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P
reimplantation genetic 
test ing (P GT ) is  an 
evolving technology 
that represents one of 
the primary advances of 

the assisted reproductive technologies 
(ARTs) over the past 45 years. In essence, 
its aim is to prevent the transmission of 
pathologic genetic conditions, improve 
in vitro fertilization (IVF) outcomes, 
and shorten the interval to achieve a 
successful pregnancy when a normal 
(euploid) embryo can be selected.1 
Currently, it is performed by removing 
and testing trophectoderm cells from 
the developing blastocyst, typically 5 to 
6 days after oocyte retrieval.2 

A variety of analyses may then be 
performed on the recovered cells, 

depending on the purpose. There are 
several different applications of PGT, 
including testing for aneuploidy (PGT-
A), monogenic diseases (PGT-M), and 
structural rearrangements (PGT-SR). 
A newer yet unproven application 
involves screening for polygenic 
conditions (PGT-P). PGT-A focuses on 
assessing the embryos created with IVF 
for their full complement of chromo-
somes to report which of the embryos 
are chromosomally normal (euploid) 
or abnormal (aneuploid). PGT-M is 
performed to reduce the risk of having 
an affected child with a known specific 
genetic condition. 

PGT-SR screens for chromosomal 
structural rearrangements usually 
associated with balanced translocations 

or inversions and is most often used 
for couples with a history of recurrent 
pregnancy loss. PGT-P can be used to 
determine potential risk for develop-
ment of late-onset disorders associ-
ated with polygenic traits, including 
diabetes, cardiovascular diseases, 
and some malignancies. PGT-HLA 
is used for human leukocyte antigen 
matching to ensure compatibility of 
a fetus with a potential donor, usu-
ally one needing hematopoietic stem  
cell transplantation.

History of PGT
Application of PGT has increased dra-
matically in recent years, from approxi-
mately 1000 cycles in the mid-2000s to 
less than 19,000 by 2014, to over 54,000 
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cycles in 2017, or about 40% of ART 
cycles in the United States, currently.3 
The vast majority of procedures per-
formed are for PGT-A. PGT has under-
gone several transformations since its 
inception. Initial attempts with PGT-A 
in the 1990s, performed with cleavage-
stage (day 3) embryos, were unsuc-
cessful for several reasons. Because 
of early mosaicism in the embryo, the 
limited number of cells recovered was 
often not representative of the embryo’s 
ultimate true cell line, and the available 
technology, usually fluorescent in situ 
hybridization (FISH), was able to test for 
only a limited number (typically 5-10) 
of specific chromosome abnormalities. 
Reports at the time failed to confirm the 

efficacy and cited a high error rate of 
PGT-A with FISH.4 As a result, several 
professional societies, including the 
American Society for Reproductive 
Medicine, did not recommend PGT-A.5

Subsequently, several technologies 
were introduced to accomplish com-
prehensive chromosome screening 
(CCS) of all 24 chromosomes. These 
included array comparative genomic 
hybridization (aCGH), single nucleotide 
polymorphism arrays (SNPa), quantita-
tive polymerase chain reaction (qPCR), 
and, most recently, next-generation 
sequencing (NGS). Using these tech-
nologies at the blastocyst stage (day 5 or 
6) permitted more trophectoderm cells 
to be obtained, improving the diagnostic 

accuracy and having fewer deleteri-
ous effects on the embryo because a 
relatively smaller proportion of the cell 
mass is removed at the later stage of 
development.6,7 Additional advances 
in blastocyst cell culture, incubation 
technology, embryo vitrification, and 
molecular techniques for assessing 
the copy number of all chromosomes 
produced further improvements in 
pregnancy rates and reduced error 
rates.2 However, the currently used 
technologies, including qPCR and 
NGS, have their own limitations  
and advantages.

Potential value of PGT-A 
PGT-A offers several potential advan-
tages in IVF. By performing PGT-A and 
transferring a chromosomally normal 
embryo, embryo implantation and 
subsequent pregnancy rates may be 
improved, which has allowed many IVF 
clinics to increase use of elective single 
embryo transfer, thus reducing the mul-
tiple pregnancy rate. This has produced 
a significant reduction in twin and 
higher order multiple rates since 2014, 
following 3 decades of yearly increases 
previously.7 Overall pregnancy outcome 
and miscarriage rates are also improved 
in women receiving a euploid embryo, 
especially in patients of advanced 
maternal age.8 Time to successful 
pregnancy has also been shown to be 
shorter than expectant management in 
women with recurrent pregnancy loss.

Who should be offered 
PGT?
Using CCS with any of the newer 
technologies has enabled detection of 
chromosomal aneuploidy with PGT-A 
with benefit to at-risk groups.9 PGT-M 
should be offered to couples planning 
childbearing with known heritable 
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diseases in which the genetic abnormal-
ity is known or is discoverable. PGT-SR 
is potentially useful for individuals 
with known parental chromosome 
rearrangements, such as a reciprocal 
translocation, and is especially useful 
in couples who have experienced 
recurrent miscarriages, provided the 
female has an adequate supply of  
euploid oocytes.9

PGT-A
The presence of chromosomal abnor-
malities rises with increasing maternal 
age and is found in greater than  
30% of clinically recognized pregnan-
cies in those greater than 40 years.10 In 
this population, the benefit of PGT-A 
allows for assessment of aneuploidy 
status in the hopes of selecting a euploid 
(chromosomally normal) embryo for 
transfer.1 Patients who are 35 years 
or older, as well as those who have 
experienced prior implantation fail-
ures or recurrent miscarriages, may 
benefit from PGT-A. Selecting and 
transferring a euploid embryo increases 
the chance of implantation and  
successful pregnancy.11

Chromosomal aneuploidy is a major 
cause of failed IVF cycles and miscar-
riages and, as noted, is age dependent. 
By 42 years, the incidence of embryonic 
aneuploidy increases to approximately 
80%.12 A study assessing the aneuploidy 
rate of PGT-A tested embryos noted 
increasing rates of aneuploidy with 
age: age less than 35 years (46%),  
35 to 37 years (54%), 38 to 40 years 
(63%), 41 to 42 years (66%), and age 
greater than 42 years (54%).13

Although PGT-A seems to be an 
intuitively appealing intervention, it 
was not validated to improve ongoing 
pregnancy rates in a large, multicenter 
randomized controlled trial of women 

aged 25 to 40 years using an NGS plat-
form for screening.14 A post hoc analysis 
did show a significant improvement in 
ongoing pregnancy rates uniquely in the 
cohort aged 35 to 40 years. Assessment 
with morphological criteria has been 
used traditionally for embryo selection 
but it does not accurately predict the 
chromosomal status of the embryos 
and presents its own limitations.15 Cur-
rently, there are significant differences 
among ART clinics in clinical outcomes 
with PGT-A, reflected in variable pub-
lished results, and no clear consensus 
regarding the optimal age group for 
PGT-A for guideline recommendations  
has emerged. 

Limitations of PGT
PGT is not without risks. All types of 
PGT rely on an invasive procedure per-
formed on the developing blastocyst, 
which involves surgically extracting 
trophectoderm cells (typically 5-7) 
with a pipelle for analysis. The fact that 
over 30% of subsequently transferred 
euploid embryos do not yield a suc-
cessful pregnancy and the significant 
variation in successful pregnancy rates 
among labs performing PGT strongly 
suggest potential harm of the procedure.

In addition to the lack of clar-
ity regarding optimal candidates for 
PGT-A, there are additional challenges 
related to result interpretation. The 
possibility of embryonic mosaicism 
when more than 1 chromosomally 
distinct cell line exists in the embryo 
and at least 1 cell line is abnormal, 
exists, but normally occurs in only 1% 
to 2% of embryos in ongoing natural 
pregnancies.16 True mosaicism is associ-
ated with a higher risk of implantation 
failure and miscarriage. A much higher 
incidence of mosaicism has been 
reported with PGT-A, especially using 

an NGS platform.17 There have been 
many reports of successful pregnan-
cies with healthy offspring resulting 
after transfer of some of these affected 
embryos, suggesting that the PGT-A 
report may represent a laboratory 
artifact rather than true mosaicism.18 
This phenomenon appears to be a 
result of variations in intermediate copy 
numbers of the affected chromosomes, 
which may create the illusion of mosa-
icism when the expected preset copy 
number variant limits are exceeded by 
the interpretation algorithm. 

Additional confounding variables 
may relate to the fact that the cells that 
are typically obtained from the outer 
trophectoderm layer of the embryo 
might not be representative of the 
inner cell mass of the embryo, the 
region destined to become the fetus. 
Variations in the reported incidence 
of mosaicism could also result from 
uneven distribution of mosaic cells 
in the embryo, test artifact, amplifica-
tion bias, contamination, variation 
in biopsy technique, and differing 
laboratory conditions.19 Disposition of 
these so-called mosaic embryos has 
created a complex conundrum for ART 
centers and their patients who are grap-
pling with the decision of whether to 
transfer or discard them or await more  
definitive guidance.20,21

A post hoc analysis did  
show a significant  
improvement in ongoing 
pregnancy rates uniquely  
in the cohort aged  
25 to 40 years.
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PGT-M
According to the American Society for 
Reproductive Medicine, preimplanta-
tion genetic testing for monogenic 
diseases for adult-onset conditions 
is ethically permissible for a range of 
conditions, especially when the condi-
tion is serious and there are no safe, 
effective interventions.22 PGT-M was the 
first application of PGT in 1989 and cur-
rently can be used to screen potentially 
affected embryos for over 1000 heritable 
conditions. These conditions include 
such diverse diseases as cystic fibrosis, 
sickle cell anemia, Huntington disease, 
spinal muscular atrophy, and BRCA 
carriers. It is theoretically applicable 
for any monogenic disorder in which 
the disease-causing locus has been 
clearly identified. Usually, patients 
present after they or a close relative has 
had an affected child, but increasingly 
couples are seeking PGT-M after both 
have been determined to be carriers 
following prenatal screening with an 
expanded carrier screening panel, often 
performed prior to pregnancy. Many 
couples prefer to have an unaffected 
or carrier status embryo selected than 
subsequently rely on invasive prenatal 
diagnosis or taking their chances.

Considerable progress has been made 
in the diagnostic testing of PGT-M since 
the original PCR amplification technology 
was used in the 1990s. Single gene disor-
ders with known genetic variants can be 
screened with PGT-M following targeted 
amplification of the specific region of 
concern followed by mini-sequencing 
or qPCR-based genotyping of the ampli-
fied product to find the genetic variant. 
This can alternatively be performed by 

karyomapping, which uses microarrays 
of up to 300,000 SNPs found in regions 
scattered throughout the genome. Cur-
rently, PGT-M is usually performed with 
single-nucleotide polymorphism array 
(SNPa). SNPa potentially contains several 
million probes, short segments of DNA, 
which permit genotypic screening of 
hundreds of thousands of selected SNPs 
from all chromosomes in a single reac-
tion. This offers much greater efficiency, 
economy, and accuracy. PGT-M has a 
very low error rate.

PGT-SR
The estimated range of balanced struc-
tural chromosomal rearrangements is 
less than 1% in the general population 
and about 6% in couples with recurrent 
pregnancy loss, but it can have devastat-
ing consequences for the reproductive 
potential of affected individuals.23 The 
risk of having infertility, miscarriages, still-
births, and infants with a chromosomal 
abnormality varies widely depending 
on the specific structural rearrangement 
uncovered (reciprocal or robertsonian 
translocation, inversions, or complex 
chromosomal rearrangements). Genetic 
counseling prior to planning PGT-SR is 
essential. PGT-SR is typically now per-
formed with aCGH, NGS, or SNPa. 

Cost of PGT
The reliability and cost-effectiveness of 
PGT-M and PGT-SR are well established. 
PGT-A is cost-effective for women of 
advanced maternal age in establishing 
a successful pregnancy and reducing 
risk of miscarriage.13 Indeed, for women 
over 40 years, once a euploid embryo 
is found, they have the same chance 

of success as a woman younger than 
30 years. Additional benefits claimed 
for IVF with PGT-A over IVF without 
it include overall cost savings per live 
birth, shorter duration of treatment, 
fewer failed embryo transfers, and 
fewer clinical miscarriages.13 Its value 
for women younger than 30 years is 
unproven. Previously, utilization of PGT 
added $1000 to $4000 to the cost of an 
IVF cycle, varying with the ART center, 
specific tests performed, and number of 
embryos evaluated. However, the newer 
technologies, permitting many samples 
to be tested on a single microchip, are 
creating a significant cost reduction.

The future
PGT and its associated technologies 
have rapidly permitted much greater 
insight into the genetic composition 
of the developing embryo, potentially 
eliminating many incurable diseases 
and improving the overall effectiveness 
of IVF. Each advance, while mitigating  
1 diagnostic interpretative problem, 
has posed new challenges and a clearer 
understanding of the benefits and 
limitations of each is ongoing. Although 
additional refinements in the existing 
technologies are expected, newer, 
noninvasive technologies for embryo 
selection are being developed, includ-
ing use of artificial intelligence compu-
tations with time-lapse microscopy to 
determine optimal markers of embryo 
development and analysis of cell-free 
DNA released by the growing embryo 
into the spent culture medium.24
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PGT and its associated technologies have rapidly led to much greater insight into the 
genetic composition of the developing embryo, potentially eliminating many incurable 

diseases and improving the overall effectiveness of IVF. 


