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Abstract
T2* is a magnetic relaxation property of any tissue which is inversely related to intracellular iron stores. Measurement is simple, quick and robust and has high reproducibility. The ability to measure ventricular function plus T2* in the heart and liver during the same scan has revolutionised the understanding of iron storage disease and the management of the iron loaded patient. The early findings using T2* challenged conventional teachings and both the technique and the findings were initially viewed with scepticism. However after a decade of work in validating, calibrating and expanding access to this method, it is now accepted as the method of choice for tissue iron assessment. In the UK, where T2* measurement was first used in the clinical care of patients with thalassaemia major, a large and significant fall in mortality has been seen in this patient group.
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Introduction
Eleven years ago, 50% of patients with thalasaaemia major in the UK died by the age of 35 years [1] – predominantly due to iron-induced cardiac failure.[2] This was despite the potentially reversible nature of the cardiomyopathy,[3] ubiquitous access to iron-chelation therapy from a young age, and regular monitoring with serum ferritin, echocardiography and intermittent liver biopsy. As it was not possible to directly estimate cardiac iron level, clinicians relied on these indirect markers and the patient’s chelation history to guide decision making.  Cardiac risk assessment was therefore fraught, and further complicated by the late development of signs, symptoms and echocardiographic abnormalities,[4,5] and the unpredictability of cardiac involvement - with apparently well-chelated patients developing heart failure (as assessed by serum ferritin and liver iron), as well as non-compliant patients with high serum ferritin levels. Once cardiac failure or ventricular arrhythmias developed, the outlook was poor, and death often followed swiftly despite intensified chelation therapies.[6] Indeed, cardiac failure was so unpredictable and sudden in thalassaemic patients that some considered these deaths to be due to acute myocarditis rather than iron overload cardiomyopathy.[7]
A direct measurement of cardiac iron was urgently needed to better understand the condition, to allow early detection of patients at risk, to direct chelation therapy effectively and to prevent unnecessary deaths from a potentially reversible cardiomyopathy. 
Pathophysiology of Iron Overload
Although cardiac iron overload occurs in other transfusion-dependent anaemias and in the hereditary haemochromatoses (particularly the juvenile onset phenotype), thalassaemia major is an extreme human model for tissue iron loading. Regular blood transfusions from the first year of life, combined with an inappropriate increase in intestinal iron absorption, result in 20-50 times the physiological rate of iron uptake, leading to an inexorable accumulation of iron in the body tissues. Eventually, extensive iron-induced injury develops in the liver, pancreas, endocrine system and heart.[8] In the heart, this results in impaired Na-K-ATPase activity,[9] increased lysosomal fragility,[10] impaired mitochondrial respiratory chain activity, [11] and clinical heart failure.[12]
The human body has no mechanism for excreting excess iron, which instead is laid down as crystalline iron oxide within the relatively non-toxic forms of ferritin or haemosiderin within intracellular lysosomes. At normal body iron levels, plasma iron is bound to transferrin, preventing catalytic activity and free radical production, but if the iron binding capacity of transferrin is exhausted, non-transferrin bound plasma iron is released (NTBI).[13]    NTBI is far more toxic than transferrin bound iron, and is taken up more readily by cardiomyocytes, [14]   and uptake increases paradoxically in the presence of high levels of intracellular iron [15].  Once within the myocyte, NTBI is buffered by ferritin, but on release, promotes hydroxyl radical formation and peroxidative damage to membrane lipids and proteins.[16]    NTBI levels are suppressed during standard 12 hour subcutaneous infusions of chelating agent but rise rapidly on cessation and this rebound increase in NTBI has been shown to increase paradoxically with increasing chelator dose.[17] Hence continuous low dose infusions are more desirable than intermittent high dose infusions for high-risk patients.
Deposition Pattern of Iron in the Heart

Iron deposition in the heart follows a characteristic pattern, with the most iron laid down in the epicardial layer.[8, 18].  A relatively mild degree of fibrosis has been observed in autopsy and CMR studies suggesting that even when advanced, the cardiomyopathy may be potentially reversible.[8, 19, 20]  
Cardiac Iron Assessment – Indirect Markers
Serum ferritin is the most commonly used indirect gauge of body iron stores.  However, serum ferritin only reflects stored iron that is in transition in the blood (1% of the total iron storage pool), and is altered by a variety of conditions including inflammation and hepatic dysfunction.  In thalassaemic patients, total body iron stores account for only 57% of the variation in plasma ferritin concentration.[21] 
Until the introduction of CMR T2*, liver biopsy was considered the gold standard method for determining the body iron burden.  However, measurement of liver iron can only be an effective indicator of cardiac iron stores if iron is stored predictably and homogeneously throughout the body. Furthermore, liver biopsy is invasive, unpleasant and expensive which limits the frequency of repeat assessments and sampling errors are increased in the presence of hepatic fibrosis, common in iron overload diseases.[22, 23]
MR Measurement of Tissue Iron   
The magnetic resonance signal observed from a static tissue depends largely on the T1 and T2 relaxation times of the protons in that tissue. Early in the development of clinical MR imaging it was noted that iron overload caused a reduction in signal intensity of the liver.[24] However it was not known what caused this effect. It was apparent from the equation for spin echo signal intensity that proton density, T1 or T2 must be altered.

Signal Intensity = NH*(1-e-TR/T1)*e-TE/T2
Where NH=proton density, TR=repeat time, TE=echo time

Stark et al investigated the relaxation times of experimental animals with hepatic iron overload and showed that increased tissue iron led to extreme decreases in T2 but only moderate decreases in T1 and that both 1/T2 and 1/T1 increased linearly with hepatic iron levels.[25]   However the relaxation effects of ferritin in solution were insufficient to account for the extreme decrease in T2 observed in tissue iron overload and Gomori and Grossman suggested that the intracellular storage of ferritin in large lysosomes (siderosomes) caused a coarser cellular field gradient accounting for the extreme decreases in T2 observed in vivo.[26] However, due to its small size, toxic NTBI ‘free iron’ is less susceptible. 
Early Spin-Echo Techniques for the Quantification of Tissue Iron

The signal loss observed in iron loaded tissues stimulated research to develop a non-invasive diagnostic test to quantitate tissue iron concentration, employing either the T2 value of the liver or signal intensity ratios (SIRs) between the liver and skeletal muscle. A linear correlation between 1/T2 and liver iron concentration by biopsy was shown,[27] but difficulties in measuring T2 at long echo times were reported by others who instead measured liver to skeletal muscle SIRs,[28] and showed a significant correlation to liver iron over a limited concentration range.[29]
Gradient-Echo Techniques for the Quantification of Tissue Iron
The newer gradient-echo (T2*) sequences offered two major theoretical advantages to spin-echo (T2) sequences for the determination of tissue iron concentration.  Firstly, gradient echo images are more sensitive to tissue iron because they do not have a rephasing 1800 pulse, which corrects for static paramagnetic effects.[30].  Secondly, due to the rapid acquisition times, breath-hold images could be cardiac-gated to minimise motion artefact from myocardial contraction, blood flow and respiratory movement.

Gandon et al were the first to use gradient-echo techniques to assess liver iron levels.[31]  Comparing gradient-echo SIRs and spin-echo T2 measurements they showed that the correlation to liver iron was better for gradient-echo sequences.  For severe iron overload, SIRs from short echo-time (TE) images gave the best correlation, and for mild iron overload, SIRs from long TE images gave the best correlation to tissue iron.  

A major disadvantage of SIRs was that the ratio produced is sequence dependent and varies with the scanning parameters used (such as echo-time and repeat-time).  Each new sequence would therefore require validation against tissue iron biopsy to calibrate the SIR measurements.  Secondly, the range over which iron can be reliably quantified is limited and depends on the echo-time used (for instance Gandon required two separate sequences for severe and mild iron overload).  An ideal technique would offer a wide range over which iron could be accurately quantified and would be reproducible on different machines with different sequences. T2* is an inherent and measurable property of any tissue and was therefore ideal, as it remains constant when measured with varying sequences on different magnets (so long as the field strength is constant), is highly sensitive to iron loading, and enables the full spectrum of iron loading can be encompassed.   
What is T2*?
Magnetic susceptibility is a measure of the extent to which a substance becomes magnetised when it is placed in the field of the scanner.  Some materials such as ferritin and haemosiderin have high values of susceptibility and are said to be paramagnetic. Paramagnetic particles create localised regions of magnetic field non-uniformity and cause nearby protons to lose phase coherence in a concentration dependent manner,[32] – thereby shortening transverse relaxation times (T2 and T2*).

T2* is related to T2 in the form: 1/T2* = 1/T2 + 1/T2' 

T2' (T2 prime) represents transverse relaxation due to magnetic inhomogeneity effects. From this equation it can be seen that T2* is more sensitive to magnetic inhomogeneity (and therefore tissue iron deposition) than T2. 

Controversial Initial Findings using CMR T2* 

For the first time, CMR T2* scanning enabled assessment of myocardial and liver iron levels along with cardiac function in the same scan. Very quickly it became apparent that there was a marked discordance between liver and heart iron concentration in many patients (figure 1) and in 106 patients, no significant correlation could be found between myocardial T2* and liver iron (r=0.15, p=0.11) or myocardial T2* and serum ferritin (r=0.10, p=0.32).[33]  
These findings challenged a basic assumption of iron overload – that iron was distributed predictably between organs, with cardiac deposition occurring late - which had originated from early autopsy studies performed prior to the introduction of iron chelation therapy.[8]  By 1999, when CMR T2* was introduced in the UK, the clinical picture had been complicated by the introduction of chelation therapy at different ages (widely available in the UK from late 1970s), by periods of varying patient compliance to this therapy, and by the use of different chelation therapies with different affinities to iron in different organs. Not surprisingly, the simple relation between total body and individual organ iron concentration had been lost. More worryingly, CMR T2* imaging also showed that despite subcutaneous chelation regimes from an early age and regular monitoring of serum ferritin, the majority of patients (61%) had developed cardiac iron overload. These findings contradicted conventional teachings; that serum ferritin levels below 2500(g/l [2] and liver iron levels below 15mg/g dry weight,[34] indicated low cardiac risk in thalassaemic patients. In addition to questioning accepted doctrine, our findings also suggested that methods that were only able to non-invasively measure liver and not heart iron were of limited clinical utility.[35, 36]

When CMR T2* was then used to compare chelation therapies available in the UK, with unexpected and unpopular findings, [37]  both the conclusions and the T2* method itself were strongly criticised.[38, 39, 40] 

Validation of CMR T2* Technique 

Given the novelty of the method and the challenging nature of the initial findings, the T2* method was subject to intense scrutiny and although it had been readily taken up by clinicians in the UK and parts of Europe, only became more widely accepted after a series of validation steps had been completed. Ideally, cardiac T2* measurements would have been calibrated directly with in vivo myocardial tissue, but myocardial biopsies are rarely performed clinically in this young patient group, and it did not prove possible to gain ethical approval to perform biopsies for research purposes. Furthermore, iron deposition in the heart is not homogenous, with the least deposition in the endocardium, and absent iron from the right ventricular subendocardial biopsies in patients with cardiac iron overload had been reported.[41] Initially, T2* measurements were calibrated against chemically determined liver iron from biopsies. A significant linear inverse relationship of log-transformed T2* with liver iron was shown (r=0.93 in non-fibrotic samples). This relationship was subsequently reproduced by a team in the US, led by John Wood.[42]
Due to difficulties in validating T2* with in vivo human cardiac tissue, Wood et al went on to study a gerbil model of iron overload and showed an inverse linear correlation between myocardial T2* and myocardial iron.[43]  The same authors subsequently showed an inverse correlation between T2* and myocardial iron in a fresh post mortem iron overloaded heart.[44] However as the heart was heavily iron loaded, calibration was only possible for severely iron loaded myocardium. Definitive calibration from an international post-mortem validation study is now in press.[45]

Myocardial T2* and Relation to Ventricular Function 

Early in the clinical application of the technique, a characteristic pattern of the relationship between myocardial T2* and ejection fraction was recognised (figure 2). Once cardiac iron deposition occurs and the myocardial T2* fell below the normal limit of 20ms, a steep fall in left ventricular ejection fraction was seen (r=0.61, p<0.0001).  However, thalassaemic patients with normal cardiac iron have high ejection fractions due to volume loading in anaemia, so although the decline in ventricular function was obvious, only a few patients (<10%) could be detected by an abnormal ejection fraction, so ventricular dysfunction alone is a poor and late indication of myocardial iron overload. 
A prospective study of severely iron overloaded patients undergoing intensive intravenous iron chelation showed that that as iron cleared from the heart, left ventricular function normalised, providing further support for a causal relationship between iron overload and heart failure. [46] In addition, iron cleared much faster from the liver than the heart (liver iron normalising within 3-6 months), indicating that liver iron could not be relied upon to guide the duration of intensive chelation therapy in patients with cardiac iron overload. 
Despite growing supportive evidence, a prospective link between T2* and the development of heart failure remained to be proven.  This form of data takes time to collect and to reach significance, particularly (as in the UK) when the T2* technique was immediately adopted by those caring for thalassaemic patients and chelation regimes adjusted to avoid cardiac complications.  However in 2009 the link between myocardial T2* and cardiac events (predominantly heart failure) was confirmed, and the one year risk for development of heart failure was shown to be 14% for T2* between 8 and 10ms, 30% for T2* between 6 and 8ms, and 50 % for T2* <6ms.[47]   Since the introduction of CMR T2* in the UK, a 60% fall in mortality related to use of this monitoring method has been observed.[48]
Practical Issues: 
Calculation of myocardial T2*
To calculate T2* in any tissue, a series of images are acquired at increasing echo times. The brightness or signal intensity of the tissue is then measured at each echo time and the signal intensity is then plotted against echo time and forms an exponential decay curve (T2* decay curve). In the heart, a short axis image is acquired (T2* measured from a single mid-ventricular short axis slice has been shown to be a good surrogate for global myocardial iron).[45, 49] The region of interest is drawn in the interventricular septum away from the cardiac veins which cause local susceptibility artefacts,[50] encompassing the full thickness of the septum, as iron concentration is highest in the ‘epicardial’ layer so this variation needs to be accounted for. The resulting exponential decay curve of signal intensity versus echo time has an equation in the form of y=Ke-x/T2* where K represents a constant, x represents the echo time and y represents image signal intensity (figure 3). 

Some of the major MR vendors have software in their offline workstations for the calculation of T2* and commercial applications are also available (CMR Tools Thalassaemia Tool kit). A cost free option is to measure the signal intensities from the septal region of interest using the local patient archive and communication system (PACS) and input these figures into a Microsoft Excel spreadsheet to form a graph of signal intensity versus echo time.  Excel will fit the best exponential curve and display an R2 value for the curve, (facilitating the selection of data points to be omitted for the truncation model of analysis).  
Maximising Reproducibility for Myocardial T2*
In patients with normal or mildly increased cardiac iron, all the signal intensity measurements are included to generate an exponential decay curve.  However, in heavily iron loaded hearts (T2* <10ms) a rapid decay in myocardial signal intensity is seen, such that after a precipitous fall in the first 3 or 4 points, a plateau level reflecting background image noise is reached. Attempts to fit an exponential curve to the resulting data are clearly inaccurate and to overcome this it is usual to perform a subjective sequential (last first) rejection of the later data points until the curve is seen to fit the early steep descent. A typical example shown in figure 4, where the ‘truncation model’ has been applied to fit only the first four data points. The major drawback of the truncation method is that it is subject to potential interpreter error. An alternative and more objective approach is to use an offset model where an exponential equation plus a constant offset is used (figure 4).[51]. He and colleagues have compared the truncation and offset models in vivo. Using an optimised black blood T2* sequence which minimises blood and motion artefact and enables exponential curve fitting without truncation or offset they compared T2* measurements to those from the truncation and offset methods and found the agreement better, and the results more reproducible with the truncation technique.[52]   It is therefore advised that for white blood sequences, a truncation method is used and for black blood sequences automated fitting of an exponential curve is adopted.
Optimal T2* Sequence Parameters at 1.5 Tesla
A single, gradient echo, mid-ventricular short axis slice is acquired in presystole or late diastole to minimise artefacts from blood flow and motion. The initial echo time should be as short as possible, as signal decays rapidly when tissue iron levels are high.  A sequence employing several separate echo times is advocated, (usually 6-10) although very long echo times (>17-20ms) should be avoided due to signal decay in iron loaded tissues.  To minimise T1 effects a low flip angle is employed (20-35%).  
The original T2* sequence employed 9 separate breath-holds at echo times from 5.6 to 18ms, and a further 8 breath-holds for liver T2*.  This is time consuming and so increases cost per scan. A single breath-hold T2* sequence was described in 2003,[53] which reduced imaging time and improved reproducibility by acquiring all images during one breath-hold (thereby avoiding image registration errors as no two breath-holds are identical), and enabled the region of interest to be copied automatically to identical positions on images from increasing echo times. A shorter initial echo time of 2.6ms was also made possible by the more powerful gradients, aiding accurate T2* measurement in severe cardiac iron overload. 

The T2* sequence was improved further in 2007, with the introduction of a double inversion recovery (black blood) single breath-hold T2* sequence which by reducing blood flow and motion artefacts enables automatic fitting of the exponential curve without the need for subjective truncation.[54]  A major advantage of the T2* technique is that intravenous contrast is not required, which reduces time, cost, potential toxicity and improving patient experience and allows the scan to be repeated regularly to monitor chelation therapy.
Reproducibility

The interstudy reproducibility of the original multi-breath-hold T2* sequence was 5% in the heart,[32] improving to 2.3% for the single breath-hold sequence.[53] International, inter-vendor reproducibility of the single breath-hold method using multiple different sequences is 5.0%.[55]
Translating T2* measurements into Clinical Practice

T2* values less than 20ms indicate myocardial iron overload.[32] Myocardial T2* <10ms indicates severe cardiac iron overload and high risk of developing cardiac failure, and these patients require intense chelation therapy and regular review.[47] Frequency of myocardial T2* assessment should be directed by the degree of iron loading and the patient’s chelation history, with increased frequency when there are concerns regarding either of these factors.  

Summary 

A decade after its original description, CMR T2* is now recognised as the method of choice for the assessment of tissue iron deposition.[56]  CMR T2* scanning enables simultaneous assessment of ventricular function in addition to cardiac and liver iron. This ability to visualise the target organs has greatly increased our understanding of iron overload and it is now recognised that the location and degree of iron loading is patient dependent,[57] varies with the chelation history[58] and the regimes that have been used and cannot be predicted by total body iron or indirectly from liver iron or ferritin. Myocardial T2* assessment is a vital part of the preclinical efficacy assessment of new chelation therapies,[59] and where there has been good uptake of CMR T2*, deaths from this reversible cardiomyopathy have been prevented.[48]
Further Developments
Thalasaemia is a global disease and it is important to expand patient access to cardiac iron assessment. The T2* technique is simple and robust and the information can be gained in a single breath-hold without the requirement for intravenous contrast. The method is not subject to patent and the calculation can be performed in widely available worksheets. 

T2* decay is subject to field strength, and with the growing popularity of 3T magnets a calibration between 1.5 and 3 Tesla field strengths is needed in order to establish new ranges for normal, mild and severe iron overload. An international study for the validation of the T2* technique, led by Dudley Pennell at the Royal Brompton Hospital (where the technique originated) has brought about the installation of suitable sequences in multiple satellite centres in Europe, America and Asia. The resulting calibration of myocardial T2* with cardiac iron is in press.[45]
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