both women
that underwent ET and those that were included in the ran-
domization but did not proceed with ET due to any reason
representing the ITT approach. Cumulative live-birth rate is
defined as the number of live-births following multiple ETs.
Cumulative live-birth is assessed according to the data provid-
ed by studies; however, it is uncertain whether all available
embryos were transferred in all studies.

Assessment of risk of bias

Assessment of risk of bias was performed in included studies
regarding selection bias (randomization), allocation conceal-
ment, selective reporting, blinding of patients and personnel,
blinding of outcome assessment, incomplete outcome data,
and other possible sources of bias. Bias assessment was per-
formed independently by two authors (EM and GK), based on
“Cochrane Risk of Bias Tool for Randomized Controlled
Trials.” Any disagreements between the authors were deter-
mined by a third author (MS).

Statistical analysis

Meta-analysis regarding the age groups was performed
via the RevMan (v.5.3). The network was performed
employing frequentist methods via the “netmeta” pack-
age of the R programming language for statistical pur-
poses. Network meta-analysis is performed by compar-
ing direct and indirect effects. The direct effect is esti-
mated by the studies comparing the two different groups
directly, while the indirect effect is estimated by com-
paring the two groups to another “reference” group. The
reference group in the present study is the one where
embryo selection is based solely on morphology, with-
out performing biopsy. Thus, the reference group may
coincide with the control group. Risk ratio with 95%
confidence intervals was employed for the analyses of
the included studies. Either the fixed effect or the ran-
dom effects model was employed for results pooling
according to heterogeneity. Heterogeneity of the expo-
sure effect was evaluated through I? statistic. An I? val-
ue 80% or greater indicated high heterogeneity, and
thus, the meta-analysis was not performed. The random
effects model was employed if I value was greater than
0 and a significant sample size difference was observed
between the studies according to the 6th edition of the

@ Springer



1942

J Assist Reprod Genet (2021) 38:1939-1957

Cochrane Handbook. A chi-squared test for heterogene-
ity was also performed and the p-values were provided.
Since study sizes in this meta-analysis differed signifi-
cantly, the fixed effects model was employed only if
1’=0%. Funnel plots for potential publication bias were
conducted.

Results

Characteristics for each study included in this meta-analysis
are presented in Table 1.

Bias

Assessment of bias for each study as well as for each item is
presented in Figures 1 and 2. The performance and detection
bias are considered low for all studies as the nature of the
intervention and the outcomes do not allow for blinding of
the personnel.

PGT-A in different age groups

A summary of findings regarding the primary outcomes as
well as clinical pregnancy and cumulative clinical pregnancy
per patient is presented in Table 2.

Primary outcome measures
Live-birth rate per patient

Six studies reported results on live-birth rates per pa-
tient. Heterogeneity among the studies was reported to
be significantly high (I’=64%); thus, the random effects
model was employed. The pooled results reported no
statistically significant difference regarding live-birth
rates following PGT-A (RR: 1.15; 95% CI: 0.94-1.41;
n=1513) (Figure 3a). Following age-subgroup analysis
for live-birth rates, when PGT-A was employed in
women 35 years old or younger, no statistically signif-
icant difference was observed between the groups (RR:

Table 1 Principal characteristics of studies included in this network meta-analysis
RCTs Patient’s  Fresh/ Biopsy day/ ET day/embryo  Ploidy analysis PGT-A group  Control group ~ Outcome
age (years) frozen embryo stage stage technique (no of patients)  (no of patients) measures
cycles
Fiorentino 3643 Fresh D3/Cleavage D5/Blastocyst aCGH 34 31 OPR, CLB
etal., 2013
(4]
Munné et al., 25-40 Frozen D5,6/Blastocyst  D5,6/Blastocyst  NGS 330 331 CPR, OPR,
2019 [19] MR
Ozguretal, <35 Frozen D5/Blastocyst D5/Blastocyst NGS 109 111 CPR, OPR,
2019 [20] MR
Rubio etal., 3841 Fresh D3/Cleavage D5/Blastocyst aCGH 100 105 CPR, OPR,
2017 [5] MR, CLB
Scott et al., <43 Fresh D5/Blastocyst NP/Blastocyst qPCR 13 15 CPR
2010 [22]
Scott et al., 21-42 Fresh D5/Blastocyst D6/Blastocyst qPCR 72 83 CPR, OPR,
2013a [23] MR
Scott et al., <35 Fresh D3/Cleavage and D3/Cleavage and Microarray 113 113 OPR
2013b [11] D5/Blastocyst D5/Blastocyst analysis and
SNP
Sui et al., NP Frozen D5/Blastocyst D5/Blastocyst SNP 103 104 CPR!, OPR!,
2020 [27] MR!, CLB
Treff et al., <43 Fresh D5/Blastocyst NP/Blastocyst qPCR 37 39 CPR
2011 [24]
Yang et al., <35 Frozen D5/Blastocyst D5/Blastocyst aCGH 55 48 CPR, OPR,
2013 [26] MR, CLB
Yangetal, <39 Frozen D5/Blastocyst D5/Blastocyst NGS 85 84 CPR, OPR,
2017 [25] MR

*RCTs, randomized controlled trials; D3, day 3; D5, day 5; ET, embryo transfer; PGT-A, preimplantation genetic testing for aneuploidy, NP, not
provided; no, number; aCGH, array comparative genomic hybridization; NGS, next-generation sequencing, qPCR, quantitative polymerase chain
reaction; SNP, single-nucleotide polymorphism; CPR, clinical pregnancy rates;, OPR, ongoing pregnancy rates; MR, miscarriage rates;, CLB, cumu-

lative live-birth rates. ' Data obtained following personal communication
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Fig. 1 Assessment of risk of bias
of studies included in the meta-
analysis
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0.97; 95% CI: 0.70-1.36; n=666). In the over 35-year-
old age group, PGT-A improved live-birth rates (RR:
1.29; 95% CI: 1.05-1.60; n=629) (Figure 3b).
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Fig. 2 Summary of risk of bias assessment regarding each item for each
study included in the meta-analysis

Miscarriage rate per clinical pregnancy

Seven studies reported results on miscarriage rates per clinical
pregnancy. Heterogeneity among the studies was reported to
be high (I°’=57%); thus, the random effects model was
employed. The pooled results reported a statistically signifi-
cant lower miscarriage rate following PGT-A (RR: 0.36; 95%
CI: 0.17-0.73; n=912) (Figure 4a). Following age-subgroup
analysis for miscarriage rates, when PGT-A was employed in
women 35 years old or younger, no statistically significant
difference was observed between the groups (RR: 0.86; 95%
CI: 0.38-1.95; n=412). Similarly, in the over 35-year-old age
group, no statistically significant difference was observed
(RR: 0.24; 95% CI: 0.12-1.37; n=263) (Figure 4b).

Secondary outcome measures
Ongoing pregnancy rate per patient

Three studies reported results on ongoing pregnancy rates per
patient. Heterogeneity among the studies was reported to be
significantly high (I’=82%); thus, the random effects model
was employed. The pooled results reported no statistically
significant difference regarding ongoing pregnancy rates fol-
lowing PGT-A (RR: 1.31; 95% CI: 0.90-1.91; n=933)
(Figure 5).

Clinical pregnancy rate per patient

Nine studies reported results on clinical pregnancy rates per
patient. Heterogeneity among the studies was reported to be
significantly high (I’=79%); thus, the random effects model
was employed. The pooled results reported no statistically
significant difference regarding clinical pregnancy rates fol-
lowing PGT-A (RR: 1.14; 95% CI: 0.95-1.37; n=1824)
(Figure 6a). Following age-subgroup analysis for clinical
pregnancy rates per patient, when PGT-A was employed in
women 35 years old or younger, no statistically significant
difference was observed between the groups (RR: 0.96; 95%
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Table2  Summary of findings.

Patient or population: Couples undergoing IVF

Settings: Assisted reproduction units

Intervention: Preimplantation genetic testing for aneuploidy (PGT-A)
Comparison: Morphological or morphokinetic evaluation

Outcomes Anticipated absolute effects* (95% CI) Relative No of participants Quality of the evidence
effect(95% CI) (studies) (GRADE)
Assumed risk for Corresponding risk for the
control group PGT-A group
Live-Birth 414 per 1000 431 per 1000 (360 to 588) RR: 1.11 (0.87to 1513 (6) ®0o0very low *?
1.42)
‘Live Birth - <35 years 481 per 1000 405 per 1000 (298 to 669) RR: 666 (3) ®000overy low *?
old 0.92(0.62-1.3-
9)
Live Birth - >35 years 290 per 1000 379 per 1000 (305 to 464) RR: 692 (4) SDDOmoderate ©
old 1.29(1.05-1.6-
0)
Ongoing Pregnancy 432 per 1000 474 per 1000 (389 to 825) RR: 933 (3) ®0o0very low *?
1.31 (0.90-1.-
91)
Miscarriage 197 per 1000 101 per 1000 (49 to 158) RR: 0.36 912 (7) DPOOlow *
(0.17-0.73)
Miscarriage - <35 years 161 per 1000 133 per 1000 (60 to 232) RR:0.73 (0.37to 383 (3) DPOclow *
old 1.44)
Miscarriage - >35 years 279 per 1000 104 per 1000 (33 to 326) RR:0.37(0.12to 221(2) ®DdOmoderate ¢
old 1.17)
Clinical Pregnancy 521 per 1000 546 per 1000 (495 to 714) RR:1.14 (0.95t0 1824 (9) Dooovery low b
1.37)
Clinical Pregnancy - 570 per 1000 503 per 1000 (388 to 770) RR 0.96 (0.68to 679 (3) ®000overy low *P
<35 years old 1.35)
Clinical Pregnancy - 406 per 1000 434 per 1000 (361 to 520) RR 1.07 (0.89 to 510 (2) © DD Dhigh
>35 years old 1.28)
Cumulative Live Birth 368 per 1000 512 per 1000 (416 to 604) RR 1.36 (1.13 to 580 (4) ®000overy low "*
1.64)

*The corresponding risk (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the
intervention (and its 95% CI)

Cl, confidence interval; RR, risk ratio

Ongoing pregnancy/live birth, clinical pregnancy, and cumulative live-birth rates are measured per patient. Miscarriage rate is measured per clinical
pregnancy

GRADE working group grades of evidence

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect

Moderate certainty: We are moderately confident in the effect estimate—the true effect is likely to be close to the estimate of the effect, but there is a
possibility that it is substantially different

Low certainty: Our confidence in the effect estimate is limited—the true effect may be substantially different from the estimate of the effect
Very low certainty: We have very little confidence in the effect estimate—the true effect is likely to be substantially different from the estimate of effect

a: Downgraded two levels for serious risk of bias—More than one study presented with at least one item with high risk of bias or with at least two items
with unclear risk of bias

b: Downgraded one level for inconsistency—Heterogeneity higher than 75%

c: Downgraded one level for risk of bias—One study presented with at least one item with high risk of bias or with at least two items with unclear risk of
bias

d: Downgraded one level for imprecision—Wide confidence interval

e: At least half of included studies presented with two items with high risk of bias

CI: 0.68-1.35; n=769). In the over 35-year-old age  Cumulative live-birth rate per patient

group, clinical pregnancy did not differ between the

two groups (RR: 1.07; 95% CI: 0.89-1.28; n=627)  Four studies reported results on cumulative live-birth rates per
(Figure 6Db). patient. Heterogeneity among the studies was reported to be
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Live Birth per patient outcome

A PGT-A Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Fiorentino 2013 10 31 1 34 8.3% 1.00[0.49, 2.02)

Munne 2019 137 330 143 331 227% 0.96 [0.80,1.15) ——

Ozgur 2019 45 109 65 111 195% 0.71 [0.54, 0.93] —

Rubio 2017 36 100 23 105 14.0% 1.64 [1.05, 2.57) —_—
Scott 2013a 61 72 56 83 226% 1.26 [1.05, 1.50] —

Sui 2020 32 103 20 104 128% 1.62[0.99, 2.63) [
Total (95% CI) 745 768 100.0% 1.11[0.87, 1.42] e

Total events 3 318

Heterogeneity: Tau®= 0.06; Chi*= 19.88, df= 5 (P = 0.001); F=75% 055 0=7 1=5 é
Test for overall effect: Z=0.83 (P = 0.41) Fa\}ours [c'ontrol] Favouré [PGT-A]
8 PGT-A Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

3.1.1 =35

Munne 2019 75 179 89 177 19.7% 0.83 [0.66, 1.04] e

Ozgur 2019 45 109 65 111 18.7% 0.71 [0.54, 0.93] ——

Sui 2020 15 a5 6 45 7.5% 2.50 [1.07, 5.86]

Subtotal (95% CI) 333 333 45.9% 0.92 [0.62, 1.39] R

Total events 135 160

Heterogeneity: Tau®= 0.09; Chi*=7.92, df=2 (P=0.02), F=75%

Test for overall effect: Z= 0.38 (P = 0.71)

3.1.2>35

Fiorentino 2013 10 31 11 34 9.5% 1.00 [0.49, 2.02] p—_—

Munne 2019 62 151 54 154 18.3% 1.17 [0.88, 1.56] T

Rubio 2017 36 100 23 105 14.5% 1.64 [1.05, 2.57] —_——

Sui 2020 21 58 14 59 11.8% 1.53 [0.86, 2.70] i

Subtotal (95% Cl) 340 352 54.1% 1.29 [1.05, 1.60] -

Total events 129 102 " g i ;

Heterogeneity: Tau®= 0.00; Chi*= 2.43, df= 3 (P = 0.49); F= 0% 0-2 0-5 5 '5

Test for overall effect: Z= 2.37 (P = 0.02)

Fig. 3 (A) Forest plot regarding the live-birth rate per patient outcome,
comparing PGT-A to morphological evaluation (control), in the general
population. (B) Forest plot regarding the live-birth rate per patient

insignificant (12=12%), nonetheless higher than I2=O%; thus,
the random effects model was employed. The cumulative live-
birth rate per patient was improved following PGT-A com-
pared to control (RR: 1.36; 95% CI: 1.13—1.64; n=580). No
subgroup analysis was performed due to the limited number of
studies (Figure 7).

Live-birth rate per ET

Six studies reported results on live-birth rates per ET cycle.
Heterogeneity among the studies was reported to be signifi-
cantly high (I’=74%); thus, the random effects model was
employed. The pooled results reported a statistically signifi-
cant higher ongoing pregnancy following PGT-A (RR: 1.32;
95% CI: 1.04-1.66; n=1334) (Figure 8a). Following subgroup
analysis, when PGT-A was employed in women 35 years old
or younger, no statistically significant difference was observed
between the groups (RR: 0.94; 95% CI: 0.80—1.11; n=511). In
the over 35-year-old age group, PGT-A improved live-birth
rates (RR: 1.51; 95% CI: 1.02-2.23; n=495) (Figure 8b).

Ongoing pregnancy rate per ET

Three studies reported results on ongoing pregnancy rates per
ET cycle. Heterogeneity among the studies was reported to be

Favours [control] Favours [PGT-A]

outcome, comparing PGT-A to morphological evaluation (control), in
women of different age groups

significantly high (I’=69%); thus, the random effects model
was employed. The pooled results reported a statistically sig-
nificant higher ongoing pregnancy following PGT-A (RR:
1.36; 95% CI: 1.03-1.79; n=859) (Figure 9).

Clinical pregnancy rate per ET

Nine studies reported results on clinical pregnancy rates
per ET cycle. Heterogeneity among the studies was re-
ported to be high (12=61%); thus, the random effects
model was employed. The pooled results reported a sta-
tistically significant higher clinical pregnancy rates fol-
lowing PGT-A (RR: 1.28; 95% CI: 1.12-1.46; n=1673)
(Figure 10a). Following subgroup analysis, when PGT-
A was employed in women 35 years old or younger, no
statistically significant difference was observed between
the groups (RR: 1.02; 95% CI: 0.90-1.15; n=614). In
the over 35-year-old age group, PGT-A improved clini-
cal pregnancy rates (RR: 1.29; 95% CI: 1.07-1.55;
n=440) (Figure 10b).

Cumulative live-birth rate per ET

Four studies reported results on cumulative live-birth
rate per ET cycle. Heterogeneity among the studies
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Miscarriage per clinical pregnancy outcome
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Fig. 4 (A) Forest plot regarding the miscarriage rate per clinical
pregnancy outcome, comparing PGT-A to morphological evaluation
(control), in the general population. (B) Forest plot regarding the

was reported to be insignificant (I’=20%), nonetheless
higher than 1’°=0%; thus, the random effects model
was employed. The cumulative live-birth rate per ET
cycle was statistically significantly improved following
PGT-A compared to control (RR: 1.87; 95% CI: 1.54—
2.27; n=694). No subgroup analysis was performed due
to the limited number of studies (Figure 11).

Favours [PGT-A] Favours [control]

miscarriage rate per clinical pregnancy, comparing PGT-A to morpho-
logical evaluation (control), in women of different age groups

PGT-A biopsy on different days
Live-birth rates per patient
Seven studies reported results on live-birth rates per patient.

Three different study designs (D5 biopsy vs D3 biopsy; D5
biopsy vs control; D3 biopsy vs control) compared a total of

PGT-A Control Risk Ratio Risk Ratio
Study or Subgroup  BEvents Total Bvents Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Fiorentino 2013 10 kil 11 24 Mot estimahle
Munne 2019 137 330 143 331 377% 0.96[0.80,1.15]
Ozgur 2019 45 109 65 111 Mot estimable
Rubio 2017 36 100 23 105 Mot estimahle
Scott 2013a 61 72 a6 a3 Mot estimable
Sui 2020 3B 103 20 104 Mot estimahle
Yang 2013 aa a4 20 48 29.0% 1.66[1.14, 2.42] —
Yang 2017 ar a4 ar a4 333% 1.52[1.158,2.02] —
Total (95% CI) 470 463 100.0% 1.31[0.90, 1.91] —l-—
Total events 232 200
Heterogeneity: Tau®=0.09; Chi*=11.32, df=2 (P=0.003); F=82% 'u_z Elfﬁ ﬁ 5-

Testfor overall effect: Z=142(FP=0.14)

Favours [control] Favours [PGT-A]

Fig. 5 Forest plot regarding the ongoing pregnancy rate per patient outcome, comparing PGT-A to morphological evaluation (control), in the general

population
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Clinical Pregnancy per patient outcome

A PGT-A Control Risk Ratio Risk Ratio
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Fig. 6 (A) Forest plot regarding the clinical pregnancy rate per patient
outcome, comparing PGT-A to morphological evaluation (control), in the
general population. (B) Forest plot regarding the clinical pregnancy rate

two different biopsy days. The control group refers to embryo
selection based solely on morphological evaluation without
performing biopsy. A total 1629 patients were evaluated.
Seven pairwise comparisons were evaluated. Heterogeneity
among the studies was reported to be significantly high
(P°=72.4%); thus, the random effects model was employed.
No statistically significant difference was presented in the net-
work estimate between the 2 days of biopsy (D3 vs D5) (RR:
0.90; 95% CI: 0.59-1.38). No statistically significant differ-
ence was observed regarding D3 biopsy (D3 vs control) (RR:
1.07; 95% CI: 0.71-1.60). PGT-A employing D5 biopsy did
not present with a statistically significant higher live-birth
rates compared to control (D5 vs control) (RR: 1.18; 95%
CI: 0.93-1.51) (Figure 12a).

Favours [control] Favours [PGT-A]

per patient outcome, comparing PGT-A to morphological evaluation
(control), in women of different age groups

Live-birth rates per ET

Seven studies reported results on live-birth rates per ET cycle.
Three different study designs (D5 biopsy vs D3 biopsy; D5
biopsy vs control; D3 biopsy vs control) compared a total of
two different biopsy days. The control group refers to embryo
selection based solely on morphological evaluation without
performing biopsy. A total 1450 ET cycles were evaluated.
Seven pairwise comparisons were evaluated. Heterogeneity
among the studies was reported to be significantly high
(Iz=71.5%); thus, the random effects model was employed.
No statistically significant difference was presented in the net-
work estimate between the 2 days of biopsy (D3 vs D5) (RR:
0.92; 95% CI: 0.58—1.48). No statistically significant

PGT-A Control Risk Ratio Risk Ratio
Study or Subgroup  Bvents Total Events Total Weight M-H, Random, 95% CIl M-H, Random, 95% CI
Fiorentino 2013 13 M 13 34 9.4% 1.10 [0.60, 1.99]
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Yang 2013 48 a4 an 48  456% 1.40([1.10,1.78] ——
Total (95% CI) 289 291 100.0% 1.36 [1.13, 1.64] e
Total events 148 107
Heterageneity: Tau®= 0.00; Chi*=3.42, df=3{P=033); F=12% s o7 PP

Testfor overall effect: £=3.25 (P =0.001)

Favours [control] Favours [PGT-A]

Fig. 7 Forest plot regarding the cumulative live-birth rate per patient outcome, comparing PGT-A to morphological evaluation (control), in the general

population
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Live-Birth per ET outcome
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Fig. 8 (A) Forest plot regarding the live-birth rate per ET outcome, comparing PGT-A to morphological evaluation (control), in the general population.
(B) Forest plot regarding the live-birth rate per ET outcome, comparing PGT-A to morphological evaluation (control), in women of different age groups

difference was observed regarding the D3 biopsy (D3 vs con-
trol) (RR: 1.26; 95% CI: 0.81-1.97). The D5 biopsy presented
with a statistically significant higher live-birth rates when
compared to control (RR: 1.37; 95% CI: 1.03-1.82)
(Figure 12b).

Clinical pregnancy, miscarriage, and cumulative live-birth
rates

Only one study reported ongoing pregnancy, clinical pregnan-
cy, miscarriage, and cumulative live-birth rates following D3
biopsy PGT-A, and no study presented the D3 vs D5 design.

would result in very low-quality evidence that would be sus-
ceptible to bias. Thus, no network meta-analysis was per-
formed regarding these outcomes.

Fresh vs frozen ET

In order to eliminate all possible confounders and additional
biases, the comparison between fresh and frozen ET strategy
following PGT-A was performed only on women aged 35 or
older. Four studies met the inclusion criteria. Only when fro-
zen ET was performed PGT-A improved live-birth rate (RR:

Conducting a network meta-analysis with only indirect esti-
mates and based on a single study for one of the two designs

1.39; 95% CI: 1.09—-1.78; n=384). On the other hand, no sta-
tistically significant difference was observed when comparing

PGT-A Control Risk Ratio Risk Ratio
Study or Subgroup  Bvents Total Bvents Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
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Testfor overall effect. Z=215(FP=0.03)

Favours [control] Favours [PGT-A]

Fig. 9 Forest plot regarding the ongoing pregnancy rate per ET outcome, comparing PGT-A to morphological evaluation (control), in the general
population
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Clinical Pregnancy per ET outcome
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Fig. 10 (A) Forest plot regarding the clinical pregnancy rate per ET
outcome, comparing PGT-A to morphological evaluation (control), in
the general population. (B) Forest plot regarding the clinical pregnancy

PGT-A followed by a fresh ET with control group (RR: 1.56;
95% CI: 0.73-3.34; n=228).

Discussion

Our results indicate that PGT-A did not improve live-birth
rates per patient in the general population. This can be attrib-
uted mainly to the fact that no benefits were showcased when
applied in younger women, rendering it ineffective. In the
over 35-year-old group, PGT-A seems to improve live-birth
rates. Ongoing pregnancy rate per patient was not improved
following PGT-A. Due to the limited number of studies, no

Favours [control] Favouré [PGT-A]

rate per ET outcome, comparing PGT-A to morphological evaluation
(control), in women of different age groups

subgroup analysis was performed. Miscarriage rate was statis-
tically significantly lower following PGT-A in the general
population. When performing subgroup analysis for miscar-
riage rate, neither of the two age groups presented with any
statistically significant difference. However, the results re-
garding the over 35-year-old group should be interpreted with
caution as the confidence interval is very wide. Moreover, the
lack of statistical difference regarding miscarriage rate in the
over 35-year-old group could be partly attributed to the small-
er sample size. This explanation may be supported by the wide
confidence interval, as well as the fact that the sample size,
namely 263 pregnancies, is the smallest employed in the pres-
ent meta-analysis. Miscarriage is an event subject to
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Fig. 11 Forest plot regarding the cumulative live-birth rate per ET outcome, comparing PGT-A to morphological evaluation (control), in the general

population
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multidimensional etiology, and even more so, it requires a
larger population studied. Further to this, the fact that clinical
pregnancy rates per patient were not improved following
PGT-A coupled by the differences observed in ongoing preg-
nancy and live-birth rates indicates that the lack of statistical
significance regarding miscarriage rate in women over 35
years old may be attributed to sample size. A clear conclusion
of our study is that albeit PGT-A does not seem to improve
clinical pregnancy rate irrespectively of age group, it improves
ongoing pregnancy and live-birth rates in the over 35-year-old
age group, as well as decreasing miscarriage rate. In light of
this data, one could attempt the extrapolation that albeit PGT-
A does not seem to affect chances of achieving a clinical
pregnancy, by decreasing miscarriage rate, it improves
chances of sustaining a pregnancy leading to live-birth for
the over 35-year-old age group.

The cumulative live-birth rate was statistically significantly
improved following PGT-A. The improved cumulative live-
birth rate per patient for the PGT-A group may seem as a
paradox. In theory, one would expect that if all patients—
being subjected to PGT-A or not—received the total number
of embryos, cumulative live-birth rate would be at least equal
between the two groups in the per patient analysis especially
taking into account biopsy application. However, perhaps not
a true cumulative perspective can be exercised in true clinical
practice. Discrepancies in clinical practice may lead to dis-
crepant definitions of cumulative pregnancy in the studies
published. This may be attributed to different study protocols
or patient attrition and other factors involved. It should be
mentioned that the majority of studies reported on cumulative

@ Springer

live birth as a secondary outcome, with significant differences
in strategy regarding the number of ETs. Results of this
study,indicate that PGT-A may reduce the number of ETs
required to achieve a live-birth by indentifying and excluding
aneuploid embryos when employing the cumulative ap-
proach. Another point to consider is the fact that not all avail-
able embryos for transfer may be transferred; hence, meta-
analysis may lead to a statistically significant difference. It
should be highlighted that inter-study differences pertaining
even to the definition of a cumulative pregnancy add another
level of complexity to consider here and may well provide the
basis for interpreting what may be perceived as unusual re-
sults. Taking into account these discrepancies, and reflecting
on the pragmatic value of the cumulative live-birth rate, this
outcome could also be described as a “combined-attempts
live-birth rate”. This is due to the fact that it is uncertain
whether all embryos were transferred, which would reflect
the true cumulative approach. Only the study by Yang et al.
(2013) provided information on the number of patients with
cryopreserved embryos. This study employed a true cumula-
tive approach as all patients without a clinical pregnancy
proceeded with FET. In light of the high heterogeneity and
the risk of bias identified, the authors of this meta-analysis
have already graded the quality of evidence “very low,” as it
can be clearly seen in Table 2. Information regarding the
number of embryos cryopreserved and transferred in each
group of the included studies are provided in Supplementary
Table 1.

On the other hand, analyzing data on PGT-A cycles that
reached and completed the ET procedure—indicating that
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PGT-A identified at least one euploid embryo—changes the
perspective showcasing an improvement on live-birth rates.
Following subgroup analysis PGT-A did not improve live-
birth rates in younger women. In women over the 35-year-
old mark, enhanced live-birth rates were reported when com-
pared to the control group where ET was performed based on
morphological evaluation. Ongoing pregnancy and cumula-
tive pregnancy rates per ET were improved following PGT-
A. Similarly, regarding clinical pregnancy rates, improved
results were observed in the PGT-A group both in the general
population and in women over the 35-year-old mark. In wom-
en 35 years old or younger, no statistically significant differ-
ence was observed.

The present meta-analysis is the only one comparing D3
and D5 biopsy for PGT-A. Although a Cochrane protocol
regarding the day of biopsy has been published, the imminent
study, according to title and protocol, is designed to compare
different biopsy days for preimplantation genetic testing for
monogenic diseases (PGT-M). Concerning the biopsy day,
results of our study refer only on the outcome of live birth.
No statistically significant difference was observed between
D3 and D5 biopsy. However, only the D5 biopsy group pre-
sented with a statistically significantly increased live-birth rate
per ET. It should be noted that only one of the studies included
herein performed a direct comparison between D3 and D5
biopsy [21]. In this study, it was reported that patients allocat-
ed to receive D3 biopsy presented with a significantly reduced
live-birth rate compared to patients allocated to D5 biopsy
[21]. Results on ongoing pregnancy, clinical pregnancy, mis-
carriage, and cumulative live-birth rates could not be provided
as there was only one study comparing D3 biopsy and PGT-A
vs control—referring to the embryo selection based solely on
morphological criteria, without performing biopsy—and no
studies comparing D3 vs D5 biopsies. This may be attributed
to most studies performing cleavage stage biopsy, employing
FISH—not CCS.

Trophectoderm biopsy does not seem to reduce the implan-
tation potential of the embryo. In a recent study, Tiegs and
colleagues [29] attempted to assess the true effect of
trophectoderm biopsy alone in live-birth rates for the first
time. Design of this study entailed performing trophectoderm
biopsy and proceeding to a frozen ET employing solely mor-
phological criteria and not PGT-A results—which remained
unknown and undisclosed at the time of ET. The authors re-
ported that the biopsy and the no-biopsy group presented with
similar live-birth rates. The aforementioned study also report-
ed a negative predictive value of 100% when PGT-A was
performed with a day 5 biopsy. Albeit it is widely acknowl-
edged that RCTS should be relied upon to concur on safety
and efficiency, nonetheless, not all RCTs are designed equal.
Hence respective results even originating from an RCT study
may be of high or low quality. Taking into consideration non-
selection studies and their role in drawing conclusions, albeit

as a study model, they are generally considered inferior to the
weight conveyed by RCT data; nonetheless, their contribution
should be accounted for. To elaborate on this, non-selection
studies and RCTs present with different types of outcomes.
While RCTs compare the employment of PGT-A regarding
pregnancy and live-birth rates, they fail to provide information
on the accuracy of PGT-A. In order to evaluate the diagnostic
test accuracy, by assessing sensitivity, specificity, and positive
and negative predictive value, solely non-selection studies
should be evaluated as this information cannot be extracted
from RCTs. This is especially true as PGT-A may not exactly
fit into the RCT approach as it is not a single dimensional
intervention, but rather presents as a multidimensional inter-
vention when analyzing what is an efficient and successful
outcome.

Undoubtably, factoring in the element of embryo morphol-
ogy would provide further insight on how embryo quality at
the time of ET affects outcome. Nonetheless, the majority of
studies present a general classification of embryo quality. All
studies included in the present meta-analysis employed what
is described as “the higher quality embryos” available for
transfer, according to morphological assessment. It should
be mentioned that embryos that were not considered to be of
“good quality” were not subjected to biopsy in the first place
in the studies that provide information on embryo quality. All
studies employing the strategy of frozen embryo transfer also
employed luteal phase support.

Regarding the comparison between fresh and frozen ET
strategy, an attempt to avoid additional bias and possible con-
founders was performed by only including one age group. The
rationale behind opting for the over 35-year-old age group is
that only this group of patients presented with a statistically
significant difference, thus enabling a comparison. Moreover,
women over the age of 35 are a more time-sensitive group;
thus, investigating the optimal strategy should be prioritized
for these patients. However, the comparison between fresh
and frozen ET—albeit both report on D5 ETs—is susceptible
to bias a priori as fresh ET studies performed a D3 biopsy,
while frozen ET studies report on D5 biopsy. This is a major
discrepancy that cannot be overlooked. The only study design
that would not be subject to the confounder of the discrepant
biopsy day when considering the comparison with the frozen
ET group would be Scott’s study in 2013 reporting on D5
biopsy and a fresh D6 ET. However, in this case, the discrep-
ant ET day, namely D5 vs D6, poses another confounder.
Nonetheless, the authors did not provide age-subgroup analy-
sis; thus, the study could not be included. In order to properly
compare fresh ET to frozen ET following PGT-A, one would
need to ascertain ideally same biopsy and same ET days.
Nonetheless, this would not reflect clinical routine practice.
Albeit the comparison between fresh and frozen is valid—
despite the discrepancies—as it reports on the different strat-
egies adopted, nonetheless, the superiority of the frozen ET
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strategy may well be attributed to two factors. Firstly, blasto-
cyst biopsy being widely acknowledged as the biopsy day of
choice is superior as results sourced herein indicate; secondly,
the cryopreservation technique of vitrification enables excel-
lent results, a statement that has been strongly supported and
coupled by robust data [28]. When considering confounders
pertaining to either PGT-A approach employing a fresh or a
frozen embryo transfer, the performance of the thawed em-
bryo along with endometrial receptivity should be accounted
for. Despite the superiority of the vitrification process when
compared to slow freezing, still, the survival rate of embryos
following thawing has not yet reached 100% [30], resulting to
a smaller number of embryos available for ET compared with
the fresh transfer approach. On the other hand, the frozen ET
approach, albeit it may seem to compromise the embryo’s
implantation dynamic, allows for optimal endometrial recep-
tivity and better synchronization [31].

The lack of improvement on live-birth rates following
PGT-A in the pooled results is in concordance with previous
recent systematic reviews and meta-analyses [3, 13, 14] that
performed a per patient analysis, despite the fact that FISH
studies were not included in the present meta-analysis.
Similarly, our results are in agreement with meta-analyses that
performed only per ET analysis [15, 16]. Albeit this work
shares data with past meta-analyses, partly accounting for
the concordant conclusions, the strength of the present meta-
analysis is inclusion of the largest number of RCTs to date
solely based on CCS. The statistically significant improve-
ment in live birth in 35-year-old or older women is in discor-
dance to a previous meta-analysis that demonstrated signifi-
cantly lower ongoing pregnancy and live-birth rates [14]. This
is attributed purely to RCTs reporting on FISH data being
excluded herein, whereas Mastenbroek’s meta-analysis in-
cluded mainly RCTs with FISH, employing principally cleav-
age stage biopsy—which at the time was common practice.

FISH did not improve pregnancy and live-birth rates, in
contrast to CCS. This can be attributed to not all chromosomes
being evaluated, along with FISH providing false-positive re-
sults [2, 32]. For this reason, studies involving FISH were
excluded. The authors decided to include studies employing
either PCR, aCGH, or NGS as a high level of agreement has
been reported in the results acquired by these techniques [4, 5,
19-26]. The fact that only trophectoderm biopsy provided a
statistically significant improvement in live-birth rates may
originate from the fact that a smaller proportion of cells are
removed. The enhanced results of trophectoderm biopsy
are in agreement with numerous studies [33, 34]. PGT-
A providing improved live-birth rates in older women
may be explained by a “risk-benefit analysis.” In wom-
en younger than 35 years old, aneuploidy rates are low-
er [35]; thus, it may seem that there is no benefit in
performing PGT-A. In older women, the rise in aneu-
ploidy rates alternate the risk-benefit ratio favoring
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PGT-A. Previous meta-analyses have not reported re-
sults on women 35 years old or younger.

The enhanced results of PGT-A regarding cumulative live-
birth rates may demonstrate the effectiveness of PGT-A in
cycles with an abundance of embryos. It was observed that
PGT-A led to significantly improved clinical outcomes when
the analysis was performed per ET, an observation that was
not confirmed in the per patient analysis. Since the population
in the per patient analysis was higher than that in the per ET
analysis if the sample size would lead to the discordant results,
then one would expect the opposite outcome. Hence, this dif-
ference cannot be attributed to sample size. However, this
difference may be explained as follows: PGT-A offers an ad-
ditional screening, allowing practitioners to select the “best”
embryo for transfer. Hence, when transferring “best” embryos
that have been selected based on this additional criterion—
with the prerequisite that biopsy does not exert a negative
influence on the embryos’ implantation potential—it is ex-
pected that less ETs may be required to achieve a live birth.
On the other hand, when transferring embryos not chromo-
somally examined, based purely on morphology and no other
criterion, it is justified that perhaps more ETs may be required
to reach the same clinical end point. This is true when com-
paring PGT-A to non-PGT-A cycles. However, concurrently
and from a different perspective, when assessing PGT-A
alone, it is understandable that the more embryos are available
in a PGT-A cycle the higher the live-birth rate. This meta-
analysis showed that cumulative live-birth rate is improved
when PGT-A is performed. In reality, this statement is of no
significance for patients that presented with a small number of
embryos that did not allow for multiple ETs. The question is
whether there is data to support that we should decide on a
minimum adequate number of embryos as a cutoff point to
ascertain optimal PGT-A application.

Moreover, the authors have observed that a number of
studies have performed the randomization at the biopsy stage
of the embryo and not at the oocyte retrieval stage. This may
mean that patients that did not reach the required stage or the
cutoff limit of the number of embryos that reach the required
stage were excluded from the study. This may lead to the
conclusion that the number of embryos available for biopsy
may be of great significance when examining effectiveness of
PGT-A. However, conduction of further and differently de-
signed studies is a requirement before attempting to make a
statement on the importance and the role that the number of
embryos plays in deciding whether PGT-A is beneficial. It
should be mentioned that when conducting a study which
includes randomization prior to the biopsy stage, the number
of patients without good quality embryos at the biopsy stage is
expected to be similar between the PGT-A and the non-PGT-
A groups. In an unbiased study, the number of patients not
undergoing a biopsy or transfer due to poor developing em-
bryos would be expected to be the same between the two
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groups. In contrast, the number of patients that do not proceed
to embryo transfer due to a diagnosis of aneuploid embryos
would be an additional number of patients besides the patients
not proceeding to embryo biopsy on the grounds of poor em-
bryo development.

When designing a study, it is paramount to ascertain con-
clusive results, providing the number of embryos per cycle
along with the number of cells removed for the subsequent
ploidy analysis. A computer-based randomization, employing
true random algorithms, with age stratification—in case of
employing more than one of the analyzed age groups—
should be part of the design. Another important issue is the
distinction between single-center and multi-center studies. It
has been voiced that multi-center studies may be less biased
regarding treatment effects when compared to single-center
studies. On the other hand, less protocol variations are ob-
served in single-center studies, at the cost of a smaller popu-
lation. According to a recent analysis, it has been reported that
the bias of larger treatment effects is only present in continu-
ous outcomes and not in dichotomous [36]. Since clinical
outcomes in the field of assisted reproduction are mainly di-
chotomous, the authors included both study types. When ad-
dressing only dichotomous outcomes, neither single-center
nor multi-center studies present with an increased risk of bias.
An ITT analysis and cycle cancellation rate should be includ-
ed. Clinical outcomes with regard to clinical pregnancy, on-
going pregnancy, and live-birth, in line with clinical pregnan-
cy loss, stand for integral end points. With regard to outcome
measures, extra caution should be exercised to avoid discrep-
ancies in definitions. From defining clinical and ongoing preg-
nancy to miscarriage and live-birth variations between studies
harbors the risk of resulting to a domino effect and compro-
mised results. It should be highlighted that ongoing pregnancy
is not defined in the glossary proposed by ICMART. This may
add confusion as the outcome definition may vary among
studies leading to results’ discrepancies. It is of importance
to clearly define ongoing pregnancy as it is an outcome widely
reported on by studies in the field of assisted reproduction.
Ideal design of a hypothetical RCT has been aptly described
by Orvieto [37]. It should be mentioned that the ITT, which is
an absolute necessity regarding RCTs, may in turn harbor bias
when performed incorrectly. Not excluding the patients that
opted to withdraw from the study for reasons that are irrele-
vant to the proposed intervention may add bias, by altering the
effect estimate, to the ITT of the study and subsequently to
future meta-analyses. When randomization is performed at the
correct stage, the incorrect application of ITT is a rare event.
Despite the numerous concerns voiced in literature [38,
39], the authors are more inclined to suggest that ran-
domization performed at the biopsy stage harbors no
additional bias, as it minimizes inclusion of patients that
withdrew from the study for reasons irrelevant to the
proposed intervention.

Concerning limitations of the current study, still the num-
ber of studies fitting inclusion criteria for this meta-analysis is
small. However, it is the first meta-analysis that includes
strictly RCTs employing complete chromosomal screening,
as well as a comparison between the days of biopsy. The fact
that only a single study reported on a direct comparison be-
tween cleavage and trophectoderm biopsy poses another lim-
itation. No publication bias was detected as assessed by funnel
plots. Two of the studies included in the present meta-analysis
[5, 27] presented with more than one oocyte retrievals, in
order to accumulate an adequate number of embryos.
However, neither the number of oocyte retrievals performed
nor the number of oocytes retrieved differed between the
PGT-A and the non-PGT-A groups. This lack of statistically
significant difference between the two groups means that the
strategy of multiple retrievals did not lead to any difference
which may had been a confounder considering the efficiency
of PGT-A regarding clinical outcomes. Thus, the authors of
this meta-analysis deemed that studies with multiple retrievals
were suitable for inclusion. The data provided by Scott’s 2013
study could present as a confounder for the present meta-anal-
ysis, especially since a number of studies have reported lower
live-birth rates following day 6 ET [40]. However, the authors
have decided to include this study. A delayed ET on day 6
may negatively influence clinical outcomes of PGT-A pre-
senting a compromised efficiency of PGT-A when we are
discussing fresh ETs. Nonetheless, performing a delayed day
6 ET following PGT-A may better reflect the reality of clinical
practice as without PGT-A there is a limited number of rea-
sons to delay ET to day 6 which has been acknowledged to
run the risk of missing the implantation window. When con-
sidering the results pertaining to efficiency of PGT-A in the
general population, a limitation is the fact that the age for the
majority of women analyzed in this study is younger than 35.
The age of this population is not representative of the age of
women commonly undergoing PGT-A. According to SART,
62% of women undergoing IVF cycles in 2020 in USA is
older than 35, whereas in Europe, the respective population
recorded for 2016 is 54%. However, in the present study, the
majority of patients included were younger than 35. This fact
may serve as a reason for caution when interpreting the results
regarding the general population. Another reason for caution
when interpreting the results of this study is the fact that the
majority of studies employed a double embryo transfer.
Double embryo transfer provides improved pregnancy and
live-birth rates [41, 42], at the risk of leading to twin pregnan-
cy which has been associated with poorer neonatal outcomes
[43, 44]. Recent ASRM guidelines propose the employment
of single ET in patients with at least 2 high-quality embryos,
who are under the age of 38 years old [45]. In case of PGT-A,
the guidelines of ASRM propose single embryo transfer re-
gardless of patients’ age [45]. It has been voiced that elective
single ET, following PGT-A, may provide similar live-birth
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rates to double ET without PGT-A [46]. Thus, in order to
safely conclude on the efficiency of PGT-A, future RCTs
should employ single embryo transfer in both PGT-A and
control groups, as the majority of patients included present
with at least two high-quality embryos.

This meta-analysis shows that PGT-A employing CCS, on
blastocyst stage embryos, performed on women aged over the
35-year-old mark may improve clinical outcomes and live-birth
rates. A valid interpretation of this metanalysis is that despite
the fact that PGT-A may not appear to improve clinical preg-
nancy, it does however appear to decrease miscarriage rates. In
leu of that, PGT-A may ultimately be viewed as means to
ascertain higher chances that a pregnancy will lead to a live
birth instead of a miscarriage in the over 35-year-old age group.

When considering the general population studied herein,
results indicate that PGT-A did not improve live-birth rates
per patient. The exact requirements justifying application of
PGT-A in order for a beneficial effect to be ascertained should
be further investigated in the context of future RCTs.

The limitation of failing to accurately define
a successful PGT-A cycle

This meta-analysis did not showcase any detrimental effect of
PGT-A application on outcomes examined. Interestingly re-
sults sourced herein support both opposing schools of thought
depending on the perspective analyzed. The degree of conflict-
ing conclusions may lie in the foolproof nature of statistical
analysis. According to one scenario showcased herein, PGT-
A did not ascertain a positive outcome, while according to
another perspective, it was effective in improving outcomes.
When asked the question “is PGT-A effective?”
surprisingly—and relying our thesis on infallible statistical
analysis—we can answer both “yes” and “no” and argue both
sides of the story. More specifically, on one hand, clinical and
live-birth rates were not improved when analyzed per patient.
On the other hand, clinical and ongoing pregnancy and live-
birth rates were improved when analyzed per ET. Having
ascertained this as a prerequisite, our data showed that PGT-
A improves outcomes when performed for women 35 years old
and older and only when embryos are biopsied at the blastocyst
stage, while analysis pertains to CCS. According to this, we
may have to face up to the straightforward reality that in order
for PGT-A to be effective, we need good quality euploid em-
bryos to be transferred. Opting for this invasive procedure will
make a difference only when the pool of embryos analyzed
originates from intended mothers of advanced maternal age,
where oocyte aneuploidy is anticipated to be increased.
Further to acknowledging this complexity, there are more
issues to consider. The main purpose of PGT-A cycle is to
perform an ET maximizing implantation potential while min-
imizing risk of pregnancy loss [47]. However, there are
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different levels of success in performing PGT-A. Could it be
achieving a precise diagnosis and ensuring no false-positive or
negative results? Could it be enabling ET of a balanced em-
bryo, or the outcome of a successful clinical pregnancy, or a
child of good pediatric follow-up? These scenarios pose as
confounders in designing “a study of foolproof methodolo-
gy.” The ideal case scenario could describe attainment of a
diagnosis providing conclusive results indicating at least a
euploid embryo for transfer. If results indicate aneuploidy
for all embryos, ET may be cancelled [48]. Nonetheless, this
may represent a successful PGT-A, especially when such re-
sults may provide closure for the couple [49] having under-
gone a course of futile [IVF treatments. The possibility of lysed
or degenerated embryos leads to ET cancellation, even though
PGT-A may—in the meantime—provide results.
Inconclusive results may highlight technical errors related to
the embryo’s manipulation, the possibility of contamination
during biopsy and subsequent tubing, as well as the efficiency
of the molecular technique employed for ploidy [14, 15, 50].
Nevertheless, in PGT-A cycles, embryos with unidentified
ploidy status due to inconclusive results may be eventually
transferred, probably resulting in clinical pregnancy [20].
Could that be viewed as a success? The multifaceted nature
of PGT-A success stands as a limitation when interpreting
results. When reporting on PGT-A cycle success, we should
clearly distinguish between efficiency of diagnosis and suc-
cessful outcome regarding achieving a pregnancy leading to a
healthy offspring. This may stand as a reason accounting for
conflicting results and should be reported as a limitation in
performing meta-analyses.

Considerations

Despite the fact that PGT-A application has been employed
for almost 30 years, there is still an ongoing controversy re-
garding its effectiveness. In 2019, the Preimplantation Genetic
Diagnosis International Community (PGDIS) published a po-
sition statement, concluding that PGT-A improved implanta-
tion, pregnancy, and live-birth rates[51]. This statement has
been rebutted in literature [52]. It may be of value to consider
that universal approaches or catholic applications may—to a
certain extent—be outdated in the era of personalized medi-
cine. According to the results of the present study, this seems
to be the case with PGT-A. Data presented herein support that
PGT-A performed on D5, employing CCS and accompanied
with frozen D5 ET, enhances live-birth rates in women over
the age of 35. Albeit this is a rather specific conclusion, an-
other valid point to consider adding another level of complex-
ity to evaluating PGT-A is the fact that effectiveness of PGT-
A programs may differ and be subject to factors such as a poor
or efficient biopsy directly affecting subsequent analysis and
outcome [51]. In light of the numerous contradicting theses in
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literature on when, how, and for whom, the authors would like
to respectfully suggest that perhaps relying solely on maternal
age to draw the line and guide application of PGT-A may
represent a rather coarse distinction criterion on who may
benefit. This may be the underlying factor leading to the con-
tradicting data, as patients may not be adequately profiled. To
elaborate on that, indubitably maternal age should be the ma-
jor criterion in decision-making, as aneuploidy rates increase
when maternal age is over 35 years [35]; however, other char-
acteristics may be of value that merit investigation and should
be consulted. From the IVF cycle’s performance perspective,
the number and quality of embryos available for biopsy can be
a defining factor in deciding whether PGT-A is beneficial.
Furthermore, it has been observed that women with dimin-
ished ovarian reserve [53], auto-immune disorders [54], the
implication of certain causes of male infertility [55], and other
lifestyle factors [56] have been associated with higher risk for
embryo aneuploidy. More studies are required to investigate
and evaluate the characteristics of the couples for whom PGT-
A is beneficial. The development of an algorithm to assist in
deciding the optimal population for PGT-A may be of clinical
significance, and in the era of individualization, this may be
what the future should hold. In the meantime, PGT-A may be
of great significance—a necessity—and not an add-on for
couples presenting with a higher risk for aneuploidies.
However, this fact alone should not enable PGT-A’s status
as another universally employed IVF add-on before the data
is there to conclusively argue that.
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