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Abstract
Background Beta thalassemia major (β-TM) is a severe genetic anemia with considerable phenotypic heterogeneity. 
This study investigated whether genotype correlates with distinct myocardial iron overload patterns, assessed by 
cardiovascular magnetic resonance (CMR) T2* values.

Methods CMR data for cardiac iron deposition evaluation, which recruited pediatric participants between January 
2021 and December 2024, were analyzed with CVI42. The patients were classified into three genetic subgroups of 
β0/β0, β0/β+, and β+/β+ based on their genetic outcomes. The CMR results classified patients into normal myocardial 
T2* value and myocardial iron overload groups. Qualitative and quantitative factors were subsequently compared by 
groups using comparative statistics.

Results The study included 145 pediatric β-TM patients, with 24 (17%) exhibiting cardiac iron deposition based on 
CMR T2* values. There were significant differences in iron chelation treatment strategies across genotypes, with the 
β0/β0 genotype accounting for 54% (13/24) of patients in the cardiac iron deposition group. Regardless of genotype, 
the mid-inferolateral segment consistently showed the lowest CMR T2* values and the highest prevalence of iron 
deposition.

Conclusion The risk of cardiac iron deposition increases as age progresses, and the mid-inferolateral segment is more 
susceptible to iron accumulation. The β0/β0 genotype is more likely to suffer from cardiac iron overload, emphasizing 
the need for closer clinical monitoring and regular cardiac MRI evaluations.
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Introduction
Thalassemia is an inherited hemolytic anemia resulting 
from mutations in globin synthesis. Among the vari-
ous forms, beta-thalassemia major (β-TM) is the most 
notable and severe genetic phenotype, affecting approxi-
mately 1.5% of the global population [1]. β-TM is char-
acterized by a deficiency in the β chains of hemoglobin, 
resulting in anemia that requires regular transfusions 
and subsequent iron overload [2]. Dysregulation of iron 
homeostasis is a central feature of thalassemia patho-
physiology. Cardiac complications (such as heart failure) 
due to iron overload are the primary cause of morbid-
ity and mortality in β-TM patients [3, 4]. Neither organ 
biopsy (an invasive procedure) nor serum ferritin (which 
fluctuates with many variables), could estimate myocar-
dial iron content directly. Conventional assessments such 
as ultrasound could only identify patients with advanced 
disease [5].

Cardiac magnetic resonance imaging (CMR) T2* is 
significant in the non-invasive and highly reproducible 
quantification for evaluating cardiac iron loading. This 
assessment is the strongest predictor of cardiac compli-
cations [6] and has significantly improved survival rates 
in β-TM patients [7]. As a result, CMR is now routinely 
recommended for assessing iron overload in pediatric 
β-TM patients, according to major clinical guidelines [8]. 
CVI42® (Circle Cardiovascular Imaging, www.circlecvi.
com) is FDA and European Community-approved and 
effectively measures CMR T2* [9]. It automatically identi-
fies ROIs to generate accurate T2* decay curves, although 
its clinical use is limited by cost [10]. Nonetheless, it is 
valuable for accurately reporting iron content.

Due to extensive molecular heterogeneity, β-TM 
patients exhibit a wide range of clinical presentations 
[11]. While the correlation between phenotype and gen-
otype is intricate [12], the genetic component has been 
established as a prognostic risk factor for β-TM patients 
[13], potentially contributing to varying levels of car-
diac impairment [14]. Previous research has confirmed 
that diverse patterns of cardiac iron overload are associ-
ated with different prognoses [15]. However, the detailed 
relationship between cardiac iron overload patterns and 
genetic subtypes remains unclear. Therefore, we aimed 
to evaluate the distribution of cardiac iron deposition in 
different genotypic groups of pediatric β-TM, assessed 
through CMR T2*.

Methods
Participants
We retrospectively reviewed patients undergoing CMR 
evaluation for cardiac iron deposition from January 2021 
to December 2024. Inclusion criteria: (1) availability of 
complete baseline clinical data; (2) no prior hemopoi-
etic stem-cell transplantation treatment; (3) diagnosis 

confirmed by genetic analysis. Exclusion criteria: (1) ane-
mia resulting from causes other than β-TM; (2) cases 
with incomplete or insufficient clinical data. 145 chil-
dren were ultimately included in this retrospective study, 
approved by the Ethics Committee of Shenzhen Chil-
dren’s Hospital (No. 202004002). Figure 1 illustrates the 
workflow for patient selection.

Clinical data included sex, age, and chelation therapy 
details, with confirmation of monotherapy or combi-
nation therapy using deferoxamine (DFO), deferasirox 
(DFX), or deferiprone (DFP). Peripheral blood samples 
were collected, and laboratory tests measured serum 
ferritin (ng/ml), hemoglobin (g/L), and hematocrit (%). 
β-thalassemia mutations were identified using a reverse 
hybridization assay (β-globin strip assay, Shenzhen Chil-
dren’s Hospital Lab). The β+ mutations included IVS-
II-654, -28, βE, -29, -30, -32, CAP, and IVS-I-5, while the 
β0 mutations consisted of CD41-42, CD17, CD71-72, Int, 
CD31, CD14-15, IVS-I-1, CD43, and CD27-28. Based on 
these genetic results, patients were classified into three 
subgroups β0/β0, β0/β+, and β+/β+.

MRI acquisition
CMR exams were performed using a 1.5T scanner (GE, 
Signa, USA). An eight-element cardiac phased-array 
receiver surface coil with breath holding in end-expi-
ration and ECG-gating was used. To measure myocar-
dial T2*, a single short-axis mid-ventricular slice was 
acquired at nine echo times (TE min full) [16]. A gating 
delay time of 0ms after the R-wave was chosen to obtain 
myocardial images consistently in the cardiac cycle irre-
spective of the heart rate. A full-thickness region of inter-
est was measured in the left ventricular myocardium, 
encompassing both epicardial and endocardial regions. 
The detailed sequence parameters can be found in the 
Supplementary Table 1.

Image postprocessing
CMR T2* is a method for assessing tissue iron content 
and demonstrates an inverse correlation with iron levels, 
making it valuable for diagnosing myocardial iron depo-
sition. For image analysis and T2* measurement, CVI42 
version 5.17.1 (Circle Cardiovascular Imaging, Canada) 
was used. This software provided T2* values for six seg-
ments of the short-axis mid-ventricular slice of the left 
ventricle: anterior, anteroseptal, inferoseptal, lateral, 
inferolateral, and anterolateral. After the post-processing 
software identifies the ROIs, two radiologists specializing 
in pediatric cardiac imaging (ZW, with 5 years of expe-
rience; SLW, with 25 years of experience) collaboratively 
review all ROI boundaries to ensure accuracy.

The global heart T2* value was obtained by averaging 
the values of all six segments. The segment most suscep-
tible to iron overload had the lowest T2* value among the 
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six segments for each patient. Patients were then catego-
rized as having normal heart iron concentration (T2* > 
20 ms) or cardiac iron deposition (T2* ≤ 20 ms), based 
on previously published guidelines [17]. Left ventricular 
(LV) function parameters for each patient were obtained 
using cine sequences, including left ventricular ejection 
fraction (LVEF), cardiac output (CO), end-diastolic vol-
ume index (EDVI), end-systolic volume index (ESVI), 
and stroke volume (SV).

Statistical analysis
SPSS 27.0 (IBM, New York, USA) statistical analysis 
software was used for data analysis. The normality of 
continuous parameter distributions was assessed using 
the Kolmogorov-Smirnov test. Normally distributed 
data were described as mean (standard deviation), while 
non-normally distributed data were expressed as median 

(interquartile range). For continuous variables, compari-
sons among the three groups were conducted using the 
One-Way ANOVA test when they had a normal distri-
bution and the Kruskal-Wallis test when they exhibited 
a non-normal distribution. Independent samples t test 
and Mann-Whitney U test were utilized to analyze dif-
ferences between the two groups. Categorical variables 
were presented as frequencies and percentages, and the 
chi-square test was employed for analysis. Post-hoc anal-
ysis using the Bonferroni correction was performed for 
comparisons with significant intergroup differences. A 
p-value of < 0.05 was statistically significant.

Results
Demographics in beta genotypes
Throughout the observation period, 203 patients who 
underwent CMR T2* were enrolled. Fifty-eight patients 

Fig. 1 Flowchart of patient selection

 



Page 4 of 10Zhang et al. BMC Medical Imaging           (2025) 25:31 

were excluded due to other etiologies or incomplete 
data, leaving 145 patients for final inclusion. The demo-
graphic and clinical characteristics of the patients across 
the three genotypic groups are summarized in Table  1. 
Three groups of patients were identified: β0/β0 (n = 52), 
β0/β+ (n = 59), β+/β+ (n = 34). Significant differences were 
observed in hematocrit levels (p = 0.049), chelation ther-
apy (p = 0.041), and combined/sequential therapy fre-
quency (p = 0.038) among the genetic subtypes (Fig. 2a-c). 
The analysis also revealed that β0/β+ patients were more 
likely to receive DFX monotherapy (63% vs. 38% and 
56%, p < 0.05), whereas β0/β0 patients were more com-
monly treated with dual chelation therapy (37% vs. 20% 
and 3%, p < 0.05).

CMR features in beta genotypes
The CMR features in the three genotypic groups are sum-
marized in Table  2. The median global heart T2* value 
was 34ms (range 4.7–59.5) with an interquartile range of 
10ms. Among the 145 included patients, 24 (16.6%) had 
cardiac iron deposition. Figure 3 displays examples show-
ing varying degrees of myocardial siderosis as assessed 
by CVI42. In the cardiac iron deposition group, the β0/
β0 genotype was more prevalent, accounting for 54% 
(13/24), and was more likely to experience iron overload 
compared to the other genotypes (25% vs. 10% vs. 15%), 
although this difference was not statistically significant.

Further analysis revealed that isolated segment myo-
cardial iron deposition was most common, accounting 
for 17%, 31%, and 35% in the three genetic subtypes, 
respectively. Among the six mid-cardiac segments, the 
inferolateral segment showed the lowest CMR T2* values 
and the highest prevalence of iron deposition, with pro-
portions of 40%, 49%, and 35% in the three genetic sub-
types (Fig. 2d-e). No significant differences were found in 
the iron deposition distribution patterns or cardiac func-
tion parameters among the three genetic subtypes (β0/β0, 
β0/β+, and β+/β+).

Cardiac iron overload
Table  3 summarizes the clinical and radiological fac-
tors of the groups with and without cardiac iron deposi-
tion. Patients who suffered cardiac iron deposition were 
older than those in the normal group (mean age of 12.8 
years vs. 10.9 years, p = 0.004) (Fig. 2f ). The distribution 
of chelation therapy differed statistically between the 
two groups (p = 0.012) (Fig. 2g). Patients without cardiac 
iron deposition were more likely to receive monotherapy 
(76% vs. 50%, p < 0.05). In contrast, patients with cardiac 
iron deposition typically underwent combination therapy 
involving three medications (13% vs. 3%, p < 0.05). There 
were no significant differences in sex, laboratory indi-
cators, genotype, or cardiac function between the two 
groups.

Table 1 Demographics in the three genotypic groups
Parameters/variables Genotype p-Value

β0/β0 (n = 52) β0/β+ (n = 59) β+/β+ (n = 34)
Age a (years) 11.6 (3.1) 10.8 (2.8) 11.4 (3.1) 0.351
Sex c (M/F) 29 / 23 40 / 19 19 / 15 0.349
Serum ferritin b (ng/ml) 2720 (3221) 2218 (2286) 2878 (4070) 0.162
Hemoglobin a (g/L) 105.2 (18.6) 100.3 (14.5) 97.5 (17.6) 0.094
Hematocrit a (%) 30.8 (5.8)e 29.7 (4.5) 27.8 (6.7)e 0.049d

Chelation therapy c (%) 0.041d

 DFO 10 (50) 7 (35) 3 (15)
 DFX 20 (26)e 37 (49)e 19 (25)
 DFP 1 (13) 2 (25) 5 (62)
 DFO + DFX 13 (50) 9 (35) 4 (15)
 DFO + DFP 2 (67) 1 (33) 0
 DFX + DFP 4 (67) 2 (33) 0
 DFO + DFX + DFP 2 (33) 1 (17) 3 (50)
Number of chelation therapy types c (%) 0.038d

 One 31 (30) 40 (44) 21 (26)
 Two 19 (54)e 12 (34) 1 (12)e

 Three 2 (33) 1 (17) 3 (50)
a. Data are mean, with standard deviation. The One-Way ANOVA test was used to analyze

b. Data are median, with interquartile range. The Kruskal-Wallis test was used to analyze

c. Data are frequency, with percentage. The Chi-square test was used to analyze

d. A p-value of < 0.05 was statistically significant

e. Post-hoc analysis (Bonferroni correction) showed a significant difference between the two groups (p < 0.05)

f. DFO: deferoxamine; DFX: deferasirox; DFP: deferiprone
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Discussion
Blood transfusions cause iron deposition in the heart, 
liver, and other organs, leading to cardiac siderosis and 
cardiomyopathy, which is the major cause of β-TM 
patient death [3]. Fortunately, this complication is revers-
ible with appropriate iron chelation therapy, highlighting 
the need for monitoring cardiac iron overload [4]. While 
serum ferritin levels are unreliable due to various influ-
encing factors, tissue biopsy is accurate but invasive and 
subject to uneven iron distribution. CMR T2* using the 
gradient-echo relaxometry method has been validated 
as a non-invasive, simple, and reliable method to assess 
myocardial iron overload [5].

Our study included 145 β-TM patients who depended 
on long-term blood transfusions. In the course of patient 
analysis, both the global cardiac iron overload and the 

iron distribution in each cardiac segment (the short-
axis mid-ventricular slice) were evaluated using CVI42. 
The dataset was further grouped as cardiac iron deposi-
tion and noncardiac iron deposition based on the CMR 
T2* value. According to our findings, 16.6% of pediat-
ric patients exhibited abnormal cardiac iron deposition 
(T2* < 20ms), which is slightly lower than the previously 
reported data suggesting that 17-40% of children with 
β-TM experienced cardiac iron overload [18–21]. The 
differences in measurement tools and ROI ranges may 
account for the lower proportion of cardiac iron overload 
in this study. Interestingly, we observed a significantly 
lower mean age in the noncardiac iron deposition group 
compared to the cardiac iron deposition group, consis-
tent with previous research [18, 21]. As β-TM patients 
undergo long-term regular blood transfusions, the risk 

Fig. 2 Visualization of significant intergroup differences in statistical indicators. * and ** indicate statistically significant p-values of < 0.05 and < 0.01, 
respectively
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of organ iron deposition increases with aging and cumu-
lative transfusion exposure. The outcomes further con-
firmed the importance of early detection and regular 
follow-up for cardiac iron deposition in β-TM patients.

Genotypic variations could lead to diverse degrees of 
cardiac iron accumulation. Our study outcomes revealed 
that the β0/β0 group took up the highest proportion 
(54%) among pediatric β-TM patients with cardiac iron 
deposition, consistent with the findings of Zhou et al. 
[18]. The increased susceptibility to iron toxicity-induced 
DNA damage of the β0/β0 genotype [11] could poten-
tially account for the association with the heightened risk 
of cardiac iron overload [13]. Irrespective of the global 
heart T2* value, a noteworthy proportion of patients 

demonstrate a heterogeneous myocardial iron burden. 
Within the cohort, 49% of individuals exhibit iron over-
load in at least one myocardial segment, a prevalence far 
surpassing those identified as having cardiac iron depo-
sition based solely on the global heart T2* value (17%). 
This finding was in line with the previous research [15] 
and underscored the significance of evaluating the distri-
bution of T2* values in each myocardial segment.

In iron overload cardiomyopathy, iron predominantly 
deposits in the subepicardial fibers [22]. Our results also 
revealed that the mid-inferolateral segment exhibited the 
lowest CMR T2* values and the highest prevalence of 
iron deposition, regardless of genotype in β-TM children. 
A similar pattern was observed in the heterogeneous 

Table 2 CMR features in the three genotypic groups
Parameters/variables Genotype p-Value

β0/β0 (n = 52) β0/β+ (n = 59) β+/β+ (n = 34)
Global heart T2* value b (ms) 34.7 (14.7) 34.1 (8.4) 33.4 (10.8) 0.997
Cardiac iron deposition c (%) 13 (54) 6 (25) 5 (21) 0.105
T2* value of each segment (ms)
 Anterior b 36.4 (19.6) 36.3 (14.7) 34.4 (19.9) 0.943
 Anteroseptal b 39.4 (28.1) 38.8 (22.5) 44.9 (26.3) 0.531
 Inferoseptal b 38.7 (22.4) 38.3 (13.7) 36.3 (23.5) 0.819
 Lateral a 32.2 (16.7) 30.7 (12.1) 28.7 (11.2) 0.513
 Inferolateral b 24.9 (15.3) 26.4 (17.4) 23.5 (15.4) 0.529
 Anterolateral a 30.0 (12.0) 32.3 (12.7) 30.7 (11.9) 0.589
The most susceptible segment to iron deposition c (%) 0.642
 Anterior 6 (32) 8 (42) 5 (26)
 Anteroseptal 2 (50) 0 (0) 2 (50)
 Inferoseptal 1 (17) 2 (33) 3 (50)
 Lateral 12 (37.5) 12 (37.5) 8 (25)
 Inferolateral 21 (34) 29 (47) 12 (19)
 Anterolateral 10 (46) 8 (36) 4 (18)
Number of segments with T2* < 20ms c (%) 0.570
 Zero 30 (41) 31 (42) 13 (17)
 One 9 (23) 18 (46) 12 (31)
 Two 2 (29) 2 (29) 3 (42)
 Three 1 (33) 1 (33) 1 (33)
 Four 1 (33) 2 (67) 0 (0)
 Five 4 (50) 1 (13) 3 (37)
 Six 5 (46) 4 (36) 2 (18)
Cardiac function
 LVEF b (%) 63 (10) 65 (10) 62 (10) 0.109
 CO b (L/min) 3.2 (1.0) 3.6 (1.4) 3.3 (0.9) 0.267
 EDVI b (ml/m2) 43.8 (16.6) 49.1 (19.7) 46.7 (23.5) 0.545
 ESVI b (ml/m2) 16.7 (6.5) 17.4 (7.6) 21.9 (11.4) 0.072
 SV a (ml) 35.8 (12.4) 36.3 (11.6) 33.1 (11.2) 0.426
a. Data are mean, with standard deviation. The One-Way ANOVA test was used to analyze

b. Data are median, with interquartile range. The Kruskal-Wallis test was used to analyze

c. Data are frequency, with percentage. The Chi-square test was used to analyze

d. A p-value of < 0.05 was statistically significant

e. Post-hoc analysis (Bonferroni correction) showed a significant difference between the two groups (p < 0.05)

f. DFO: deferoxamine; DFX: deferasirox; DFP: deferiprone; LVEF: left ventricular ejection fraction; CO: cardiac output; EDVI: end-diastolic volume index; ESVI: end-
systolic volume index; SV: stroke volume
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myocardial iron overload model proposed by Meloni et 
al. [15], although their study primarily focused on the 
heterogeneity aspect and did not include segment-level 
analysis. Our study provides a more detailed analysis 
of the segmental distribution of cardiac iron deposi-
tion. While statistical significance may be limited due to 
sample size, it is important to note the higher risk of iron 
accumulation in the inferolateral segment, which war-
rants targeted monitoring and treatment.

Prolonged high iron levels can lead to tissue toxic-
ity and endocrine abnormalities, necessitating essential 
iron chelation for pediatric β-TM patients [8]. The data 
regarding chelation therapy showed a higher prevalence 
of monotherapy with DFX in each subtype compared 
to the other two drugs. This preference was attributed 
to its superior adherence rates [23, 24], which is par-
ticularly important among adolescent patients [25]. 
Moreover, DFP therapy was more frequent in the β+/β+ 
genotype when compared other two groups, since DFP 
is well known for being more effective in removing iron 
from the heart [26]. In transfusion-dependent patients 
who began regular transfusions during early childhood, 
combined chelation therapy has significantly outper-
formed any single drug treatment in reducing organ iron 
[27]. Consequently, the present study observed a marked 
increase in the usage of combination therapy among 

individuals in the β0/β0 genotype group and those diag-
nosed with cardiac iron deposition.

This study has several potential limitations. First, it is 
limited by its retrospective design, the small number of 
patients with myocardial iron overload, and the single-
center setting. Future studies will aim to expand the 
cohort or incorporate multicenter data to further validate 
and strengthen the findings. Second, our analysis focused 
on six myocardial segments rather than a comprehen-
sive assessment of the entire heart. However, previous 
research [28] has demonstrated that iron content in the 
interventricular septum largely reflects the iron content 
of the whole heart. Third, the considerable heterogeneity 
in individual iron chelation therapy may introduce bias in 
result interpretation, despite the absence of a clear con-
sensus on treatment adherence or the optimal measure-
ment methods [25]. Finally, this study did not account 
for the potential influence of transfusion history on iron 
deposition, which will be addressed in future research.

Conclusions
In conclusion, our clinical analysis demonstrates a sig-
nificant correlation between cardiac iron deposition and 
advancing age. The β0/β0 genotype is notably associated 
with a higher prevalence of myocardial iron overload. 
Segmental heart T2* analysis revealed distinct patterns 
of cardiac iron distribution, with the likelihood of iron 

Fig. 3 Patients with different degrees of myocardial siderosis accessed by CVI42. The color overlaid on the images of the T2* mapping sequence. (A) The 
example of a noncardiac iron deposition patient with a global heart T2* value of 37.5 (T2* > 20ms). (B) The example of mild cardiac iron deposition patient 
with a global heart T2* value of 18.3 (14ms < T2* ≤ 20ms). (C) The example of moderate cardiac iron deposition patient with a global heart T2* value of 11.4 
(10ms < T2* ≤ 14ms). (D) The example of severe cardiac iron deposition patient with a global heart T2* value of 6.3 (T2* ≤ 10ms)
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deposition in individual segments being much higher 
than that indicated by the global heart T2* value. Specifi-
cally, the mid-inferolateral segment exhibited a marked 
propensity for iron accumulation. These findings high-
light the importance of considering genotype-specific 
iron deposition patterns in clinical management and che-
lation strategies for pediatric β-TM patients and recom-
mend incorporating cardiac MRI assessments into the 
follow-up of β0/β0 patients. Future cohort studies with 
expanded sample sizes will be conducted to further vali-
date our results.
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