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MRI-T2* quantification of cardiac iron content correlates with extramedullary hematopoiesis and homozygous β0 genotypes in transfusion-dependent thalassemia
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Aim: This study examined the correlation between cardiac iron content and extramedullary hematopoiesis (EMH) masses, and evaluated the predictive value of cardiac iron content for homozygous β0 genotypes in transfusion-dependent thalassemia (TDT) patients.

Methods: This prospective study enrolled 77 thalassemia patients from October 2022 to June 2024. MRI was used to quantify EMH mass number (NEMH) and maximum diameter (DEMH), as well as cardiac and liver T2* values via T2* mapping. Clinical data were collected from hospital records. Participants were grouped by transfusion dependence, NEMH, DEMH, and genotype. Multiple linear regression and receiver operating characteristic (ROC) analyses were applied to identify cardiac T2* predictors and the discriminative power of cardiac T2* for homozygous β0 genotypes in transfusion-dependent thalassemia (TDT) patients.

Results: Of 77 patients, 58 had TDT and 19 had NTDT. Among TDT patients, 42 were EMH (+) and 16 EMH (–). The EMH (+) group was subdivided by NEMH into 0 < NEMH < 10 (n = 13) and NEMH ≥ 10 (n = 29), and by the median DEMH into 0 < DEMH < 2.85 cm (n = 21) and DEMH ≥ 2.85 cm (n = 21). Genotyping was performed on 25 β-TDT patients, identifying 14 as homozygous β0 and 11 as heterozygous β0β+. The TDT patient group showed a significantly higher prevalence of EMH than the NTDT group (p = 0.001). In TDT patients, the NEMH ≥ 10 or DEMH ≥ 2.85 cm group had elevated cardiac T2* (p = 0.018; p = 0.014). DEMH ≥ 2.85 cm remained an independent predictor of cardiac T2* (p < 0.05). Homozygous β0 genotypes correlated with lower cardiac T2* (p = 0.009). Cardiac T2* predicted β0 genotype with AUC of 0.812 (95% CI: 0.613–0.993), sensitivity 85.7%, and specificity 81.8% at a cutoff of 37.45 ms.

Conclusion: EMH masses were highly prevalent in this TDT cohort. Larger EMH mass size—more so than greater number—was significantly associated with elevated cardiac T2* values. Furthermore, cardiac T2* serves as an effective non-invasive predictor of homozygous β0 genotypes in β-TDT patients.
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1 Introduction

Globally, thalassemia ranks among the most prevalent monogenic disorders (1–3), with an age-standardized prevalence of 18.28 per 100,000 individuals reported in 2021 (3). Depending on the severity of anemia and the necessity for blood transfusions, thalassemia is categorized into transfusion-dependent thalassemia (TDT) and non-transfusion-dependent thalassemia (NTDT) (1). Chronic anemia, a hallmark of thalassemia, is a risk factor for extramedullary hematopoiesis (EMH), while iron overload contributes to organ dysfunction, particularly in the heart and liver (1). Magnetic resonance imaging (MRI) is essential for assessing EMH and organ iron deposition, guiding treatment strategies that improve patient outcomes (1).

Chronic anemia induces ineffective erythropoiesis, leading to EMH in patients with thalassemia. This compensatory mechanism, which forms mass-like structures, arises when the bone marrow's capacity to produce red blood cells (RBCs) fails to satisfy physiological needs (4–7). Notably, EMH can develop in the spinal canal, exerting pressure on the spinal cord and risking severe outcomes such as paraplegia (8–10).

Frequent blood transfusions, essential for managing thalassemia, result in significant iron deposition in critical organs, including the liver, heart, and endocrine glands (11). These transfusions are a fundamental cause of iron overload in TDT patients (12, 13). Furthermore, variations in the β-thalassemia genotype influence transfusion requirements and the spectrum of clinical complications. Particularly, the homozygous β0 genotype is associated with a range of serious health issues, such as heart failure and hypogonadotropic hypogonadism (14–16), underscoring the importance of genotype determination in managing the disease.

MRI is the primary modality for detecting, assessing, and tracking EMH (7). The MRI-T2* technique stands as the benchmark for non-invasively quantifying tissue iron content (17, 18). Within this framework, cardiac T2* values are essential for evaluating the extent of cardiac iron accumulation and the associated risk of cardiomyopathy in thalassemia major (TM) patients (19). A cardiac T2* value < 10 ms substantially heightens the risk of heart failure, indicated by a relative risk (RR) of 160 (20). Innovations in iron chelation therapy have significantly advanced the treatment of iron buildup in these individuals (21, 22). A 10-year retrospective study involving 912 β-TDT patients showed that those with cardiac T2* values < 27 ms faced an 8.6-fold increase in all-cause mortality risk (23). Another study noted a strong association between cardiac T2* values < 34 ms and elevated all-cause mortality rates in β-thalassemia patients (24).

While previous studies have confirmed an inverse correlation between EMH presence and cardiac iron deposition (25, 26), no studies have quantified the impact of EMH burden (mass number/size) on cardiac iron content. Furthermore, identifying patients with high-risk homozygous β0 genotypes remains challenging in resource-limited regions, primarily due to structural inequities in regional and population-level genetic testing resources and technologies (27).

Given that EMH may have the capacity to sequester excess iron (25), and considering that cardiac T2* values are lower in patients with homozygous β0 genotypes compared to those with β0β+ or homozygous β+ genotypes (28, 29), we hypothesized that EMH lesion size and number are associated with cardiac iron deposition, and that cardiac iron content could serve as a predictor of genotype in TDT patients. Additionally, we propose that EMH assessment could help guide clinical management decisions, specifically, prioritizing either the management of EMH-related mechanical compression effects on adjacent organs or enhancing cardiac iron monitoring and chelation therapy. Furthermore, cardiac iron content evaluation might provide clinical value in genotype prediction.

This study seeks to clarify the relationship between cardiac iron content and EMH masses in TDT patients, as well as to determine the potential of cardiac iron levels, as measured by the MRI-T2* method, to predict homozygous β0 genotypes.



2 Materials and methods


2.1 Patients

Between October 2022 and June 2024, 77 patients with thalassemia were recruited for a prospective study. The inclusion criteria were as follows: (1) TDT patients were those who required regular blood transfusions. The remaining patients were classified as NTDT; (2) patients were aged 18 years or older; (3) patients provided written informed consent. Exclusion criteria included: (1) patients with contraindications to MRI; (2) patients unable to perform the breath-holding required during MRI scans; (3) pregnant patients; (4) patients diagnosed with malignant tumors; (5) patients who had undergone hematopoietic stem cell transplantation or gene therapy before enrollment; (6) patients whose image quality did not meet the requirements for quantification and diagnosis. The study adhered to the Declaration of Helsinki (revised 2013) and was approved by the institutional ethics committee (original clinical trial approval numbers: 2022-Y055-01 and 2022-Y034-01; supplemental approval number for data analysis: 2025-E0097).



2.2 MRI protocol

MRI was conducted using a Siemens 1.5 T MAGNETOM Altea Fit scanner equipped with a 12-channel abdominal coil. Cardiac MRI was performed with ECG gating, capturing a single midventricular septal short-axis slice during end-expiratory breath-hold, with a flip angle of 20°, a matrix of 67 mm × 224 mm, a field of view (FOV) of 239 mm × 400 mm, a slice thickness of 10 mm, a repetition time (TR) of 138 ms, and echo time (TE) of 2.97 ms, 5.54 ms, 8.23 ms, 10.92 ms, 13.61 ms, 16.30 ms, 18.99 ms, 21.68 ms, with a scan duration of around 10 s. Liver MRI was conducted at the level of the second porta hepatis during end-expiratory breath-hold, with a flip angle of 20°, a matrix of 64 mm × 128 mm, a FOV of 200 mm × 400 mm, a slice thickness of 10 mm, a TR of 200 ms, and TE of 1.33 ms, 2.40 ms, 3.48 ms, 4.63 ms, 5.71 ms, 6.86 ms, 7.94 ms, 9.09 ms, 10.17 ms, 11.32 ms, 12.40 ms, 13.55 ms, with a scan duration of about 14 s.

To detect EMH, scans included the chest, abdomen, pelvis, and spine. Sequences for the chest, abdomen, and pelvis included transverse T2-weighted FBLADE with fat saturation, transverse and coronal T2-weighted HASTE, and transverse T1-weighted VIBE Dixon (with in-phase, opposed-phase, water-only, and fat-only images); for the spine, included transverse and sagittal T2-weighted TSE, sagittal T2-weighted TSE with fat saturation, and sagittal T1-weighted TSE.



2.3 MR images post-processing and analysis
 
2.3.1 Measurement of cardiac and liver T2* values

Cardiac and liver T2* values were measured using the thalassemia tools function in CMRtools software (version 2010). For cardiac measurements, a single region of interest (ROI) was positioned within the mid-ventricular septum, carefully avoiding the endocardium. For liver assessments, four ROIs were drawn at the level of the second porta hepatis, avoiding large vessels and bile ducts. After ROI delineation, T2* values were calculated from the acquired signal intensity (SI) curves. A mono-exponential model was applied to quantify T2* values. The fitting range was determined as follows: when all SI points across echo times (TEs) conformed to a mono-exponential decay curve, all echoes were used. However, if SI points at later TEs exhibited a “signal plateau” or deviated significantly from the curve, the truncation method was applied (30, 31): SI points were sequentially discarded backward until the remaining data points aligned with the mono-exponential decay model. Final T2* values were accepted only if the goodness-of-fit (R2) reached ≥0.95. To assess inter-observer variability, three experienced radiologists (with over 3 years of experience in iron quantitative MRI) measured cardiac and liver T2* values while being blinded to the corresponding patients' EMH status, genotypes, and each other's results. A cardiac T2* value < 20 ms indicated cardiac iron overload, and a liver T2* value < 6.3 ms suggested hepatic iron overload (18).



2.3.2 Evaluation of EMH

Two other experienced radiologists (each with > 7 years of MR imaging diagnostic experience) independently evaluated EMH lesions, blinded to cardiac and liver T2* values and patient genotypes. Evaluation content included: (1) anatomical location of EMH masses; (2) size of EMH masses, measured as the largest dimension (DEMH) among longitudinal diameter, transverse diameter, and height. Measurements were taken on axial T2-weighted sequences for longitudinal and transverse diameters, and on coronal or sagittal T2-weighted sequences for height; (3) the number of discrete EMH lesions (NEMH) with a maximum diameter ≥0.5 cm. In cases of disagreement regarding NEMH and anatomical site, consensus was achieved through discussion. For DEMH, the radiologists independently recorded measurements, remaining blinded to each other's results.




2.4 Collection of data

Data collected included: (1) clinical characteristics, such as age, sex, body mass index (BMI), transfusion history, splenectomy history, and chelation therapy; (2) laboratory parameters, including hemoglobin, ferritin, and thalassemia genotypes—the average values of hemoglobin and ferritin levels within 3 months following the MRI were considered; thalassemia genotypes were obtained from patient medical records, referring to the β-genotype classification criteria reported in previous literature (32); (3) MRI data, which encompassed liver T2* value, cardiac T2* value, and EMH masses.



2.5 Sample size estimation

Sample size estimation was performed using an a priori power analysis (G*Power 3.1.9.7), based on an effect size (Cohen's d = 0.985) derived from previous literature (25). With α = 0.05 and statistical power = 0.80, a minimum sample size of 36 subjects was required.



2.6 Statistical analysis

Data analysis utilized SPSS 27. Intraclass correlation coefficient (ICC) was used to evaluate inter-observer reproducibility for cardiac T2*, liver T2*, and DEMH measurements, with ICC > 0.75 indicating good agreement. The normality of continuous variables was assessed using the Shapiro-Wilk test and visual examination of histograms. Continuous variables that were normally distributed are presented as mean ± standard deviation (SD). Those with a non-normal distribution are presented as medians with interquartile ranges [median (P25, P75)]. Group comparisons involved the independent-sample t-test or the Mann-Whitney U test as appropriate. Categorical data were expressed as frequency (percentage) and analyzed via the Chi-square or Fisher's exact tests. To explore the independent effects of extramedullary hematopoiesis (EMH) characteristics on cardiac iron deposition, we constructed two multivariate linear regression models with cardiac T2* value as the dependent variable. Model 1 was grouped by DEMH and Model 2 by NEMH. Both models were adjusted for potential confounders, including age, gender, age at first transfusion, iron chelation duration, splenectomy status, duration post-splenectomy, pre-transfusion Hb level, and liver T2* value. Regression results were presented as unstandardized coefficients (B) with 95% CIs, standardized coefficients (β), and p-values. Model fit was assessed by adjusted R2, and overall significance was tested by ANOVA. The capability of cardiac T2* values to predict homozygous β0 genotypes in transfusion-dependent β-thalassemia patients was assessed using the receiver operating characteristic (ROC) curve. The area under the curve (AUC) was calculated to assess the predictive value of cardiac T2* values for identifying homozygous β0 genotypes. Optimal cut-off values, sensitivity, and specificity were determined using the Youden index. Internal validation of the AUC was conducted using the bootstrap method with 5,000 iterations in R. A two-tailed p-value < 0.05 was considered statistically significant for all analyses.




3 Results


3.1 Patients' characteristics

A total of 77 thalassemia patients were included, consisting of 58 TDT and 19 NTDT patients. The median age was 22.5 years for TDT patients, 44.8% of whom were female, and 33 years for NTDT patients, with 57.9% being female.

Clinical and MR characteristics of the TDT and NTDT patients are detailed in Table 1. Notably, TDT patients were younger with significantly lower body mass index (p = 0.003 and p = 0.030, respectively). Higher proportions of TDT patients underwent chelation therapy and splenectomy (p < 0.001 and p = 0.006, respectively), compared to NTDT patients. Both groups were comparable in sex distribution and duration post-splenectomy (both p > 0.05).

TABLE 1 Comparison of clinical and MR characteristics between TDT patients and NTDT patients.	Variable	TDT, n = 58	NTDT, n = 19	P-value
	Female, n (%)	26 (44.8)	11 (57.9)	0.322
	Age, years	22.5 (20, 31)	33 (23, 45)	0.003
	BMI, kg/m2	18.81 ± 2.58	20.28 ± 2.33	0.030
	Chelation received	52 (89.7)	4 (21.1)	<0.001
	Splenectomy, n (%)	30 (51.7)	3 (15.8)	0.006
	Duration post-splenectomy, years	13.97 ± 7.79	10.33 ± 7.10	0.444
	Hb, g/L	83 (75, 91.25)	85.42 ± 11.14	0.232
	0 < Hb < 95, n (%)	48 (82.8)	17 (89.5)	0.737
	Hb ≥ 95, n (%)	10 (17.2)	2 (10.5)	
	SF, μg/L	2336.00 (1081.33, 3885.88)	361.78 (278.67, 745.78)	<0.001
	0 < SF < 1,000, n (%)	12 (20.7)	16 (84.2)	<0.001
	SF ≥ 1,000, n (%)	46 (79.3)	3 (15.8)	
	EMH masses, n (%)	42 (72.4)	6 (31.6)	0.001
	Cardiac T2*, ms	35.81 (20.34, 46.92)	46.87 (39.89, 56.49)	0.002
	Cardiac T2* < 20 ms, n (%)	14 (24.1)	0(0)	0.016
	Cardiac T2*>20 ms, n (%)	44 (75.9)	19 (100)	
	Liver T2*, ms	1.27 (1.10, 3.07)	4.11 (2.12, 10.05)	<0.001
	Liver T2* < 6.3 ms, n (%)	52 (89.7)	11 (57.9)	0.006
	Liver T2*>6.3 ms, n (%)	6 (10.3)	8 (42.1)	

Continuous variables are presented as mean ± SD or [median (P25, P75)]. Categorical data are expressed as n (%). Statistically significant results (p < 0.05) are highlighted in bold.
BMI, body mass index; Hb, hemoglobin; SF, serum ferritin; EMH, extramedullary hematopoiesis.


In laboratory parameters, TDT patients had significantly elevated serum ferritin (SF) levels (p < 0.001), with a higher proportion exceeding 1,000 μg/L (p < 0.001). Hemoglobin (Hb) levels and the proportion of patients with Hb ≥ 95 g/L showed no significant differences between groups.

MR results revealed a higher prevalence of EMH masses in TDT patients (p = 0.001), who also exhibited lower cardiac T2* values (p = 0.002) and a greater proportion with cardiac T2* values < 20 ms (p = 0.016). Liver T2* values were lower in the TDT group (p < 0.001), with a higher incidence of liver T2* values < 6.3 ms (p = 0.006).



3.2 Clinical and MR characteristics of TDT patients

Fifty-eight TDT patients included 42 (72.4%) with EMH masses and 16 (27.5%) without. The anatomical distribution of EMH masses is depicted in Figure 1. The most common site was the paravertebral thoracic region, where EMH masses were identified in 40 (95.2%) of the TDT patients with EMH. EMH masses were also found within the spinal canal in 9 (21.4%) of these patients. Figure 2 illustrates the anatomical sites of the largest EMH mass for each patient with EMH. The largest masses were predominantly located in the lower paravertebral thoracic region at the T9-T12 level, involving 27 (64.3%) of the TDT patients with EMH.


[image: Bar chart showing the frequency of anatomical regions, with the paravertebral thoracic region having the highest frequency of 17, followed by the paravertebral thoracic region and rib at 8. Other regions show frequencies ranging from 1 to 2.]
FIGURE 1
 Anatomic distribution of EMH masses in 42 EMH (+) TDT patients.
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FIGURE 2
 Anatomic sites of the largest EMH mass in each of the 42 EMH (+) TDT patients.


Fifty-eight TDT patients were categorized into two groups: the EMH (+) group (n = 42) and the EMH (–) group (n = 16). For the EMH (+) group, the median maximum dimension of the largest EMH lesion measured per patient was 2.85 cm, with an interquartile range of 1.85–3.90 cm.

The EMH (+) TDT patients were categorized into two groups based on the NEMH: the 0 < NEMH < 10 group (n = 13) and the NEMH ≥ 10 group (n = 29). In addition, they were classified according to the median maximum dimension of EMH masses into the 0 < DEMH < 2.85 cm group (n = 21) and the DEMH ≥ 2.85 cm group (n = 21). Due to the small sample size (n = 19), NTDT patients were not categorized by EMH status.


3.2.1 Association between EMH masses and cardiac T2* values

Table 2 compares the clinical and MR characteristics between EMH (+) and EMH (-) TDT patients. Most characteristics were similar between the EMH (+) group and the EMH (–) group, except the EMH (+) group began their first transfusion later (p = 0.026) and had significantly higher cardiac T2* values (p = 0.017).

TABLE 2 Comparison of clinical and MR characteristics between EMH (+) and EMH (–) TDT patients.	Variable	EMH (+), n = 42	EMH (–), n = 16	P-value
	Female, n (%)	16 (38.1%)	10 (62.5%)	0.095
	Age, years	24 (20, 32.25)	22 (19, 25.75)	0.307
	BMI, kg/m2	19.00 ± 2.82	18.36 ± 1.82	0.415
	Age at first transfusion, months	60 (24, 126)	18 (8.5, 36)	0.026
	Chelation received	38 (90.5)	14 (87.5)	1.000
	Chelation duration	5.25 (1.71, 14.13)	11 (7.25, 17.50)	0.163
	Splenectomy, n (%)	21 (50.0)	9 (56.3)	0.670
	Duration post-splenectomy, years	14.14 ± 8.81	13.56 ± 5.10	0.854
	Pre-transfusion Hb, g/L	83.50 (75.75, 90.25)	80.13 ± 20.73	0.931
	0 < Hb < 95, n (%)	37 (88.1)	11 (68.8)	0.176
	Hb ≥ 95, n (%)	5 (11.9)	5 (31.2)	
	SF, μg/L	1,610 (1005.50, 3455.25)	3869.82 ± 2756.70	0.068
	0 < SF < 1,000, n (%)	10 (23.8)	2 (12.5)	0.557
	SF ≥ 1,000, n (%)	32 (76.2)	14 (87.5)	
	Cardiac T2*, ms	37.22 ± 16.08	25.54 ± 16.36	0.017
	Cardiac T2* < 20 ms, n (%)	7 (16.7)	7 (43.8)	0.070
	Cardiac T2*>20 ms, n (%)	35 (83.3)	9 (56.2)	
	Liver T2*, ms	1.40 (1.09, 3.01)	1.26 (1.10, 3.78)	0.821
	Liver T2* < 6.3 ms, n (%)	37 (88.1)	15 (93.7)	0.881
	Liver T2*>6.3 ms, n (%)	5 (11.9)	1 (6.3)	

Continuous variables are presented as mean ± SD or [median (P25, P75)]. Categorical data are expressed as n (%). Statistically significant results (p < 0.05) are highlighted in bold.
BMI, body mass index; Hb, hemoglobin; SF, serum ferritin; EMH, extramedullary hematopoiesis.




3.2.2 Correlation of the number and size of EMH masses with cardiac T2* values

Subgroup analyses were conducted for EMH (+) TDT patients (Table 3). The cardiac T2* values were significantly lower in the 0 < NEMH < 10 group compared to the NEMH ≥ 10 group (p = 0.018). No notable differences were found between groups for the proportion of patients with a cardiac T2* value < 20 ms, liver T2* values, or age at the first transfusion (all p > 0.05). The 0 < DEMH < 2.85 cm group displayed lower cardiac T2* values compared to the DEMH ≥ 2.85 cm group (p = 0.014). No significant differences were found between these two groups regarding the proportions of patients with a cardiac T2* value < 20 ms, liver T2* values, or the proportions of patients with a liver T2* value < 6.3 ms (all p > 0.05). Furthermore, the age at the first transfusion did not differ significantly between the groups.

TABLE 3 Comparison of clinical and MR characteristics of TDT patients with EMH masses between subgroups based on the EMH masses in number and size.	Variable	0 < NEMH < 10, n = 13	NEMH ≥10, n = 29	P-value	0 < DEMH < 2.85, n = 21	DEMH ≥2.85, n = 21	P-value
	Age at first transfusion, months	48 (18, 114)	72 (24, 144)	0.567	36 (21, 108)	96 (30, 144)	0.194
	Cardiac T2*, ms	28.57 ± 16.61	41.09 ± 14.49	0.018	31.21 ± 16.52	43.22 ± 13.46	0.014
	Cardiac T2* < 20 ms, n (%)	4 (30.8)	3 (10.3)	0.232	5 (23.8)	2 (9.5)	0.408
	Cardiac T2*>20 ms, n (%)	9 (69.2)	26 (89.7)		16 (76.2)	19 (90.5)	
	Liver T2*, ms	1.12 (1.05, 3.37)	1.77 (1.13, 3.15)	0.314	1.77 (1.09, 6.34)	1.25 (1.08, 2.60)	0.399
	Liver T2* < 6.3 ms, n (%)	11 (84.6)	26 (89.7)	1.000	16 (76.2)	21 (100)	0.057
	Liver T2*>6.3 ms, n (%)	2 (15.4)	3 (10.3)		5 (23.8)	0 (0)	

Continuous variables are presented as mean ± SD or [median (P25, P75)]. Categorical data are expressed as n (%). Statistically significant results (p < 0.05) are highlighted in bold.


To further assess the independent association of EMH characteristics with cardiac T2*, we constructed two multivariable linear regression models (Table 4). Model 1 (grouped by DEMH) was statistically significant overall (F = 2.833, p = 0.008), with an adjusted R2 of 0.243, indicating that the model explains 24.3% of the variation in cardiac T2* values. After adjusting for all covariates, the presence of DEMH ≥ 2.85 cm was independently associated with higher cardiac T2* values (B = 13.651, 95% CI: 2.290 to 25.012, p = 0.020) compared to the no EMH group. Model 2 (grouped by NEMH) was also statistically significant overall (F = 2.514, p = 0.016), with an adjusted R2 of 0.210, indicating that the set of independent variables collectively explains 21% of the variation in cardiac T2* values. However, after adjusting for other variables, no independent variable was identified as a significant predictor (all p > 0.05).

TABLE 4 Multivariable linear regression analysis of factors associated with cardiac T2*.	Variable	Model 1	Model 2
	B (95% CI)	β	P	B (95% CI)	β	P
	EMH group
	DEMH < 2.85 cm group	0.814 (−9.946, 11.573)	0.023	0.880	–	–	–
	DEMH ≥ 2.85 cm group	13.651 (2.290, 25.012)	0.393	0.020	–	–	–
	NEMH < 10 group	–	–	–	0.649 (−11.273, 12.572)	0.016	0.913
	NEMH ≥ 10 group	–	–	–	10.156 (−0.395, 20.707)	0.304	0.059
	Covariates
	Age, years	0.316 (−0.331, 0.964)	0.166	0.331	0.481 (−0.154, 1.116)	0.252	0.134
	Gender	7.692 (−1.628, 17.011)	0.229	0.103	8.825 (−0.609, 18.259)	0.263	0.066
	Age at first transfusion, months	−0.020 (−0.069, 0.029)	−0.141	0.422	−0.018 (−0.068, 0.033)	−0.125	0.487
	Iron chelation duration, years	−0.360 (−0.983, 0.263)	−0.164	0.251	−0.250 (−0.908, 0.407)	−0.114	0.448
	Splenectomy	−5.582 (−19.886, 8.721)	−0.167	0.436	−6.657 (−21.223, 7.909)	−0.199	0.363
	Duration post-splenectomy, years	−0.175 (−1.041, 0.691)	−0.093	0.687	−0.042 (−0.906, 0.823)	−0.022	0.097
	Pre-transfusion Hb, g/L	−0.083 (−0.378, 0.212)	−0.070	0.576	−0.053 (−0.352, 0.246)	−0.045	0.722
	Liver T2*, ms	0.726 (−0.350, 1.801)	0.190	0.181	0.306 (−0.692, 1.304)	0.080	0.540
	Model fit statistics
	Adjusted R2	0.243			0.210		
	F	2.833			2.514		
	Model p-value	0.008			0.016		

B, unstandardized coefficient; CI, confidence interval; β, standardized coefficient; EMH, extramedullary hematopoiesis; Hb, hemoglobin.
Statistically significant results (p < 0.05) are highlighted in bold. The EMH groups are compared to the reference group of patients with no EMH.





3.3 Characteristics of TDT patients with different β genotypes

Thalassemia genotypes were collected in 25 of the 58 TDT patients. CD41-41, CD17, and−28 were the most frequent mutations (Table 5). CD41-42/CD41-42, CD41-42/-28, and CD17/CD41-42 were the most prevalent genotypes. The homozygous β0 genotypes occurred more frequently (Table 6).

TABLE 5 Frequency of different mutations in transfused-dependent β-thalassemia patients.	Mutation	Frequency
	CD41-42	28
	CD17	8
	−28	7
	IVS-I-1	1
	CD43	1
	βE	3
	−90	1
	CD71-72	1



TABLE 6 Frequency of different genotypes in transfused-dependent β-thalassemia patients.	Genotypes	Group	Frequency
	CD41-42/CD41-42	β0β0	7
	CD17/CD41-42	β0β0	3
	CD41-42/IVS-I-1	β0β0	1
	CD17/CD17	β0β0	1
	CD41-42/CD43	β0β0	1
	−28/CD17	β0β+	2
	CD17/βE	β0β+	1
	CD41-42/βE	β0β+	2
	CD41-42/-28	β0β+	5
	CD41-42/-90	β0β+	1
	CD71-72/CD41-42	β0β0	1



Patients were categorized into the homozygous β0 group (n = 14) and the heterozygous β0β+ group (n = 11) based on each allele's phenotypic expression (β0 or β+). A comparison of clinical and MR characteristics was conducted between the two groups.


3.3.1 Analyses of clinical and MR characteristics between β-thalassemia patients with homozygous β0 and heterozygous β0β+ genotypes

Table 7 outlines the differences between patients with homozygous β0 and heterozygous β0β+ genotypes. The homozygous β0 group displayed significantly lower cardiac T2* values (p = 0.009) (Figure 3). Additionally, this group had a higher proportion of patients with a cardiac T2* value < 20 ms (p = 0.033). In contrast, liver T2* values and the proportion of patients with a liver T2* value < 6.3 ms did not significantly differ between the two groups (both p > 0.05). There were no significant differences between the two groups in terms of gender, age, BMI, history of splenectomy, duration post-splenectomy, chelation therapy, chelation duration, pre-transfusion Hb, and SF (all p > 0.05).

TABLE 7 Comparison of clinical and MR characteristics between patients with β0β0 genotypes and β0β+ genotypes.	Variable	β0β0, n = 14	β0β+, n = 11	P-value
	Female, n (%)	6 (42.9)	4 (36.4)	1.000
	Age, years	22.57 ± 3.65	27.91 ± 8.34	0.069
	BMI, kg/m2	19.83 ± 3.11	18.16 ± 2.13	0.143
	Age at first transfusion, months	24 (12, 57)	36 (18, 48)	0.472
	Chelation received	14 (100)	11(100)	1
	Chelation Duration	13.5 (8.75, 17.25)	7 (2, 17)	0.239
	Splenectomy, n (%)	12 (85.7)	6 (54.5)	0.177
	Duration post-splenectomy, years	11.33 ± 5.00	18.67 ± 10.19	0.270
	Pre-transfusion Hb, g/L	87.43 ± 10.83	77.91 ± 17.90	0.113
	0 < Hb < 95, n (%)	10 (71.4)	10 (90.9)	0.341
	Hb ≥ 95, n (%)	4 (28.6)	1(9.1)	
	SF, μg/L	3291.66 ± 2272.53	1940.50 (1280.90, 3763.00)	0.547
	0 < SF < 1,000, n (%)	2 (14.3)	2 (18.2)	1.000
	SF ≥ 1,000, n (%)	12 (85.7)	9 (81.8)	
	EMH masses, n (%)	8 (57.1)	8 (72.7)	0.677
	Cardiac T2*, ms	20.25 ± 16.06	44.08 (39.58, 46.45)	0.009
	Cardiac T2* < 20 ms, n (%)	8 (57.1)	1 (9.1)	0.033
	Cardiac T2*>20 ms, n (%)	6 (42.9)	10 (90.9)	
	Liver T2*, ms	1.21 (1.11, 3.33)	1.21 (1.11, 2.87)	0.763
	Liver T2* < 6.3 ms, n (%)	13 (92.9)	10 (90.9)	1.000
	Liver T2*>6.3 ms, n (%)	1 (7.1)	1 (9.1)	

Continuous variables are presented as mean ± SD or [median (P25, P75)]. Categorical data are expressed as n (%). Statistically significant results (p < 0.05) are highlighted in bold.
BMI, body mass index; Hb, hemoglobin; SF, serum ferritin; EMH, extramedullary hematopoiesis.
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FIGURE 3
 (A) A 26-year-old male β-TDT patient with the homozygous β0 genotypes had a cardiac T2* value of 22.30 ms. (B) A 31-year-old male β-TDT patient with the heterozygous β0β+ genotypes had a cardiac T2* value of 42.95 ms.




3.3.2 Cardiac T2* values for predicting the homozygous β0 genotypes

In the genotyped subset of patients (n = 25), a ROC curve was generated to assess the ability of cardiac T2* to differentiate between homozygous β0 and heterozygous β0β+ genotypes. As shown in Figure 4, the AUC was 0.812 (95% CI: 0.613–0.993, p = 0.009). The optimal cardiac T2* cutoff value for predicting homozygous β0 genotypes was identified as 37.45 ms, with sensitivity, specificity, accuracy, positive predictive value, and negative predictive value of 85.7%, 81.8%, 84.0%, 85.7%, and 81.8%, respectively. Internal validation of the model was performed using bootstrap resampling with 5,000 repetitions. The results showed a calibrated AUC of 0.812 (95% CI: 0.604–0.981).
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FIGURE 4
 The ROC curve analysis of cardiac T2* for predicting patients with homozygous β0 genotypes in TD β-thalassemia patients.





3.4 ICC for inter-observer reproducibility for cardiac T2*, liver T2*, and DEMH

The inter-observer reproducibility for cardiac T2*, liver T2*, and DEMH was excellent (ICC: 0.989-0.997, p < 0.001) (Table 8).

TABLE 8 ICC for inter-observer reproducibility for cardiac T2*, liver T2*, and DEMH.	Parameter	ICC	95% confidence interval	P
	cardiac T2*	0.989	[0.984, 0.993]	< 0.001
	liver T2*	0.992	[0.988, 0.995]	< 0.001
	DEMH	0.997	[0.995, 0.998]	< 0.001






4 Discussion

This prospective study reveals a notably high prevalence of EMH masses among TDT patients, which correlates significantly with reduced cardiac iron deposition. Notably, the size of EMH masses demonstrated a stronger association with elevated cardiac T2* than did the number of masses, suggesting that larger ectopic hematopoietic foci may play a more critical role in mitigating myocardial iron overload. Furthermore, cardiac T2* showed strong predictive performance for identifying homozygous β0 genotypes in β-TDT patients. These findings highlight the clinical relevance of systematically assessing both EMH burden and cardiac iron levels in TDT patients. Cardiac T2* may serve as a non-invasive indicator to support genotype prediction and facilitate personalized treatment strategies, particularly in settings where genetic testing is limited.

Previous studies have reported EMH prevalence rates ranging from 4.4% to 27% among TDT patients (25, 26, 33–35). However, in this study, a significantly higher prevalence of 72.4% was observed, which exceeds previous reports. This discrepancy may be attributed not only to different sample sizes between studies, but also to the suboptimal transfusion support in our cohort of TDT patients. The median pre-transfusion hemoglobin level in our TDT cohort was 83 g/L, substantially lower than the recommended target of ≥ 95 g/L required to effectively suppress erythropoiesis and prevent EMH (1, 13). This likely stems from broader systemic challenges such as economic constraints and limited blood supply (36). Consequently, our study cohort presents a unique natural experiment demonstrating that TDT patients with inadequate transfusion management can exhibit an EMH prevalence pattern that mirrors, or even exceeds, that seen in NTDT. This finding underscores the critical importance of adhering to recommended transfusion guidelines to mitigate the risk of EMH and its associated complications.

Our study further revealed that TDT patients had higher levels of cardiac and hepatic iron compared to NTDT patients, despite NTDT patients being older on average. This difference is likely attributable to the distinct mechanisms underlying iron overload in each group: repetitive RBC transfusions in TDT patients vs. increased intestinal iron absorption in NTDT patients (12, 13). TDT patients accumulate 6–10 g of iron annually through transfusions, whereas NTDT patients accumulate only 2–5 g through intestinal absorption (37). This greater iron burden in TDT patients underscores the necessity for more aggressive iron chelation therapy compared to NTDT patients. We observed higher SF levels in TDT patients compared to NTDT patients, primarily due to the significantly higher exogenous iron intake required for SF synthesis in TDT patients. Pathophysiologically, ferritin is predominantly stored in the reticuloendothelial system and is released into the serum as needed. In NTDT patients, ineffective erythropoiesis and chronic anemia mediate a signaling pathway that reduces hepcidin levels, thereby promoting iron release from the reticuloendothelial system, which leads to decreased ferritin synthesis and release. In contrast, in TDT patients, iron is preferentially distributed to the reticuloendothelial system, enhancing ferritin synthesis and increasing serum ferritin levels (38, 39).

EMH, typically manifesting as masses, is formed by hematopoietic tissues outside the bone marrow to compensate for its inadequate function (7). The paraspinal region is most frequently involved (7, 40). A retrospective study of 1,266 TDT patients showed that 98.8% (165/167) of EMH (+) TM patients had EMH masses in the paravertebral thoracic region (26), corroborating our findings where 95.2% (40/42) of EMH (+) TDT patients were affected in this area. A lower prevalence was reported by Huang et al. (41), who observed EMH in the paraspinal region in 80% of 26 NTDT patients. In our cohort, the largest EMH masses were predominantly found in the lower paravertebral regions of the thoracic spine. Given that the size of EMH masses correlates with their duration of growth, it is plausible to suggest that EMH preferentially develops in this specific area of the thoracic spine. Given that the scanning range for cardiac and liver iron quantification includes parts of the lower thoracic spine, it is essential to incorporate the assessment of paravertebral EMH masses into these imaging reports for effective monitoring and follow-up. In our EMH (+) TDT cohort, the presence of EMH masses within the spinal canal was notable, with a prevalence of 21.4%. Fortunately, no clinical signs of spinal cord compression were observed during this study.

The relationship between EMH masses and cardiac iron content in TDT patients remains controversial (5). Ricchi et al. (25, 26) observed higher cardiac T2* values in TDT patients with EMH masses than those without EMH masses (p < 0.01). However, Sousos et al. (33) reported no significant difference in cardiac T2* values between EMH (+) and EMH (–) TDT patients. Our study adds nuance to this discussion by demonstrating that the association is specifically driven by the size rather than the mere presence or number of EMH masses. After adjustment for confounders, the presence of larger EMH masses was independently associated with significantly higher cardiac T2* values (B = 13.95, p = 0.023), whereas a greater number of masses showed only a non-significant trend (p = 0.056). This suggests that the larger masses may be more effective at sequestering iron than multiple smaller ones, possibly due to greater iron avidity in larger hematopoietic tissues (25), thereby reducing its deposition in the heart. To our knowledge, this is the first study to quantitatively demonstrate that EMH size is a more robust predictor of cardiac iron offloading than EMH number. These insights highlight the importance of characterizing EMH morphology in addition to its presence and underscore the need for vigilant monitoring of these masses to prevent severe complications due to compression by EMH masses.

Previous research has indicated that homozygous β0 genotypes are associated with a higher incidence of clinical complications compared to other genotypes (14–16). Understanding the β-genotype's association with clinical severity is crucial for developing personalized treatment plans. There are limited studies on the predictive value of cardiac T2* for homozygous β0 genotypes in TD β-thalassemia patients, according to our knowledge. In our study, CD41-41, CD17, and −28 were the most common mutations, aligning with findings (42), who reviewed the global distribution of β-thalassemia mutations. In our study, TDT patients with the homozygous β0 genotypes demonstrated significantly lower cardiac T2* values compared to those with the heterozygous β0β+ genotypes (p = 0.009), and a higher proportion of these patients had cardiac T2* values < 20 ms.

These findings are consistent with those from the other study (28), which reported significantly lower median cardiac T2* values in patients with homozygous β0 genotypes compared to β0β+ genotypes (p < 0.05). Another study (29) observed a higher proportion of patients with cardiac T2* values < 20 ms in the β0β0 group, although the p-value was not specified. Similarly, Zhou et al. (43) found a significantly higher incidence of cardiac T2* values < 20 ms in β0β0 patients compared to β0β+ patients (p < 0.001). In our study, analysis using the ROC curve and Jordan index confirmed that the optimal cutoff value of 37.45 ms yielded an AUC of 0.812 (95% CI: 0.613–0.993), with sensitivity, specificity, and accuracy of 85.7%, 81.8%, and 84.0%, respectively. This suggests that cardiac T2* values could be useful for predicting homozygous β0 genotypes in β-TDT patients. Homozygous β0 genotypes are associated with several complications, including heart failure (14–16). However, many thalassemia patients at their initial visit for cardiac and hepatic iron content monitoring cannot provide a definitive genetic test report due to economic constraints or a lack of understanding about thalassemia genotypes. The ability of cardiac iron content, assessed via MR-T2* technique, to predict homozygous β0 genotypes could offer valuable insights for clinical decision-making.

This study presents several innovations. First, it prospectively quantifies, for the first time, the association between EMH burden (number/size of masses) and cardiac iron deposition, addressing a significant gap in previous research. Second, it uniquely demonstrates the predictive value of cardiac T2* for identifying homozygous β° genotypes in TDT patients, providing a valuable alternative for resource-limited regions lacking genetic testing capabilities. Finally, the blinded evaluation approach ensures the reliability of quantitative data. However, several limitations exist. First, potential myocardial inflammation or fibrosis, pathologies that may coexist with EMH and cause myocardial remodeling, were not accounted for, which might confound cardiac T2* values. Second, due to missing data regarding total transfusion volumes and detailed chelation therapy histories, differences in organ iron deposition between subgroups must be interpreted cautiously. Third, the utility of cardiac T2* for predicting homozygous β0 genotypes remains limited to populations with established β-thalassemia diagnoses. Moreover, T2* measurements are technique-sensitive and influenced by MRI parameters and magnetic field strength, implying that optimal genotypic thresholds may vary across scanners. Crucially, although the predictive model demonstrated encouraging discrimination (AUC = 0.812), it was derived from a small sample (n = 25). These limitations affect the precision and generalizability of the proposed cutoff value (37.45 ms). Therefore, our findings should be interpreted as preliminary and exploratory, suggesting a plausible association rather than providing a definitive diagnostic tool. Longitudinal, multicenter studies with larger cohorts are needed to validate these findings.



5 Conclusion

In this cohort of TDT patients, EMH masses were highly prevalent, largely attributable to suboptimal transfusion support leading to inadequate suppression of erythropoiesis. Importantly, larger—rather than more numerous—EMH masses were more strongly associated with reduced cardiac iron deposition, suggesting that mass size may be a more critical factor in mitigating myocardial iron overload. These findings may provide insight into the systematic surveillance of EMH masses to optimize iron chelation strategies and to prevent compression-related complications associated with large EMH size and in TDT patients. Furthermore, a cardiac T2* cutoff of 37.45 ms shows promise as a non-invasive predictor of homozygous β° genotypes in β-TDT patients, offering potential utility in resource-limited settings where genetic testing is unavailable. However, this threshold requires further validation in larger, multicenter studies to confirm its diagnostic accuracy and generalizability.
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