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Preimplantation  genetic testing (PGT) for monogenic disorders and assisted 
reproductive technology have evolved and progressed in tandem. PGT started 
with single‑cell polymerase chain reaction (PCR) followed by fluorescent 
in situ hybridisation for a limited number of chromosomes, later called 
‘preimplantation genetic diagnosis (PGD) version 1’. This review highlights 
the various molecular genetic techniques that have evolved to detect specific 
inherited monogenic disorders in the preimplantation embryo. Literature 
review in English was performed in PubMed from 1990 to 2021, using the 
term ‘preimplantation genetic diagnosis’. With whole‑genome amplification, 
multiple copies of embryonic DNA were created. This helped in avoiding 
misdiagnosis caused by allele dropout. Multiplex fluorescent PCR analysed 
informative short tandem repeats (STR) and detected mutations simultaneously 
on automated capillary electrophoresis sequencers by mini‑sequencing. 
Comparative genomic hybridisation (CGH) and array CGH were used for 
24 chromosome aneuploidy screening. Subsequently, aneuploidies were 
detected by next‑generation sequencing using single‑nucleotide polymorphism 
arrays, while STR markers were used for haplotyping. ‘PGD version 2’ 
included accurate marker‑based diagnosis of most monogenic disorders 
and detection of aneuploidy of all chromosomes. Human leukocyte antigen 
matching of embryos has important implications in diagnosis and cure of 
haemoglobinopathies and immunodeficiencies in children by means of matched 
related haematopoietic stem cell transplantation from an unaffected ‘saviour 
sibling’ obtained by PGT.
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disorders, adrenoleukodystrophy and X‑linked mental 
retardation.[1,2] At that time, it was only possible 
to identify the sex of the embryo by amplifying a 
Y‑linked repeat sequence in single cells biopsied at 

Introduction

Preimplantation genetic testing (PGT) has 
evolved dramatically over the past 30 years, 

ever since Handyside et al. reported the first twin 
live births, following in vitro fertilisation (IVF) 
and preimplantation diagnosis (PID) in two couples 
at risk of transmitting the X‑linked recessive 
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cleavage stages and avoid transferring male embryos 
due to a 50% chance of being affected, an option 
preferred to prenatal diagnosis, wherein an affected 
pregnancy would be terminated.

The terminology preimplantation genetic diagnosis 
(PGD) was used for many years for the diagnosis 
of both‑single gene disorders by molecular 
methods[3‑7] and restricted number of chromosome 
aneuploidies or translocations by fluorescence 
in situ hybridisation (FISH).[8‑11] With the advent 
of 24 chromosome aneuploidy screening by array 
comparative genomic hybridisation (aCGH), the 
terms PGD for aneuploidies,[12,13] preimplantation 
genetic screening (PGS),[14,15] or comprehensive 
chromosome screening (CCS) were interchangeably 
used.[16‑18] Subsequently, the uniform terminology PGT 
was formulated by the International Committee for 
Monitoring Assisted Reproductive Technologies, in 
partnership with the American Society for Reproductive 
Medicine, European Society of Human Reproduction 
and Embryology, International Federation of Fertility 
Societies, March of Dimes, Asian Pacific Initiative on 
Reproduction, International Federation of Gynaecology 
and Obstetrics, and others.[19] PGT was further 
categorised into PGT for aneuploidy (PGT‑A), PGT 
for structural rearrangements (PGT‑SR) and PGT for 
monogenic disorders (PGT‑M)[20‑22] [Table 1].

Couples primarily opting for PGT‑M are now advised 
to simultaneously perform PGT‑A as unaffected 
embryos selected by PGT‑M could have chromosome 
aneuploidies. Hence, using both PGT‑M and PGT‑A, 
only euploid embryos free of disease are selected to 
improve live birth rates.[23]

Objective
The objective of this review is to describe the evolution 
and utility of various molecular techniques used in 
PGT‑M and to understand the novel advances over the 
past three decades.

Search Methods
Literature review in English was primarily performed 
in PubMed, from January 1999 to August 2021, using 
the term ‘preimplantation genetic diagnosis’. Titles and 
relevant abstracts were manually evaluated to eliminate 
papers not pertaining to PGD or PGT‑M and evolution 
of methodologies [Figure 1]. Review articles were 
checked for cross‑references. Full texts were obtained 
through Clinical Key, Academia and Google. Informative 
chapters from a recent textbook on PGT were searched 
for as well.[24‑26]

Indications for Preimplantation Genetic 
Testing for Monogenic Disorders
PGT‑M can be offered for all monogenic disorders, 
to identify pathogenic or likely pathogenic loci.[27] 
Indication could be for common or rare diseases and for 
specific nuclear or mitochondrial genes.[28] The nuclear 
loci may have an autosomal dominant inheritance 
pattern with a 50% risk of transmitting the gene 
mutation to the progeny, e.g., Huntington disease or 
hereditary cancers due to pathogenic variations in genes 
such as breast cancer 1 (BRCA1), BRCA2, adenomatous 
polyposis coli, ataxia telangiectasia mutated, MutL 

Table 1: Comparison of earlier and present 
terminologies for preimplantation genetics

Earlier nomenclature Present nomenclature
PGD for single‑gene disorders PGT‑M
PGD‑A/PGS/CCS PGT‑A
PGD for chromosome 
rearrangements

PGT‑SR

PGD=Preimplantation  genetic diagnosis, PGD‑A=Preimplantation  
genetic diagnosis for aneuploidies, PGS=Preimplantation  
genetic screening, CCS=Comprehensive chromosome screening, 
PGT‑M=Preimplantation genetic testing for monogenic disorders, 
PGT‑A=Preimplantation genetic testing for aneuploidies, 
PGT‑SR=Preimplantation genetic testing for chromosomal 
structural rearrangements Figure 1: Literature review strategy
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homolog 1 (MLH1) and MutS homolog 2 (MLH2). 
Autosomal recessive disorders have a 25% risk of 
recurrence in each pregnancy as in beta‑thalassaemia 
and sickle cell anaemia, while X‑linked disorders such 
as Duchenne muscular dystrophy (DMD), haemophilia, 
adrenoleukodystrophy and fragile‑X have a 50% 
chance of males being affected and a 50% chance of 
females being carriers. Other disorders where PGT‑M 
can be used include achondroplasia, cystic fibrosis, 
epidermolysis bullosa, Tay‑Sachs disease, ichthyosis, 
long QT syndrome, mucopolysaccharidosis, osteogenesis 
imperfecta, phenylketonuria, polycystic kidney disease, 
retinoblastoma, retinitis pigmentosa, Rett syndrome, 
spinal muscular atrophy, spinocerebellar ataxia, tuberous 
sclerosis and Usher syndrome. PGT‑M is also useful 
when a couple is unable to find human leucocyte 
antigen (HLA)‑matched donors from registries for a 
haematopoietic stem cell transplantation (HSCT) to cure 
their child affected with a haematologic or autoimmune 
disorder,[29,30] by enabling selection of HLA‑matched 
unaffected embryos for transfer. PGT for sex selection 
and family balancing is not permitted in India.

Evolution of Technologies
The single‑cell simplex polymerase chain reaction 
(PCR), performed by Handyside et al. in 1990,[1] 
subsequently showed unreliable amplification of a 
680 base pair fragment while studying the sickle cell 
containing region of the beta globin gene in the DNA 
of single blastomeres from intact embryos. The same 
technique applied to a cluster of about 10 embryonic 
cells, however, showed successful amplification more 
frequently.[31] Amplification is necessary to increase the 
limited amount of genomic DNA available from embryo 
biopsies. Allele dropout (ADO) caused by amplification 
failure of one of the two parental alleles was first 
described in 1991 as a ‘partial amplification failure’, 
causing a potential source of misdiagnosis for both 
dominant and recessive diseases.[32]

Multiplex PCR subsequently became the choice for 
monogenic disorders. The gold standard method of 
PCR was replaced by genome‑wide technologies, 
such as fluorescent PCR and fragment analysis on 
automated sequencers. There was a shift in biopsy 
time from a single blastomere biopsy at cleavage stage 
or utilisation of polar body biopsy to utilising five to 
eight trophectoderm cells obtained at the blastocyst 
stage.[33,34] The most important measure to control and 
detect ADO as well as account for contamination was 
the inclusion of closely linked informative short tandem 
repeat (STR) markers in the multiplex PCR reaction. 
STRs, also known as microsatellites, are a sequence 

of two or more base pairs, repeated a number of times 
in such a way that they lie adjacent to each other on 
the chromosome. These determine an individual’s 
inherited traits and parentage. The co‑amplification of 
STR markers with or without the pathogenic variant 
amplicon(s) at the level of a single or few cells yields 
more accurate results and this approach known as 
haplotyping has been very useful.[35] Haplotypes are 
combinations of several phase‑determined polymorphic 
markers and are valuable for studies of disease 
association.

Nested PCR, a modification of PCR intended to reduce 
non‑specific binding in products due to the amplification 
of unexpected primer binding sites, had to be carried 
out. The tedious process of multiplexing was facilitated 
by the availability of commercial PCR multiplex kits. 
The development of fluorescent‑labelled primers led to 
the method of multiplex fluorescent PCR, a sensitive 
method for allele detection.

Some of the single‑gene disorders where PGD was 
applied in the 1990s include cystic fibrosis,[36,37] fragile 
X,[38] DMD,[39] Tay‑Sachs disease,[40] haemophilia,[41] 
RhD blood typing,[42] Marfan syndrome,[43] sickle cell 
anaemia, ornithine transcarbamylase deficiency,[44] 
beta‑thalassaemia and myotonic dystrophy.[45] 
Aneuploidy testing of a limited number of chromosomes 
by FISH was more common. FISH was also used for 
the detection of unbalanced translocations.[46,47] Cell 
recycling was attempted, although it was observed that 
the ADO rate was higher. Due to the low amount of 
input DNA from embryo biopsies in PGT‑M, sensitive 
DNA amplification techniques were needed.

Whole‑genome amplification (WGA) overcame 
the problem of the minute quantities of genomic 
DNA obtained, by amplifying the entire genome 
of a single or few cells up to several micrograms 
and providing sufficient template for many standard 
downstream applications such as PCR, single‑nucleotide 
polymorphism (SNP) arrays and next‑generation 
sequencing (NGS). A SNP is a variation at a single 
position in a DNA sequence among individuals. If a 
SNP occurs within a gene, then there is more than one 
allele. SNPs are used to identify disease causing genes, 
by sequencing.

In 1992, the first WGA methods of degenerate 
oligonucleotide primed PCR[48] and primer extension 
pre‑amplification[49] were published. These methods 
allowed WGA from a single cell. This was a 
major technical improvement which together with 
blastocyst‑stage biopsy and the introduction of 
vitrification, revolutionised PGT.
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Haplotyping
Haplotyping determines the group of alleles within a 
genetic segment on a single chromosome, which are 
inherited together. The haplotype which is common in 
the family members with the familial pathogenic variant 
is referred to as the high‑risk haplotype (or mutant), 
whereas the haplotype without the familial pathogenic 
variant is known as the low‑risk or wild‑type haplotype. 
Therefore, genetic markers located close to the gene of 
interest are genotyped in DNA samples from the couple 
and relevant family members with known genetic status 
during the pre‑clinical workup. Informative genetic 
markers which flank the locus of interest and allow 
differentiation of the parental haplotypes are selected 
for use in the clinical test. The clinical test can be either 
direct, when the pathogenic variant plus linked genetic 
markers are assessed, or indirect, when testing is only 
based on haplotyping. If the high‑risk haplotype is 
determined during workup, an indirect testing method 
can be applied. Alternatively, a direct method is chosen 
where the detection of the pathogenic variant is combined 
with the genetic markers for haplotype confirmation. This 
is also known as preimplantation genetic haplotyping.

Human Leucocyte Antigen (HLA) 
Haplotype Matching
HLA haplotype matching of embryos is carried out to 
select unaffected embryos that are HLA compatible with 
the couple’s affected child, for future HSCT or umbilical 
stem cell transplant. HLA typing is usually combined 
with PGT for a specific monogenic disorder, mainly a 
haemoglobinopathy, solid tumour, immunodeficiency or 
immune disorder.[50‑52]

Haemoglobinopathies
Haemoglobinopathies, caused by inherent mutations 
in genes coding for globin synthesis, comprise all 
genetic disorders of haemoglobin formation and 
utilisation. Symptomatic haemoglobinopathy is the 
most important monogenic disease in the world.[53] 
Haemoglobinopathies result in substantial mortality and 
morbidity. They commonly occur in populations of 
Africa, the Mediterranean area and Southeast Asia 
regions. In India, β‑thalassaemia is the most commonly 
encountered single‑gene disorder. About 10,000–20,000 
babies with thalassaemia major are born every year 
in India.[54] About 3%–4% of the Indian population 
carries the β‑thalassaemia gene mutation. Its incidence 
is much higher in North‑eastern India and in the 
Lohana, Marwadi, Sindhi and Aggarwal communities. 
Certain individuals of the Islamic and Sikh religions 
are more susceptible. Individuals with β‑thalassaemia 

major need blood transfusions, chelations, and multiple 
hospitalisation cycles, putting pressure on parents, 
siblings, extended family, medical services and society. 
The probability of finding an allele match for the 
Indian population in multinational HLA registries is 
16% and only about 0.008% in Indian registries.[55‑57] 
Occasionally, it may not be possible to determine the 
high‑risk haplotype during pre‑PGT workup if there is 
a de novo pathogenic variant, or if no relevant family 
DNA samples are obtained. In these cases, it may be 
determined during the clinical cycle based on the results 
from the biopsied blastocysts, through an affected 
embryo.[22] However, this is a complex procedure 
requiring multidisciplinary collaboration.

Allogenic Haematopoietic Stem Cell 
Transplantation
Allogenic HSCT was pioneered in 1957 by Thomas et al.[58] 
The first birth of a child who was HLA matched by PGD 
to save an elder sibling suffering from a haematological 
disorder called Fanconi anaemia was reported by Verlinsky 
et al. in 2001.[59] This success was achieved after five 
IVF cycles and testing 41 embryos over 4 years. Kuliev 
et al. in 2005 reported their experience of PGT‑M for 
haemoglobin disorders with HLA matching.[60] Following 
this, several groups all over the world reported success. 
In 2014, Kuliev and Rechitsky described the chance 
of obtaining unaffected euploid embryos in different 
inheritance patterns. The chances of getting a thalassaemia 
unaffected 100% HLA‑matched embryo to an affected 
sibling were 18.75% and thalassaemia unaffected fully 
HLA‑matched euploid embryo were 9.4%.[61] Among the 
numerous disease‑linked STRs present, most families have 
at least two or three informative ones which help provide 
a diagnosis.[62]

We reported recently our first successful ‘Saviour 
Sibling’ birth in Maharashtra, India, for an older sibling 
with beta‑thalassaemia major.[63]

The Procedure of Haplotyping
After WGA, STR‑based haplotyping by targeted 
PCR can be carried out. A combination of STRs in 
proximity to the mutation site, having different alleles 
on all four parental chromosomes, is selected, to track 
the inheritance of each chromosome from the parent 
to the embryo. The probability of multiple loci on the 
same chromosome being affected in a cell is very low; 
hence, this strategy of using flanking STR markers, 
combined with mutation detection, is commonly used 
for PGT‑M. The comparatively short length of the 
STRs, together with the sensitivity of fluorescent PCR 
analysed by capillary electrophoresis with automated 
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sequencers, helps in multiplex PCR, which is the 
amplification of multiple target sequences from a single, 
or a few cells.[2] Mutation detection can also be done 
simultaneously using single fluorescent base extension 
reactions, or mini‑sequencing for single‑nucleotide 
substitutions, with specially designed primers. An 
indirect single‑cell HLA typing protocol based on a 
multiplex fluorescent PCR of STR markers scattered 
throughout the HLA complex was reported in 2005 for 
preimplantation HLA matching.[64]

Accurate high‑resolution typing for the HLA Class I 
and Class II loci using NGS has improved HLA 
matching accuracy and reduced rejection rates for both 
related and unrelated donor transplants.[58] HSCT shows 
superior outcomes with fewer complications and higher 
survival rate when a matched sibling donor is available. 
NGS has the advantage of potentially providing 
nucleotide‑resolution data for genetic analysis, thus 
overcoming the difficulties associated with the absence 
of STR informativity and the requirement of a workup 
on relatives. If the disease‑causing variant (s) in a family 
can be directly detected in the embryo‑biopsy samples, 
an affected embryo can also be used for haplotyping.

Human Leucocyte Antigen Matching 
for Beta‑Thalassaemia
Currently, PGT‑M for HLA matching of embryos is 
done by combining direct and indirect genetic studies 
of the HLA region using fluorescent PCR. Fragment 
analysis of PCR products by capillary electrophoresis 
is done using AB 3130. The direct study involves PCR 
amplification of the haemoglobin subunit beta (HBB) 
gene sequence, while the indirect study involves 
PCR amplification of polymorphic markers on loci 
such as D11S988, D11S1338, D11S1760, D11S1871, 
D11S2351, D11S4181, D11S4891 and D11S4957 linked 
to the HBB gene. PCR amplification of polymorphic 
markers linked to the HLA region includes D6S1560, 
D6S1583, D6S1629, D6S1683, D6S2924, MOG3 
and TNFa. PGT‑M is subsequently carried out on the 
embryo biopsies after WGA, using only the informative 
STR and/or SNP markers previously defined in the 
pre‑PGT‑M study by fluorescent PCR.

Subsequently, PGT‑A for all chromosomes is carried out 
by NGS, using the PGS kit followed by data analysis 
on software which aligns the reads using the human 
genome build ‘hg19’. This PGT‑A test cannot detect 
chromosome gains and losses below 10 Mb, balanced 
structural rearrangements, low levels of mosaicism, 
uniparental disomy (UPD), haploidy, triploidy and 
single‑gene variants. The chance of identifying matched, 
unaffected embryos for recessive conditions is 18.8%.[7]

A geneticist experienced in pedigree and linkage analysis 
should determine which familial DNA samples are 
needed for a reliable and accurate diagnosis. Samples 
should be collected from prospective parents and 
close relatives with known disease status. When using 
commercially available NGS‑based validated protocols, 
it is still recommended to carry out an implementation 
validation of the complete wet and dry laboratory 
workflow before clinical use.

Single‑Nucleotide Polymorphism Arrays
SNP arrays are high‑density oligo‑arrays made up 
of several million probes, allowing genotyping of 
innumerable selected SNPs across all chromosomes 
in a single reaction. SNPs consist of two alleles A 
and B, which could be homozygous (AA or BB) 
or heterozygous (AB), irrespective of the actual 
nucleotides A, T, G or C which may be present.[2,6] The 
analysis and interpretation are based on the amount of 
fluorescence and the ratio of hybridisation intensities 
for A and B (allele frequencies). The same principle 
of linkage‑based testing applies to targeted multiplex 
PCR and SNP array, though a locus specific pre‑clinical 
workup is not required for SNP arrays, reducing the 
waiting time for the couples. Only a short workup of 
DNA of the couple, and an affected or unaffected child or 
grandparent, is required to establish phasing, as biallelic 
SNP markers, by definition, can only distinguish two 
out of the four parental chromosomes. The four different 
sets of genome‑wide SNP markers can be identified by 
determining the genotypes of the parents and working 
out which of the AB alleles at each position is present 
on individual chromosomes using, for example, an 
existing child of known disease status. The SNP array 
platform can be used for double indications, such as two 
monogenic disorders or a monogenic disorder with HLA 
matching.[65] It can also concurrently analyse PGT‑M and 
PGT‑A, as both SNP genotype and chromosome copy 
number information are available from the raw data 
set. SNP arrays can detect aneuploidies, polyploidies 
and UPD. The two measures providing evidence of the 
copy number state are the log R ratio and the B‑allele 
frequency.[66] Another application of haplotyping by SNP 
array is to detect balanced translocations or inversions 
and differentiate between normal and balanced 
translocation carriers, if the aberrations are inherited and 
relevant samples of the family are available for testing.

Karyomapping
Karyomapping was developed by Handyside et al. 
and is based on SNP analysis using a bead array 
to genotype 300K SNPs genome‑wide, Mendelian 
analysis and an algorithm incorporated to avoid errors 
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caused by ADO.[67] Karyomapping can also be used 
for accurate selection of HLA‑matched embryos, along 
with aneuploidy screening. However, STRs assist in 
identification in cases of loss of heterozygosity (LOH) 
in the target region.[68] Further, since there are markers 
for each parental chromosome, meiotic trisomies, 
monosomies and subchromosomal deletions can be 
identified.[2]

Sequencing
Sequencing by NGS involves DNA fragmentation and 
library preparation of templates with adapters which 
contain barcodes for a cost‑effective analysis with many 
samples in the same run. The single‑molecule templates 
are subjected to parallel sequencing directly, called 
third generation, or after clonal amplification known as 
second generation. The sequence reads are then mapped 
to a reference genome. The genomic coverage or read 
depth refers to the number of reads found at a given 
position.[24] A low coverage is sufficient for PGT‑A. For 
monogenic disorders, sequencing at high coverage is 
required, hence only targeted sequencing is carried out 
for PGT‑M, together with PGT‑A by NGS or PGT‑SR 
by aCGH as a separate test,[69] though recent integrated 
analysis tools allow a combination of both.

Targeted Sequencing
Targeted sequencing helps in detecting known and novel 
variants in selected sets of genes or genomic regions 
in a cost‑effective, rapid way. Gene sequencing can be 
accomplished using several different DNA sequencing 
methods, depending on the scale, such as increasing 
the read depth across the mutation site. The mutation 
loci can be captured in a pre‑amplification reaction 
with mutation‑specific primers. MARSALA (mutated 
allele revealed by sequencing with aneuploidy and 
linkage analysis) is one such method.[70] The targeted 
amplification is coupled with locus‑specific pre‑clinical 
workup.

Test Development/Preclinical 
Preimplantation Genetic Testing for 
Monogenic Disorders Workup
Before starting a PGT cycle, the pre‑examination process 
should be completed successfully. The laboratory 
test development includes informativity testing or 
segregation analysis and validation.[34,71]

Transport Preimplantation  Genetic 
Testing
The biopsied trophectoderm cells from the IVF 
laboratory are transported to a genetics unit specialising 

in cellular molecular diagnostics. Transport PGT services 
have expanded substantially, despite the challenges 
related with transport to different cities.[27]

Exclusion Testing
In families with a history of late‑onset neurodegenerative 
disorders such as Huntington disease, individuals at risk 
who want to avoid pre‑symptomatic testing but wish 
for their own biological unaffected children may opt 
for PGT with exclusion testing.[72] This is possible by 
indirect testing with selection of embryos carrying the 
haplotype of the unaffected prospective grandparent 
for transfer. Pre‑clinical informativity testing is done 
for DNA samples of the couple and the parents of the 
partner at risk only. Exclusion testing recognises the right 
of the parent to not know whether they are themselves 
affected while enabling them to have children not 
affected by the disease. Genetic implication counselling 
is an essential part of this procedure.[73] Some couples 
will have an unnecessary IVF procedure even if the 
partner in question does not have the deleterious variant, 
due to the indirect testing needed for non‑disclosure. In 
case direct testing is carried out, but the carrier status is 
not disclosed to the couple, besides maintaining extreme 
confidentiality, fake embryo transfers may be performed 
to keep the couple unaware of the carrier status.[20]

PGT as a diagnostic tool is empowered by genome‑wide 
sequencing, allowing a generic protocol for monogenic 
and chromosomal disorders, including detection of 
de novo mutations and repeat expansions.[74] Reduction 
of the cost could be achieved by reducing the complexity 
of the libraries and decreasing the number of reads.

Comprehensive Preimplantation  
Genetic Testing
Initially, comprehensive PGT‑M and PGT‑A were 
carried out with two biopsies. The polar body was 
biopsied for chromosome screening by aCGH and a 
day 3 blastomere was biopsied for genetic analysis of a 
single‑gene disorder by multiplex PCR.[75,76] In 2011, a 
WGA product was used to carry out SNP microarray for 
aneuploidy together with PCR‑based linkage analysis for 
GM1 gangliosidosis from a single biopsy.[22,77] Rechitsky 
et al. in 2015 reported the first systematic experience 
demonstrating improved pregnancy rates and reduced 
spontaneous miscarriage rates, especially in women with 
advanced age.[78] A large‑scale study in 2017 also showed 
an increase in clinical pregnancy rates per transfer 
from 33.6% to 49% by avoiding transfer of embryos 
with a low developmental potential.[79] The recent 
high throughout single‑cell genotyping technologies 
enable studying hundreds of thousands of informative 
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SNPs for genome‑wide haplotyping by the methods of 
karyomapping and haplarithmisis which is integrated 
into single‑cell haplotyping and imputation of linked 
disease variants computational workflow.[80] The 
linkage disequilibrium principle is used to detect the 
disease‑causing mutations and assign them to parental 
haplotype blocks on all chromosomes by genotyping 
and genome‑wide SNP analysis. The advantage of 
this method is that it can be used for any familial 
single‑gene disorder, without the need for developing 
family specific protocols. Screening of multiple genes, 
aneuploidies, UPD, LOH and balanced translocations 
is also possible simultaneously. It has been shown that 
0PN and 1PN zygotes which are normally discarded can 
develop into balanced diploid embryos.[81] Inclusion of 
such zygotes in comprehensive PGT can increase the 
number of available embryos for transfer per IVF cycle 
by over 20%.[82]

Preimplantation  CCS using ChromInst, a single‑cell 
overnight sequencing protocol, was reported by Gao 
et al. in 2021 where single‑cell WGA and NGS library 
construction were integrated into a two‑step PCR 
procedure of about 2.5 h reaction time. New strategies 
are under way for genome‑wide haplotyping, such 
as long fragment read technology, and a microfluidic 
device to separate and amplify homologue chromosomes 
of singe metaphase cells.

Ethical Issues
PGT with exclusion testing is prohibited in some 
countries. In autosomal dominant conditions, embryos 
which have inherited the haplotype of the affected 
grandparent will have a 50% chance of being affected 
and will be discarded, though they also have a 50% 
chance of being healthy. Psychological evaluation of the 
parents should be carried out to make sure that they do 
not consider the saviour sibling only as an instrument 
to save their older child. This is one of the major issues 
of ethical debates. The fate of unaffected non‑HLA–
matched embryos should also be discussed.

Utility of Preimplantation  Genetic 
Testing for Monogenic Disorders
PGT‑M can be used for any inherited single gene 
disorder, to select unaffected embryos. This includes 
cancer predisposition genes, late onset disorders such as 
Huntington disease and non‑life–threatening conditions 
such as non‑syndromic sensorineural hearing loss. 
Currently, globally, PGT‑M is used for many conditions 
such as thalassaemia, haemophilia, cystic fibrosis, fragile 
X syndrome, adrenoleukodystrophy, polycystic kidney 
disease, endocrine diseases, mitochondrial disorders and 

many more. We have carried out PGT‑M for a variety 
of monogenic disorders such as inherited cancer genes, 
neurofibromatosis, sickle cell anaemia, DMD, Leigh 
syndrome, Norrie’s Disease, retinoblastoma, cardiac 
disorders, Tay‑Sach disease, propionic academia, 
hereditary inclusion body myopathy, Huntington chorea 
and G6PD deficiency,[83‑85] including for BRCA1[86] 
and haplotyping and saviour sibling for thalassaemia 
major.[87] PGT gives more confidence for single 
embryo transfer, reducing pregnancy complications of 
multiple gestation. It decreases the miscarriage rates 
as aneuploidy is avoided. However, testing does not 
guarantee that a suitable embryo will be available for 
transfer and couples need to be aware of this before 
embarking on a PGT cycle.

Glimpses into the Future of 
Preimplantation  Genetic Testing
Variant haplophasing around the target by long 
read sequencing is a recent novel approach to PGT, 
using third‑generation sequencing (TGS) as part of a 
general workup for PGT‑SR and PGT‑M.[88] Detailed 
parental phased SNP profiles around targets are used 
for selection of informative polymorphic markers to 
simplify and facilitate clinical PGT designs which allow 
discrimination between carrier and non‑carrier embryos. 
This enables rapid selection of closely linked informative 
markers around the region of interest for patient‑specific 
test design and has the ability to set the phase without 
additional blood samples from the extended family. 
This method can also distinguish between balanced and 
normal embryos in cases of translocations.[89]

Blastocentesis is an experimental alternative biopsy 
approach to retrieve cell‑free DNA released into the 
inner cavity. Efforts are also on‑going for non‑invasive 
PGT from embryonic DNA in spent culture medium 
after IVF, thus bypassing embryo biopsy.[90] This is based 
on the current established methodology of non‑invasive 
prenatal testing from cell‑free foetal fraction DNA in 
maternal plasma for aneuploidies.[26]

Many genes responsible for cell lineage and 
differentiation during organogenesis, explaining lack of 
embryo development, will be known and integrated into 
PGT‑M or cell‑free DNA platforms and panels, with 
the aim of selecting embryos which will increase live 
births in ART.[26] PGT has been carried out for over 600 
disorders, and this may even increase to 1000, as 
expanded carrier screening has led to an increase in the 
usage of PGT‑M. This applies to adult‑onset disorders 
as well, as carriers may desire that their children should 
not inherit the mutant allele. An emerging field now 
is PGT for polygenic disease risk.[91‑93] Efforts are on 
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linking the genetic constitution of the embryo to its 
morphology, implantation potential and transcriptome 
using single‑cell RNA sequencing.[94]

Summary
Technologies yielding data on genotyping as well as 
chromosome copy number with concurrent PGT‑M 
and PGT‑A have greatly improved the live birth rate, 
enabling single embryo transfer. Automated sequencing, 
mini‑sequencing and real‑time PCR have further refined 
diagnostic capability. WGA of single blastocyst biopsies 
ensures multifactor PGT without compromising embryo 
viability. A semi‑nested direct and indirect testing 
system minimises embryo misdiagnosis risk due to 
ADO, non‑specific amplification or contamination. The 
diagnostic PGT approach has greatly evolved over the 
years. HLA haplotyping by linkage analysis is the most 
common generic approach, though SNP arrays and NGS 
are also being used.[58] TGS with the portable nanopore 
is the latest technology that has revolutionised the 
area of genomics by bringing DNA sequencing from 
large laboratories to clinics using long read sequencing 
information. This shows promise for genomics point of 
care testing in the field of IVF and PGT.[36] The impact of 
genomic medicine has been the strongest in reproductive 
diagnostics, and the time has come to acknowledge the 
same.

Conclusion
The role of PGT is shifting from diagnostics to 
therapeutics, being used not only to avoid conception 
of affected children but also to give birth to healthy 
children who are potential saviours. The medical 
community and society at large should be aware of the 
availability of advanced techniques so that children and 
their families affected by these lethal disorders can enjoy 
a better quality of life.

There are certain ethical objections raised that the 
future child will be an instrument to cure another child. 
However, a broader view entails that this technology is 
an exception as it is lifesaving and enhances the family 
structure, improving the quality of life of not only the 
saviour sibling and the affected child but of the entire 
family and society at large.
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