
Articles © The authors   |   Journal compilation © J Clin Med Res and Elmer Press Inc™   |   https://jocmr.elmerjournals.com
This article is distributed under the terms of the Creative Commons Attribution Non-Commercial 4.0 International License, which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited
106

Original Article J Clin Med Res. 2025;17(2):106-118

Prevalence of Alloimmunization Events in Thalassemia 
Patients With Repeated Transfusions in the Rhesus  

Blood Group System: A Systematic Review  
and Meta Analysis

Vitasari Indriania, d , Budi Mulyonob , Teguh Triyonob , Anastasia Evi Handayaningsiha ,  
Lukman Ade Chandrac

Abstract

Background: Alloimmunization presents a significant challenge for 
patients with β-thalassemia major who depend on regular transfusion 
therapy. This systematic review and meta-analysis aimed to evalu-
ate the frequency of alloimmunization within the Rhesus blood group 
system and identify the most prevalent alloantibodies.

Methods: A comprehensive search across multiple databases was con-
ducted to locate epidemiological studies reporting alloimmunization in 
thalassemia patients undergoing repeated transfusions, specifically fo-
cusing on Rhesus antibodies. Statistical analyses were performed using 
R software, and heterogeneity was assessed using I2 statistics.

Results: This review included 20 studies with a total of 4,650 pa-
tients. The overall prevalence of alloimmunization was 5.4% (95% 
confidence interval (CI): 3.1-9.3%) across all ages, with a prevalence 
of 9.1% (95% CI: 5.3-15.2%) in children and 25% (95% CI: 12.7-
41.2%) in adults. The pooled overall prevalence was 6.6% (95% 
CI: 4.2-10.2%). Among the 488 alloimmunized patients, 310 devel-
oped Rhesus-specific antibodies, with anti-E (34.58%) and anti-D 
(13.69%) being the most frequent.

Conclusions: This study underscores the substantial prevalence of 
Rhesus antibodies among alloimmunized thalassemia patients. Imple-
menting extended phenotype matching for transfusions could signifi-

cantly reduce the risk of alloantibody formation in this population. 
Future analyses should explore factors influencing alloimmunization 
rates, such as ethnic diversity, matching protocols, and age-related 
variations, to inform clinical practice better.

Keywords: Alloimmunization; Antibodies; Rhesus; Thalassemia; 
Transfusion

Introduction

β-Thalassemia is an inherited blood disorder characterized 
by insufficient production of β-globin chains, leading to he-
molysis and ineffective erythropoiesis [1, 2]. This deficien-
cy in β-globin synthesis, a key component of adult hemo-
globin, results in severe anemia, particularly in patients with 
β-thalassemia major (TM), who become dependent on regular 
blood transfusions from an early age (a condition known as 
transfusion-dependent β-thalassemia (TDT)). In contrast, in-
dividuals with β-thalassemia intermedia (TI) typically do not 
require regular transfusions but may need them during specific 
complications, such as illness or pregnancy [1, 3].

Although transfusion therapy has significantly improved 
survival and quality of life for thalassemia patients, it is as-
sociated with complications, including iron overload, alloim-
munization, infections, and adverse transfusion reactions [4, 
5]. Frequent transfusions expose patients to foreign antigens, 
increasing the risk of alloimmunization, where the immune 
system generates antibodies (alloantibodies) against donor red 
blood cells (RBCs) [6]. Alloimmunization is influenced by fac-
tors such as the immunogenicity of RBC antigens, the patient’s 
immune status, and the timing and frequency of transfusions [7].

Once developed, alloantibodies can complicate future trans-
fusions, making blood cross-matching more difficult, shorten-
ing the lifespan of transfused RBCs, exacerbating iron overload, 
and delaying access to safe blood products [8]. Reported rates 
of alloimmunization in thalassemia patients vary widely, rang-
ing from 4% to 50%, with lower rates generally observed in 
populations, where donors and recipients share similar genetic 
backgrounds [5]. Alloimmunization against RBC antigens, es-
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pecially within the Rhesus (Rh) blood group system, poses a 
significant clinical challenge in β-thalassemia patients [9].

Studies indicate that the most frequently encountered al-
loantibodies target Rh antigens, particularly anti-E, anti-D, and 
Kell. The Rh blood group, second only to the ABO system 
in immunogenicity, is highly polymorphic, which may explain 
the high alloimmunization rates even when major Rh antigens 
are matched between donor and recipient due to the presence 
of Rh variants [10-12].

Given the critical role of Rh antibodies in alloimmuniza-
tion, understanding their prevalence and distribution among TM 
patients is essential for improving transfusion strategies. This 
systematic review and meta-analysis aim to provide valuable 
insights into the frequency of alloimmunization within the Rh 
blood group system and identify specific Rh variants common 
in TM patients undergoing repeated transfusions. While our 
study focused primarily on Rh blood group alloimmunization, 
HLA does indeed play a role in alloimmunization events. HLA 
molecules are highly polymorphic proteins that present peptides 
to immune cells, particularly T cells. The significant variability 
in HLA alleles between individuals makes them highly immu-
nogenic. HLA antibodies can develop in response to transfu-
sions and may contribute to transfusion reactions. The recipient 
is exposed to donor HLA antigens that differ from their own, the 
immune system can mount an alloimmune response. Although 
our review did not specifically address HLA-related alloimmun-
ization, it is an important aspect of transfusion medicine.

Materials and Methods

Protocol and registration

This systematic review followed the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) 
2020 guidelines. The review protocol was registered with the 
International Prospective Register of Systematic Reviews 
(PROSPERO) on June 6, 2024, under the registration number 
CRD42024552701.

Eligibility criteria

Studies were included if they met the following criteria: 1) fo-
cused exclusively on human subjects; 2) employed cross-sec-
tional or retrospective cohort designs; and 3) involved patients 
diagnosed with TM who received repeated transfusions. Only 
articles published in English were considered. Diagnoses of 
TM were confirmed via patient history, clinical examinations, 
and hemoglobin electrophoresis. Studies that did not specifi-
cally address alloimmunization within the Rh blood group sys-
tem or lacked full-text availability were excluded.

Information sources and search strategy

We conducted a comprehensive literature search across multiple 
databases, including EBSCO, Proquest, PubMed, ScienceDirect, 

Wiley, and Scopus. The search covered all available data from the 
inception of each database up to February 15, 2024. The search 
strategy was based on the population, intervention, and outcome 
(PIO) framework and employed a combination of medical sub-
ject headings (MeSH) terms and keywords such as (“Thalas-
semia” (MeSH terms) OR “beta-Thalassemia” (MeSH terms) 
OR “thalassemia*”(title/abstract) OR “beta thalassemia*” (title/
abstract)) AND (“Blood Transfusion” (MeSH terms) OR “blood 
transfusion*” (title/abstract) OR “regular transfusion”(title/ab-
stract) OR “repeated transfusion” (title/abstract)) AND (“Rh-
Hr blood-group system” (MeSH terms) OR “rh hr blood group 
system*” (title/abstract) OR “Rh” (title/abstract) OR “Rhesus” 
(title/abstract)) AND (“isoantibodies” (MeSH terms) OR “isoan-
tibodies*” (title/abstract) OR “alloantibody*” (title/abstract) OR 
“allo antibody*” (title/abstract) OR “alloimmunization*” (title/
abstract) OR “alloimmunisation*” (title/abstract)).

Data collection process and data items

One reviewer (V.I.) was responsible for extracting data from the 
included studies, which was then verified by a second reviewer 
(L.A.C.). Any disagreements during this process were resolved 
through discussion, and if consensus could not be reached, we 
consulted with verifiers (T.T., B.M., and A.E.H.). The extracted 
data included study characteristics, patient demographics, and 
outcomes related to alloimmunization in the Rh blood group 
system. Additionally, we contacted the authors of conference ab-
stracts to inquire about the availability of full texts for inclusion.

Risk of bias assessment

Two reviewers (V.I. and L.A.C.) independently assessed the risk 
of bias in the included studies using the Joanna Briggs Institute 
(JBI) critical appraisal checklist designed for cross-sectional 
studies [13]. Each potential source of bias was rated as “yes”, 
“no”, “unclear”, or “not applicable”. Disagreements were re-
solved through discussion, and in cases where consensus could 
not be reached, a third or fourth reviewer was consulted.

Synthesis of results

A meta-analysis was conducted using logit-transformed pro-
portions and random-effects models in the R software for our 
analysis. We categorized studies by age into three groups: 1) 
all-population; 2) children; and 3) adults. Heterogeneity was 
evaluated using both I2 and T2 statistics. Additionally, we per-
formed tests for subgroup variances and carried out descriptive 
analyses to summarize supplementary data, including age at 
first transfusion, duration between transfusions, and intervals. 
These analyses were aimed at guiding future research.

Ethics and dissemination

The study is grounded in a synthesis of existing published 
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data, thereby rendering ethical approval unnecessary. We in-
tend to disseminate our findings through publication in a peer-
reviewed journal and presentations at pertinent academic con-
ferences

Results

Study selection

During the initial database search, we identified 1,011 articles. 
After the removal of 189 duplicates, 822 articles remained for 
screening. Using Rayyan automation tools, we reviewed the 
titles and abstracts, excluding 719 articles based on criteria 
such as the absence of an abstract, a focus on the thalassemia 
intermedia population, or a lack of relevance to alloimmuni-
zation. Of the remaining 103 articles, three could not be re-

trieved despite attempts to contact the corresponding authors. 
After evaluating the remaining 100 articles, 80 were excluded 
for reasons such as irrelevance to TM, incorrect population, 
inappropriate study design, or irrelevant outcomes. Ultimately, 
20 studies met the inclusion criteria. A detailed PRISMA flow 
diagram illustrating this selection process can be found in Fig-
ure 1 [14].

Study characteristics

The 20 studies included in this review were published between 
2011 and 2024 [15-34]. Geographically, four studies origi-
nated from Pakistan, four from India, four from Iran, and one 
each from Egypt, Tunisia, Israel, Albania, Canada, Sri Lanka, 
China, and Yemen. These studies were categorized into three 
age groups: all-population (14 studies; 70%, age range 0 - 40 
years), children (five studies; 25%, age range 1 - 18 years), and 

Figure 1. Study selection according to PRISMA flowchart. PRISMA: Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses.
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adults (1 study; 5%, age range 20 - 47 years). While we rec-
ognized the importance of ethnic diversity in blood group an-
tigen distribution, our ability to categorize populations based 
on ethnicity was limited by the data reported in the original 
studies. The sample sizes varied widely, ranging from 32 to 
1,147 patients across the studies. In terms of methodology, 
most studies utilized agglutination techniques for RBC anti-
body screening, with products such as Diamed and Diacell. 
Alloantibody identification was primarily performed using the 
Diamed-Diapanel 11 identification panel in 75% of the stud-
ies (15 studies). Leukoreduction was reported in six studies, 
with five applying it universally across all patients. The age at 
which patients received their first transfusion varied signifi-
cantly: from 0.3 to 12 years in the all-population group, 0.9 
to 8.5 years in children, and 0.25 to 4 years in adults. The to-
tal number of transfused blood units also showed substantial 
variation, ranging from 12 to 191 units in the all-population 
group, 12 to over 250 units in children, and 493 to 1,363 units 
in adults. Blood transfusion intervals ranged from 5 to 90 days 
across half of the studies. A summary of these study character-
istics is presented in Table 1 [15-34].

Prevalence of alloimmunization

Of the 4,650 patients included in the review, 488 developed 
alloimmunization, translating to an overall prevalence rate of 
10.49%. Specifically, within the Rh blood group system, al-
loimmunization was identified in 309 patients, representing 
6.64% of the total. While one study did not report the specifici-
ty of alloantibodies, the remaining 19 studies provided data for 
4,566 patients, with 466 cases of alloimmunization involving 
Rh antibodies. In total, 44 types of Rh antibodies were identi-
fied. Among these patients, 72.35% (212 patients) developed a 
single antibody, while 27.39% (80 patients) exhibited multiple 
antibodies. The most frequently identified Rh antibodies were 
anti-E (34.58%, or 101 cases), followed by anti-D (13.69%, or 
40 cases), anti-C (10.27%, or 30 cases), anti-c (7.87%, or 23 
cases), and anti-D combined with anti-C (5.47%, or 16 cases). 
Detailed information on the specificities of Rh blood group 
antibodies is provided in Table 2 [15-34].

Risk of bias assessment and level of evidence

The risk of bias was assessed using the Joanna Briggs Insti-
tute (JBI) critical appraisal tool across eight key domains. 
Most studies received high ratings in domains such as inclu-
sion criteria, data collection, outcome measurement, statistical 
analysis, control of confounders, sample size adequacy, and 
relevance of conclusions. However, three studies (Chaudhari 
et al [17], Ebrahimisadr et al [21], and Gholami et al [23]) 
received a “no” rating in domain two, indicating a lack of suf-
ficient detail on study subjects, which could introduce bias due 
to limited demographic and clinical context.

Despite this, all studies were deemed methodologically 
sound and included in the meta-analysis. The overall level of evi-
dence (LOE) ranged from level 3 to 4, with most studies classi-

fied as level 4, representing moderate-quality evidence. Although 
some studies had minor weaknesses, the overall strength of the 
evidence supports the validity of the meta-analysis findings.

Synthesis of results

A meta-analysis was conducted using logit-transformed pro-
portions and random-effects models in the R software. The 
studies were categorized by age into three groups: 1) all-popu-
lation; 2) children; and 3) adults. Heterogeneity was evaluated 
using both I2 and T2 statistics. Additionally, subgroup variance 
tests and descriptive analyses were performed to summarize 
supplementary data, including the age at first transfusion, du-
ration between transfusions, and transfusion intervals. These 
analyses are intended to guide future research.

The forest plot (Fig. 2) illustrates the findings from the 
meta-analysis of 20 studies investigating the prevalence of al-
loimmunization in β-thalassemia patients undergoing repeated 
transfusions. The plot visually represents the individual study 
estimates, their respective confidence intervals (CIs), and the 
pooled estimates for various subgroups. The overall pooled 
prevalence of alloimmunization was 6.9% (95% CI: 4.2% - 
11.2%), with significant heterogeneity across studies, indicat-
ed by an I2 value of 94.12% (P = 0.000). This high heterogenei-
ty suggests considerable variability in the reported prevalence, 
likely due to differences in study populations, transfusion 
practices, and alloimmunization detection methods.

Subgroup analysis

The meta-analysis was divided into three subgroups based on 
patient age: all-population, children, and adults. In the all-pop-
ulation subgroup, the pooled prevalence of alloimmunization 
was 5.5% (95% CI: 2.9% - 10.2%), based on data from 16 
studies involving 4,229 patients. This subgroup also exhib-
ited high heterogeneity (I2 = 95.54%, P = 0.000), indicating 
variability in the study estimates. In the children subgroup, the 
pooled prevalence was higher at 9.4% (95% CI: 5.0% - 17.0%) 
with moderate heterogeneity (I2 = 70.52%, P = 0.009). This 
variability suggests that factors such as transfusion protocols 
and antigen matching may influence alloimmunization rates 
in children. In the adult subgroup, the pooled prevalence was 
significantly higher at 30% (95% CI: 17.9% - 45.7%) based on 
a single study involving 40 patients. Due to the limited num-
ber of studies, no heterogeneity measures (I2 or P values) were 
reported for this subgroup.

Discussion

This systematic review and meta-analysis of 20 studies, en-
compassing 4,650 β-thalassemia patients, examined the preva-
lence of alloimmunization against Rh blood group antigens in 
repeatedly transfused individuals. The overall prevalence was 
10.49% (95% CI: 8.9% - 12.2%), with 6.9% (95% CI: 4.2% - 
11.2%) specifically attributed to Rh antibodies. These findings 
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align with prior research identifying Rh antibodies as the most 
frequent alloantibodies in thalassemia patients, underscoring 
the significant immunological challenges posed by lifelong 
transfusion dependency.

High heterogeneity (I2 = 94.12%) reflects variability driven 
by regional differences, donor-recipient antigenic disparity, and 
transfusion practices. Populations with limited antigen match-
ing, such as in Egypt and Southwest Iran, exhibit higher al-
loimmunization rates, whereas nations employing extended 
matching, like some European countries, report lower rates. Pa-
tient-specific factors, including transfusion frequency, splenec-
tomy, and immune maturity, further contribute to this variability, 
highlighting the need for tailored transfusion strategies [35-37]

Subgroup analysis

Subgroup analysis revealed notable differences in alloimmuni-
zation rates between children and adults. In children, the pooled 
prevalence was 9.4% (95% CI: 5.0% - 17.0%), while adults 
showed a much higher prevalence of 30% (95% CI: 17.9% - 
45.7%). This disparity may be attributed to the cumulative ef-

fects of repeated transfusions over time in adults, increasing 
their risk of alloimmunization. As patients age and are exposed 
to foreign antigens from multiple donors, their likelihood of 
developing alloantibodies increases. These results align with 
existing literature, which indicates that the risk of alloimmuni-
zation rises with the number of transfusions and the duration of 
exposure [38-40]. Sex was not identified as a statistically sig-
nificant factor influencing alloimmunization in adult or pediat-
ric transfusion-dependent thalassemia patients. Only in Yemen, 
alloimmunization was found to be significantly associated with 
sex, with females more likely to develop alloantibodies than 
males (P = 0.03). This may suggest immune system differences 
or transfusion patterns influenced by cultural or clinical factors.

High heterogeneity

The substantial heterogeneity (I2 = 94.12%) observed across 
studies suggests that factors such as ethnic diversity, trans-
fusion practices, and antigen matching significantly influence 
alloimmunization rates. Regions with more advanced blood-
matching protocols, including extended Rh and minor antigen 

Figure 2. Forest plot of proportion estimate of alloimmunization in rhesus blood group. CI: confidence interval.
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matching, tend to have lower alloimmunization rates. In con-
trast, areas with less comprehensive matching experience higher 
rates [27-29]. Variations in blood group antigen distribution be-
tween donors and recipients, particularly in diverse populations, 
further increase the risk of alloimmunization due to antigen mis-
match. The study by Ebrahimisadr et al [21], which reported a 
39.7% prevalence of alloimmunization, likely reflects regional 
or institutional differences in transfusion practices, whereas the 
1% prevalence reported by Senavirathna et al [31] may be at-
tributed to stricter matching protocols or differences in genetic 
backgrounds and transfusion frequencies.

Variability in prevalence rates

The wide variability in alloimmunization rates across different 
studies can be explained by several factors. Ethnicity plays a 
critical role, as ethnic differences within populations signifi-
cantly impact immunogenicity. For example, the low prevalence 
(1%) reported in a Sri Lankan study may be due to the ethnic 
homogeneity of the population and effective local transfusion 
practices [31]. In contrast, higher prevalence rates, such as the 
39.7% reported in Iran, may reflect greater genetic diversity and 
varying immunogenic responses to Rh antigens [21].

Transfusion protocols and age-related factors

Blood transfusion protocols are crucial in mitigating alloim-
munization. Studies have shown that matching blood for Rh 
and Kell antigens significantly reduces the risk of alloimmuni-
zation compared to ABO-D matching alone [8]. International 
guidelines recommend extended phenotyping for C, c, E, e, 
and Kell antigens before transfusion to minimize alloimmuni-
zation risks [39-40]. Variations in the implementation of these 
guidelines across different centers may account for some of the 
inconsistencies observed in the reviewed studies.

Age also plays a significant role in the development of 
alloimmunization. The adult subgroup had the highest preva-
lence rate of 30%, which is consistent with findings from East-
ern India, where 67.86% of alloimmunized cases occurred in 
individuals aged 21 - 40 years [41]. This suggests that patients 
requiring multiple transfusions over several years are more 
likely to develop alloantibodies. On the other hand, children 
had a lower rate of 9.1%, possibly due to immune tolerance 
mechanisms that prevent the formation of alloantibodies upon 
initial exposure to foreign RBC antigens [42]

Specific antibodies and technical considerations

The most frequently identified Rh antibody in this review was 
anti-E (34.58%), consistent with findings from other regions 
like Thailand. Anti-D (13.69%) was the second most common, 
potentially influenced by technical factors such as testing er-
rors or weak D variants. Accurate antibody screening is crucial 
for managing thalassemia patients and minimizing alloim-
munization risks. Variations in detection methods may explain 

differences in prevalence rates across studies. Standardizing 
testing protocols can enhance the accuracy of alloantibody 
identification, leading to improved clinical outcomes for pa-
tients undergoing repeated transfusions.

Transfusion practices and alloimmunization

We found that the age at which patients received their first 
transfusion ranged from 0.25 to 12 years. The age at which 
patients begin receiving transfusions significantly influences 
the likelihood of developing alloimmunization. Studies show 
that younger patients, particularly those starting transfusions 
before 2 years of age, are less likely to develop alloantibod-
ies compared to those who begin transfusions later in life. For 
instance, Al-Mousawi et al (2015) observed that the risk of 
alloimmunization was significantly higher in patients who 
started transfusions after the age of 2 [43]. Similarly, Yadav et 
al (2023) reported that patients who received their first trans-
fusion at a median age of 1 year had a higher rate of alloim-
munization compared to those who started at 6 months [38]. 
This phenomenon may be explained by the immune tolerance 
hypothesis, which suggests that early exposure to foreign anti-
gens during the immune system’s developmental stage might 
reduce immunological responsiveness. However, not all stud-
ies consistently identify a significant correlation between age 
at first transfusion and alloimmunization risk [44]. However, 
some studies have found no significant link between age and 
the risk of alloimmunization [36].

The frequency and volume of transfusions are strongly 
linked to alloimmunization risk. Studies show that shorter 
transfusion intervals (< 3 weeks) and higher cumulative trans-
fusion volumes significantly increase alloimmunization rates. 
El Kababi et al (2019) reported that patients with shorter trans-
fusion intervals had a higher likelihood of developing alloanti-
bodies compared to those with longer intervals [44]. Similarly, 
Yadav et al (2023) found that alloimmunized patients received 
more units annually and had shorter transfusion intervals than 
non-alloimmunized patients, further highlighting the associa-
tion between frequent transfusions and heightened immune 
response [38]. These findings emphasize the need for tailored 
transfusion strategies to minimize exposure to foreign antigens 
and reduce alloimmunization risks.

Furthermore, evidence from Teawtrakul et al (2022) em-
phasizes that higher transfusion volumes, particularly exceed-
ing 15 mL/kg, strongly increase the risk of alloimmunization. 
The study underscored that shorter transfusion intervals and 
higher total transfusion volumes are among the most predic-
tive factors for the development of alloantibodies in thalas-
semia patients [45]. This finding is consistent with previous 
research, which indicates that total transfusion volume is a 
key factor in predicting the development of alloantibodies in 
thalassemia patients [35, 46, 47].

Implications for clinical practice

This review underscores the critical need for implementing 
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extended Rh antigen matching protocols in clinical practice. 
Matching blood for both Rh and K antigens before a patient’s 
first transfusion can significantly reduce the risk of alloim-
munization and improve patient outcomes [48]. Given the di-
verse ethnic backgrounds of thalassemia patients worldwide, 
transfusion services should consider implementing extended 
antigen matching protocols that account for the specific an-
tigen profiles common in their patient populations. This ap-
proach could potentially reduce alloimmunization rates by 
minimizing exposure to foreign antigens. Our findings high-
light a significant gap in current practices, particularly in de-
veloping countries where access to comprehensive blood typ-
ing is often limited.

Limitations

While our review provides valuable insights, it has some limi-
tations, including insufficient data for a detailed meta-analysis 
on alloimmunization related to specific Rh antigen variants 
and the absence of heterogeneity analysis in adults. The high 
heterogeneity observed indicates the need for further research 
to identify factors influencing alloimmunization in diverse 
populations, including the potential impact of pharmacothera-
py for comorbidities. Future studies should aim to standardize 
alloimmunization reporting and transfusion practices, conduct 
longitudinal studies to track alloimmunization risk over time 
considering variables such as age, sex, and ethnicity, and in-
vestigate the influence of various medications, particularly im-
munosuppressive drugs, on alloimmunization rates in thalas-
semia patients with comorbidities.

Conclusions

This meta-analysis offers crucial insights into the prevalence 
of alloimmunization in β-thalassemia patients undergoing re-
peated transfusions. The findings reveal particularly high rates 
of alloimmunization among adults, emphasizing the urgent 
need for improved transfusion strategies. Specifically, the use 
of extended phenotypic matching, including Rh and minor an-
tigens, could significantly lower the risk of alloimmunization 
in this population.

The considerable heterogeneity across studies highlights 
the importance of recognizing regional differences in blood 
group antigen distribution and transfusion practices when im-
plementing these strategies. Adapting transfusion protocols 
to accommodate these variations could help clinicians reduce 
alloimmunization rates, improve patient outcomes, and mini-
mize transfusion-related complications in β-thalassemia care. 
Future research should aim to standardize alloimmunization 
reporting and explore the long-term effects of transfusion prac-
tices in diverse populations.
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