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Abstract

Background Thalassemia poses a significant public health and economic challenge in China. Comprehensive data
on its epidemiology, mutation spectrum, and economic impact are critical for improving prevention and treatment.

Methods This systematic review, adhering to PRISMA guidelines, analyzed studiesP{lea published between 1987
and 2024 from PubMed, FMRS, and CNKI. Data from 29 eligible studies, covering 679,697 individuals across 17 regions,
were standardized using next-generation sequencing benchmarks.

Results The national carrier rate was 8.95%, with - and BP41~*> mutations most prevalent, particularly in Hainan
and Guangxi. Thalassemia contributes an annual economic burden of 9.19 billion RMB and approximately 3,590 still-
births in the absence of prevention programs.

Conclusions While regional screening has reduced incidence since 1987, the disease continues to strain China’s
healthcare system. These findings highlight the pressing need to expand national prevention programs to mitigate
its health and economic impacts. Insights from this review are vital for shaping public health strategies in high-preva-
lence areas.
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Text box 1. Contributions to the literature

This study introduces an innovative approach to thalassemia epidemio-
logical analysis by using standardized with data generated from sec-
ond- and third-generation sequencing (NGS/TGS) screen, improv-

ing the accuracy of carrier rate estimates.We provide the national

and regional update on thalassemia carrier rates in China, standardizing
conventional screening results to offer more reliable disease burden
estimates. Besides, this research highlights the mutation spectrum

of thalassemia in China and provides the first comprehensive economic
impact analysis, projecting healthcare costs without prevention pro-
grams. By comparing results with the 1987 national survey, this study
shows progress in prevention while addressing the ongoing challenges
in disease control.

Background

Thalassemia, a hemoglobin disorder resulting from
mutations in globin genes, disrupts globin synthesis in
red blood cells, leading to hemolytic anemia, develop-
mental impairments, and early mortality. Individuals car-
rying a mutation on one chromosome are classified as
thalassemia carriers, while those with mutations on both
homologous chromosomes develop thalassemia disease,
which can cause anemia, developmental impairments,
and increased mortality. The prevalence of thalassemia is
often measured using carrier rates, which represent the
proportion of individuals in a population carrying a glo-
bin gene mutation. Approximately 300,000—500,000 chil-
dren with thalassemia and other hemoglobinopathies are
born each year worldwide, with high prevalence in tropi-
cal and subtropical areas, including the Mediterranean,
Africa, the Middle East, the Indian Subcontinent, South-
east Asia, and southern China [1, 2]. Most globin muta-
tion carriers are phenotypically healthy and are identified
only through hematological testing or gene analysis.
Routine blood exams revealing a mean corpuscular vol-
ume (MCV) <80 fL and mean corpuscular hemoglobin
(MCH) <27 pg, followed by hemoglobin electrophoresis,
are key indicators.

A national survey on hemoglobin disorders con-
ducted in 1987, involving over 900,000 subjects across
nearly all of China, identified o-thalassemia and
B-thalassemia as the most prevalent types and high-
lighted the public health burden in southern China [3].
According to The Blue Book of Thalassemia in China
(2020), beyond its clinical impact, thalassemia places
a heavy economic and social burden on patients, fami-
lies, and healthcare systems [4]. The lifelong treatment
for transfusion-dependent thalassemia (TDT), includ-
ing regular blood transfusions, iron chelation therapy,
and, in some cases, hematopoietic stem cell transplan-
tation, is costly. Many patients face financial strain,
reduced work capacity, and lower quality of life, while
caregivers often experience job loss and psychological
stress. Nationally, thalassemia significantly increases
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healthcare costs and productivity losses, underscoring
the need for effective prevention strategies.

The latest nationwide epidemiological survey or sys-
tematic review on thalassemia prevalence in China was
conducted in 2017, offering valuable insights at the
time [5]. However, with advances in genetic screening
technologies and demographic shifts over the past few
years, an updated assessment is needed. Previous stud-
ies primarily relied on conventional screening methods,
leading to inconsistencies due to variations in sensi-
tivity and specificity. To address these gaps, this study
provides the first nationwide update in over five years,
systematically analyzing regional thalassemia preva-
lence and globin mutation spectrums across China.
By incorporating data from next-generation sequenc-
ing (NGS) and third-generation sequencing (TGS)
platforms or normalized conventional screenings, this
study ensures a standardized and comparable carrier
rate estimation, enhancing data reliability. The findings
offer a comprehensive and up-to-date epidemiological
assessment of thalassemia in China and may provide
valuable insights for other high-prevalence regions
worldwide.

Methods

Definition and interpretation of terms in this article
Carrier rate of thalassemia mutations: This is the pro-
portion of mutation carriers within a surveyed popula-
tion. Given that thalassemia patients carry mutations
on both homologous chromosomes, the carrier rate is
calculated as:

(number of carriers + 2 x number of patients)

Carrier Rate =
(total surveyed + number of patients)

To mitigate potential bias from regional studies in
high-prevalence areas, we used a population-weighted
national carrier rate rather than weighting based on the
number of individuals screened in each region.

Carrier rates of common thalassemia mutations:
This includes rates for the six most prevalent a- and
B-thalassemia mutations in China. For a-thalassemia,
these are -S4, -a®7, -a*?, aa®S, aa™®, and aa?; for
B-thalassemia, they include BCP*1742, IVS—II=654 gCD17,
pCb260 (BE) 328 BCD71-72 Ty reduce bias, mutation pro-
portions were first calculated and then multiplied by
the overall carrier rate of each thalassemia type. When
only mutation proportions were available without car-
rier rates, only proportions were reported.
Normalizations of carrier rate generated by conventional
screening methods
Since two comparative studies revealed that conven-
tional screening methods (hematological analysis and
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traditional genotypic analysis, Figure S1) failed to detect
certain thalassemia mutations [6, 7]. Carrier rates of a-
or B-thalassemia obtained from conventional screening
methods were adjusted by multiplying coefficients of
1.092 and 1.082, respectively, to align them with the rates
derived from NGS-based screening. Due to the lack of
studies comparing TGS detection rates with conventional
methods in China, we assumed TGS detection rates to be
comparable to those from NGS.

Searches

We searched PubMed, FMRS, and CNKI (Chinese)
databases for original epidemiological studies on thalas-
semia in mainland China, Hong Kong, Macao, and Tai-
wan, published between January 1, 1987, and July 9, 2024.
Searches were conducted in English and Chinese, without
language restrictions, to ensure comprehensive coverage.

Page 3 of 13

Additionally, references from relevant articles were man-
ually screened for potential studies not indexed in these
databases. No grey literature sources (e.g., government
reports, conference proceedings) were included, as they
do not typically provide structured epidemiological data.
The search strategy incorporated free-text keywords. The
Boolean search strings included: ((thalassemia) OR (tha-
lassaemia)) AND ((prevalence) OR (morbidity) OR (car-
rier rate) OR (carrier screening) OR (epidemiology)).

Study inclusion and exclusion criteria

Study selection was conducted in accordance with the
PRISMA guidelines [8]. A PRISMA flow diagram sum-
marizing the selection process is provided in Fig. 1. The
full PRISMA ChecKklist is available in supplementary. This
systematic review was prospectively registered on the
Open Science Framework (OSF) under the registration

Identification of researches via databases based on the search strategy

Publications identification (n=14,117)

Unique publications conducted in China (n=820)

Included studies for calculating the proportion of

common globin mutations (n=69)

Final studies included for calculating thalassemia

carrier rates across regions of China (n=29)

Excluded after title and abstract review: studies
conducted outside China or duplicates (n=13,297)

Full-text reviewed and excluded (n=750) based on:
» Missing carrier rate information

* Lacking globin mutation details

* Not original research

* Duplicate individuals

« Limited to specific ethnic groups

* Incomplete data

Full-text reviewed and excluded (n=40) based on:
* Population with suspected thalassemia
» Traditional screening studies from particular

province already covered by NGS data

Fig. 1 PRISMA flow diagram for thalassemia data source search. Figure shows our search strategy which is described in the main text. Globin
mutations refer specifically to thalassemia-related mutation types. Since most excluded studies met multiple exclusion criteria, we did not report
the exact number for each criterion separately; instead, we provided the total number of exclusions at each step
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DOI  (https://doi.org/https://doi.org/10.17605/OSEIO/
Q329A). The full protocol, including details on study
selection, data extraction, and synthesis methods, can be
accessed at this link.

Inclusion criteria

Studies were included if they met all of the following
criteria: (i) Cross-sectional studies conducted in China
(including Hong Kong, Macau, and Taiwan); (ii) Studies
that reported thalassemia prevalence or provided suffi-
cient data (e.g., sample size and number of thalassemia
patients) to allow prevalence calculation; (iii) Studies
based on epidemiological surveys in general populations;
(iv) Studies that detailed globin gene mutations relevant
to prevalence estimates; (v) Studies published in Chinese
and/or English.

Exclusion criteria

Studies were excluded if they met any of the follow-
ing criteria: (i) Studies that lacked necessary details for
calculating thalassemia carrier rates, mutation pro-
portions, or individual carrier rates of common muta-
tions; (ii) Studies based on special populations (e.g.,
the elderly, pregnant women, or occupational groups)
or non-representative areas (e.g., schools, factories, or
disaster-affected regions); (iii) Studies using overlap-
ping or duplicate samples; (iv) In provinces with both
traditional and NGS screening data, only NGS-based
studies were included to ensure methodological consist-
ency; (v) Review articles, case reports, and systematic
analyses were excluded; (vi) For studies reporting muta-
tion proportions, all were included regardless of popula-
tion selection or testing methods, as these factors do not
impact mutation proportion estimates. This approach
helped expand sample size and minimize selection bias.

Data extraction strategy

The following data were extracted from each study: title,
first author, year of research, study location, category of
population, age of population, sampling method, screen-
ing method, sample size, reported carrier size, and muta-
tion proportions. Data extraction was conducted using a
standardized data collection form. Two co-first authors
independently screened titles and abstracts. After that,
full-text articles of potentially eligible studies were
retrieved and independently reviewed by two co-first
authors. Each study was assessed based on the predefined
inclusion and exclusion criteria to determine its eligibil-
ity for final inclusion. The key factors evaluated during
full-text screening included study design (cross-sectional
epidemiological surveys), population representative-
ness (general population vs. selected subgroups), data
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completeness (availability of carrier rate calculations
and mutation profiles), and methodological consistency
(screening method used, sample size, and genetic analy-
sis techniques). Discrepancies in full-text screening deci-
sions were discussed and resolved through consensus
with two corresponding authors with expertise in epide-
miology and systematic reviews. This rigorous screening
process ensured consistency in study selection and mini-
mized selection bias.

Potential effect modifiers and reasons for heterogeneity
Potential sources of heterogeneity include differences in
sampling methods, screening technologies, geographic
regions, and population characteristics. These factors
were assessed in subgroup analyses where applicable.
Additionally, variability in carrier rate estimates due
to screening method differences was accounted for by
applying normalization factors (see “Normalizations of
Carrier Rate” section).

Study quality assessment

The quality of included studies was assessed using the
Quality Rating Scheme for Studies and Other Evidence
provided by JAMA Network Open (https://jamanetwork.
com/journals/jamanetworkopen/pages/instructions-for-
authors#SecRatingsofQuality). This rating system evalu-
ates key methodological aspects, including study design,
sampling methods, measurement reliability, poten-
tial selection bias, and statistical validity. Two authors
assessed each study, and discrepancies were resolved by
discussion. The detailed quality ratings are presented in
Supplementary Table S1.

Data synthesis and presentation
Descriptive statistics were used to summarize thalas-
semia carrier rates and mutation proportions. To esti-
mate regional carrier rates, we calculated a pooled carrier
rate by summing the total number of identified carriers
across all included studies and dividing it by the total
sample size of these studies. This method accounts for
differences in study sample sizes and provides a more
representative estimate than a simple arithmetic mean.
Given the inherent geographic variation in thalassemia
carrier rates and the fact that no single study provides a
complete census of a region’s population, heterogene-
ity between studies is expected and does not indicate
methodological inconsistency. Therefore, statistical
heterogeneity metrics such as I* were not calculated, as
they may not be meaningful in this context. Instead, we
focused on ensuring that included studies met predefined
methodological quality criteria to enhance the reliability
of the reported estimates. Publication bias was not for-
mally assessed, as the primary outcome (carrier rate) is


https://doi.org/
https://doi.org/10.17605/OSF.IO/Q329A
https://doi.org/10.17605/OSF.IO/Q329A
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecRatingsofQuality
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecRatingsofQuality
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecRatingsofQuality

Cai et al. Archives of Public Health (2025) 83:92

an epidemiological measure rather than a comparative
effect size.

Figure and supplementary material generation

All figures and supplementary materials were generated
based on data extracted from the included studies. Fig-
ure 1 (PRISMA flow diagram) illustrates the study selec-
tion process, detailing the number of records screened,
excluded, and finally included. Figure 2 and Fig. 3 pre-
sents regional thalassemia carrier rates, calculated using
a pooled weighted approach based on sample size. Fig-
ures were created using ArcMap software for geographic
visualization.

Results

Identification and selection of literature and data

From an initial pool of 820 relevant studies published
between 1987 and 2024, 29 studies were selected for this
systematic analysis of thalassemia prevalence in China.
These studies were identified from 337 publications in
PubMed, 266 in FMRS, and 217 in CNKI (Fig. 1) [6, 7,
9-35]. Epidemiological data from 15 studies across eight
regions, initially based on conventional screening meth-
ods, were standardized to calculate carrier rates, while
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data from other regions were obtained through NGS or
TGS methods (Table S1).

Thalassemia carrier rate and incidence in partial areas

of China

Thalassemia prevalence data were extracted from pri-
mary studies across 17 regions in China, encompass-
ing a total of 679,697 individuals tested (Table 2).
National average carrier rates were calculated using a
population-weighted approach. Across these 17 regions,
prevalence rates for a-thalassemia, p-thalassemia, and
a/p-thalassemia were 6.32% (adjusted to 6.38%), 2.34%
(adjusted to 2.37%), and 0.20%, respectively.

The surveys were primarily conducted in southern
China, with limited data from northern regions. Results
show a strong inverse correlation between thalassemia
carrier rates and latitude, with higher rates in southern
regions that decline progressively northward (Fig. 2).
Hainan has the highest overall carrier rate, particularly
for a-thalassemia, followed by Guangxi, where both
a- and B-thalassemia carrier rates exceed 20%. While
Hainan leads in a-thalassemia prevalence, Guangxi has
the highest pB-thalassemia rates (Table 2). Despite similar
latitudes, Guangxi, Guangdong, and Yunnan show signif-
icant variation.
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Fig. 2 Geographic distribution of thalassemia carrier rates in regions of China. Figures (A-D) present the distribution of thalassemia carrier rates
across Chinese regions: (A) Carrier rates of a-thalassemia, (B) Carrier rates of 3-thalassemia, (C) Carrier rates of a- combine {3-thalassemia, (D) Total
thalassemia carrier rates. Color intensity in each map reflects carrier rates or proportions, with darker shades indicating higher values. Regions
lacking carrier rate data are shown in gray. Data were extracted from included studies and plotted using ArcMap GIS software
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Fig. 3 Geographical distribution and composition of six most common a-thalassemia and B-thalassemia mutations in regions of China. A
illustrates the composition of six common a-thalassemia globin mutations across various provinces in China. B illustrates the composition of six
common B-Thalassemia globin mutations across various provinces in China. Each vertical bar represents the proportional contribution of different
thalassemia globin deletions and mutations within each region. C indicates to the overall proportion of the six most common a-globin gene
mutations in China. D indicates to the overall proportion of the six most common B-Thalassemia gene mutations in China. The proportion

was calculated by assigning weights according to the population size of each region. Data were extracted from included studies and plotted using

ArcMap GIS software

The six most common mutations of a-thalassemia

and B-thalassemia

The top six most common mutations of - thalassemia
in China were ranked by carrier rates based on data
from 1,506,412 individuals across 18 regions between
1997 to 2024 (Table S2). The —SEA mutation predomi-
nates in nearly all provinces, confirming its status as the
most common prevalent form of a-thalassemia in China
(Fig. 3A, C). The -o*” mutation follows closely as the sec-
ond most common, exhibiting similar proportion across
most regions. However, the proportion of the -a>’ muta-
tion is significantly higher than that of the —* mutation
in Guizhou, Jiangsu, and Hainan. Notably, in Hainan, the
-a*? and aa™® mutations also occur at higher rates than
the —SEA mutation, creating a stark contrast with other
regions of China.

The top six most common mutations of -thalassemia
were identified from studies involving 1,494,568 indi-
viduals across 21 regions of China, spanning the years
1997 to 2024 (Table S3). Contrasts with the distribution
of a-thalassemia, mutation spectrum of p-thalassemia
is notably more diverse (Fig. 3B). The B“P*'~*? mutation
is prevalent across multiple regions, making it the most
common [-thalassemia mutation in China (Fig. 3D).

Additionally, the B'VS~1=%% mutation is prominent in
southeastern coastal and central regions, particularly in
Hunan, Hubei, and Fujian. In contrast, the BP'” muta-
tion predominates in southwestern regions, particularly
in Guizhou. Notably, contrast with other southwest-
ern regions, the most prevalent mutation in Yunnan is
BEP26, Furthermore, the B~ mutation constitutes a sig-
nificant proportion of the mutation spectrum in south-
eastern coastal areas. These findings underscore the
pronounced regional differences in the genetic landscape
of B-thalassemia across China.

Economic burden of thalassemia in China

Using regional thalassemia carrier rates, we calculated
prevalence across 17 regions and converted these rates
into estimated patient numbers to assess the annual eco-
nomic burden of thalassemia in the absence of interven-
tion (Table S4). Based on data from the National Bureau
of Statistics of China (https://www.stats.gov.cn/sj/), an
estimated 6.20 million newborns are expected in these
regions next year. Without effective thalassemia preven-
tion programs, at least 18,818 newborns would develop
thalassemia, including approximately 1,117 cases of
TDT and 3,590 cases of Bart’s hydrops fetalis. TDT
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Table 2 Carrier Rates and Incidences of Thalassemia in 17 Regions of China
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province Cases a- thalassemia B- thalassemia Carrier rate of a- and Total incidence
B- thalassemia (%0)
Carrier rates Adjusted Carrier rates Adjusted
carrier rate carrier rate
Beijing [9] 11,766 0.14% 0.16% 0.10% 0.11% N/A < 0.01%o
Chonggqing [10] 1841 3.86% 3.86% 2.12% 2.12% N/A 0.48%o0
Fujian [11] 189,414 523% 571% 221% 2.39% 0.10% 1.00%0
Guangdong [7, 12, 13] 31,568 12.10% 12.10% 3.55% 3.55% 0.52% 4.39%o0
Guangxi [7] 4834 19.51% 19.51% 7.05% 7.05% N/A 10.76%o0
Guizhou [7, 14, 15] 31,353 9.77% 9.77% 3.88% 3.88% 0.52% 3.13%o
Hainan [7] 2720 45.15% 45.15% 5.59% 5.59% N/A 51.74%0
Hubei [16-20] 97,689 0.91% 0.99% 0.36% 0.38% 0.01% 0.07%o0
Hunan [21, 22] 41,753 5.30% 5.30% 3.02% 3.02% 0.18% 1.01%o
Jiangsu [23] 4276 2.69% 2.69% 0.40% 0.40% N/A 0.19%0
Jiangxi [24] 136,312 10.62% 10.62% 3.62% 3.62% 0.45% 3.48%o
Shandong [25] 16,098 0.32% 0.35% 0.14% 0.15% N/A 0.04%0
Sichuan [26-28] 58,675 1.83% 2.00% 1.25% 1.35% 0.04% 0.15%0
Yunnan [6, 7, 29, 30] 11,133 9.59% 9.59% 4.68% 4.68% 1.00% 3.61%o
Zhejiang 31, 32] 32,581 0.68% 0.74% 1.31% 1.42% 0.03% 0.07%o0
Hong Kong [33, 34] 1943 597% 6.52% 3.71% 4.01% 0.31% 1.63%0
Macao [35] 5741 6.20% 6.77% 3.60% 3.90% N/A 1.53%0

Both carrier rates of a-thalassemia and f-thalassemia have included the carrier rate of a- and B-thalassemia, respectively; Adjusted value for a-thalassemia carrier
rate =a-thalassemia carrier rate x 1.092, Adjusted value for -thalassemia carrier rate = -thalassemia carrier rate x 1.082, among the 15 provinces and cities, the
thalassemia carrier rate in Hainan, Guangxi, Guangdong, Guizhou, Yunnan and Hunan are all data for NGS test sampled by ethnic population proportion, and there is

no need for correction

cases include p-thalassemia major, and about one-third
of B-thalassemia intermedia and Hemoglobin H cases.
Due to uncertainties in low-frequency variants, TDT
estimates are based on the six most prevalent a- and
[B-thalassemia gene mutations.

According to the Blue Book of Thalassemia in China
(2020) [4], TDT patients currently have two treatment
options in China: transfusion with iron chelation therapy
or hematopoietic stem cell transplantation, while gene
therapy remains experimental. Approximately 38.17% of
TDT patients plan to pursue stem cell transplantation at
a cost of 400,000-500,000 RMB, typically between ages
5 and 15, with ongoing transfusions and iron chelation
therapy until transplantation is complete. However, only
48.27% find a compatible donor, leaving transfusion and
iron chelation therapy as the sole option for most. Effec-
tive transfusions treatment extends TDT patients’life
expectancy to 40-50 years but with a lifetime cost of
4-7 million RMB. Without treatment, life expectancy
drops to 5-15 years, with an average medical expense of
approximately 512,000 RMB. Unfortunately, 48.67% of
patients do not receive adequate transfusions (Fig. 4A).

Consequently, in the absence of interventions, China’s
annual medical burden from TDT patients is projected
to increase by around 3.03 billion RMB. Besides, since
thalassemia manifests at birth, the indirect economic

burden is also substantial. Based on average life expec-
tancy (78 years) and an annual per capita GNP of 89,358
RMB, untreated TDT patients lose an average of 68 years
of life, while treated patients lose approximately 33 years.
Productivity losses are significant: around 50% of TDT
patients are unable to work, and 60% require caregiving.
Due to high caregiving costs, most families assume car-
egiving roles, with 70% of caregivers leaving their jobs,
further amplifying economic losses. Therefore, the indi-
rect economic burden due to TDT is projected to rise
by about 6.16 billion RMB annually. Without a national
thalassemia prevention program, the combined direct
and indirect economic burden could reach 9.19 billion
RMB next year (Fig. 4B).

This estimate considers only TDT patients. Estimat-
ing direct medical costs and indirect burdens for non-
transfusion-dependent thalassemia (NTDT) is complex
due to its variable severity. Nonetheless, without an
effective prevention program, an estimated 14,111 new
NTDT cases are expected next year, with many requir-
ing transfusions and experiencing reduced work capacity,
further contributing to the economic burden. Addition-
ally, approximately 3,590 stillbirths due to Bart’s hydrops
fetalis are anticipated annually in the absence of preven-
tive measures.
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Fig. 4 Economic Burden of Thalassemia Treatment in China. This figure illustrates the economic burden associated with different treatment
pathways for thalassemia patients in China. A is a tree diagram detailing the economic burden distribution by treatment type, distinguishing
between direct (red) and indirect (blue) costs. B is a Sankey diagram mapping the flow of economic burdens from initial treatment choices

to final financial impacts. On the left, blue denotes indirect economic burden, while red represents direct economic burden. The middle section
depicts three primary treatment options: purple for stem cell transplantation, green for regular treatment (timely blood transfusions and iron
chelation therapy, including patients who could not find compatible donors), and yellow for irregular treatment (patients without consistent
transfusions and chelation therapy). On the right, dark green indicates medical costs, dark blue represents patient labor loss (including premature
death and decreased productivity), and dark red shows caregiver labor loss due to family members reducing work to provide care. This figure
was produced by the authors based on information from The Blue Book of Thalassemia in China (2020)
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Discussion
Changes in thalassemia incidence in southern China
over the past 37 years
In the late 1970 s, a national survey on hemoglobin dis-
orders in China reported thalassemia incidences of 2.64%
for a-thalassemia and 0.66% for p-thalassemia across 12
provinces, establishing a preliminary understanding of
thalassemia prevalence [3]. The present study systemati-
cally analyzes updated data from 20 regions, focusing pri-
marily on globin gene mutations. Comparisons between
current incidences in 10 provinces and data from Zeng
et al. in 1987 reveal substantial reductions (Table S5,
Fig. 5). Notably, a-thalassemia in Guangxi decreased
from 14.95% to 0.95%, with provinces like Sichuan
and Zhejiang now reporting minimal rates. Similarly,
B-thalassemia incidence dropped from 2.21% to 0.05%
in Guizhou and from 1.52% to 0.12% in Guangxi, under-
scoring effective disease management over time.

The current national average incidences for a-
and [-thalassemia have fallen to 0.24% and 0.04%,
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respectively, marking significant progress. This decline
likely reflects the success of the thalassemia prevention
program launched in southern China in 2012, which
emphasizes carrier screening before marriage and preg-
nancy, along with prenatal diagnostics for high-risk fami-
lies. These measures have led to a substantial reduction in
TDT births, achieving"zero TDT births"in some regions.
Unique mutation profiles of thalassemia in China
Although Hainan has the highest thalassemia carrier
rate in China, its mutation profile is distinct from other
regions. The most common «-thalassemia mutation in
Hainan is -a37, followed by -a*?, with the typically preva-
lent —SEA mutation only third. This unusual distribution
may be linked to the Li population, Hainan’s largest eth-
nic minority, where -o®’ and -a*? mutations predomi-
nate, and —5F4 accounts for less than 5%. In contrast,
approximately 20% of Hainan’s Han Chinese population
carries the —54 mutation, a proportion notably differ-
ent from both the Li population and Han populations
in other regions [36, 37]. A similar pattern is observed

14.95% B ¢-thalassemia (Zeng, 1987) W a-thalassemia (Current)
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Fig.5 Change trend of incidence of thalassemia over 37 Years. A represents the changes in a-thalassemia incidence, comparing the data
from report of Zeng et al. in 1987 with the current rates. B represents a similar comparison for 3-thalassemia
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in Yunnan—another ethnically diverse province—where
the most common [-thalassemia mutations are P2 and
BCPY, with BP*~%2, ysually dominant in other regions,
ranking third [6, 38, 39]. Research indicates that areas
like Yunnan and Hainan exhibit mutation profiles distinct
from other parts of China, seen not only among local
ethnic minorities but also within regional Han popula-
tions. The geographic distribution of these mutations
likely reflects historical migration patterns, population
genetics, and varying effects of natural selection, particu-
larly in response to malaria prevalence.

Thalassemia remains a significant disease burden in China
The Blue Book of Thalassemia in China (2020) reports
that approximately 15,000 patients with thalassemia
major incur a collective treatment cost of 72 billion RMB
[4]. Nationwide, an estimated 300,000 individuals have
thalassemia major or intermedia, with many intermedia
patients also requiring medical care. Thalassemia patients
often face disruptions in education and employment
due to frail health and frequent hospital visits, leading
to lower educational attainment, limited job skills, and
reduced employment prospects—further intensifying the
economic burden beyond direct medical expenses.

In this study, we focused on estimating the economic
burden for TDT patients, but we did not include interme-
diate or mild thalassemia cases. Although TDT patients
represent a smaller portion of the total burden, interme-
diate and mild cases, being more common and having
longer life expectancy, would likely contribute to a much
higher economic burden. Unfortunately, current data and
methods do not allow us to estimate the burden for these
groups, so we cannot provide a clear range for the total
economic burden. As a result, our estimates only reflect
the burden from TDT patients, which is likely an under-
estimation of the true economic impact. Given the lack of
reliable data for intermediate and mild cases, we cannot
conduct a sensitivity analysis. Therefore, these estimates
should be viewed as indicative rather than definitive.

The China Birth Defects Intervention and Assistance
Foundation has contributed over 10 million RMB to sup-
port 1,500 children with thalassemia major in provinces
such as Guizhou, Fujian, Guangxi, and Hainan. Despite
these efforts, significant unmet needs remain. A compre-
hensive understanding of the disease burden is hindered
by the lack of a national thalassemia registry.

Efficiency of NGS and TGS screening in high-prevalence
thalassemia regions

NGS and TGS have significantly improved thalassemia
screening in high-prevalence areas. Compared to con-
ventional methods, NGS identifies a broader range
of rare hemoglobin variants (e.g., Hb New York, Hb
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Hekinan, Hb J-Bangkok), markedly enhancing detection
rates [7]. He et al. found that NGS identified 22.9% more
carriers than hematology screening alone [6], with addi-
tional studies supporting its efficacy [22, 34, 40].

Despite these benefits, NGS has limitations with com-
plex a- and B-globin gene mutations. Its short-read
length, though ideal for high-throughput analysis of point
mutations and small indels, is less effective for detecting
large structural variations (e.g., inversions, translocations,
tandem duplications), homologous or repetitive region
mutations (e.g,, HBA1/HBA2 or HBB/HBD), repeat
amplifications (e.g., aaaanti3.7 and aaaanti4.2), de novo
mutations in high-GC content areas, and epigenetic
modifications. Additionally, NGS cannot determine cis/
trans configurations of mutations [41, 42].

TGS, with its long-read capabilities, overcomes many
of NGS’s limitations by covering extensive gene regions
without PCR, providing faster and more accurate geno-
typing [43-45]. However, TGS has challenges: higher
error rates, specialized library requirements, increased
costs, and more intensive data processing and storage
demands [46, 47].While TGS’s cost and complexity make
it less viable for large-scale screening [48], it is particu-
larly useful for severe phenotypes unexplained by con-
ventional methods. In such cases, TGS, combined with
genome assembly, allows for rapid and precise identifica-
tion of rare mutations and gene modifications, contribut-
ing valuable insights into disease pathology [47].

Current status of thalassemia prevention and control

in China

Currently, limited awareness and screening motivation
outside major healthcare hubs, combined with restricted
access in some regions, highlight the need for targeted
public health outreach. In 2023, China plans to estab-
lish a national network of 101 medical institutions across
10 provinces to improve access to high-quality medical
resources. This coordinated network aims to advance
thalassemia prevention and care by fostering collabora-
tion among institutions, maternal and child healthcare
facilities, and primary care centers, while streamlining
resources and enhancing service models from prevention
through treatment.

For high-risk families, current treatment options have
significant limitations. Blood transfusions and iron chela-
tion impose considerable medical and indirect economic
burdens, while hematopoietic stem cell transplantation
and gene therapy face unresolved challenges in preserv-
ing fertility before adolescence [49]. Preconditioning for
these therapies can impair fertility, with optimal trans-
plantation timing falling prior to adolescence [50, 51].

Given these challenges, preimplantation genetic test-
ing (PGT) could offer a viable preventive alternative [52].
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Compared to aforementioned treatments, PGT may sub-
stantially reduce familiesdirect and indirect financial
burdens, although further studies are needed to confirm
its long-term efficacy and cost-effectiveness. Expand-
ing preventive measures like PGT, along with enhanced
education and healthcare resources, could improve out-
comes and alleviate the socioeconomic impact of thalas-
semia on families and society.

Limitations and future directions

This study is the first to evaluate thalassemia carrier
rates across China using data exclusively from NGS or
TGS platforms or from conventional screenings normal-
ized to NGS standards, ensuring standardized carrier
rate estimates across different detection methods. These
methodological advancements highlight the unique con-
tribution of our study to the field of thalassemia epide-
miology. However, underrepresentation of data from
regions (northern provinces) with lower carrier rates
may lead to an overestimation of the national carrier rate,
and geographic and ethnic differences across provinces
could influence the accuracy of the estimates. These fac-
tors may limit the applicability of our conclusions to all
regions of China. Further studies with more comprehen-
sive data coverage to strengthen the validity of national
estimates will be needed. Nonetheless, our economic
burden estimate remains conservative, focusing on TDT
cases from the 12 most prevalent mutations, indicating
that the true burden could be greater. Selection bias is
another concern, as China’s geographic and ethnic diver-
sity contribute to substantial regional variations in carrier
rates, even within the same province or city. Few studies
account for urban or ethnic demographics, and variabil-
ity among laboratories may further introduce bias. Addi-
tionally, our literature search was limited to PubMed,
FMRS and CNKI, without incorporating more databases.
While this approach ensured a focused selection of high
specificity studies, it may have excluded some relevant
publications. However, we mitigated this limitation by
applying strict inclusion criteria, full-text screening, and
adherence to PRISMA guidelines, reducing the likelihood
of omitting key studies.

Establishing a national thalassemia registry that
incorporates big data analytics is crucial for obtaining
precise epidemiological data and optimizing resource
allocation for effective prevention and treatment. In the
absence of a standardized national survey, this study
offers an initial assessment of China’s thalassemia bur-
den, drawing on available carrier rates and mutation
profiles. Observed trends over the last three decades,
along with current prevention efforts, may serve as use-
ful references for other regions with high prevalence of
thalassemia and hemoglobinopathies.
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Conclusion

In summary, China, with its long-standing history of
thalassemia, has achieved substantial progress in dis-
ease control. This study systematically analyzed epi-
demiological data from 17 regions across the country,
showing notable improvements attributed to govern-
ment-led prevention policies and the efforts of health-
care professionals. Although incidence has decreased
under these programs, thalassemia remains a signifi-
cant health burden. Further prevention strategies and
ongoing planning are essential in high-prevalence
regions.
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