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Abstract
Purpose  In clinical practice, the success of preimplantation genetic testing for monogenic diseases (PGT-M) for thalassemia 
was hindered by the absence of probands, incomplete family members, or failure in detecting embryonic gene mutation sites. 
This study aimed to address these issues.
Methods  This retrospective study included 342 couples undergoing PGT-M for α- or β-thalassemia at three reproductive 
medicine centers from 2019 to 2022. Various methods were used to construct parental haplotypes. A total of 1778 embryos 
were analyzed and selected for transfer based on chromosomal ploidy and PGT-M results. Follow-up involved amniocentesis 
results and clinical outcomes.
Results  Haplotypes were established using DNA samples from probands or parents, as well as sibling blood samples, single 
sperm, and affected embryos, achieving an overall success rate was 99.4% (340/342). For α-thalassemia and β-thalassemia, 
the concordance between embryo single nucleotide polymorphism (SNP) haplotype analysis results and mutation loci detec-
tion results was 93.8% (1011/1078) and 98.2% (538/548), respectively. Multiple annealing and looping-based amplification 
cycles (MALBAC) showed a higher whole genome amplification success rate than multiple displacement amplification 
(MDA) (98.8% (1031/1044) vs. 96.2% (703/731), p < 0.001). Amniocentesis confirmed PGT-M outcomes in 100% of cases 
followed up (99/99).
Conclusion  This study summarizes feasible solutions to various challenging scenarios encountered in PGT-M for thalas-
semia, providing valuable insights to enhance success rate of PGT-M in clinical practice.
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Background

Thalassemia is a common autosomal recessive mono-
genic disorder worldwide, particularly prevalent in the 
Mediterranean region, North Africa, the Middle East, 
the Indian subcontinent, Southeast Asia, and Guangdong 
and Guangxi provinces in China [1–3]. Based on specific 
defects in the globin genes, thalassemia is primarily clas-
sified into two types: α-thalassemia and β-thalassemia. 
Carrier frequency for β-thalassemia ranges from 1 to 
20% in these regions, whereas the carrier frequency of 
α-thalassemia is comparatively higher, reaching up to 40% 
in certain Middle Eastern and Indian populations [2].

α-Thalassemia is caused by the deletion or mutation 
of the α-globin genes, including α1 and α2, located at the 
end of the short arm of chromosome 16 (16p13.3). Gene 
deletions account for the majority of α-thalassemia cases, 
with the Southeast Asian deletion (–SEA) being the most 
prevalent type [3]. Couples both carrying the (–SEA) geno-
type face a 25% risk that their offspring will have Bart’s 
hydrops fetalis syndrome, which can lead to fetal death in 
utero or at birth [4]. β-Thalassemia results from mutations 
in the β-globin gene on the short arm of chromosome 11, 
resulting in reduced (β+) or absent (β0) synthesis of the 
β-globin chain [5, 6]. The severe anemia and complica-
tions associated with β-thalassemia (β+/β0 or β0/β0) include 
liver damage, heart disease, and endocrine dysfunction 
[7, 8]. Without regular transfusions, iron chelation, or 

hematopoietic stem cell transplantation, these patients face 
a high risk of mortality in early childhood.

Currently, prenatal diagnosis helps prevent severe thalas-
semia births, but it may lead couples to consider pregnancy 
termination [8]. Preimplantation genetic testing for mono-
genic disorders (PGT-M) has been applied for the detec-
tion of single-gene diseases prior to embryo implantation, 
greatly reducing the risk of miscarriage. Next-generation 
sequencing (NGS) and single nucleotide polymorphism 
(SNP) arrays are now key methods for PGT-M, enabling 
both monogenic disease detection and aneuploidy screen-
ing [9–11]. Using NGS and SNP array–based PGT testing, 
euploid embryos that are either normal or carriers of target 
gene can be transferred.

Thalassemia exhibits various pathogenic nucleotide vari-
ations, ranging from point mutations to deletions spanning 
several to tens of kilobases (Kb). Allele dropout (ADO) 
remains a challenge due to single-cell amplification limi-
tations, posing a risk of misdiagnosis. To ensure accurate 
embryo diagnostics, it is necessary to construct parental and 
embryonic haplotypes. However, constructing parental hap-
lotypes can be challenging in certain cases, such as when 
DNA samples of probands or relatives are unavailable or 
when the couple’s mutations are de novo. If parental haplo-
type construction fails, subsequent embryonic SNP linkage 
analysis cannot be performed. Additionally, when mutation 
site detection in embryos fails or shows inconsistencies with 
SNP linkage analysis, there is a lack of clinical data on the 
accuracy of embryo transfers based on SNP linkage results.
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The current clinical experience in PGT-M for thalassemia 
within the field of assisted reproduction is predominantly 
confined to single-center studies detailing a limited number 
of cases [4, 12, 13]. Well-summarized strategies to address a 
range of complex scenarios have yet to be established. This 
study is the first large-scale retrospective analysis of real-
world PGT-M for α- and β-thalassemia, summarizing the 
experience in various clinical scenarios. It aims to address 
the issues in establishing family haplotypes and mutation 
site testing in PGT-M for thalassemia, providing solutions to 
enhance the accuracy and success rates in clinical practice.

Methods

Patients

This large-scale, multicenter retrospective study included 
342 couples with α- or β-thalassemia who underwent 
PGT-M at three reproductive medicine centers from 2019 
to 2022, with a total of 1778 embryos tested. Each couple 
provided written informed consent prior to the PGT cycle, 
and if peripheral blood samples from other family members 
were required, additional informed consent was obtained. 
Ethical approval was granted by the relevant committees at 
each participating center (No. 2024ZSLYEC-323). Due to 
the retrospective design of the study, there was no need for 
extra participant declaration consent.

The inclusion criteria were as follows: couples with a 
high risk of giving birth to children with α- or β-thalassemia, 
with a clear clinical diagnosis and defined pathogenic gene 
mutations; both partners met the fertility assessment cri-
teria for PGT-M; intracytoplasmic sperm injection (ICSI) 
procedures were used; at least one 3BB blastocyst was avail-
able; no other conditions precluded in vitro fertilization and 
embryo transfer (IVF-ET); single blastocyst transfer was 
guided by preimplantation genetic testing for aneuploidy 
(PGT-A)/PGT-M results. Exclusion criteria included partici-
pation in other studies or any situations deemed unsuitable 
for this study by the researchers.

Pedigree analysis

In addition to samples from the couple, the samples from 
neonatal peripheral blood, amniotic fluid/chorionic villi, 
products of conception tissue, or blood samples from the sib-
lings can be used to establish parental haplotypes. Genomic 
DNA (gDNA) extracted from the peripheral blood samples 
serves as a template for panel-based amplification and was 
performed following enrichment of the target gene, covering 
a 1Mbp region surrounding the α- and β-thalassemia genes, 
inclusive of 286 SNP sites upstream and downstream. Next-
generation sequencing follows enrichment. The parental 

haplotypes were constructed by choosing the available SNP 
loci for linkage analysis. SNPs were deemed informative 
only if they were heterozygous in the carriers and homozy-
gous in their partners [14].

When DNA samples from probands or relatives were 
unavailable, parental haplotypes were established through 
linkage analysis using SNP loci from embryo biopsy sam-
ples displaying the mutant haplotype. The process involves 
directly detecting mutation sites in all embryos. Embryo 
biopsy samples with the mutant haplotype are identified as 
reference embryos. Then, by utilizing the SNP sites from the 
reference embryos, the couple’s haplotypes were constructed 
(Supplementary Fig. 1).

Simultaneously, direct mutation loci testing of the HBA/
HBB genes in the couple’s DNA samples will be performed 
using gap-polymerase chain reaction (Gap-PCR) or Sanger 
sequencing to further verify the accuracy of the family 
pedigree.

Ovarian stimulation and ICSI procedure

Controlled ovarian stimulation and ICSI were performed 
according to each center’s standard routine procedures. On 
the 5th and 6th days after oocyte retrieval, the grading of 
blastocyst quality was assessed according to Gardner’s scor-
ing criteria [15].

Embryo biopsy

Biopsies were performed on blastocysts that had developed 
to stage 4 on days 5 or 6. The biopsied trophectoderm cells 
were placed in a collection tube for laboratory testing. Blas-
tocysts were vitrified immediately after the biopsy using a 
Kitazato vitrification kit (Kitazato BioPharma, Japan).

Embryonic copy number variation analysis

Following the provided instructions, cells from the biopsy 
were lysed using lysis buffer, and whole genome amplifi-
cation (WGA) was performed using either the MALBAC 
(Yikon Genomics, China) or MDA (Qiagen, Germany) 
methods. The amplified products were used for copy num-
ber variant (CNV) detection and PGT-M testing of α- and 
β-thalassemia. The procedure for CNV detection and analy-
sis was described previously [16]. The CNV library frag-
ments were enriched using the Universal DNA Fragmenta-
tion Kit (Yikon Genomics, Shanghai, China), and the library 
was constructed directly. Sequencing was performed on the 
Illumina platform (Illumina, USA). The sequence data was 
processed and analyzed with ChromGo software (Yikon 
Genomics, China). Similar but not identical reads were 
required to pass a series of quality assurance metrics. Unique 
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mapped reads were then computed to generate a reference 
dataset representing relative copy numbers.

For CNV analysis, the bioinformatics quality control 
standards were a CV value ≤ 0.2 and valid reads > 1 M. Suc-
cessful amplification refers to the sequencing data passed the 
quality control standards. Mosaicism ≥ 30%, with a detection 
limit for segmental aneuploidy of ≥ 4 Mb, was considered 
aneuploid in CNV analysis.

SNP linkage analysis

Appropriate SNP loci were chosen for couples when parental 
haplotypes were established successfully, and then SNP link-
age analysis was performed on the embryos. Based on the 
results of the linkage analysis, the embryos were classified as 
normal, carriers, or affected. For couples where the absence 
of family samples results in failed haplotype construction, 
reference embryos were used to help establish family hap-
lotypes by SNP linkage analysis, followed by SNP linkage 
analysis on the remaining embryos.

Embryonic HBA or HBB gene mutation detection

For embryos from couples with deletional α-thalassemia, 
Gap-PCR was performed on the amplified DNA products 
from the embryos, followed by gel electrophoresis. The nor-
mal or deletion of the α-globin gene was determined based 
on the banding pattern observed on the gel [17, 18]. For 
patients with point mutations in thalassemia genes, poly-
merase chain reaction (PCR) was used to amplify the tar-
get genes in the embryos, and Sanger sequencing was per-
formed on the PCR products. The presence of mutations at 
specific loci was determined based on the results of Sanger 
sequencing.

Embryo transfer

Embryos were selected for transfer based on their euploidy 
status and the absence of high-risk thalassemia. Single 
embryo was chosen for each transfer. The thawing and trans-
fer procedures followed the standard protocols established 
by each center.

Clinical outcomes and statistical analysis

The primary outcome was clinical pregnancy, defined as 
the presence of a gestational sac confirmed by ultrasound 
examination 28–30 days after the transfer. Amniocentesis 
was performed during mid-pregnancy.

Continuous variables were expressed as mean ± standard 
deviation (X ± SD), while categorical variables were repre-
sented as ratios or percentages (%). The results of amniocen-
tesis were as the gold standard. Statistical analysis involved 
calculating amplification success rates and using chi-square 
tests to compare amplification methods.

Results

This study included 342 couples who requested PGT-M for 
α- or β-thalassemia at three reproductive centers between 
2019 and 2022. In total, 1778 embryos were tested, with 
the average maternal age being 31.3 ± 4.3 years. Two hun-
dred twenty-six couples were carriers of α-thalassemia, 
yielding 1197 blastocysts; 112 couples were carriers of 
β-thalassemia, contributing 568 blastocysts; and 4 couples 
were carriers of both α- and β-thalassemia, resulting in 13 
blastocysts. The median number of embryos obtained per 
couple was 5, ranging from a minimum of 1 to a maximum 
of 21 embryos (Table 1).

Table 1   Demographic data for 
the 342 couples who underwent 
PGT-M

* Center 1, Center 2, and Center 3 refer to three geographically distinct reproductive medicine centers

Couples Total α-Thalassemia β-Thalassemia α-/β-Thalassemia

Number 342 226 112 4
Female age (mean ± SD) 31.3 ± 4.3 31.5 ± 4.4 30.9 ± 4.1 27.8 ± 0.5
Male age (mean ± SD) 33.2 ± 4.7 33.6 ± 4.9 32.7 ± 4.3 31.3 ± 3.3
Number of PGT-M cycles 422 280 138 4
Embryos 1778 1197 568 13
Number of embryos obtained per 

couple (minimal/median/maxi-
mum)

1/5/21 1/5/21 1/5/13 2/3/5

Number of couples at three centers* 342
Center 1 155 63.2% (98/155) 36.1% (56/155) 0.6% (1/155)
Center 2 113 60.2% (68/113) 38.0% (43/113) 1.8% (2/113)
Center 3 74 79.7% (59/74) 18.9% (14/74) 1.4% (1/74)
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Haplotype phase

Figure 1 details three scenarios of haplotype analysis, from 
straightforward (Scenario I) to most challenging (Scenario 
III). Scenario I is the most straightforward when biological 
samples from probands were available; Scenario II presents 
moderate difficulty when the couple lacks probands but pro-
vides complete samples from both biological parents; Sce-
nario III poses the greatest challenge, marked by the absence 
of a proband and a lack of parental DNA samples.

Scenario I

Among the 342 couples included in this study, 59 (17.3%) fit 
Scenario I as described above. Samples from the probands 
included peripheral blood, miscarriage tissue, amniotic 
fluid, and chorionic villi. The SNP haplotypes linked to the 
defective chromosomes carried by these couples were suc-
cessfully confirmed and used to guide subsequent embryo 
selection (Fig. 1).

Scenario II

Two hundred two couples (59.1%) were categorized under 
Scenario II. Among these 202 couples, 198 couples (98.0%, 
198/202) successfully obtained valid SNP loci for linkage 
analysis by sequencing both parental samples. However, the 
SNP haplotypes of four couples could not be determined 
based on the parental SNP loci. In one couple, the female 

partner had a de novo mutation (–SEA) in the α-thalassemia 
gene, whose parents had normal α-globin genes. In the other 
three couples, referred to as heterozygous families, the gen-
otype of one partner was αα/–SEA, and since both parents 
were αα/–SEA, it was unclear which disease-causing chromo-
some was inherited. Among these 4 couples, in one couple 
with a de novo mutation and two couples with αα/–SEA, the 
haplotypes were successfully determined through reference 
embryo SNP loci (Fig. 1; Supplementary Fig. 2). In the 
remaining couple, by providing samples from two unaffected 
siblings and one carrier sibling, along with valid SNP loci 
from the parental samples, the haplotype was successfully 
determined (Supplementary Fig. 3).

Scenario III

The remaining 81 (23.7%) couples were categorized under 
Scenario III, wherein probands and either one or both par-
ents’ blood samples were unavailable (Fig. 1). Among them, 
40 couples provided peripheral blood samples from siblings, 
as detailed in Supplementary Table 1.

Within this subset of 40 couples (Fig. 2), 31 couples 
(Supplementary Table 1, ID: A1–A30, B1) were missing a 
parental sample from one partner. Through the use of sib-
ling samples, successful haplotype analysis was achieved 
for 25 couples (80.6%, 25/31). However, haplotype analysis 
failed in 6 couples. For 2 of these couples, the haplotype 
was successfully constructed through single sperm sequenc-
ing, as the male partner’s parental samples were missing 

Fig. 1   Haplotype analysis from straightforward (Scenario I) to most challenging (Scenario III) in 342 couples. Scenario I: proband DNA sam-
ples available; Scenario II: parental DNA samples available; Scenario III: no DNA samples from probands or incomplete parental DNA samples
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(Supplementary Fig. 4A). Additionally, three couples deter-
mined their haplotypes through reference embryos (Supple-
mentary Fig. 4B). Unfortunately, haplotype analysis failed 
in 1 couple due to only one embryo achieved, in which the 
target gene was tested as normal, rendering it unsuitable as 
a reference embryo.

Two couples lacked parental samples of the male partner 
(Fig. 2; Supplementary Table 1, ID: A31, B2). In one case, 
the male partner’s haplotype was successfully determined 
through SNP linkage analysis using samples from 5 siblings 
(Fig. 2; Supplementary Table 1, ID: A31). In the other case, 
paternal sample of the male partner was unavailable, and the 
female partner belonged to a heterozygous family. The two 
embryos obtained were found to possess the normal target 
gene, so it is unsuitable as a reference embryo (Fig. 2; Sup-
plementary Table 1, ID: B2). Seven couples were unable 
to provide complete family samples from either side (Sup-
plementary Table 1, ID: A32–A38). Ultimately, haplotypes 
were successfully analyzed in all 7 couples through the sib-
ling samples or reference embryos.

For the 9 couples (ID: A26–A30, A33, A36, and B1–B2) 
whose haplotype analysis was unsuccessful despite the use 
of sibling samples, the analysis revealed two primary causes: 
(1) the siblings’ genotypes were consistent with the carriers, 
as observed in couples A30 and A33, and (2) the sibling 
genotypes were normal, and the parental genotypes provided 
were also normal, making it difficult to rule out the pos-
sibility of de novo mutations, as seen in couples A27–A29 
(Supplementary Table 1).

For the additional 41 couples in Scenario III, who were 
unable to provide sibling samples, 40 couples successfully 

constructed the haplotype through reference embryos 
(Fig. 1). In one couple, both partners were devoid of paternal 
samples. The male partner’s haplotype was constructed via 
single sperm sequencing, while the female partner’s haplo-
type was accurately constructed through reference embryo 
analysis (Supplementary Fig. 4C).

In summary, haplotype linkage was successfully estab-
lished in 99.4% (340/342) of couples. Parental haplo-
type analysis failed for two couples because the number 
of embryos obtained was low and the target gene in the 
embryos was normal, making them unsuitable for use as 
reference embryos for haplotype construction.

Laboratory test for embryos

Among the 342 couples included in the study, haplotype 
analysis ultimately failed for two couples with α-thalassemia, 
leading to the exclusion of three embryos from these two 
couples in the CNV analysis of embryos. Therefore, the 
study analyzed 1775 embryos from the remaining 340 
couples.

(1) CNV results:
CNV detection is used to identify fragments with dele-

tion/duplication ≥ 4 Mb, and mosaicism ≥ 30% of chro-
mosome. The overall embryo amplification success rate 
was 97.7% (1734/1775). Of the amplified samples, 55.0% 
(953/1734) were euploid embryos, 32.9% (570/1734) were 
aneuploid embryos, and 12.2% (211/1734) were mosaic 
embryos (Table 2). Comparing the two WGA methods, the 
results showed that the MALBAC method outperformed the 
MDA method in terms of amplification success rate (98.8% 

Fig. 2   Haplotype analysis for 40 couples in Scenario III, classified by the number of missing parental DNA samples. Haplotypes were con-
structed using SNP sites from siblings’ DNA samples, single sperm, or affected embryos
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vs. 96.2%), with a higher incidence of euploid embryos 
(57.9% vs. 50.6%, p = 0.003), and a reduced incidence of 
mosaicism (9.4% vs. 16.2%, p < 0.001) (Table 2).

(2) SNP linkage analysis and direct detection of target 
pathogenic mutation sites:

Due to the unavoidable occurrence of ADO during the 
WGA process, there is a certain risk of error in the direct 
detection of pathogenic loci in embryos. Therefore, the 
SNP linkage analysis method has been used simultaneously 
for more reliable results. It was worthwhile to investigate 
whether it was necessary to detect the target pathogenic 
mutation sites directly in WGA products derived from 
embryo biopsies.

Among the 340 couples, there were a total of 224 couples 
with α-thalassemia, accounting for 1194 embryos. Ampli-
fication failed in 32 (2.7%, 32/1194) embryos, and while 
amplification was successful, SNP linkage analysis failed 
in 42 (3.6%, 42/1162) embryos. Common factors for unsuc-
cessful SNP linkage analysis included insufficient DNA 
samples or the number of available SNP sites. Thus, a total 
of 1120 embryos were included for analyzing the consist-
ency between SNP linkage results and locus detection out-
comes (Table 3). The success rate of detecting α-thalassemia 
loci was 96.3% (1078/1120), and the concordance between 
SNP linkage analysis results and locus detection results was 
93.8% (1011/1078).

The study included 112 couples with beta-thalassemia, 
encompassing a total of 568 embryos. Nine (1.6%, 9/568) 
embryos failed amplification, and eleven (2.0%, 11/559) 
embryos exhibited successful amplification but had failed 
SNP linkage analysis. Consequently, 548 embryos were 
included for analyzing the consistency between SNP linkage 

results and sites detection results (Table 3). The success rate 
of detecting β-thalassemia loci was 100.0% (548/548), and 
the concordance between SNP linkage analysis results and 
locus detection results was 98.2% (538/548).

Additionally, among the four couples with α-/β-
thalassemia, there were a total of 13 embryos. WGA ampli-
fication was successful for all embryos. The detection of 
the -α4.2 locus failed in two embryos. The locus detection 
results were also consistent with the analysis of the remain-
ing 11 embryos for SNP linkage results, which was com-
pleted successfully.

Clinical outcomes

In this study, the PGT-M results were reported based on 
SNP linkage analysis results. A total of 256 couples, with an 
average maternal age of 31.4 ± 4.1 years, underwent embryo 
transfer guided by PGT-M combined with PGT-A. Three 
hundred two single blastocyst transfer cycles were tracked 
to clinical pregnancy follow-up. Among these cycles, 
one resulted in an ectopic pregnancy, with the remaining 
301 cycles achieving a clinical pregnancy rate of 69.4% 
(209/301), which was close to the rate of 68.8% (11/16) 
reported by Chen et al. in their small-scale thalassemia 
PGT-M study [4]. Currently, 24 cycles have culminated in 
miscarriage, while 100 cycles have resulted in live births 
(Table 4). Notably, in 4 cycles, patients received the transfer 
of low-level mosaic embryos (excluding high-risk chromo-
somes) due to a lack of euploid embryos, with these transfers 
leading to 3 clinical pregnancies.

Of the remaining 86 couples, 51 did not have any viable 
embryos for transfer, accounting for 14.9% (51/342) of the 

Table 2   CNV results of all 
embryos

WGA methods MALBAC (n = 1044) MDA (n = 731) Total (n = 1775) p value

Detection success rate 98.8% (1031/1044) 96.2% (703/731) 97.7% (1734/1775)  < 0.001
Euploidy rate 57.9% (597/1031) 50.6% (356/703) 55.0% (953/1734) 0.003
Mosaicism rate 9.4% (97/1031) 16.2% (114/703) 12.2% (211/1734)  < 0.001
Aneuploidy rate 32.7% (337/1031) 33.1% (233/703) 32.9% (570/1734) 0.842

Table 3   Comparison of SNP linkage analysis results with locus detection results

Sites detection results α-Thalassemia β-Thalassemia

Number Percentage Number Percentage

SNP detection success rate 1120 96.4% (1120/1162) 548 98.0% (548/559)
  Sites detection failure 42 3.8% (42/1120) 0 0
  Sites detection success 1078 96.3% (1078/1120) 548 100.0% (548/548)

Consistent results between linkage analysis and locus detection 1011 93.8% (1011/1078) 538 98.2% (538/548)
Inconsistent results between linkage analysis and locus detection 67 6.2% (67/1078) 10 1.8% (10/548)
  Inconsistent results with Gap-PCR 52 4.8% (52/1078) / /
  Inconsistent results with sanger sequencing 15 1.4% (15/1078) 10 1.8% (10/548)



	 Journal of Assisted Reproduction and Genetics

total couples. The 35 couples have not undergone a transfer 
yet.

Amniocentesis results for 99 transfer cycles were col-
lected, demonstrating a 100% concordance with the PGT-M 
results for the HBA and HBB genes.

To further validate the accuracy of the SNP linkage anal-
ysis, embryos with failed locus detection or inconsistent 
results with SNP linkage analysis were analyzed in relation 
to clinical outcomes. According to the results of CNV and 
SNP linkage analysis, 19 of the 42 embryos with successful 
SNP linkage analysis but unsuccessful locus detection in 
α-thalassemia (Table 3, Fig. 3) were eligible for transfer. 
Five embryos were transferred, resulting in four live births. 
Amniocentesis results were available for three patients, all of 
which were consistent with the SNP linkage analysis results 
(highlighted in orange in Supplementary Table 2).

There were 67 α-thalassemia embryos in which SNP 
linkage analysis was successful, but the mutation site test-
ing results are inconsistent with the SNP linkage analysis 
(Table 3, Fig. 3). Among these, 34 embryos were identified 
as transferrable, and ultimately 10 embryos were transferred. 
Clinical pregnancies were established in six (60.0%, 6/10) of 
these cases. Amniocentesis was performed for three patients, 
with results corroborating the SNP linkage analysis (high-
lighted in dark green in Supplementary Table 2).

Discussion

This study was the first large-scale retrospective analysis 
of real-world PGT-M for α- and β-thalassemia, summariz-
ing experiences in various patient pedigrees and offering a 

Table 4   The clinical outcomes 
of the patients

* Center 1, Center 2, and Center 3 refer to three geographically distinct reproductive medicine centers
# Patients who have received the embryo transplants

Clinical outcomes Total Center 1* Center 2* Center 3*

Number of patients# 256 124 82 50
Female age (mean ± SD) 31.4 ± 4.1 30.4 ± 3.6 31.6 ± 4.1 32.7 ± 4.8
Male age (mean ± SD) 33.2 ± 4.6 31.7 ± 3.8 34.2 ± 4.5 34.5 ± 5.4
Number of cycles followed 

to clinical pregnancy visit
301 153 96 52

Clinical pregnancy: Yes 69.4% (209/301) 66.7% (102/153) 70.8% (68/96) 75.0% (39/52)
Clinical pregnancy: No 30.6% (92/301) 33.3% (51/153) 29.2% (28/96) 25.0% (13/52)
Ectopic pregnancy 1 0 1 0
Number of cycles tracked 

to early miscarriage
24 12 6 6

Fig. 3   Clinical outcomes for patients with successful embryo SNP analysis but discrepancies in mutation site detection versus SNP linkage 
analysis
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thorough and methodical framework for addressing various 
challenging scenarios encountered in PGT-M for thalas-
semia. Our findings suggest that using reference embryos 
for haplotype construction can significantly improve the suc-
cess rate of PGT-M, potentially influencing future clinical 
guidelines. Due to the inevitable occurrence of ADO during 
WGA, there is a risk of misdiagnosis when directly testing 
pathogenic variant sites. Therefore, SNP linkage analysis 
becomes indispensable for the concurrent evaluation of 
embryos. Domestic guidelines further stipulate that PGT-M 
clinical testing should include both direct testing of gene 
pathogenic variant sites and linkage analysis of genetic poly-
morphic sites (such as STR or SNP), to mitigate diagnostic 
inaccuracies attributable to amplification failures and ADO 
[19]. Establishing parental haplotypes using the SNPs of 
probands or complete parental genotypes is a prerequisite for 
embryo SNP linkage analysis. However, in the real world, 
there were cases where couples were unable to provide 
samples from probands or complete parents for haplotype 
construction. In a previous study by Chen et al., involving 
PGT-M for thalassemia, when the probands or parental sam-
ples were unavailable, affected embryos were also used as 
reference embryos for haplotyping analysis [4]. The aim of 
that study was to establish a new method combining PGT-M 
and NGS, but the number of patients included was only 12, 
with the actual clinical application still unknown. In con-
trast, our extensive clinical study demonstrated 50 out of 342 
couples (14.6%) successfully constructed haplotypes using 
reference embryos (Fig. 1), including cases of unavailable 
probands or complete parent samples, non-viable sibling 
samples, de novo mutations, or heterozygous pedigrees. Uti-
lizing reference embryos for parental haplotype construction 
exhibited a notably high success rate.

In the study, haplotype analysis was unsuccessful for 
two out of the 342 couples due to having only one or two 
embryos available, all with normal target gene results, leav-
ing no reference embryos. Consequently, these two couples 
need to proceed to the subsequent oocyte retrieval cycle 
for more embryos. For the male partner’s haplotype, the 
sequencing of single sperm could be an alternative option 
when family member samples were unavailable. This method 
had also been reported in PGT-M for other monogenic dis-
orders [20]. In the study, the haplotype for the male partner 
was successfully achieved through single sperm sequenc-
ing in three other couples. Alternatively, third-generation 
sequencing may potentially be employed to determine hap-
lotypes using the genomic DNA extracted from the couples’ 
peripheral blood samples.

At present, MALBAC and MDA represent the two prin-
cipal methodologies for WGA. Liu et al.’s study showed that 
when the cell count reaches five or more, MALBAC and 
MDA exhibited similar detection efficiency and accuracy 
in PGT-M for β-thalassemia [16]. In the current study, both 

MALBAC and MDA demonstrated high amplification suc-
cess rates for CNV analysis; however, MALBAC showed a 
statistically significantly higher amplification success rate 
compared to MDA (98.8% vs. 96.2%, p < 0.001). Addi-
tionally, MALBAC yielded a higher percentage of euploid 
embryos (57.9% vs. 50.6%, p = 0.003) (Table 2). The rea-
son may be that MALBAC produces more dependable CNV 
results in single-cell sequencing than MDA because it has 
greater genome coverage, specificity, uniformity, and repeat-
ability [16, 21, 22]. Compared to previous single-center 
studies, this multicenter analysis provides more robust data 
supporting the use of MALBAC for CNV analysis due to its 
higher amplification success rates.

The study provides data supporting for the accuracy 
and efficacy of NGS-based PGT-M. Patients were guided 
for embryo transfer based on the SNP linkage analysis and 
ploidy results in this study. Despite the successful applica-
tion of SNP linkage analysis to 1668 embryos during practi-
cal embryo assessment, 119 embryos presented with either 
direct testing failures or results that were discordant with the 
SNP linkage analysis. This may be due to the limited number 
of cells in embryo biopsy, necessitating cell lysis and WGA. 
Although WGA offers high coverage of cell genome—MAL-
BAC’s coverage can reach up to 93% [10, 22]—but there are 
still areas that cannot be randomly amplified. This is a com-
mon issue with all current WGA techniques. Additionally, 
WGA can introduce amplification bias, resulting in allelic 
dropout (ADO) at certain loci during the amplification pro-
cess. Therefore, it is necessary to conduct both SNP link-
age analysis and mutation site detection to ensure accuracy. 
When inconsistencies arise, the SNP linkage analysis results 
should be considered to guide the embryo transfer. Out of 
256 patients who underwent single blastocyst transfer, 14.9% 
(51/342) had no transferable embryos. Among the patients 
who underwent embryo transfer and achieved ongoing preg-
nancies, 99 amniocentesis results were collected, revealing 
an absolute concordance (100%) between the HBA/HBB 
gene results in the amniotic fluid and the PGT-M results. 
Notably, 6 of the 99 patients had transferred embryos with 
either failed direct locus detection or inconsistent locus 
detection results compared to SNP linkage analysis results. 
The amniocentesis results showed complete consistency 
(100%) with the SNP linkage analysis results (Supplemen-
tary Table 2). An illustrative case from one family is deline-
ated in Supplementary Table 3.

Additionally, the study acknowledges the low incidence 
of chromosomal segmental exchanges near to the patho-
genic variant loci encountered in clinical settings. Accord-
ing to SNP linkage analysis, 0.6% of embryos (10 out of 
1778) might have exhibited chromosomal exchanges near 
pathogenic variants. None of these embryos was trans-
ferred. Although the probability of chromosomal exchange 
is extremely low, it is advised to combine the SNP linkage 
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analysis results and direct testing results of mutation sites 
to make a joint decision in such situations.

There are several strengths to this study. The study was 
the first large-scale retrospective analysis of real-world 
PGT-M for α- and β-thalassemia. Data were compiled 
from 342 couples across multiple centers between 2019 
and 2022, encompassing amniocentesis results and clinical 
follow-ups. This extensive dataset was necessary to sup-
port the comprehensive and systematic analysis. Further-
more, the research was conducted from multiple aspects, 
including haplotype analysis methods, embryo testing 
techniques, and SNP linkage analysis results, to address 
the most challenging issues in current clinical practice. 
However, the study has a limitation. The study’s retrospec-
tive design and reliance on available samples may intro-
duce selection bias. Future prospective clinical studies are 
needed to explore the accuracy of PGT-M.

In conclusion, this study was the first large-scale, real-
world, multicenter retrospective clinical study on PGT-M 
for α- and β-thalassemia, yielding comprehensive recom-
mendations for the clinical diagnosis of PGT-M for thalas-
semia. Sibling samples and reference embryos could be 
used to construct parental haplotype when traditional 
family samples are unavailable. When direct gene muta-
tion detection fails or ADO occurs, embryo transfer can 
be considered based on SNP linkage analysis and ploidy 
results. This study’s comprehensive analysis offers valu-
able guidelines for enhancing the success of PGT-M for 
thalassemia.
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