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Preimplantation genetic testing for aneuploidy (PGT- A) seeks to identify preim-

plantation embryos with a normal chromosome complement (euploid) during in 

vitro fertilisation (IVF). By sifting out embryos with abnormal chromosome num-

bers (aneuploid), PGT- A should theoretically improve pregnancy success. 

However, earlier versions of PGT- A were ineffective, and in some cases, detri-

mental, due to biopsy- induced trauma and because the technology at the time 

could analyse only a fraction of all chromosomes. More recently, the emergence 

of technologies enabling all chromosomes to be analysed and a switch to less 

traumatic blastocyst- stage biopsy have seen widespread uptake of PGT- A. 

Assessing the full impact of blastocyst biopsy PGT- A requires consideration of 

multiple factors, including embryonic mosaicism, sensitivity of the technological 

platform used, embryo loss during long- term in vitro culture, embryo cryo-

preservation and inter- clinic variability in expertise. Significantly, there hasn‘t 

yet been an appropriately designed randomised controlled trial (RCT) of blasto-

cyst biopsy PGT- A analysed by intention- to- treat that accounts for all these pa-

rameters on a per- cycle basis. The three RCTs reporting benefits studied 

outcomes on a per- embryo transfer basis were small and underpowered and 

demonstrated benefits for a very select sub- group of good prognosis patients. 

The liberal use of this very expensive IVF add- on for other patient populations 

has not yet been shown to be effective, or indeed, without harm.
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THE TECHNOLOGY: NEW AND 
IMPROVED PGT- A

Embryonic aneuploidy, most often arising from meiotic errors in 
oocytes, is the major cause of early pregnancy wastage.1,2 While 
the hypothesis that pregnancy success should increase by screen-
ing out aneuploid embryos is therefore entirely plausible, the pre-
vious iteration of preimplantation genetic testing for aneuploidy 

(PGT- A: so- called PGS 1.0) was unsuccessful.3 Meta- analysis of 
11 randomised controlled trials (RCTs) failed to demonstrate any 
benefit for PGS 1.0 and indeed, found that it was detrimental for 
older women.4

PGS 1.0 had shortcomings,3,5 for instance, it involved re-
moval of 1–2 cells from 6–8- cell cleavage- stage embryos, lead-
ing to the loss of a large proportion of cell mass (Fig. 1). In one 
study, implantation rates of 53% for non- biopsied cleavage- 
stage  embryos decreased to 31% post- biopsy.6 Furthermore, 
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by testing for less than half of all 24 chromosomes using 
fluorescence in situ hybridisation (FISH), PGS 1.0 missed 
many abnormalities.

Biopsy for PGT- A can also be performed at the blastocyst 
stage3 or by removing the first and second polar bodies from fer-
tilised eggs (Fig. 1A,B).5,7,8 However, the latter is rarely used nowa-
days due to technical/logistic difficulties and high costs.5,7

Blastocyst biopsy- PGT- A (hereafter BB- PGT- A; Fig. 1) is cur-
rently the most widely used approach accounting for ~90% of 
PGT- A cycles.9,10 BB- PGT- A involves: (i) culture of embryos for 
5–6 days in vitro to the blastocyst stage; (ii) removal of 5–10 
cells from the trophectoderm (TE), which forms the placenta 
and other extraembryonic tissues; and (iii) analysis using com-
prehensive chromosome screening (CCS) technology capable of 
analysing all chromosomes. Biopsy of blastocysts is less trau-
matic than at the cleavage stage since a smaller proportion of 

total cell mass is sacrificed (Fig. 1C).6 The expectation was that 
these modifications would cement PGT- A's place in in vitro 
fertilisation (IVF).

THE BIOLOGY: EMBRYONIC 
MOSAICISM AND SELF- CORRECTION

Human IVF embryos often contain cell lineages having distinctly 
different chromosomal makeups, termed mosaicism.7,11–13 Unlike 
meiotic errors that are uniformly inherited by all embryonic cells 
(Fig. 2A,B), mosaicism stems from errors in post- fertilisation mi-
totic cell divisions that stochastically affect any chromosome and 
any cell within the embryo (Fig. 2C).

Mosaicism is increasingly considered a normal feature of 
human embryos,12 consistent with which, rates do not increase 

F IGURE  1 Preimplantation embryo development and preimplantation genetic testing for aneuploidy (PGT- A) biopsy approaches. (A) 
Preimplantation embryo development. Note that development to the blastocyst stage requires 5–6 days of culture in the lab. PB1, first 
polar body; PB2, second polar body. (B) Three methods for PGT- A biopsy. (C) Comparison of PGS 1.0 and PGT- A by blastocyst biopsy.
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with female age13–16 unlike meiotic errors.1 Moreover, studies in 
the mouse model show that mosaic embryos ‘self- correct’ through 
clonal depletion of abnormal cells to produce normal offspring.17 
This may also apply to humans since transfer of mosaic embryos 
during IVF can produce apparently normal offspring,9,18–21 although 
it remains unclear whether, or to what extent, mosaicism persists 
in neonates.

CAN PGT- A DEFINITIVELY 
ASSIGN ABNORMALITY?

Comprehensive chromosome screening involves molecular ge-
netic approaches including array comparative genomic hybridi-
sation (aCGH) and more recently, next- generation sequencing 
(NGS).7,13,22 Biopsied cells are lysed together in a composite 
sample for analysis. Importantly, therefore, the output from CCS 
represents the mean of 5–10 cells. While this is effective for uni-
formly euploid and aneuploid embryos (Fig. 3A,B), it has short-
comings; for example, a sample comprised of four aneuploid 
cells that are reciprocally trisomic and monosomic for the same 
chromosome would erroneously generate a normal euploid re-
sult (Fig. 4).16

CCS platforms have differing abilities for detecting mosa-
icism – NGS can detect low levels (20%) of mosaicism whereas 

aCGH (once commonly used) can detect mosaicism only if pres-
ent at higher levels (>40–50%).7,13,22 The two platforms can 
therefore generate different results for the same sample, for 
instance, 37% of stored TE biopsies initially diagnosed as eu-
ploid by aCGH were found to be abnormal when re- analysed 
using NGS.23

Since any cell within an embryo can mis- segregate chromo-
somes, an infinite variety of mosaic permutations is possible 
such that aneuploid cells may be confined to the TE or to the 
inner cell mass (ICM) (Fig. 3C,D) or be dispersed between the two 
(Fig. 3E). It is therefore impossible to extrapolate with certainty 
from a small TE sample the make- up of the remainder of the 
embryo (Fig. 3C–E). The inadequacy of a single 5–10 cell biopsy 
is supported by theoretical mathematical modelling, which es-
timated that at least 27 cells would be needed for reasonable 
predictive power.24

One concern, therefore, especially for patients with few em-
bryos, is mistakenly discarding usable embryos because abnor-
malities identified in the TE are not replicated in the ICM (Fig. 3C). 
Recently, after analysing disaggregated blastocysts using NGS, 31% 
were found to have a euploid ICM despite TE abnormalities, the 
majority of which were mosaic defects.16 Reassuringly, another 
recent paper that focused on blastocysts diagnosed as aneuploid 
on TE biopsy (euploid and mosaic embryos excluded) found high 
concordance rates in the ICM for whole chromosome aneuploidies 

F IGURE  2 Origin of chromosomal errors determines the distribution of aneuploid cells in the blastocyst. (A) No chromosomal 
errors produce a uniformly euploid blastocyst. (B) A meiotic error arising in the oocyte (yellow cells) is inherited in all subsequent 
embryonic mitotic divisions resulting in a uniformly aneuploid blastocyst. (C) Mitotic errors arising sporadically in embryonic cells after 
the cleavage stage produces a mixture of euploid and aneuploid cells within the same blastocyst (mosaic).
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(97%, 90 of 93) but not for segmental aneuploidies (43%, three 
of seven).25

Mosaicism would be less concerning if overall rates were ex-
tremely low in blastocysts. Earlier non- NGS techniques estimated 
that only ~6% of blastocysts might be mosaic.11 However, more 
recent reports paint a different picture. One study found a 30.1% 
mosaicism rate in TE biopsies from 1547 blastocysts15 similar to 
the 28% rate identified in over 2000 biopsies in another study.26 
Analyses of multiple biopsies from the same embryo identified 

mosaicism rates of 50% (5/10),27 37.5% (3/8),28 44% (16/36),29 
34.5% (20/58)16 and 14% (4/29).30 Collectively, therefore, based on 
multiple- biopsy analyses, blastocyst mosaicism rates range from 
14% to 50% with a mean of 36%, much higher than previously 
thought. However, if uniform whole chromosome aneuploidy is 
identified on TE biopsy, there is a high likelihood (>95%) that the 
ICM is also aneuploid.25 Despite this high likelihood, TE aneuploidy 
does not guarantee uniform embryonic aneuploidy as three of 93 
embryos with aneuploid TEs had either mosaic or euploid ICMs.25

F IGURE  3 Effect of embryonic mosaicism on diagnostic outcomes following blastocyst biopsy. (A and B) Trophectoderm (TE) biopsy 
from uniformly euploid (A) and uniformly aneuploid (B) embryos accurately diagnose the status of the inner cell mass (ICM). (C) Biopsy 
of an isolated abnormal segment within the TE of a mosaic embryo correctly determines that the biopsied cells are abnormal but 
incorrectly diagnoses the ICM as abnormal. (D) Biopsy of another region of the same embryo in (C) correctly identifies biopsied cells 
and ICM as normal. (E) Biopsy of a normal segment within the TE of a mosaic embryo correctly identifies that the biopsied cells are 
abnormal but incorrectly diagnoses the ICM as normal.
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BLASTOCYST- BIOPSY PGT- A IN 
CLINICAL PRACTICE: ANALYSIS BY 
EMBRYO TRANSFER

Given the widespread adoption of PGT- A into current IVF prac-
tice – 40% or more of cycles in the USA are estimated to incor-
porate PGT- A10 – it is perhaps surprising that in the aftermath 
of PGS 1.0, few RCTs have to- date evaluated BB- PGT- A. Three 
small and underpowered RCTs (89, 72 and 55 patients in the 
treatment groups) have been published in full31–33 along with 
a larger multi- centre RCT published in abstract form (274 
treatment patients).34

Two RCTs were conducted in the same high- volume PGT- A clinic 
and involved transfer of two embryos per patient.31,32 Both involved 
good prognosis patients (5–8 blastocysts per patient) who underwent 
randomisation if they had two or more blastocysts. Unlike most clin-
ics, this one has an on- site genetics laboratory enabling CCS results to 
be obtained fast enough after day 5 biopsy to facilitate a fresh trans-
fer the following day. PGT- A patients had higher sustained implan-
tation rates after one embryo transfer (66.4% vs 47.9%; P = 0.001).32

The other RCT from this group found that fresh transfer of a 
single euploid blastocyst was non- inferior to fresh transfer of two 
unbiopsied blastocysts.31 Multiple pregnancies were eliminated 
by single embryo transfer (SET) compared to a staggering 53% 
multiples rate following double embryo transfer (DET).31

F IGURE  4 Comprehensive chromosome screening (CCS) technologies measure the total number of chromosomes present in 
the composite sample of biopsied cells. (A) Accurate mitotic chromosome segregation producing euploid daughter cells. (B) Mitotic 
chromosome mis- segregation of one chromosome leads to aneuploid daughter cells that are reciprocally monosomic and trisomic 
for that chromosome. (C and D) CCS will produce the same ‘euploid’ result for a composite sample of four euploid cells each of which 
contain the correct number of copies of chromosome 1 (green; C) as it would for a merged sample of four aneuploid cells comprised of 
two cells with an extra copy of chromosome 1 (trisomy 1; red; D) and two cells with one less copy of chromosome 1 (monosomy 1; blue; 
D). Note that chromosome 1 is used purely for illustrative purposes. See (B) for a schematic explanation of the mechanism by which, 
mitotic chromosome mis- segregation leads to reciprocal aneuploidies in daughter cells.
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Two RCTs have compared outcomes after SET.33,34 The first an-
alysed pregnancy success following a single fresh embryo transfer 
in 103 (55 PGT- A and 48 control) good prognosis patients (mean 
age 31 years, ~19 oocytes and eight blastocysts per patient) treated 
at two centres.33 Ongoing pregnancy rates following fresh embryo 
transfer were higher following PGT- A (69.1% vs 41.7%; P = 0.009).33

More recently, the results of the multi- centre Single Embryo 
TrAnsfeR (STAR) trial were reported in abstract format. This RCT 
was undertaken across four countries, nine genetic laboratories 
and 34 clinical sites.34 A total of 588 patients having a mean age 
of 34 years were randomised on days 5/6 of embryo culture and 
blastocysts were vitrified following biopsy. In stark contrast to the 
foregoing trials, there was no difference in the primary outcome 
of ongoing pregnancy rate following transfer of single thawed em-
bryos (49.6% vs 45.9%; P = 0.3369).34 A post hoc sub- group analy-
sis pointed to a benefit with PGT- A for older patients (35–40 years; 
50.8% vs 37.2%; P = 0.0349).34

The multi- centre/multi- clinic nature of the STAR trial along 
with incorporation of embryo freezing provides insight into how 
PGT- A might perform more generally and seriously questions 
whether the advantages seen in high- performing clinics under-
taking a fresh embryo transfer and with good prognosis patients 
can be extrapolated more broadly, a concern also raised by the 
American Society for Reproductive Medicine.35 Indeed, the STAR 
trial's lead author suggested ‘that some less experienced centres 
may be losing embryos through the process’.10

PGT- A OUTCOMES BY 
INTENTION- TO- TREAT ANALYSES

The outcome of greatest significance to patients is the overall 
chance of live birth per round of ovarian stimulation. When incor-
porating BB- PGT- A, the answer to this question needs to factor 
in a key risk not accounted for in the above trials: the likelihood 
that no or few embryos develop to the blastocyst stage, especially 
when few eggs are collected. By only randomising patients already 
known to have blastocysts and/or incorporating good prognosis 
patients with high likelihood of having blastocysts, existing trials 
do not address this issue.31–34 This is a critical consideration since 
highly effective embryo vitrification allows virtually all usable em-
bryos to be transferred in fresh and subsequent frozen- thawed 
cycles, whereas with BB- PGT- A, embryos that could have been 
transferred on days 2/3 might be lost during an additional 2–4 days 
of in vitro culture or from biopsy trauma and/or misdiagnosis due 
to mosaicism. Therefore, proper evaluation of BB- PGT- A requires 
an intention- to- treat design that factors in cumulative outcomes 
following transfer of all suitable embryos from one stimulation 
round in fresh and frozen cycles as well as the possibility that no 
embryos survive to blastocyst stage.36–39 To date, no such RCT has 
evaluated BB- PGT- A and all trials have excluded patients with low 
egg yields. However, two RCTs have used intention- to- treat meth-
ods to evaluate PGT- A by cleavage- stage and polar body biopsy.

The first involved women of advanced maternal age (38–
41 years old).40 Interestingly, despite evidence that cleavage- 
stage biopsy is traumatic,6 these researchers used cleavage- stage 
biopsy due to their clinic's extensive 15- year experience with the 
technique. Fresh embryo transfers were performed 2 days later 
at the blastocyst stage after biopsy results had become available. 
Live- birth rates per transfer were higher with PGT- A but there 
were no overall differences when cumulative outcomes for the 
entire cycle (including frozen embryos) were considered (37% 
vs 33%).40 Patients in the PGT- A arm had fewer embryos trans-
ferred per cycle (1.3 vs 1.8; P < 0.0001), required fewer transfers 
(1.3 vs 1.0; P < 0.0001) and experienced fewer miscarriages (39% 
vs 2.7%; P = 0.0007).40 Intention- to- treat analyses typically evalu-
ate outcomes from a single round of ovarian stimulation. In con-
trast, in this trial, patients needed to have at least five mature 
eggs and if not achieved after one round of stimulation/oocyte 
retrieval, women were required to undergo a second round; in-
deed, those refusing a second round were eliminated from the 
trial.40 Ensuring a minimum number of oocytes mitigates against 
the risk of not having any suitable embryos and cannot therefore 
reflect the real- life per- cycle performance of PGT- A.

More recently, results of the ESTEEM (the ESHRE Study into the 
Evaluation of oocyte Euploidy by Microarray analysis) trial based 
on polar body biopsy (PBB) were reported.41 ESTEEM was a multi-
centre trial involving nine centres in seven countries in Europe and 
Israel having experience in PBB.8,41 ESTEEM involved 396 patients 
aged 36–40 years with good ovarian reserve and tested whether 
PGT- A by PBB would improve the chances of a live birth within 1 
year. Both groups achieved the same pregnancy rate (24%) and 
PGT- A did not shorten the time to pregnancy.41 However, PGT- A 
reduced miscarriage from 14% to 7% (P = 0.02) and increased the 
number of SETs (19% vs 56%; P < 0.001) with a corresponding 
trend toward reduced twins.41

These trials confirm that overall chances of live birth do not 
improve with PGT- A, which is not surprising since PGT- A does not 
increase embryo potential. However, PGT- A may yield secondary 
benefits such as reduced miscarriages.

RELEVANCE OF AVAILABLE DATA TO 
AUSTRALIAN PRACTICE

PGT- A provides confidence to undertake SET in programs that 
routinely undertake DET, thereby reducing multiple pregnan-
cies.31,41 However, the most recent Australian data show that 
87.7% of all cycles and 93% of cycles in women under 35 involved 
SET.42 Therefore, in Australia, deciding whether to perform DET or 
SET is not a dilemma that clinicians face.

The three RCTs demonstrating benefit with BB- PGT- A trans-
ferred fresh embryos,31–33 but in most clinics around the world in-
cluding Australia, fresh PGT- A transfers are very infrequent after 
blastocyst biopsy since biopsy samples are shipped to external 
genetic labs, necessitating that embryos be frozen. When embryo 
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freezing is involved, in the same time it would take to undergo a 
PGT- A FET cycle, both a fresh and a frozen SET could be undertaken 
without PGT- A. This means that for a comparable good prognosis 
group as in the SET RCT, ~42% of patients would miss out on preg-
nancy from a fresh transfer.33 Moreover, the expected cumulative 
pregnancy rate from a fresh and a frozen transfer (~66%) would be 
comparable to a single FET of a tested embryo (69.1%).33

The STAR trial is arguably the most informative in the context 
of PGT- A in Australia since it involved BB- PGT- A and frozen SET. 
As elaborated above, this trial did not demonstrate any overall 
benefit for PGT- A.34

INTER- LABORATORY VARIABILITY AND 
FINANCIAL COSTS

PGT- A- related embryo trauma is critically dependent upon labo-
ratory proficiency, firstly, for long- term culture to the blastocyst 
stage and, secondly, for the technically exacting biopsy itself. Lab 
quality could also impact the risk of iatrogenic embryonic ane-
uploidy.43 For PGT- A to deliver a benefit, it was estimated that lab- 
induced embryo loss rates should be <10%, and that rates ≥30% 
negate any potential benefit unless aneuploidy rates exceed 
60%.10 In line with this, the Chairman of the 2018 congress of the 
Preimplantation Genetic Diagnosis International Society (PGDIS), 
Santiago Munne, stated that ‘standardisation of embryo biopsy is 
clearly needed to democratise PGT to the masses’.10

Since PGT- A doesn't increase overall chances of live birth,40,41 
an important consideration is whether the high financial costs 
might be justified by possible secondary benefits (eg reduced 
emotional distress associated with miscarriage), noting that such 
benefits have not yet been demonstrated for BB- PGT- A. It has 
recently been estimated that for a typical 36–37- year- old patient 
in the USA, PGT- A would cost $30 000 USD for a 90% chance of 
having one euploid embryo.44 For older patients with low ovar-
ian reserve, costs escalated to staggering amounts ranging from 
$200 000 to $400 000 USD.44 The Spanish RCT found that includ-
ing PGT- A increased costs required to achieve a live birth without 
increasing overall chances of having a live birth.40 A theoretical 
model that evaluated cost- effectiveness based on UK practice 
concluded that adding PGT- A was unlikely to benefit most women 
under 40 years.45

CONCLUSIONS

The PGDIS recommended that only validated NGS platforms 
should be used for PGT- A.46 However, because of the unpredict-
able nature of mosaicism, even the most sensitive technology 
cannot unequivocally predict the status of the ICM based on 5–10 
TE cells.16,24

BB- PGT- A in good prognosis patients with multiple blastocysts 
and in expert PGT- A labs could increase pregnancy rates in a single 

fresh cycle and reduce DETs without compromising success.31–33 
However, there are no RCTs of BB- PGT- A analysed by intention- to- 
treat. At present, the only trial of BB- PGT- A that encompasses all 
possibilities on a per- stimulated- cycle basis is a hypothetical one, 
the outcomes for which disfavour BB- PGT- A.38

An important unanswered question pertains to use of mo-
saic embryos given that many can generate healthy pregnan-
cies.9,18,20,21 A grading system has been proposed for prioritising 
their utilisation based on severity of abnormality47 but the ratio-
nale has been vigorously challenged.36,48,49

Finally, the STAR trial illustrates that extrapolating results from 
experienced labs to widespread practice could be very mislead-
ing.10,34 The American Society for Reproductive Medicine recently 
concluded that ‘The value of PGS/PGT- A as a screening test for IVF 
patients has yet to be determined’.35
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