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Abstract
Myocardial siderosis is known as the major cause of death in thalassemia major (TM) patients since it can lead to iron overload cardiomyopathy.  Although this condition can be prevented if timely effective intensive chelation is given to patients, the mortality rate of iron overload cardiomyopathy still remains high due to late detection of this condition.  Various direct and indirect methods of iron assessment, including serum ferritin level, echocardiogram, non-transferrin-bound iron, cardiac magnetic resonance T2*, heart rate variability, and liver biopsy and myocardial biopsy, have been proposed for early detection of cardiac iron overload in TM patients.  However, controversial evidence and limitations of their use in clinical practice exist.  In this review article, all of these iron assessment methods that have been proposed or used to directly or indirectly determine the cardiac iron status in TM reported from both basic and clinical studies are comprehensively summarized and presented.  Since there has been growing evidence in the past decades that cardiac magnetic resonance imaging as well as cardiac autonomic status known as the heart rate variability can provide early detection of cardiac involvement in TM patients, these two methods are also presented and discussed.  The existing controversy regarding the assessment of cardiac involvement in thalassemia is also discussed.
© 2013 Baishideng. All rights reserved.
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Core tip: The mortality of thalassemia major (TM) patients due to iron overload cardiomyopathy is still high even though it can be prevented with effective chelation.  The role of reliable methods to determine cardiac iron status is very important in order to give a timely effective treatment.  This review article provides a comprehensive summary and discussion of various iron assessment methods as well as their existing controversy for use from both basic and clinical reports that have been proposed or used to directly or indirectly determine the cardiac iron status in TM.
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INTRODUCTION
Thalassemia major (TM) is an inherited anemia caused by impaired synthesis of the beta goblin chain.  The prevalence of thalassemia is high in the Mediterranean countries, the Middle East, Central Asia, India, Southern China and Thailand[21

].  Approximately 60,000 TM infants are reportedly born each year[
].  Due to severe hemolytic anemia, TM patients need to habitually receive blood transfusions beginning in infancy. Regular blood transfusions, increased intestinal iron absorption as well as the lack of active excretion of iron inevitably lead to an excess accumulation of iron in the body of TM patients including not only in the reticuloendothelial cells, but also in the parenchymal tissues as well[3
]. Excess free iron participating in the Fenton-type reaction has been shown to contribute to the pathogenesis of hemochromatosis[4
].  Among many complications due to iron overload, myocardial siderosis is the major cause of mortality in these TM patients[5
]. 
At present, although bone marrow transplantation has been shown to effectively cure some selected patients, the cornerstone of treatment in TM is still with blood transfusion and iron chelation therapy.  The effectiveness of iron chelation has markedly improved since the introduction of oral chelators, such as deferiprone[6
] and deferasirox[7
], resulting in prolonged life expectancy and increased quality of life in TM patients.  Despite the effectiveness of iron chelators, iron overload cardiomyopathy can be reversible only if early intensive chelation has been initiated[8,9
]. Once TM patients develop clinical symptom such as heart failure or arrhythmia, the prognosis usually becomes poor and death thereafter in spite of intensive chelation[10
]. These findings indicate the importance of early detection of cardiac iron accumulation prior to the development of cardiac dysfunction, and that the intensive chelation can be given promptly to those patients who are at risk. Currently, various methods for the detection of cardiac involvement in iron overload condition have been reported both in animal models as well as in clinical studies. Nevertheless, there are still limitations of their use in TM patients due to controversial reports on their reliability or limited access to the machine used for the detection as well as their high cost.  In this review article, various methods that have been proposed or used to directly or indirectly determine the cardiac iron status in TM reported from basic and clinical studies are comprehensively summarized and presented.  The existing controversy regarding the assessment of cardiac involvement in thalassemia is also discussed.
ASSESSMENT OF CARDIAC INVOLVEMENT IN THALASSEMIA
Since clinical evaluation is unreliable to detect an early stage of iron overload cardiomyopathy in TM patients, several approaches have been used to determine cardiac iron status instead. These include the indirect cardiac iron assessment such as serum ferritin, echocardiogram, and ECG as well as the direct but invasive assessment such as myocardial biopsy and liver biopsy. Since there has been growing evidence in the past decades that cardiac MRI as well as cardiac autonomic status known as the HRV can provide early detection of cardiac involvement in TM patients, these two methods will also be presented and discussed.
Serum ferritin
Serum ferritin has been used for decades as a predictor of iron overload status in clinical practice due to its strong correlation with hepatic iron[11
], representing an indirect index for estimating the total body iron stores.  It is inexpensive and accessible worldwide.  Serum ferritin has been shown to have a positive relationship with the amount of blood transfusion in beta-thalassemia patients[12
].  Furthermore, it has been shown that a serum ferritin level greater than 1800 μg/L was associated with the increased concentration of cardiac iron, and that serum ferritin greater than 2500 μg/L was associated with the increased prevalence of cardiac events[13
]. 
The downturn of using serum ferritin as an assessment of iron overload is due to the fact that the increased level of serum ferritin is not specific to iron overload condition since its level can also be increased in other conditions such as inflammation, collagen diseases, hepatic diseases, and malignancy[14
].  Evidence indicated that an increased serum ferritin levels might be a defense mechanism of the body against oxidative stress[15
].  Moreover, a low serum ferritin level does not necessarily designate low risk of iron-induced cardiomyopathy[16
].  Several studies in the last decade demonstrated that serum ferritin is not suitable for its use as a predictive indicator of myocardial iron deposition due to its lack of relationship with cardiac iron[17,18
].  A recent study reported that many unexplained cardiac deaths in TM patients were found even though they had low serum ferritin levels[19
], emphasizing the unreliable use of serum ferritin as a predictor for iron overload cardiomyopathy in TM patients.  
Echocardiogram
Echocardiogram is a valuable tool for cardiac function monitoring in clinical practice.  However, several studies demonstrated that it is not sensitive enough for early detection of the preclinical stage of cardiac involvement in TM patients due to the typical late onset of symptoms and signs[20
].  Once cardiac dysfunction is detected by an echocardiogram, the survival rate of these patients is reduced[
 ADDIN EN.CITE 
21,22
], suggesting a late stage detection of the disease by this assessment.  In addition, it has been shown that the absence of a reduced left ventricular ejection fraction (LVEF) does not exclude a significant risk of sudden potential cardiac decompensation from iron overload[23
].  Since left ventricular function is often slightly higher than normal in thalassemia patients in the absence of myocardial iron overload[24
], the normal values of cardiac function by echocardiogram may not be able to rule out cardiac impairment by iron deposition in these patients.  Therefore, routine monitoring of cardiac function by echocardiogram is not reliable in early detecting thalassemia patients with high risk of cardiac involvement in order to provide timely intensive treatment.
Electrocardiogram 
Since most of TM patients with early cardiac involvement are asymptomatic, electrocardiogram (ECG) has no value for screening of cardiac involvement in this group of patients[25
].  Similar to echocardiogram, once the development of cardiac arrhythmias, such as premature atrial or ventricular contractions, first-degree atrioventricular block, atrial flutter, atrial fibrillation, ventricular tachycardia, and second-degree or complete heart block[


26-28
], is detected by ECG, it usually implies an advanced stage of disease[29, 30
].  Furthermore, a normal ECG does not exclude a risk of significant arrhythmia development in iron overload patients[25
].  In a retrospective analysis, which included 27 transfusion-dependent thalassemia patients who underwent annual 24-h electrocardiographic monitoring, two patients developed significant clinical symptoms secondary to cardiac arrhythmias within one year of follow-up[31
].  This result indicated that a 24-h electrocardiogram might be useful for arrhythmia detection, but is not totally predictive for life-threatening cardiac events.  Therefore, both ECG and conventional 24-h ECG monitoring are not appropriate markers for early detection of cardiac involvement in thalassemia patients.
Liver and myocardial biopsy
Liver biopsy is a direct determination of liver iron concentration closely reflecting total body iron storage[32
]. However, a previous study demonstrated that hepatic iron concentration correlates poorly with cardiac iron status and cardiac function[33
]. These findings indicated that determination of iron level via liver biopsy does not reflect cardiac iron deposition.  Moreover, this technique is an invasive procedure that is not suitable for regular monitoring of iron status in thalassemia patients.
A previous study has also shown that iron level determined by an invasive myocardial biopsy was not correlated with cardiac iron status and cardiac function[34
]. This could be due to the fact that myocardial iron deposition was inhomogeneous in the heart[35
]. As a result, myocardial biopsy is not recommended to be used as an indicator for cardiac iron overload assessment.

Superconducting quantum interference device 
Superconducting quantum interference device (SQUID) biomagnetic liver susceptometry (BLS) has become a standard method in monitoring iron in the liver[36,37
].  However, it has many limitations including its availability, cost, technical demands, and suboptimal reproducibility[38
]. Together with the lack of heart data, SQUID has not been recommended for its use in the evaluation of cardiac iron status in patients with thalassemia.
Non-transferrin-bound iron
Non-transferrin-bound iron (NTBI), a free-form iron, can be detected in plasma when the iron binding capacity of transferrin is saturated[39
]. This form of iron is able to generate free radical via the Fenton-type reactions, leading to peroxidative damage to membrane lipid and protein[40
]. The rate of NTBI uptake into cells is approximately 300-fold greater than that of transferrin-bound iron[41
] due to its independence on the presence of transferrin receptor[42
] and none of feedback-regulated process[43
].  Moreover, there is a positive correlation between the rate of NTBI uptake and cellular iron content[44
].  Furthermore, a recent study demonstrated a direct correlation between NTBI and vital organ damage in thalassemia patients[45
]. In a normal individual, there is no detectable NTBI[46
]; on the other hand, hemochromatosis patients exhibit higher NTBI levels than controls[47
]. The growing evidence on NTBI suggests that it could be a good index of iron overload in TM patients.
Despite these facts, currently there is neither a cut-point threshold to imply cardiac iron overload status nor even a universally accepted method for NTBI measurement at the present time[48
]. Importantly, a poor correlation was found between the methods in a recent interlaboratory survey[49
]. As a consequence, these limitations minimize its use in clinical practice. 
Cardiac magnetic resonance T2* 
Cardiac magnetic resonance T2* (CMR T2*) has become a widely used tool for its accurate and non-invasive technique to measure iron deposition in heart[50
]. Currently, this technique has been proven to be the most sensitive index and reproducible to assess cardiac iron available today[50,51
]. Anderson et al[16
] first reported a significant relationship between myocardial T2* below 20 milliseconds (ms) and cardiac function parameters, such as LVEF (r = 0.61, P < 0.0001), left ventricular (LV) end-systolic volume index (r = 0.50, P < 0.0001), and LV mass index (r = 0.40, P < 0.001).  A later study confirmed the correlation of myocardial T2* with not only systolic function but also diastolic function as well[52
]. Moreover, an increase of myocardial T2* was also in accordance with improved cardiac function[17
]. Previous studies in a fresh postmortem iron overloaded heart[53
] and a gerbil model of iron overload[54
] clearly demonstrated a negative correlation between CMR T2* values and myocardial iron deposition.  It also confirmed the earlier studies that iron loading was deposited mostly in the epicardium and myocardium[35,55
]. Until now, no clinical scenario other than cardiac iron overload is found to cause myocardial T2* below 20 ms[50
]. Thus, these data implied that CMR T2* is more specific to cardiac iron status than other previously mentioned methods.
The prospective study by Kirk et al[56
] indicated the significant strong association between cardiac T2* values and risk of heart failure development in TM patients. It demonstrated that 98% of patients who developed heart failure had the cardiac T2* less than 10 ms, with a relative risk (RR) of 160 (95%CI, 39 and 653). In the same study, the RR for cardiac T2* less than 6 ms was 270 (95%CI, 64 and 1129). Moreover, T2* threshold of 10 ms for predicted heart failure had a sensitivity of 97.5% (95%CI, 91.3 to 99.7) and a specificity of 85.3% (95%CI, 83.3 to 87.2). This study also demonstrated the significant relationship between cardiac T2* values and a risk of cardiac arrhythmia development in TM patients, but weaker than a risk of heart failure.  A cardiac T2* less than 20 ms was figured in 83% of patients who develop arrhythmia, with a RR of 4.60 (95%CI, 2.66 to 7.95).  The RR for a cardiac T2* less than 6 ms was 8.79 (95%CI, 4.03 to 19.2).  The T2* threshold of 20 ms for predicted cardiac arrhythmia had a sensitivity of 82.7% (95%CI, 73.7 to 89.6) and a specificity of 53.5% (95%CI, 50.8 to 56.2).  In addition, this prospective study clearly demonstrated the link between myocardial T2* and cardiac events.  The one year risk of heart failure development was shown to be 14%, 30%, and 50% for T2* between 8-10, 6-8 and less than 6 ms, respectively.  Therefore, myocardial T2* less than 10 ms strongly indicated clinically significant cardiac iron overload and an increase in risk of developing heart failure in TM patients. 

When compared with conventional iron monitoring parameters, the correlation between CMR T2* and serum ferritin in TM patients has not been concluded (Table 1).  Several studies indicated that serum ferritin was not correlated with cardiac T2*[
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16,22,57,58
].  However, other studies with larger population size showed a weak relationship between serum ferritin and heart T2*[
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56,59-61
]. Because serum ferritin is raised even in many common conditions such as inflammation or hepatic disease[14
], the controversial correlation could be from subjects with a different underlying status included in each study. As a result, a guideline for intensive chelation therapy based on serum ferritin may be inappropriate for cardiological management in TM patients.
A prospective study of Tanner et al[62
], which recruited 167 TM patients, showed the significant association between heart T2* values and LVEF.  Patients with mild, moderate and severe cardiac iron overload (T2* 12-20, 8-12 and less than 8 ms, respectively) had impaired LVEF in 5%, 20% and 62%, respectively (P < 0.001). Table 2 summarized studies that showed the significant correlation between CMR T2* and cardiac function in TM patients. These studies suggest that myocardial T2* could be a useful application to determine cardiac iron overload tending to deteriorate cardiac function. As a result, CMR T2* may be suitable for use as an assessment of cardiac iron deposit in thalassemia patients for early detection of the cardiac iron status before the detection of clinical signs and symptoms of iron overload cardiomyopathy.
Since several studies showed a remarkably strong correlation of heart T2* value with clinical cardiac complications, including heart failure and arrhythmia, CMR T2* had been applied to monitor cardiac iron deposition in TM patients in UK[63,64
]. Interestingly, the mortality rate was significantly reduced.  Nowadays, CMR T2* is recognized as the method of choice for evaluation of cardiac iron deposition in TM patients[51
]. However, the limitation of this technique is its rather expensive cost and only limited medical centers around the world are equipped with this technique.  
The pros and cons of different approaches that monitor cardiac iron overload condition in thalassemia patients are summarized in Table 3.
HRV IN THALASSEMIA MAJOR
HRV is used to indicate the variation over time of the period between successive heartbeats and determine cardiac autonomic function and overall cardiac health[65
]. HRV analysis has been used to determine the cardiac autonomic function in patients with post-myocardial infarction[66,67
]. Reduced HRV parameters were associated with a significant increased mortality in these patients[68,69
]. A prospective study indicated that HRV analysis on 1-year post-myocardial infarction follow-up patients also had prognostic significance[70
]. Furthermore, HRV parameters have been shown to a strong predictor of mortality in patients with heart failure[71,72
], cardiac transplantation[73
], and diabetic neuropathy[74
].
Due to its noninvasiveness and easy derivation, HRV has been investigated as one of the promising parameters to initially detect cardiac involvement and has been widely studied in thalassemia in the last decades.  A number of studies on HRV in TM patients have been reported since Franzoni et al[75
] first proposed that HRV was depressed in TM patients.  A summary of previous studies that exhibited the significantly reduced HRV parameters in TM patients and thalassemic mice is described in Table 4.  All of previous studies reported that HRV parameters were reduced both in TM patients and thalassemic mice, indicating that thalassemic condition exerted some degrees of cardiac autonomic dysfunction. A recent study which investigated autonomic function by six quantitative autonomic function tests demonstrated that the prevalence of subclinical autonomic function impairment was higher in thalassemia patients compared to controls[76
]. This result confirmed that thalassemia patients have autonomic dysfunction in some degree.  In prospective studies by Kardelen et al[77
] and De Chiara et al[78
], no evidence of abnormal echocardiographic finding was shown in TM patients with reduced HRV.  Therefore, a significantly reduced HRV could be an early indicator of preclinical stage of heart disease in TM group. Nevertheless, the evidence of HRV in TM patients has not been extensively investigated when compared to that in post-myocardial infarction patients. Until now, none of studies has focused on the association between HRV and mortality in TM patients.
After the first report of HRV in TM patients by Franzoni et al[75
], several studies have examined HRV in TM patients in order to seek the correlation between HRV and currently used iron overload parameters. No correlation between HRV parameters and serum ferritin in TM patients has been demonstrated (Table 5).  Moreover, no correlation between HRV parameters and cardiac function in TM patients has been shown (Table 6).  It is possible that HRV is not correlated with iron overload condition because several anemic diseases other than thalassemia, including sickle cell anemia[79
], iron deficiency anemia[80
], vitamin B12 deficiency anemia[81
], could also impair cardiac autonomic function.  Nevertheless, some evidence demonstrated that autonomic status determined by HRV is correlated with iron overload condition.  In a study with thalassemic mice[82
], it has been shown that those thalassemic mice had a higher Lfnu, lower Hfnu, and higher Lf/Hf ratio than those in the wild-type mice.  More interestingly, iron administration in both types of mice resulted in significantly higher NTBI levels concomitant with increased Lfnu and Lf/Hf ratio and decreased Hfnu. Moreover, iron chelator significantly decreased the Lfnu, Lf/Hf ratio, and increased the Hfnu in those iron-overloead thalassemic mice.  This prospective study suggested that iron overload condition could contribute to progressive deterioration of the impaired cardiac autonomic function.
In conclusion, although CMR T2* is now recognized as the method of choice in evaluation of iron deposition in the heart[51
], evidence suggested that TM patients must be prevented rather than treated even before cardiac iron loading becomes detectable on CMR T2* because of leading causes of cardiac tissue damage by other iron mediated mechanisms, such as those induced by labile plasma iron[83
]. HRV might be used as an alternative approach to assess cardiac involvement in TM patients.  Due to its easy access and much lower cost compared to CMR T2*, 24-h Holter monitoring for HRV analysis can be performed in most health providing centers.  However, more evidence is needed to validate its use before it can be applied in clinical practice. Further studies are also needed to demonstrate the correlation between HRV and CMR T2* as well as the clinical application of HRV as a predictive marker in TM patients.
REFERENCES

1 Flint J, Harding RM, Boyce AJ, Clegg JB. The population genetics of the haemoglobinopathies. Baillieres Clin Haematol 1998; 11: 1-51 [PMID: 10872472 DOI: 10.1016/S09503536(98)800693]

2 Aydinok Y. Thalassemia. Hematology 2012; 17 Suppl 1: S28-S31 [PMID: 22507773 DOI: 10.1179/102453312X13336169155295]

3 Hershko C. Pathogenesis and management of iron toxicity in thalassemia. Ann N Y Acad Sci 2010; 1202: 1-9 [PMID: 20712765 DOI: 10.1111/j.17496632.2010.05544.x]

4 Linn S. DNA damage by iron and hydrogen peroxide in vitro and in vivo. Drug Metab Rev 1998; 30: 313-326 [PMID: 9606606 DOI: 10.3109/03602539808996315]

5 Borgna-Pignatti C, Rugolotto S, De Stefano P, Zhao H, Cappellini MD, Del Vecchio GC, Romeo MA, Forni GL, Gamberini MR, Ghilardi R, Piga A, Cnaan A. Survival and complications in patients with thalassemia major treated with transfusion and deferoxamine. Haematologica 2004; 89: 1187-1193 [PMID: 15477202]

6 Zareifar S, Jabbari A, Cohan N, Haghpanah S. Efficacy of combined desferrioxamine and deferiprone versus single desferrioxamine therapy in patients with major thalassemia. Arch Iran Med 2009; 12: 488-491 [PMID: 19722772]

7 Taher A, Al Jefri A, Elalfy MS, Al Zir K, Daar S, Rofail D, Baladi JF, Habr D, Kriemler-Krahn U, El-Beshlawy A. Improved treatment satisfaction and convenience with deferasirox in iron-overloaded patients with beta-Thalassemia: Results from the ESCALATOR Trial. Acta Haematol 2010; 123: 220-225 [PMID: 20424435]

8 Tanner MA, Galanello R, Dessi C, Smith GC, Westwood MA, Agus A, Pibiri M, Nair SV, Walker JM, Pennell DJ. Combined chelation therapy in thalassemia major for the treatment of severe myocardial siderosis with left ventricular dysfunction. J Cardiovasc Magn Reson 2008; 10: 12 [PMID: 18298856 DOI: 10.1186/1532429X1012]

9 Davis BA, Porter JB. Long-term outcome of continuous 24-hour deferoxamine infusion via indwelling intravenous catheters in high-risk beta-thalassemia. Blood 2000; 95: 1229-1236 [PMID: 10666195]

10 Felker GM, Thompson RE, Hare JM, Hruban RH, Clemetson DE, Howard DL, Baughman KL, Kasper EK. Underlying causes and long-term survival in patients with initially unexplained cardiomyopathy. N Engl J Med 2000; 342: 1077-1084 [PMID: 10760308 DOI: 10.1056/NEJM200004133421502]

11 Olivieri NF, Brittenham GM, Matsui D, Berkovitch M, Blendis LM, Cameron RG, McClelland RA, Liu PP, Templeton DM, Koren G. Iron-chelation therapy with oral deferipronein patients with thalassemia major. N Engl J Med 1995; 332: 918-922 [PMID: 7877649 DOI: 10.1056/NEJM199504063321404]

12 Galanello R, Piga A, Forni GL, Bertrand Y, Foschini ML, Bordone E, Leoni G, Lavagetto A, Zappu A, Longo F, Maseruka H, Hewson N, Sechaud R, Belleli R, Alberti D. Phase II clinical evaluation of deferasirox, a once-daily oral chelating agent, in pediatric patients with beta-thalassemia major. Haematologica 2006; 91: 1343-1351 [PMID: 17018383]

13 Olivieri NF, Brittenham GM. Iron-chelating therapy and the treatment of thalassemia. Blood 1997; 89: 739-761 [PMID: 9028304]

14 Piperno A. Classification and diagnosis of iron overload. Haematologica 1998; 83: 447-455 [PMID: 9658731]

15 Orino K, Lehman L, Tsuji Y, Ayaki H, Torti SV, Torti FM. Ferritin and the response to oxidative stress. Biochem J 2001; 357: 241-247 [PMID: 11415455]

16 Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC, Bunce NH, Firmin DN, Wonke B, Porter J, Walker JM, Pennell DJ. Cardiovascular T2-star (T2*) magnetic resonance for the early diagnosis of myocardial iron overload. Eur Heart J 2001; 22: 2171-2179 [PMID: 11913479 DOI: 10.1053/euhj.2001.2822]

17 Anderson LJ, Westwood MA, Holden S, Davis B, Prescott E, Wonke B, Porter JB, Walker JM, Pennell DJ. Myocardial iron clearance during reversal of siderotic cardiomyopathy with intravenous desferrioxamine: a prospective study using T2* cardiovascular magnetic resonance. Br J Haematol 2004; 127: 348-355 [PMID: 15491298 DOI: 10.1111/j.13652141.2004.05202.x]

18 Noetzli LJ, Carson SM, Nord AS, Coates TD, Wood JC. Longitudinal analysis of heart and liver iron in thalassemia major. Blood 2008; 112: 2973-2978 [PMID: 18650452 DOI: 10.1182/blood200804148767]

19 Kolnagou A, Economides C, Eracleous E, Kontoghiorghes GJ. Low serum ferritin levels are misleading for detecting cardiac iron overload and increase the risk of cardiomyopathy in thalassemia patients. The importance of cardiac iron overload monitoring using magnetic resonance imaging T2 and T2*. Hemoglobin 2006; 30: 219-227 [PMID: 16798647 DOI: 10.1080/03630260600642542]

20 Rutjanaprom W, Kanlop N, Charoenkwan P, Sittiwangkul R, Srichairatanakool S, Tantiworawit A, Phrommintikul A, Chattipakorn S, Fucharoen S, Chattipakorn N. Heart rate variability in beta-thalassemia patients. Eur J Haematol 2009; 83: 483-489 [PMID: 19594617 DOI: 10.1111/j.16000609.2009.01314.x]

21 Brili SV, Tzonou AI, Castelanos SS, Aggeli CJ, Tentolouris CA, Pitsavos CE, Toutouzas PK. The effect of iron overload in the hearts of patients with beta-thalassemia. Clin Cardiol 1997; 20: 541-546 [PMID: 9181265 DOI: 10.1002/clc.4960200607]

22 Bayraktaroğlu S, Aydinok Y, Yildiz D, Uluer H, Savaş R, Alper H. The relationship between the myocardial T2* value and left ventricular volumetric and functional parameters in thalassemia major patients. Diagn Interv Radiol 2011; 17: 346-351 [PMID: 21647857 DOI: 10.4261/13053825.DIR.393310.2]

23 Walker JM, Nair S. Detection of the cardiovascular complications of thalassemia by echocardiography. Ann N Y Acad Sci 2010; 1202: 165-172 [PMID: 20712789 DOI: 10.1111/j.17496632.2010.05643.x]

24 Westwood MA, Anderson LJ, Maceira AM, Shah FT, Prescott E, Porter JB, Wonke B, Walker JM, Pennell DJ. Normalized left ventricular volumes and function in thalassemia major patients with normal myocardial iron. J Magn Reson Imaging 2007; 25: 1147-1151 [PMID: 17520718 DOI: 10.1002/jmri.20915]

25 Hoffbrand AV. Diagnosing myocardial iron overload. Eur Heart J 2001; 22: 2140-2141 [PMID: 11913473 DOI: 10.1053/euhj.2001.2951]

26 Kaye SB, Owen M. Cardiac arrhythmias in thalassaemia major: evaluation of chelation treatment using ambulatory monitoring. Br Med J 1978; 1: 342 [PMID: 623984 DOI: 10.1136/bmj.1.6109.342]

27 ENGLE MA, ERLANDSON M, SMITH CH. LATE CARDIAC COMPLICATIONS OF CHRONIC, SEVERE, REFRACTORY ANEMIA WITH HEMOCHROMATOSIS. Circulation 1964; 30: 698-705 [PMID: 14226168 DOI: 10.1161/01.CIR.30.5.698]

28 Kremastinos DT, Tsetsos GA, Tsiapras DP, Karavolias GK, Ladis VA, Kattamis CA. Heart failure in beta thalassemia: a 5-year follow-up study. Am J Med 2001; 111: 349-354 [PMID: 11583636 DOI: 10.1016/S00029343(01)008798]

29 Cavallaro L, Meo A, Busà G, Coglitore A, Sergi G, Satullo G, Donato A, Calabrò MP, Miceli M. [Arrhythmia in thalassemia major: evaluation of iron chelating therapy by dynamic ECG]. Minerva Cardioangiol 1993; 41: 297-301 [PMID: 8233011]

30 Ehlers KH, Giardina PJ, Lesser ML, Engle MA, Hilgartner MW. Prolonged survival in patients with beta-thalassemia major treated with deferoxamine. J Pediatr 1991; 118: 540-545 [PMID: 2007928 DOI: 10.1016/S00223476(05)833748]

31 Qureshi N, Avasarala K, Foote D, Vichinsky EP. Utility of Holter electrocardiogram in iron-overloaded hemoglobinopathies. Ann N Y Acad Sci 2005; 1054: 476-480 [PMID: 16339701 DOI: 10.1196/annals.1345.064]

32 Angelucci E, Brittenham GM, McLaren CE, Ripalti M, Baronciani D, Giardini C, Galimberti M, Polchi P, Lucarelli G. Hepatic iron concentration and total body iron stores in thalassemia major. N Engl J Med 2000; 343: 327-331 [PMID: 10922422 DOI: 10.1056/NEJM200008033430503]

33 Berdoukas V, Dakin C, Freema A, Fraser I, Aessopos A, Bohane T. Lack of correlation between iron overload cardiac dysfunction and needle liver biopsy iron concentration. Haematologica 2005; 90: 685-686 [PMID: 15921384]

34 Fitchett DH, Coltart DJ, Littler WA, Leyland MJ, Trueman T, Gozzard DI, Peters TJ. Cardiac involvement in secondary haemochromatosis: a catheter biopsy study and analysis of myocardium. Cardiovasc Res 1980; 14: 719-724 [PMID: 7260965 DOI: 10.1093/cvr/14.12.719]

35 Buja LM, Roberts WC. Iron in the heart. Etiology and clinical significance. Am J Med 1971; 51: 209-221 [PMID: 5095527 DOI: 10.1016/00029343(71)902403]

36 Nielsen P, Engelhardt R, Duerken M, Janka GE, Fischer R. Using SQUID biomagnetic liver susceptometry in the treatment of thalassemia and other iron loading diseases. Transfus Sci 2000; 23: 257-258 [PMID: 11099909 DOI: 10.1016/S09553886(00)001016]

37 Fischer R, Longo F, Nielsen P, Engelhardt R, Hider RC, Piga A. Monitoring long-term efficacy of iron chelation therapy by deferiprone and desferrioxamine in patients with beta-thalassaemia major: application of SQUID biomagnetic liver susceptometry. Br J Haematol 2003; 121: 938-948 [PMID: 12786807]

38 . Sternickel K, Braginski A. Biomagnetism using squids: Status and perspectives. Supercond. Sci. Technol. 2006; 19 [DOI: 10.1088/09532048/19/3/024]

39 Brissot P, Ropert M, Le Lan C, Loréal O. Non-transferrin bound iron: a key role in iron overload and iron toxicity. Biochim Biophys Acta 2012; 1820: 403-410 [PMID: 21855608 DOI: 10.1016/j.bbagen.2011.07.014]

40 Anderson GJ. Mechanisms of iron loading and toxicity. Am J Hematol 2007; 82: 1128-1131 [PMID: 17963252 DOI: 10.1002/ajh.21075]

41 Link G, Pinson A, Hershko C. Heart cells in culture: a model of myocardial iron overload and chelation. J Lab Clin Med 1985; 106: 147-153 [PMID: 4020242]

42 Cabantchik ZI, Breuer W, Zanninelli G, Cianciulli P. LPI-labile plasma iron in iron overload. Best Pract Res Clin Haematol 2005; 18: 277-287 [PMID: 15737890 DOI: 10.1016/j.beha.2004.10.003]

43 Kaplan J, Jordan I, Sturrock A. Regulation of the transferrin-independent iron transport system in cultured cells. J Biol Chem 1991; 266: 2997-3004 [PMID: 1993673]

44 Parkes JG, Hussain RA, Olivieri NF, Templeton DM. Effects of iron loading on uptake, speciation, and chelation of iron in cultured myocardial cells. J Lab Clin Med 1993; 122: 36-47 [PMID: 8320489]

45 Piga A, Longo F, Duca L, Roggero S, Vinciguerra T, Calabrese R, Hershko C, Cappellini MD. High nontransferrin bound iron levels and heart disease in thalassemia major. Am J Hematol 2009; 84: 29-33 [PMID: 19006228 DOI: 10.1002/ajh.21317]
46 al-Refaie FN, Wickens DG, Wonke B, Kontoghiorghes GJ, Hoffbrand AV. Serum non-transferrin-bound iron in beta-thalassaemia major patients treated with desferrioxamine and L1. Br J Haematol 1992; 82: 431-436 [PMID: 1419825]

47 Jakeman A, Thompson T, McHattie J, Lehotay DC. Sensitive method for nontransferrin-bound iron quantification by graphite furnace atomic absorption spectrometry. Clin Biochem 2001; 34: 43-47 [PMID: 11239514 DOI: 10.1016/S00099120(00)001946]

48 Hider RC, Silva AM, Podinovskaia M, Ma Y. Monitoring the efficiency of iron chelation therapy: the potential of nontransferrin-bound iron. Ann N Y Acad Sci 2010; 1202: 94-99 [PMID: 20712779 DOI: 10.1111/j.17496632.2010.05573.x]

49 Jacobs EM, Hendriks JC, van Tits BL, Evans PJ, Breuer W, Liu DY, Jansen EH, Jauhiainen K, Sturm B, Porter JB, Scheiber-Mojdehkar B, von Bonsdorff L, Cabantchik ZI, Hider RC, Swinkels DW. Results of an international round robin for the quantification of serum non-transferrin-bound iron: Need for defining standardization and a clinically relevant isoform. Anal Biochem 2005; 341: 241-250 [PMID: 15907869 DOI: 10.1016/j.ab.2005.03.008]

50 Pennell DJ. T2* magnetic resonance and myocardial iron in thalassemia. Ann N Y Acad Sci 2005; 1054: 373-378 [PMID: 16339685 DOI: 10.1196/annals.1345.045]

51 Brittenham GM. Iron-chelating therapy for transfusional iron overload. N Engl J Med 2011; 364: 146-156 [PMID: 21226580 DOI: 10.1056/NEJMct1004810]

52 Westwood MA, Wonke B, Maceira AM, Prescott E, Walker JM, Porter JB, Pennell DJ. Left ventricular diastolic function compared with T2* cardiovascular magnetic resonance for early detection of myocardial iron overload in thalassemia major. J Magn Reson Imaging 2005; 22: 229-233 [PMID: 16028255 DOI: 10.1002/jmri.20379]

53 Ghugre NR, Enriquez CM, Gonzalez I, Nelson MD, Coates TD, Wood JC. MRI detects myocardial iron in the human heart. Magn Reson Med 2006; 56: 681-686 [PMID: 16888797 DOI: 10.1002/mrm.20981]

54 Wood JC, Otto-Duessel M, Aguilar M, Nick H, Nelson MD, Coates TD, Pollack H, Moats R. Cardiac iron determines cardiac T2*, T2, and T1 in the gerbil model of iron cardiomyopathy. Circulation 2005; 112: 535-543 [PMID: 16027257 DOI: 10.1161/CIRCULATIONAHA.104.504415]

55 Olson LJ, Edwards WD, McCall JT, Ilstrup DM, Gersh BJ. Cardiac iron deposition in idiopathic hemochromatosis: histologic and analytic assessment of 14 hearts from autopsy. J Am Coll Cardiol 1987; 10: 1239-1243 [PMID: 3680791]

56 Kirk P, Roughton M, Porter JB, Walker JM, Tanner MA, Patel J, Wu D, Taylor J, Westwood MA, Anderson LJ, Pennell DJ. Cardiac T2* magnetic resonance for prediction of cardiac complications in thalassemia major. Circulation 2009; 120: 1961-1968 [PMID: 19801505 DOI: 10.1161/CIRCULATIONAHA.109.874487]

57 Merchant R, Joshi A, Ahmed J, Krishnan P, Jankharia B. Evaluation of cardiac iron load by cardiac magnetic resonance in thalassemia. Indian Pediatr 2011; 48: 697-701 [PMID: 21169646 DOI: 10.1007/s1331201101159]

58 Kolnagou A, Natsiopoulos K, Kleanthous M, Ioannou A, Kontoghiorghes GJ. Liver iron and serum ferritin levels are misleading for estimating cardiac, pancreatic, splenic and total body iron load in thalassemia patients: factors influencing the heterogenic distribution of excess storage iron in organs as identified by MRI T2*. Toxicol Mech Methods 2013; 23: 48-56 [PMID: 22943064 DOI: 10.3109/15376516.2012.727198]

59 Marsella M, Borgna-Pignatti C, Meloni A, Caldarelli V, Dell'Amico MC, Spasiano A, Pitrolo L, Cracolici E, Valeri G, Positano V, Lombardi M, Pepe A. Cardiac iron and cardiac disease in males and females with transfusion-dependent thalassemia major: a T2* magnetic resonance imaging study. Haematologica 2011; 96: 515-520 [PMID: 21228034 DOI: 10.3324/haematol.2010.025510]

60 Tanner MA, Galanello R, Dessi C, Westwood MA, Smith GC, Nair SV, Anderson LJ, Walker JM, Pennell DJ. Myocardial iron loading in patients with thalassemia major on deferoxamine chelation. J Cardiovasc Magn Reson 2006; 8: 543-547 [PMID: 16755844 DOI: 10.1080/10976640600698155]

61 Wood JC, Tyszka JM, Carson S, Nelson MD, Coates TD. Myocardial iron loading in transfusion-dependent thalassemia and sickle cell disease. Blood 2004; 103: 1934-1936 [PMID: 14630822 DOI: 10.1182/blood2003061919]

62 Tanner M, Porter J, Westwood M, Nair S, Anderson L, Walker J, Pennell D. Myocardial t2 in patients with cardiac failure secondary to iron overload. Blood 2005; 106: 406 (Abstract)

63 Modell B, Khan M, Darlison M, Westwood MA, Ingram D, Pennell DJ. Improved survival of thalassaemia major in the UK and relation to T2* cardiovascular magnetic resonance. J Cardiovasc Magn Reson 2008; 10: 42 [PMID: 18817553 DOI: 10.1186/1532429X1042]

64 Chouliaras G, Berdoukas V, Ladis V, Kattamis A, Chatziliami A, Fragodimitri C, Karabatsos F, Youssef J, Karagiorga-Lagana M. Impact of magnetic resonance imaging on cardiac mortality in thalassemia major. J Magn Reson Imaging 2011; 34: 56-59 [PMID: 21608067 DOI: 10.1002/jmri.22621]

65 Rajendra Acharya U, Paul Joseph K, Kannathal N, Lim CM, Suri JS. Heart rate variability: a review. Med Biol Eng Comput 2006; 44: 1031-1051 [PMID: 17111118 DOI: 10.1007/s1151700601190]

66 Chattipakorn N, Incharoen T, Kanlop N, Chattipakorn S. Heart rate variability in myocardial infarction and heart failure. Int J Cardiol 2007; 120: 289-296 [PMID: 17349699 DOI: 10.1016/j.ijcard.2006.11.221]

67 Malik M, Camm AJ, Janse MJ, Julian DG, Frangin GA, Schwartz PJ. Depressed heart rate variability identifies postinfarction patients who might benefit from prophylactic treatment with amiodarone: a substudy of EMIAT (The European Myocardial Infarct Amiodarone Trial). J Am Coll Cardiol 2000; 35: 1263-1275 [PMID: 10758969 DOI: 10.1016/S07351097(00)005714]

68 Kleiger RE, Miller JP, Bigger JT, Moss AJ. Decreased heart rate variability and its association with increased mortality after acute myocardial infarction. Am J Cardiol 1987; 59: 256-262 [PMID: 3812275 DOI: 10.1016/00029149(87)907958]

69 Zuanetti G, Neilson JM, Latini R, Santoro E, Maggioni AP, Ewing DJ. Prognostic significance of heart rate variability in post-myocardial infarction patients in the fibrinolytic era. The GISSI-2 results. Gruppo Italiano per lo Studio della Sopravvivenza nell' Infarto Miocardico. Circulation 1996; 94: 432-436 [PMID: 8759085 DOI: 10.1161/01.CIR.94.3.432]

70 Stein PK, Domitrovich PP, Huikuri HV, Kleiger RE. Traditional and nonlinear heart rate variability are each independently associated with mortality after myocardial infarction. J Cardiovasc Electrophysiol 2005; 16: 13-20 [PMID: 15673380 DOI: 10.1046/j.15408167.2005.04358.x]

71 Saul JP, Arai Y, Berger RD, Lilly LS, Colucci WS, Cohen RJ. Assessment of autonomic regulation in chronic congestive heart failure by heart rate spectral analysis. Am J Cardiol 1988; 61: 1292-1299 [PMID: 3376889 DOI: 10.1016/00029149(88)911721]

72 Nolan J, Batin PD, Andrews R, Lindsay SJ, Brooksby P, Mullen M, Baig W, Flapan AD, Cowley A, Prescott RJ, Neilson JM, Fox KA. Prospective study of heart rate variability and mortality in chronic heart failure: results of the United Kingdom heart failure evaluation and assessment of risk trial (UK-heart). Circulation 1998; 98: 1510-1516 [PMID: 9769304 DOI: 10.1161/01.CIR.98.15.1510]

73 Havlicekova Z, Jurko A. Heart rate variability changes in children after cardiac transplantation. Bratisl Lek Listy 2005; 106: 168-170 [PMID: 16080362]

74 Bellavere F, Balzani I, De Masi G, Carraro M, Carenza P, Cobelli C, Thomaseth K. Power spectral analysis of heart-rate variations improves assessment of diabetic cardiac autonomic neuropathy. Diabetes 1992; 41: 633-640 [PMID: 1568534 DOI: 10.2337/diab.41.5.633]

75 Franzoni F, Galetta F, Di Muro C, Buti G, Pentimone F, Santoro G. Heart rate variability and ventricular late potentials in beta-thalassemia major. Haematologica 2004; 89: 233-234 [PMID: 15003899]

76 Stamboulis E, Vlachou N, Voumvourakis K, Andrikopoulou A, Arvaniti C, Tsivgoulis A, Athanasiadis D, Tsiodras S, Tentolouris N, Triantafyllidi H, Drossou-Servou M, Loutradi-Anagnostou A, Tsivgoulis G. Subclinical autonomic dysfunction in patients with β-thalassemia. Clin Auton Res 2012; 22: 147-150 [PMID: 22170296 DOI: 10.1007/s1028601101542]

77 Kardelen F, Tezcan G, Akcurin G, Ertug H, Yesilipek A. Heart rate variability in patients with thalassemia major. Pediatr Cardiol 2008; 29: 935-939 [PMID: 18551333 DOI: 10.1007/s0024600892401]

78 De Chiara B, Crivellaro W, Sara R, Ruffini L, Parolini M, Fesslovà V, Carnelli V, Fiorentini C, Parodi O. Early detection of cardiac dysfunction in thalassemic patients by radionuclide angiography and heart rate variability analysis. Eur J Haematol 2005; 74: 517-522 [PMID: 15876256 DOI: 10.1111/j.16000609.2005.00434.x]

79 Romero Mestre JC, Hernández A, Agramonte O, Hernández P. Cardiovascular autonomic dysfunction in sickle cell anemia: a possible risk factor for sudden death? Clin Auton Res 1997; 7: 121-125 [PMID: 9232355 DOI: 10.1007/BF02308838]

80 Yokusoglu M, Nevruz O, Baysan O, Uzun M, Demirkol S, Avcu F, Koz C, Cetin T, Hasimi A, Ural AU, Isik E. The altered autonomic nervous system activity in iron deficiency anemia. Tohoku J Exp Med 2007; 212: 397-402 [PMID: 17660705 DOI: 10.1620/tjem.212.397]

81 Sözen AB, Demirel S, Akkaya V, Kudat H, Tükek T, Yeneral M, Ozcan M, Güven O, Korkut F. Autonomic dysfunction in vitamin B12 deficiency: a heart rate variability study. J Auton Nerv Syst 1998; 71: 25-27 [PMID: 9722191 DOI: 10.1016/S01651838(98)000587]

82 Kumfu S, Chattipakorn S, Chinda K, Fucharoen S, Chattipakorn N. T-type calcium channel blockade improves survival and cardiovascular function in thalassemic mice. Eur J Haematol 2012; 88: 535-548 [PMID: 22404220 DOI: 10.1111/j.16000609.2012.01779.x]

83 Di Tucci AA, Matta G, Deplano S, Gabbas A, Depau C, Derudas D, Caocci G, Agus A, Angelucci E. Myocardial iron overload assessment by T2* magnetic resonance imaging in adult transfusion dependent patients with acquired anemias. Haematologica 2008; 93: 1385-1388 [PMID: 18603557 DOI: 10.3324/haematol.12759]

84 Barzin M, Kowsarian M, Akhlaghpoor S, Jalalian R, Taremi M. Correlation of cardiac MRI T2* with echocardiography in thalassemia major. Eur Rev Med Pharmacol Sci 2012; 16: 254-260 [PMID: 22428478]

85 Brittenham GM, Griffith PM, Nienhuis AW, McLaren CE, Young NS, Tucker EE, Allen CJ, Farrell DE, Harris JW. Efficacy of deferoxamine in preventing complications of iron overload in patients with thalassemia major. N Engl J Med 1994; 331: 567-573 [PMID: 8047080]

86 Fischer R, Tiemann CD, Engelhardt R, Nielsen P, Dürken M, Gabbe EE, Janka GE. Assessment of iron stores in children with transfusion siderosis by biomagnetic liver susceptometry. Am J Hematol 1999; 60: 289-299 [PMID: 10203103 DOI: 10.1002/(SICI)10968652(199904)]

87 Hershko C, Graham G, Bates GW, Rachmilewitz EA. Non-specific serum iron in thalassaemia: an abnormal serum iron fraction of potential toxicity. Br J Haematol 1978; 40: 255-263 [PMID: 708645]

88 Oztarhan K, Delibas Y, Salcioglu Z, Kaya G, Bakari S, Bornaun H, Aydogan G. Assessment of cardiac parameters in evaluation of cardiac functions in patients with thalassemia major. Pediatr Hematol Oncol 2012; 29: 220-234 [PMID: 22475298 DOI: 10.3109/08880018.2012.671449]

89 Gurses D, Ulger Z, Levent E, Aydinok Y, Ozyurek AR. Time domain heart rate variability analysis in patients with thalassaemia major. Acta Cardiol 2005; 60: 477-481 [PMID: 16261777 DOI: 10.2143/AC.60.5.2004967]

90 Veglio F, Melchio R, Rabbia F, Molino P, Genova GC, Martini G, Schiavone D, Piga A, Chiandussi L. Blood pressure and heart rate in young thalassemia major patients. Am J Hypertens 1998; 11: 539-547 [PMID: 9633789 DOI: 10.1016/S08957061(97)00263X]

91 Ma QL, Wang B, Fu GH, Chen GF, Chen ZY. [Heart rate variability in children with beta-thalassemia major]. Zhongguo Dang Dai Er Ke Za Zhi 2011; 13: 654-656 [PMID: 21849117]

92 Incharoen T, Thephinlap C, Srichairatanakool S, Chattipakorn S, Winichagoon P, Fucharoen S, Vadolas J, Chattipakorn N. Heart rate variability in beta-thalassemic mice. Int J Cardiol 2007; 121: 203-204 [PMID: 17113168 DOI: 10.1016/j.ijcard.2006.08.076]

93 Thephinlap C, Phisalaphong C, Lailerd N, Chattipakorn N, Winichagoon P, Vadolus J, Fucharoen S, Porter JB, Srichairatanakool S. Reversal of cardiac iron loading and dysfunction in thalassemic mice by curcuminoids. Med Chem 2011; 7: 62-69 [PMID: 21235521 DOI: 10.2174/157340611794072724]

P-Reviewers Aggarwal A, Aronow WS, Sun ZH, Said S S-Editor Gou SX   L-Editor    E-Editor

Table 1 Summary of the controversial correlation between cardiac magnetic resonance T2* and serum ferritin in thalassemia major
	Population/size
	Type of study
	Findings
	Correlation
	References

	TM/652 patients
	Prospective
	Significant correlation between cardiac T2* and ferritin
(r2 = 0.003, P = 0.04)
	(
	Kirk et al[56
]

	TM/776 patients
	Retrospective
	Significant relationship between cardiac R2* and ferritin
(r = -0.359, P  < 0.0001)
	(
	Marsella et al[59
]

	TM/167 patients
	Prospective
	Myocardial T2* was correlated with serum ferritin
(r = −0.34, P  < 0.001)
	(
	Tanner et al[60
]

	TM/19 patients, SCD/17 patients
	Cross sectional
	Cardiac 1/T2* was correlated with ferritin level
(r2 = 0.33, P = 0.01)
	(
	Wood et al[61
]

	TM/106 patients
	Prospective
	No significant correlation between heart T2* and serum ferritin
	(
	Anderson et al[16
]

	TM/60 patients
	Prospective
	Serum ferritin did not correlate with cardiac iron values
	(
	Merchant et al[57
]

	TM/20 patients
	Prospective
	No correlation between serum ferritin and cardiac T2*
	(
	Kolnagou et al[58
]

	TM/47 patients
	Retrospective
	Cardiac T2* was not associated with the serum ferritin
	(
	Bayraktaroglu et al[


22
]


TM: Thalassemia major; SCD: Sickle cell disease.
Table 2 Summary of the correlation between cardiac magnetic resonance T2* and cardiac function in thalassemia major
	Population/size
	Type of study
	Findings
	Correlation
	References

	TM/776 patients
	Retrospective
	Significant correlation between LVEF and cardiac R2*
(r = -0.327, P  < 0.0001)
	(
	Marsella et al[59
]

	TM/106 patients
	Prospective
	Significant correlation of myocardial T2* below 20 ms with LVEF (r = 0.61, P  < 0.0001), LVESVi (r = 0.50, P  < 0.0001), and LV mass index (r = 0.40, P  < 0.001)
	(
	Anderson et al[16
]

	TM/167 patients
	Prospective
	Significant relationship between myocardial iron and LVEF
(r = 0.57, P  < 0.001)
	(
	Tanner et al[60
]

	TM/67 patients
	Cross sectional
	Myocardial T2* related to LV diastolic function (EPFR, r = –0.20,
P = 0.19; APFR, r = 0.49, P  < 0.001; EPFR/APFR ratio, r = –0.62,
P  < 0.001)
	(
	Westwood et al[52
]

	TM/33 patients
	Cross sectional
	Good correlation of DT, Tei index and E/Em index with cardiac T2* values (P  < 0.05, r = 0.70-0.81) and weak correlation of E/A with T2* (P  < 0.05, r = -0.44)
	(
	Barzin et al[84
]

	TM/47 patients
	Retrospective
	Significant correlations of the myocardial T2* with LVESVi and LVEDVi (r = -0.32, P = 0.027; r = -0.29, P = 0.046, respectively)
	(
	Bayraktaroglu et al[


22
]

	TM/19 patients, SCD/17 patients
	Cross sectional
	Significant relationship between LVEF and myocardial T2*
	(
	Wood et al[61
]


TM: Thalassemia major; SCD: Sickle cell disease; LVEF: Left ventricular ejection fraction; LVESVi: Left ventricular end systolic volume index; LVEDVi: Left ventricular end diastolic volume index; EPFR: Early peak filling rate; APFR: Atrial peak filling rate; DT: Deceleration time; E/Em: Early diastolic peak inflow velocity and early diastolic myocardial velocity ratio; E/A: Early and late transmitral peak flow velocity ratio.
Table 3  Comparison of various methods to evaluate cardiac iron overload in thalassemia patients

	Method
	Advantages
	Disadvantages

	Serum ferritin
	Easy and available

 Inexpensive
	 Poor predictor of iron overload[85, 86
]
 Nonspecific for cardiac iron

 Altered by many conditions[14
]

	Echocardiogram
	 Easy and available

 Inexpensive
	 Late indicator of cardiac involvement[21,23
]

	Liver biopsy
	 Total body iron estimation[32
]
	 Invasive

 No correlation with myocardial iron deposition[33
]

	Myocardial biopsy
	
	 Invasive

 No correlation with cardiac iron status and function[34
]

	ECG
	 Easy and available

 Inexpensive
	 Ineffective screening parameter for cardiac iron overload[25,31
]

	SQUID
	 Standardized noninvasive index for liver iron[36
]
	 Lack of availability, technical demands, and reproducibility

 Costly
 Application for the study of heart iron pending

	NTBI
	 Direct parameter of freeform iron resulting in
peroxidative damage[87
]
	 Limited availability

 No generally accepted method[48
], and poor correlation
between methods[49
]

	CMR T2*
	 Method of choice for the assessment of tissue iron
deposition in last decade[51
]
 Noninvasive measurement of cardiac iron
deposition[50
]
 Available

 High sensitivity and reproducible[50
]
 Correlation with clinical outcome[
 ADDIN EN.CITE 
16,17,56,62,63
]
	 Costly


ECG: Electrocardiogram; SQUID: Superconducting quantum interference device; NTBI: Nontransferrinbound iron; CMR T2*: Cardiac magnetic resonance T2*.
Table 4 Summary of heart rate variability findings from both clinical and basic studies in thalassemia
	Population/size
	Type of study
	Findings
	References

	34 TM patients and 20 healthy subjects
	Prospective
	Significantly depressed both time and frequency domain HRV parameters in TM patients
	Rutjanaprom et al[20
]

	32 TM patients and 46 control subjects
	Prospective
	Significantly reduced all HRV parameters in TM patients
	Kardelen et al[77
]

	19 TM patients and 19 healthy volunteers
	Cross sectional
	Significantly lower both time and frequency domain HRV parameters in the TM group
	Franzoni et al[75
]

	100 TM patients and 60 healthy controls
	Cross sectional
	Lower SDNN in TM with ectopia while markedly increased LF/HF ratio in this group.
	Oztarhan et al[88
]

	48 Thalassemia patients and 45 healthy subjects
	Cross sectional
	Significantly reduced time domain parameters in the thalssemia group
	Gurses et al[89
]

	9 TM patients and 9 healthy subjects
	Cross sectional
	Significantly lower LF/HF ratio during tilt in TM patients than in control subjects
	Veglio et al[90
]

	21 TM patients and 15 healthy subjects
	Cross sectional
	Significantly lower in all HRV parameters in TM group than in control group
	Ma et al[91
]

	13 wildtype, 13 HbE/βthalassemia and 13 muβ+/− mice
	Cross sectional
	Depressed all HRV parameters in the heterozygous βglobin knockout mice (muβ+/−)
	Incharoen et al[92
]

	810 wildtype and 810 heterozygous betaknockout mice
	Prospective
	Higher LF ⁄ HF ratio in thalassemic mice than those in the wild type
	Kumfu et al[82
]

	12 wildtype and 12 heterozygous betaknockout mice
	Prospective
	Depressed HRV in betathalassemic mice compared to wild type
	Thephinlap et al[93
]


TM: Thalassemia major; HRV: Heart rate variability; SDNN: Standard deviation of all NN intervals; LF: Low frequency power; HF: High frequency power.
Table 5 Summary of the correlation between HRV and serum ferritin in thalassemia major
	Population/size
	Type of study
	Findings
	Correlation
	References

	34 TM patients and 
20 healthy subjects
	Prospective
	No correlations between HRV parameters and serum ferritin
	(
	Rutjanaprom et al[20
]

	19 TM patients and 
19 healthy volunteers
	Cross sectional
	No correlation between HRV parameters and serum ferritin
	(
	Franzoni et al[75
]

	21 TM patients and 
15 healthy subjects
	Cross sectional
	No relationship of HRV parameters with serum ferritin
	(
	Ma et al[91
]


TM: Thalassemia major; HRV: Heart rate variability.
Table 6 Summary of the relationship between heart rate variability and cardiac function in thalassemia major
	Population/size
	Type of study
	Findings
	Correlation
	References

	34 TM patients and 
20 healthy subjects
	Prospective
	None of the echocardiographic parameters was correlated with HRV
	(
	Rutjanaprom et al[20
]

	32 TM patients and 
46 control subjects
	Prospective
	Reduced HRV were described in TM despite no echocardiographic abnormality
	(
	Kardelen et al[77
]

	19 TM patients and 

19 healthy volunteers
	Cross sectional
	No correlation between HRV parameters and echocardiographic parameters
	(
	Franzoni et al[75
]

	20 TM patients


	Prospective
	Abnormal HRV in TM with no evidence of ventricular dysfunction
	(
	De Chiara et al[78
]


TM: Thalassemia major; HRV: Heart rate variability.
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