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Summary
Iron overload occurs in patients who require regular blood transfusions to correct genetic and acquired
anaemias, such as β-thalassaemia major, sickle cell disease, and myelodysplastic syndromes.
Although iron overload causes damage in many organs, accumulation of cardiac iron is a leading
cause of death in transfused patients with β-thalassaemia major. The symptoms of cardiac iron
overload will occur long after the first cardiac iron accumulation, at a point when treatment is more
complex than primary prevention would have been. Direct measurement of cardiac iron using T2*
magnetic resonance imaging, rather than indirect methods such as measuring serum ferritin levels
or liver iron concentration have contributed to earlier recognition of myocardial iron loading and
prevention of cardiac toxicity. Cardiac siderosis occurs in all transfusional anaemias, but the relative
risk depends upon the underlying disease state, transfusional load, and chelation history. All three
available iron chelators can be used to remove cardiac iron, but each has unique physical properties
that influence their cardiac efficacy. More prospective trials are needed to assess the effects of single-
agent or combination iron chelation therapy on the levels of cardiac iron and cardiac function.
Ultimately, iron chelation therapies should be tailored to meet individual patient needs and lifestyle
demands.

Keywords
Cardiac iron; Iron chelation therapy; Myelodysplastic syndrome; Sickle cell disease; β-Thalassaemia
major

Introduction
Iron overload occurs in patients who are dependent on red blood cell transfusions to correct
genetic and acquired anaemias, such as β-thalassaemia major, sickle cell disease, and
myelodysplastic syndromes (MDS). Although iron overload causes damage in many organs,
accumulation of cardiac iron is the leading cause of death in transfused patients with β-
thalassaemia major. 1 With adequate iron chelation therapy, the deleterious effects of cardiac
iron overload can be reversed and survival rates in modern cohorts have improved dramatically.
2 Nonetheless, cardiac toxicity remains common and develops only after longstanding cardiac
iron deposition, leading to difficult and protracted therapies. Direct cardiac iron measurement
using magnetic resonance imaging (MRI), rather than indirect methods such as measuring
serum ferritin level or liver iron concentration, allows recognition of preclinical cardiac iron
and proactive modifications of iron chelation therapy. Cardiac MRI also provides insights into
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the mechanisms and kinetics of cardiac iron transport, and serves as a marker of chelation
efficacy. This chapter reviews various aspects of cardiac iron overload across a number of
transfusion-dependent anaemias and the impact of iron chelation therapy on cardiac iron
loading.

Mechanisms of cardiac iron overloading
During the progression of iron overload, iron accumulates in the ventricular wall, the
epicardium, the papillary muscles, and the ventricular septum. Grossly visible cardiac iron
deposits are associated with cardiac dysfunction and usually with chronic cardiac failure. 3
Iron accumulation occurs initially in the ventricular followed by the atrial myocardium, but
remains greater in working than in conducting myocardium. First degree heart block and
supraventricular arrhythmias are correlated with the extent of iron deposition in the atrial
myocardium. 3

Several transport systems play a role in cardiac iron uptake (Figure 1). 4 To reduce toxicity,
circulating iron is bound and transported by transferrin, which is about 30% saturated in normal
patients. Under conditions of iron homeostasis, cardiac iron needs are supplied via highly
regulated transferrin-mediated uptake mechanisms. During iron overloading, transferrin
becomes saturated and toxic non-transferrin-bound iron (NTBI) begins to appear in the
circulation. NTBI readily enters cardiomyocytes, predominantly as ferrous iron via L-type
Ca2+ (voltage-dependent) channels, raising the levels of labile cardiac iron. 5 Endosome-
mediated iron uptake may also take place during iron overload, but the physiology of this
mechanism is poorly understood.

Inside the myocyte, iron is rapidly bound by ferritin and transported to lysosomes for
degradation and long-term storage. Iron stored in lysosomes can be visualized by MRI, and
this forms the basis of non-invasive monitoring of cardiac iron. When the antioxidant capacity
of the cell is exceeded, reactive oxygen species are formed, 6 damaging organelles, interfering
with electrical and mechanical processes, and triggering myocyte apoptosis. 5

Measurement of cardiac iron
Preventing cardiac iron overload requires careful monitoring of iron balance as well as of iron
levels within the myocardium. The simplest, though indirect, way of assessing cardiac risk is
to determine serum ferritin levels. High serum ferritin levels are significantly associated with
the subsequent development of cardiac failure and death. 1,2,7–9 Measuring ferritin levels is
inexpensive, widely available, and clinically indicated even when resources allow more
sophisticated monitoring methods. However, its usefulness in assessing iron overload is limited
because the concentration of serum ferritin is influenced by many factors other than iron status,
including infection, ineffective erythropoiesis, ascorbate status, and hepatic damage.

Liver iron concentration (LIC) reflects both iron stores and chronic iron balance. 10,11

Markedly elevated LIC is associated with cardiac complications. 8,10 LIC was classically
measured by chemical determination in a liver biopsy. In experienced hands, this invasive
procedure has a only a small risk of complications, 12 but sampling errors are common,
especially in cirrhotic and fibrotic livers. Non-invasive methods such as MRI are gradually
replacing liver biopsy for determination of LIC at major thalassaemia centres. 13–15

While both serum ferritin and LIC determinations are essential for safe and successful iron
chelation therapy, cardiac iron uptake and toxicity can occur despite apparently adequate total
body iron balance. 16–18 Signs of cardiac toxicity as measured by electrocardiography,
echocardiography, or radionuclide angiography do not appear until severe cardiac iron
deposition has occurred and the process is more difficult to reverse. 4,9 Although cardiac biopsy
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could potentially measure subclinical levels of iron overload, it is not suitable for routine
screening because it is invasive and has unacceptable sampling error. Non-invasive MRI
assessment of cardiac iron, however, can reliably identify patients with subclinical cardiac iron
concentrations and stratify their risk of subsequent cardiac dysfunction. 4,16 The technique
measures the half-life, T2*, of cardiac muscle darkening (with respect to echo time) produced
by magnetically active stored cardiac iron. 16 Cardiac T2* correlates inversely with cardiac
iron concentration. 19,20

Clinical relevance of cardiac T2* measurements
Cardiac T2* predominantly reflects safely stored cardiac iron, explaining how patients can
have abnormal cardiac T2* values with normal cardiac function. However, the safely stored
iron pool is in dynamic equilibrium with labile myocyte iron, leading to higher incidence/
prevalence of cardiac decompensation at low T2* values. 16 In patients with β-thalassaemia
major, T2* values below 10 ms predict potentially lethal cardiac iron levels and cardiac
dysfunction (Figure 2). 21,22 In addition to predicting cardiac function, cardiac T2* correlates
with endothelial dysfunction and arterial stiffness. 21,23 Resulting increases in peripheral
vascular resistance decrease left atrial size, left ventricular size, and cardiac output.

The relationship between cardiac T2* values and iron balance is quite complicated because
the mechanisms and kinetics of cardiac iron uptake and clearance differ from the liver. Cardiac
T2* does not correlate with serum ferritin concentration and LIC in cross sectional analysis,
while longitudinal studies continue to imply a causal relationship. 16 Since they reflect different
aspects of the iron storage pool, all three parameters (serum ferritin, LIC, and cardiac T2*)
should be regularly measured to monitor total body and cardiac iron load.

Cardiac iron overload in different anaemias
Cardiac iron overload can develop in many types of chronically transfused patients. 3 In patients
who do not receive iron chelation therapy, cardiac iron overloading begins after as few as 75
units of blood have been transfused. 3,24

β-Thalassaemia major
Iron cardiomyopathy has been studied most intensively in β-thalassaemia major. Cardiac
involvement correlates with other extrahepatic iron toxicities, including diabetes and other
endocrine complications. 25 Men are more than twice as likely as women to succumb to cardiac
iron overloading despite comparable iron exposures and serum ferritin levels. 26 In a careful
epidemiological study, lower serum ferritin levels were associated with improved survival, and
outcomes continued to improve with continued decrease in serum ferritin levels, without any
apparent threshold. 27

Just under half of adult patients with β-thalassaemia major have detectable cardiac iron, though
many of them are asymptomatic. 23,27 However, patients with β-thalassaemia major who
receive adequate iron chelation therapy do not exhibit cardiac iron loading until the second
decade of life, after exposure to a minimum of 35 g of transfusional iron (approximately 175
units of blood). 28 This threshold is slightly lower than the values of 40 g of iron 3 and 44–51
g of iron 10 identified when cardiac death was the end-point.

Myelodysplastic syndromes
Patients with MDS may require transfusion intensities comparable with those required in
patients with β-thalassaemia major. Total blood exposure is limited by mortality from the
underlying blood disorder in some patients, but patients who are younger, have fewer
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comorbidities, and lower MDS risk live long enough to potentially develop cardiac toxicity.
Patients with MDS who do not receive iron chelation therapy may develop cardiac iron
overload after 75–100 units of blood have been transfused. 24

Reported studies of cardiac iron in MDS patients have generally been small and poorly
controlled. In a pilot study in 7 patients, cardiac iron overload was seen after 2–4 years of
continual transfusion (mean exposure, 206 units), but some patients did not develop cardiac
iron overload even after 12 years. 29 Transfusion intensity, i.e. total blood volume transfused
per year, and not total blood volume per se, was higher in those patients who developed cardiac
iron overload. In two subsequent studies, cardiac iron deposition was absent, with none of 11
patients showing significant cardiac iron loading after transfusions for 1–12 years 30 and none
of 10 patients showing cardiac iron overload after 2–6 years of transfusion therapy. 31 However,
the transfusion intensity and duration in these studies were significantly less than reported for
patients with β-thalassaemia major, and routine chelation was performed in patients with the
heaviest transfusional exposures. Until further information from appropriate studies is
available, the transfusion threshold guidelines of 75 units of blood in unchelated patients and
175 units in regularly chelated patients should serve as useful indicators for initiating cardiac
T2* surveillance in this population.

Rare anaemias
Patients with rare transfusion-dependent anaemias, such as congenital dyserythropoietic
anaemia and Blackfan-Diamond syndrome, also develop iron overload-induced
cardiomyopathy. These syndromes are rare, and hence prevalence estimates of cardiac iron
overload are difficult. Detectable cardiac iron overload is quite common (~70%) in Blackfan-
Diamond syndrome and congenital sideroblastic anaemia, and occurs less frequently (~20%)
in patients with pyruvate kinase deficiency and survivors of acute myeloid leukaemia. 29 In
the author’s institution, the prevalence and severity of cardiac iron loading (assessed by cardiac
MRI T2* imaging) and of cardiac dysfunction are similar in the rare anaemias and in β-
thalassaemia major (Figure 3). Multicentre trials will be required to stratify cardiac risk more
accurately in subpopulations of patients with rare transfusion-dependent anaemias.

Sickle cell disease
Most patients with sickle cell disease (SCD) do not require routine transfusion therapy.
However, about 20% of children with SCD are now being placed on regular transfusion therapy
to prevent primary or recurrent neurovascular complications. Hence, these patients develop
comparable total body iron burdens to TM patients. As in β-thalassaemia major, cardiac
dysfunction occurs in SCD, but is rarely associated with detectable cardiac iron (Figure 4).
27 One reason for this difference may be that transfusions are generally started later in life in
SCD, and the total transfusional exposures are thus lower than in β-thalassaemia major for any
given patient age. In addition, transferrin saturation and NTBI levels are lower in patients with
SCD than in those with β-thalassaemia major. 32,33 Chronically transfused patients with SCD
also show signs of increased inflammation, 32 and this may inhibit iron release from the
reticuloendothelial system through increased hepcidin 34 or other mediators. Decreased cardiac
risk in chronically transfused patients with SCD is concordant with the decreased prevalence
of endocrine complications in these patients. 35

While cardiac iron overloading is relatively rare in patients with SCD receiving regular
transfusions, it does occur. Serum ferritin levels are a less reliable indicator of iron overload
in SCD than in β-thalassaemia major or MDS 36 because ferritin is an acute-phase reactant.
Chronically transfused adolescent and adult SCD patients should undergo regular MRI
screening if the facilities are available. Although cardiac iron is seldom elevated in SCD, the
prevalence of cardiac dysfunction is relatively high. 37 The pathophysiology of this dysfunction
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is poorly understood, but is unlikely to result simply from chronic anaemia. Fibrotic changes
have been described in a few patients with SCD not receiving transfusions, 37,38 but fibrosis
cannot be invoked to explain cardiac dysfunction. Further research is necessary to fully
characterize this non-specific, asymptomatic cardiac dysfunction.

Iron chelation and its effect on cardiac iron
Iron overload-induced cardiomyopathy is a preventable and treatable condition. Prior to the
use of MRI, mild reductions in left ventricular function were used as the basis on which to
escalate iron chelation therapy, with complete reversal of cardiomyopathy in all patients who
could comply with continuous intravenous deferoxamine therapy. 9 Unfortunately, the process
took years and patients who failed to comply for the duration of the treatment died.

Fortunately, MRI assessment of cardiac T2* provides a longer treatment window for iron
overload-induced cardiomyopathy, allowing correction of cardiac iron overload through more
modest changes in iron chelation therapy. All three available iron chelators –deferasirox,
deferoxamine, and deferiprone – can remove cardiac iron, but each has unique biophysical
properties that influence the dosages required and the routes of administration. The primary
limitation of deferoxamine is its difficulty of administration, which leads to poor compliance.
In addition, its very short half-life limits its suppression of NTBI to the hours of drug
administration, so that effective cardiac iron chelation requires continuous or near-continuous
administration.

The oral chelator deferiprone is a very small molecule (for an iron chelator) and readily enters
myocytes and intracellular compartments. Both observational 26,39 and randomized controlled
trials 23,40 indicate that deferiprone is an effective cardiac iron chelator when used alone or in
combination with deferoxamine. Cardiac iron, cardiac function, and survival all appear to
improve with deferiprone use. Its primary limitation has been the rare but potentially lethal
complication of agranulocytosis, which necessitates weekly complete blood counts for the
duration of therapy. It also has not been approved for use in the USA and Canada.

Reports of the cardiac effects of the most recently approved oral iron chelator, deferasirox are
emerging. In vitro demonstrated that intracellular sites of labile cardiac iron accumulation are
accessed more rapidly by deferasirox and deferiprone than by deferoxamine. 41 In addition,
deferasirox restored the contractility of cultured rat cardiomyocytes after iron loading. All three
chelators were able to remove labile iron from plasma. 41 Studies in gerbils also suggest that
deferasirox and deferiprone have comparable access to cardiac iron. 42,43

While extensive evidence supports the efficacy of deferasirox in removing iron from the liver,
44–47 data regarding its cardiac efficacy in actual clinical practice are more limited. In a single-
institution study of patients with transfusion-dependent β-thalassaemia major and other iron
overload conditions, deferasirox improved cardiac T2* by 2.1% per month (P = 0.013),
compared with 1.6% per month for deferoxamine (P = 0.11) during a 13 month interval. 48

Comparable changes (2.4% per month) were reported in preliminary sixth month results from
the multicenter US04 trial, with 18/20 patients improving cardiac T2*. 49 Both studies were
too small to demonstrate any beneficial effects on left ventricular function. In contrast, the
larger ESCALATOR trial (252 patients) showed a small but significant increase of 1.7 ±7.8%
in LVEF indicating relief of mild, subclinical cardiac dysfunction in patients thought to have
normal cardiac function (starting LVEF of 65.0 ±6.9%). 50 Larger open-label trials are nearing
completion, randomized trials will be needed to compare cardiac iron chelation efficiencies
among the different therapies available.
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Conclusions
The rate and mechanism of iron loading are different in transfusion-dependent anaemias from
those in hereditary haemochromatosis. Although cardiac iron overload occurs later than hepatic
iron overload, it has more serious consequences. 2 Serum ferritin levels and LIC do not correlate
well with cardiac iron accumulation; however, cardiac MRI allows preclinical recognition of
cardiac iron overload. MRI has also provided fresh insights into the pathology of cardiac iron
overload across various anaemias and can be used to monitor cardiac iron overload and cardiac
function. All chronically transfused patients are at risk for cardiac iron accumulation after
sufficient exposure to transfusional iron, but the risk is modulated by disease state and chelation
therapy. All three available iron chelators remove cardiac iron, but each has distinct chemical
properties that influence their efficacy. More prospective trials are needed to assess the effects
of single-agent or combination iron chelation therapy on cardiac iron levels and cardiac
function. Ultimately, iron chelation therapies should be tailored to meet each individual
patient’s needs and lifestyle demands, similar to most medical therapies.
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Fig. 1.
Scheme showing iron entry, storage, and toxicity in the heart, each represented as separate
processes. Reproduced with permission from Wood JC, et al. 4 Ann NY Acad Sci
2005;1054:387–95. © 2005 New York Academy of Sciences.
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Figure 2.
Relationships between myocardial T2* values and parameters of ventricular function: (A) left
ventricular ejection fraction, (B) left ventricular mass index, (C) left ventricular end-systolic
volume index. The broken lines represent the normal reference ranges for myocardial T2* and
parameters of cardiac function. Below a myocardial T2* of 20 ms, there is a progressive and
significant decline in left ventricular ejection fraction and an increase in the left ventricular
end-systolic volume index and left ventricular mass index. Reproduced with permission from
Anderson LJ, et al. 16 Eur Heart J 2001;22:2271–9. By permission of Oxford University Press.
© 2001 by the European Society of Cardiology.
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Figure 3.
Relationship between left ventricular ejection fraction and myocardial T2* in patients with
thalassaemia and rare anaemias. Dotted line represents reference range for ejection fraction.
Wood JC, et al. Unpublished data.
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Figure 4.
Relationship between left ventricular ejection fraction and myocardial T2* in patients with
thalassaemia and sickle cell disease. Dotted lines represent reference range for ejection fraction.
Shading round points indicates a need for cardiac medications. Two patients had ventricular
tachycardia, indicated by the letters VT. Reproduced with permission from Wood JC, et al.
27 Blood 2004;103:1934–6. © 2004 the American Society of Hematology.
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