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ABSTRACT

Background Iron-induced heart failure is the commonest cause of death in thalassaemia
major. The cardiomyopathy is reversible when treated early, but once heart failure is
established it is often rapidly progressive, and unresponsive to treatment. Our aim was to
develop and validate a non-invasive measurement of myocardial iron in order to allow earlier

diagnosis and treatment.

M ethods and Results We have developed and validated a new magnetic resonance (MR)
12* technique for the measurement of tissue iron. There was a highly significant, inverse
correlation between iron concentration by liver biopsy and liver T2* (r=0.93, p<0.0001).
Inter-study reproducibility was 5.0% in the heart and 3.3% in the liver. As myocardial iron
increased, there was a progressive decline in ejection fraction (r= 0.61, P<0.0001), associated
with a progressive increase in left ventricular mass and end systolic volume. Myocardial iron
content cannot be predicted from serum ferritin or liver iron, the conventional markers of
tissue iron deposition, and assessments of cardiac function alone detect only those with
advanced disease. Multivariate analysis to relate left ventricular ejection fraction to clinical
parameters including age, liver iron and serum ferritin identified myocardial T2* as the only
independent predictor (odds ratio 7.0, p<0.0001). In a small, prospective study of patients
with cardiac involvement we demonstrated that intensification of iron-chelation therapy leads
to removal of iron from the heart and reversal of the cardiomyopathy. A controlled
comparison study of the iron-chelating agents, deferiprone and desferrioxamine, suggests that
deferiprone is more effective in removing iron from the heart than standard treatment with

desferrioxamine.

Conclusions This MR T2* technique provides a simple, robust assessment of myocardial
iron deposition. Early identification and treatment of patients with myocardial iron overload

should reduce the excess mortality and morbidity from this reversible cardiomyopathy.
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CHAPTER 1: SUMMARY AND OBJECTIVES

Thalassaemia major is an inherited anaemia, which is fatal without recurrent transfusions.
Although relatively rare in the UK, the beta-thalassaemias are the commonest single gene
disorders world-wide. As socio-economic conditions in developing countries improve, more
children are being transfused, and are developing normally only to die from iron overload in
their teens and early twenties [Weatherall 1996a]. Even in the UK, where iron-chelation
therapy was first introduced and treatment has been uninterrupted from the early 1970s to the
present day, only 50% of patients currently survive to the age of 35 [Modell 2000]. The
major cause of death is iron-induced heart failure, a potentially reversible condition provided
it is detected early and appropriate augmentation of iron-chelation treatment is instituted in
time. Until now, detection of the cardiomyopathy has been problematic as only indirect
markers of cardiac iron were available and systolic dysfunction detected by echocardiography
is known to be a poor and late marker of cardiac involvement [Henry 1978, Nienhuis 1980].
Once heart failure develops the outlook is poor and many patients die within the first few
months of diagnosis [Ehlers 1981]. Myocardial biopsy has never been routinely practised due
to the invasive nature of the technique and the potential for sampling error in the case of
inhomogeneous iron deposition. A method for quantifying myocardial iron would allow
earlier diagnosis and treatment and has the potential to reduce the mortality from this
reversible cardiomyopathy, but until now an established technique has not existed.

For the purposes of studying iron-induced cardiomyopathy, thalassaemic patients form a
unique model. They are a genetically pre-defined group, and cardiac involvement is
regrettably common, resulting in death from heart failure in more than 60% of patients [Zurlo
1989]. In addition, transfusional iron-overload progresses at such a rapid rate that the
cardiomyopathy presents at a young age when cardiac disease due to other causes (once
congenital anomalies are excluded) is extremely rare. Finally, two major centres of expertise
for thalassaemia are based in London, at the Whittington Hospital (Dr Beatrix Wonke) and

University College Hospital (Professor John Porter), which supervise the care of more than
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half of UK thalassaemic patients. Advice and close collaboration from these two centres has
been an important factor in the progress of this study.

Early in the development of clinical magnetic resonance it was noticed that iron-loaded
tissues appear blackened or dark on magnetic resonance (MR) images [Stark 1983, Brasch
1984]. These findings have triggered a series of efforts to quantify the relationship between
tissue iron concentration and decreased image signal intensity. Gradient-echo techniques
have recently been shown to quantify iron over limited ranges in the liver. As expertise in
cardiovascular MR (CMR) imaging is rapidly developing and as it is theoretically possible to
quantify tissue iron with MR, we attempted to develop a non-invasive technique for the
measurement of iron in the heart. The following chapters describe the development of the
T2* technique and our subsequent clinical findings in a large cohort of thalassaemic patients.
In Chapter 4, I describe the development and validation of the new T2* technique for the
measurement of myocardial iron. In Chapter 5, the technique is applied to 106 thalassaemic
patients, and the relation between myocardial iron and ventricular remodelling is examined.
In Chapter 6, we investigated the relation between ventricular function and the conventional
markers of myocardial iron; serum ferritin and liver iron. In Chapter 7, the variability of iron
deposition between organs is examined. Chapter 8 incorporates the results of a prospective
trial of intensive iron-chelation in a small group of patients with cardiac iron involvement.
Chapter 9 illustrates the outcome after long-term iron chelation with the oral iron-chelator,
deferiprone, in a small cohort of patients compared to a control group treated with standard
subcutaneous desferrioxamine. In summary, the work suggests that conventional
measurements of myocardial iron are inadequate, and early detection of cardiac iron with the

T2* technique should improve mortality from this reversible cardiomyopathy.
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CHAPTER 2: THALASSAEMIA AND IRON-INDUCED CARDIOMYOPATHY

2.1 HISTORY, DISTRIBUTION AND PREVALENCE

Thalassaemia major is characterised by chronic severe anaemia, responsive only to
transfusions, and by increased iron deposition in the tissues. The disorder was first
recognised in 1925 by Thomas Cooley, who described a series of infants who became
profoundly anaemic and developed splenomegaly over the first year of life. In 1936, the
pathological changes were described by Whipple and Bradford, who observed that many of
their patients came from the Mediterranean region and coined the word thalassaemia from the
Greek Uhalassa, meaning ‘the sea’. More recently it has become clear that the disorder is
not localised to this area, but occurs widely in a broad belt ranging from the Mediterranean
and parts of north and West Africa through the Middle East and Indian subcontinent to
Southeast Asia (figure 2.1). The thalassaemias are the commonest single-gene disorders
worldwide and estimates of gene frequencies range from 3 to 10% in some areas. Globally,
there are approximately 94 million heterozygotes for beta thalassaemia and up to 60,000
affected homozygote infants are bom each year [Weatherall 1996b]. As social conditions
improve in developing countries and childhood mortality from infection and malnutrition
declines, children with thalassaemia are now surviving long enough to require treatment. This
makes the management of the disease of increasing importance not only in parts of the world
where the disease is particularly common but for any country which has an immigrant
population from these regions. In a British study of Asian children in Northwest London, 4%
were found to be heterozygous carriers for beta thalassaemia, [Earley 1990] and there are
estimated to be 800 homozygotes in the UK. Beta thalassaemia also arises sporadically in

every racial group [Trent 1990, Hall 1992].
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Figure 2.1 Global Distribution of Thalassaemia Major

2.2 Molecular Pathology and Pathophysiology of P-Thalassaemia

Within each population at risk for p-thalassaemia a small number of common mutations are
found and it is therefore believed that p-thalassaemia arose independently in several different
populations [Flint 1993]. There is some evidence for enhanced protection against falciparum
malaria in heterozygote symptomless carriers [Weatherall 1987], which may account for the
continued transmission of these genes. Nearly 200 different mutations can produce the
phenotype of P-thalassaemia. These mutations result either in the absence of p-globin chains
(P° thalassaemia) or a reduction in their output (P* thalassaemias). Most mutations are
nucleotide substitutions within the p-globin cluster although a few are deletions [Weatherall
1994]. Because so many different P-thalassaemia mutations exist, many patients who are

apparently homozygotes are actually compound heterozygotes for two different mutations.
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Despite absent or reduced P-chain production, a-chain synthesis proceeds at a normal rate,
resulting in an excess of a-chains. These a-chains are unstable and precipitate in the red cell
precursors causing cell destruction in the bone marrow as well as cell maturation and release
into the circulation followed by premature cell destruction in the spleen. The resulting
anaemia is therefore a product of both ineffective erythropoiesis and shortened red-cell
survival. Increases in plasma volume as a result of shunting through expanded marrow and
progressive splenomegaly exacerbate the anaemia. Thalassaemia major usually becomes
apparent during the first year of life as a result of the decline in synthesis of foetal
haemoglobin (aiTz) and the switch to the production of adult haemoglobin (aipz). The
anaemia stimulates increased erythropoietin production leading to bone marrow expansion
and the characteristic deformities of the skull and face. Inheritance is recessive and couples
who are both asymptomatic heterozygotes have a 25% chance of having an affected child.
Thalassaemia major reflects the severe end of the spectrum of homozygous P-thalassaemia

and requires regular blood transfusions to prolong life [Weatherall 1997].

2.3 IRON OVERLOAD

Iron overload of tissue is the most important complication of P-thalassaemia [Olivieri 1997].
When the anaemia is corrected by blood transfusion, the erythropoietic drive is switched off
and thalassaemic children grow normally without bone deformities. However, the
combination of transfusional iron (200mg per transfusion) and an inappropriate increase in
intestinal absorption [Brittenham 1994a], leads to an inexorable accumulation of iron in the
body tissues. Eventually, extensive iron-induced injury develops in the heart [Buja 1971],
liver [Risdon 1973], pancreas [Lassman 1974] and endocrine system [Grundy 1994].

The human body has no mechanism for excreting excess iron, which is stored as crystalline
iron oxide within ferritin and haemosiderin in the body. At normal body iron levels, plasma
iron is bound to transferrin, preventing catalytic activity and free radical production [Hershko

1987a]. The combination of excess gastrointestinal iron absorption and catabolic iron from
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red cell breakdown in the reticulo-endothelial system exhausts the iron binding capacity of
transferrin resulting in the emergence of non-transferrin bound plasma iron (NTBI) [Hershko
1978]. The toxicity of NTBI is much higher than bound iron, and promotes hydroxyl radical
formation resulting in peroxidative damage to membrane lipids and proteins [Gutteridge
1985]. NTBI is taken up more readily by cardiac myocytes than transferrin bound iron [Link
1985] and whereas transferrin bound iron uptake is reduced by the down regulation of
transferrin receptors, NTBI uptake is increased in the presence of high levels of tissue iron
[Parkes 1993]. In the heart, intracellular iron results in impaired Na-K-ATPase activity [Link
1994], increased lysosomal fragility [Link 1993] and impaired mitochondrial respiratory

chain activity [Link 1996], and is manifested clinically as heart failure [Hershko 1998].

2.4 IRON DEPOSITION IN THE HEART

2.4.1 Pathophysiology

Iron deposition in the heart has been reported to follow a characteristic pattern [Buja 1971].
The ventricular walls contain the most iron, and the atria and conduction system contain less
amounts [James 1964, Schellhammer 1967]. The presence of supraventricular tachycardia
correlates with the extent of iron deposition found in the atria [Buja 1971]. There is also a
marked difference in the extent of iron deposition in the ventricular wall, with the epicardial
layer containing the most iron [Buja 1971, Fitchett 1980, Olson 1987]. The degree of cardiac
dysfunction is considered to depend on the quantity of iron deposited in individual myocardial
fibres and the number of fibres affected. In patients with only mild cardiac dysfimction, iron
deposits are usually limited to the perinuclear areas, with only a few fibre cells involved,
whereas in patients with significant cardiac dysfunction, iron deposits occupy large arcas of
the of myocardial fibre cells [Buja 1971]. The relatively mild degree of fibrosis in most
autopsy studies suggests that even when advanced, the cardiomyopathy may be potentially
reversible [Buja 1971, Olson 1987 and 1989]. The iron is stored in intracellular lysosomes in
the relatively non-toxic forms of ferritin or haemosiderin but once a critical concentration is

reached, NTBI is released and the cell begins to fail. The toxicity of iron to heart cells does
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not depend on intracellular iron concentration alone. It is also highly dependent on oxidative
state. Reduction of ferric to ferrous iron promotes hydroxyl radical formation via the Haber-
Weiss reaction [Halliwell 1990]. Ascorbic acid, a natural reducing agent, accelerates iron-
induced lipid peroxidation at low concentrations but acts as an antioxidant at high
concentrations [Link 1985], and it has been reported that ascorbate supplementation may be
associated with clinical deterioration in patients with overt cardiac failure due to iron overload
[Nienhuis 1981]. Conversely, a-tocopheryl reduces iron-induced lipid peroxidation initiated
by free radicals [Hershko 1987b, Link 1989a]. In addition, intracellular acidosis causes

increased quantities of NTBI to be released from ferritin [Voogd 1992].

2.4.2 Clinical Presentation

Cardiac failure secondary to transfusional iron overload remains the commonest cause of
death in patients with thalassaemia major [Zurlo 1989, Olivieri 1994]. In the United
Kingdom, approximately 50% of patients die before reaching the age of 35, figure 2.2
[Modell 2000]. The cardiomyopathy is reversible if iron chelation treatment is intensified in
time, but the diagnosis is often delayed by the unpredictability of cardiac iron deposition and
the late development of symptoms and echocardiographic abnormalities [Henry 1978,
Nienhuis 1980]. Once heart failure develops, the outlook is usually poor [Felker 2000]
despite intensive chelation, figure 2.3.

The cardiac complications of thalassaemia major were first described prior to the introduction
of chelation therapy [Engle 1964]. Engle described an increase in heart size after 10 years of
age with first-degree heart block in a third of the patients. Episodes of pericarditis occurred in
half of the patients after 11 years of age. Congestive cardiac failure developed at a mean age
of 16 years. As heart failure progressed, AV block worsened and either complete heart block,
right or left bundle branch block occurred in a third of patients. Atrial arrhythmias were noted
in half and repetitive ventricular tachycardia was present in a minority. The duration of life

after the onset of failure was less than 3 months in over half of the patients. There has been
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little improvement in prognosis once cardiac complications occur, despite advances in
diagnostic cardiology and chelation therapy [Ehlers 1991].

Figure 2.2 Survival Curves for Thalassaemia Major in the UK
100

00 Bom 1955.64
80 Bom 1045-64

.Transfusion alone

60 No treatment

<1 6 10 15 20 25 30 35 40 45 50
Age,years

From Modell et al, Lancet 2000: 355: 2051-2. Prior to transfusion therapy patients died in
early childhood. Following the introduction of chelation therapy, patients died in their teens
from iron-induced heart failure. The cohort bom between 1945-54 died from iron overload
until the introduction of desferrioxamine. The cohort bom 1965-74 should demonstrate the
results of chelation therapy. Initial survival was promising but there has been 25% mortality
in the last 5 years: survival for this cohort is only 50% to age 30.

Figure 2.3 Late Presentation of Thalassaemic Cardiomyopathy

Panel A. Routine echocardiogram ofa 27 year-old female with thalassaemia major.
Panel B. Eighteen months later the patient presented with severe fatigue, and despite
continuous intravenous iron chelation, died five weeks later in low output cardiac failure.
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2.4.3 Iron Chelation Therapy and the Reversibility of Iron-induced Cardiomyopathy
The iron chelator desferrioxamine was first introduced more than 30 years ago [Sephton-
Smith 1964], but its value was not recognised until the publication of findings by Barry et al
in the British Medical Journal in 1974. In a trial of daily intramuscular desferrioxamine in
thalassaemia major versus non-chelated controls, they showed that long-term chelation
therapy significantly reduced hepatic iron accumulation and slowed the progression of
hepatic fibrosis [Barry 1974]. The first data on improved survival in thalassaemic patients on
long-term chelation therapy was published in the 1980s [Modell 1982]. However, although
survival times have improved since the introduction of chelation treatment, many patients
still die of iron overload. The disappointing mortality statistics [Modell 2000] are due to a
combination of factors: late presentation of cardiac disease, difficulties in assessing
myocardial iron, and difficulties in compliance to long-term treatment with daily parenteral
iron chelation regimes.

The potential reversibility of iron induced cardiomyopathy was first documented in case
reports of patients with hereditary haemochromatosis treated with recurrent venesection
[Easley 1972, Short 1981, Rivers 1987]. Subsequently, improvement of ventricular
dysfunction with chelation therapy have been reported in a patient with megaloblastic
anaemia [Rahko 1986], thalassaemia major [Wacker 1993] and three patients with
transfusional iron overload [Marcus 1984]. It has also been reported that intensified
chelation with high dose subcutaneous desferrioxamine reversed subtle exercise-induced left
ventricular dysfunction detected by radionuclide ventriculography [Freeman 1983]. In
studies of cardiac myocytes, desferrioxamine has been shown to remove iron from the cells,
reverse lipid peroxidation [Link 1985, Hershko 1987b], and reverse the iron-induced
abnormalities of cellular contractility and rhythmicity [Link 1989b]. However, the
reversibility it iron-induced cardiac failure has not been universally accepted, partly due to
the high mortality of patients presenting with advanced cardiac failure despite chelation
treatment [Marcus 1984] and more recently by those questioning the role of iron in

thalassaemic cardiomyopathy [Krematinos 1995 and 1999].
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Figure 2.4 Reversibility of Iron-induced Cardiomyopathy

A 22 year old patient presented with a non-sustained ventricular tachycardia after 5 minutes
of exercise testing and a dilated, poorly functioning left ventricle. Left ventricular end
diastolic dimension (LVEDD) 5.5cm, left ventricular end systolic dimension (LVESD)
4.7cm. An indwelling central venous line was inserted and continuous intravenous
desferrioxamine commenced. By the following year ventricular function had significantly
improved (LVEDD 5.3cm, LVESD 4.4cm) and by 1998 ventricular dimensions had
normalised and the patient completed 12 minutes of Bruce protocol exercise testing (LVEDD
4.6cm, LVESD 2.8cm).

2.4.4 Pre-clinical Diagnosis of Iron Induced Cardiomyopathy

The diagnosis of iron-induced cardiomyopathy is challenging. Detection of absolute cardiac
iron levels is difficult, and overt systolic dysfunction presents late in the disease process
[Henry 1978, Nienhuis 1980] when intensive chelation therapy is less likely to improve the
prognosis. Many attempts have been made to develop a non-invasive means of detecting
those patients who are most at risk. Increased left ventricular mass, volume and left atrial
dimensions were described in a group of 56 thalassaemic patients compared to normal
controls using M-mode echocardiography, and the authors found this method to be more
sensitive than chest Xray or electrocardiography in detecting abnormalities [Henry 1978].
However only four patients had abnormal left ventricular ejection fractions, all of whom died
within a 6-month follow-up period, illustrating that systolic dysfunction is a late marker of
cardiac involvement and associated with a poor prognosis. Lewis et al described similar
findings in 23 thalassaemic patients [Lewis 1978]. All had normal left ventricular ejection
fractions yet one died of heart failure within 3 months of the echocardiographic examination.

Valdes-Cruz described slower left ventricular posterior wall relaxation in 13 patients with

thalassaemia major compared to healthy normal controls [Valdes-Cruz 1982]. However
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Kremastinos et al found no significant differences in segmental left ventricular systolic or
diastolic function between thalassaemic patients and controls or between thalassaemic
patients with or without symptoms of heart failure [Kremastinos 1985]. Spirito et al
described abnormal diastolic filling in thalassaemia major patients [Spirito 1990], and
diastolic filling parameters have been reported to be predictors of cardiac outcome in
thalassaemia major [Hou 1994]. However Kremastinos et al found that doppler diastolic
indexes in P-thalassaemia major patients were similar to those seen in conditions with an
increased preload, and attributed these changes to chronic anaemia [Kremastinos 1993].
Using M-mode, two-dimensional and doppler-echocardiography, Ceccheti et al found
increased thickness of the left ventricle to be the only preclinical finding in 36 patients with
iron overload secondary to haemochromatosis [Cecchetti 1991]. Systolic dysfunction was
present in only three of these patients, two of whom died rapidly from cardiovascular
complications. Increased myocardial reflectivity on echocardiographic images has also been
reported [Lattanzi 1993], but no significant correlation was found between myocardial
reflectivity and total number of transfusions or the left ventricular mass index. In summary
to date, no clear echocardiographic criteria have been established for the pre-clinical detection
of iron-induced cardiomyopathy.

Using exercise radionuclide angiography, Leon et al established that in 24 patients with
transfusional iron overload, 21 had normal ejection fractions at rest but ejection fraction
during exercise was normal in only 11 patients. Significantly more patients in the abnormal
group had received in excess of 100 units of blood [Leon 1979]. The drawbacks of this
method are the inability to specify the actiology of the cardiac abnormality [Rozanski 1983],
and the requirement for intravenous administration of the radionuclide agent, which is
unpopular with these young patients. Despite the availability of echocardiography and
radionuclide stress angiography, cardiological evaluation of thalassaemic patients remains
problematic, and the progression from mildly abnormal echocardiographic parameters to

fulminant cardiac failure is often rapid and relentless.
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2.5 ASSESSMENT OF TISSUE IRON STORES

Due to the variability in iron deposition between and within different organs, there is no
single measurement of body iron that is entirely satisfactory. The measurement of serum
ferritin is the most commonly used indirect estimate of body iron stores [Finch 1986, Pippard
1989]. In normal individuals, the amount of plasma ferritin synthesised and secreted is
proportional to the intracellular ferritin produced during iron storage, so that plasma ferritin
concentration is related to the magnitude of body iron stores [Addison 1972, Cazzola 1983].
However, serum ferritin only reflects the proportion of stored iron that is in transition in the
blood, representing only 1% of the total iron storage pool. In addition, interpretation of
ferritin values may be complicated by a variety of conditions that alter concentrations
independently of iron burden, including inflammation [Baynes 1986], ascorbic acid
deficiency [Chapman 1982], hepatic dysfunction and ineffective erythropoiesis. All these
factors are common in thalassaemic patients, in whom iron status has been shown to account
for only 57% of the variation in plasma ferritin concentration [Brittenham 1993]. As a
consequence, reliance on serum ferritin alone can lead to an inaccurate assessment of body
iron stores in individual patients.

To date, measurement of hepatic iron concentration by liver biopsy is considered the most
quantitative and sensitive method for determining the body iron burden [Overmoyer 1987].
However, this is an invasive technique with a low but recognised complication rate and
hepatic fibrosis (common in thalassaemics as a result of increased liver iron and hepatitis C
infection) is known to cause considerable variability in measured iron concentrations from
small liver biopsies [Villeneuve 1996, Edmond 1999]. Iron has been shown to be unevenly
distributed in the thalassaemic liver even in the non-cirrhotic stages [Ambu 1995].
Therefore a single liver biopsy cannot be assumed to reliably represent the mean hepatic iron
concentration. Furthermore, measurement of liver iron can only be an effective indicator of

cardiac iron stores if iron is assumed to be stored predictably and homogeneously throughout

the body.
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Endomyocardial biopsy has been used to evaluate iron deposition in the heart in thalassaemia
[Barosi 1989, Lombardo 1995], but has never become a routine part of patient management.
This is partly due to the invasiveness of the technique in an ostensibly healthy patient group,
and partly due to inhomogeneous deposition of iron in the heart [Buja 1971, Fitchett 1980].
In addition, iron has been reported to be absent from the right ventricular subendocardium in
some patients with cardiac iron overload [Olson 1987].

Because of these problems, we decided to investigate the possibility of developing a new MR

technique to measure myocardial iron.
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CHAPTER 3: MAGNETIC RESONANCE AND THE DETECTION OF TISSUE

IRON DEPOSITION

3.1 BAsSIC PRINCIPLES OF IMAGE CREATION

3.1.1 The Hydrogen Nucleus

The hydrogen nucleus contains a single proton and is widely used for clinical magnetic
resonance imaging due to its abundance in living tissues and because the solitary proton has a
relatively large magnetic moment. The positively charged proton spins and induces a small

magnetic field around itself.

3.1.2 Proton Alignment
In the absence of an applied magnetic field the magnetic vectors or moments of the hydrogen
nuclei are randomly orientated. When placed in an external, applied magnetic field the
magnetic moments of the hydrogen nuclei align with the field (figure 3.1). More protons
align in the direction of the magnetic field than against it resulting in a net magnetic vector
parallel to the field, Bo, and it is this net magnetisation vector (NMV) that is used to generate
clinical MR images. The protons aligned parallel to the magnetic field are in a low energy
state and the protons aligned anti-parallel to the magnetic field are in a high energy state.
Figure 3.1 Alignment to the external magnetic field
random alignment alignment external

magnetic
field
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3.1.3 Precession

When aligned with the external magnetic field, the protons follow a circular path about Bo
called precession (figure 3.2). The speed with which the net magnetisation vector processes
about BQis called the precession frequency, which can be calculated from the Larmor

equation:
=Y Bo

Where cob is the processional frequency in megahertz (MHz), Bois the field strength of the
magnet in tesla (T) and y is the gyro-magnetic ratio (MHz/T). The gyro-magnetic ratio is a

constant and is expressed as the processional frequency of an MR active nucleus at 1.0T.

Figure 3.2 Precession

Br
processional
y/ path

magnetic
moment

3.1.4 Resonance

For resonance to occur, a radio frequency (RF) pulse at exactly the processional frequency of
the hydrogen nuclei must be applied. The excitation causes an increase in the number of
nuclei aligned anti-parallel to the external magnetic field, B o. The result of this excitation is
that the NMV moves out of alignment with B o, and the angle to which the NMV moves is
termed the flip angle. The magnitude of the flip angle depends on the amplitude and duration

of the RF pulse. Ifthe flip angle is 90®, the NMV is flipped from a longitudinal plane, in line
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with Bo, to a transverse plane, where it precesses at the Larmor frequency. The RF pulse
causes the magnetic moments of all the hydrogen nuclei to process in phase with each other.
The NMV in the transverse plane induces a voltage in the receiver coil, producing the MR

signal. The frequency of the MR signal is also at the Larmor frequency.

3.1.5 Relaxation

When the RF pulse is switched off, the NMV starts to realign with BQ In order to do so, the
NMYV loses the energy absorbed from the RF pulse. This process is termed relaxation. As
relaxation occurs, the amount of magnetisation in the longitudinal plane recovers as the NMV
realigns with BQ and the magnetisation in the transverse plane decays as the nuclei lose phase
coherence. The recovery of longitudinal magnetisation is termed T 1 recovery and is caused
by the nuclei transferring energy to the surrounding tissue or lattice (spin-lattice relaxation).
The rate of recovery is exponential, with a recovery time constant T1 that represents the time

taken for 63% of the longitudinal magnetisation to recover (figure 3.3).

Figure 3.3 TI Recovery

63%

Tl

time (ms)
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he decay of transverse magnetisation in a perfectly homogenous field is termed T2 decay and
is caused by nuclei exchanging energy with other nuclei (spin-spin relaxation). The rate of
decay is also exponential with a time constant T2 that represents the time taken for 63% ofthe
transverse magnetisation to be lost (figure 3.4).

Figure 3.4 T2 Relaxation

37%

time (ms)

3.1.6 T2* Decay and the Free Induction Decay Signal
When the RF pulse is turned off, the alternating signal from the receiver coil decays rapidly,
as transverse magnetisation is lost. The characteristic decay signal (figure 3.5) is termed the

free induction decay (FID).

Figure 3.5 Free Induction Decay

time (ms)
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The rate of decay of the FID signal is determined by T2* relaxation time. T2* decay is faster
than T2 decay because it results from the combination of T2 (spin-spin) relaxation and
dephasing due to magnetic field inhomogeneities. As stated by the Larmor equation, nuclei in
an area of slightly higher magnetic field will precess at a higher frequency and nuclei in an
area of lower magnetic field will precess at a lower frequency than nuclei elsewhere in the
external magnetic field (Bo). These inhomogeneity effects cause the net magnetic vector to
dephase rapidly. The more inhomogeneous the field is, the faster the T2* decay. Tissue iron
deposition causes significant magnetic field inhomogeneities due to the presence of

paramagnetic particles of iron, and there is marked shortening of T2 and T2*.

3.2 ENCODING AND IMAGE FORMATION

In order to interpret the signal received after excitation, the system must be able to locate the
signal spatially in three dimensions (figure 3.6). Once a slice is selected, the signal is located or
encoded along both axes of the image slice. Spatial encoding is performed by magnetic

gradients.

Figure 3.6 The X, Y and Z gradient axes

isocentre

Firstly, during the initial excitation a slice select gradient is applied perpendicular to the imaging
plane so that protons in different slices experience different magnetic fields and precess at
different frequencies. The initial radiofrequency pulse of a single frequency will then only
excite a thin slice of the patient, and any resulting signal will come only from that slice. When a

patient lies in the long-axis of the scanner, the Z gradient will therefore select axial slices, the X



Chapter 3 Page 19 MR Assessment of Tissue Iron

gradient selects sagittal slices and the Y gradient selects coronal slices. Oblique slices are
formed by employing a combination of gradients. The slice thickness depends on the slice
select bandwidth and the slope of the slice select gradient. In spin-echo sequences, the slice
select gradient is switched on during the application of both the 90" and the I80*" pulses, to
excite and rephase each slice. In gradient-echo sequences, the slice select gradient is switched
on during the excitation pulse only.

Once a slice has been selected, the signal must be located along both axes of the image. While
the signal is being received, another magnetic gradient called the frequency encoding or read-
out gradient is applied perpendicular to the slice select gradient, which forces different lines
within the plane to emit signals at different frequencies. The amplitude at each frequency is
determined by a technique called Fourier transformation, which resolves the signal in the
read-out gradient direction. This is equivalent to the transformation of signal strength against
time curve into one representing signal strength versus frequency. Spatial encoding in the third
dimension is achieved using a magnetic gradient called the phase encoding gradient, which is
applied just before signal acquisition. This is repeated many times (typically 128 or 256 steps
for cardiac imaging) and its magnitude is raised from negative through zero to positive, in a
series of small increments. This has the effect of altering the phase of precession of the protons
by an amount dependent upon their position in each line that is frequency encoded. By
repeating the sequence of excitation and acquisition each time with an increasing phase
encoding gradient, the phase of each point in a frequency encoded line varies with a frequency
dependent upon its position. The phase encoding gradient is usually switched on just before
application of the 180° rephasing pulse in spin-echo imaging and between excitation and signal
collection in gradient-echo imaging. A second Fourier transformation in the phase encoding
direction then extracts the amplitude information along this third dimension, and amplitude can

be assigned to individual points in the image.
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33 DATA COLLECTION

The application of all the gradients selects a slice and produces a frequency shift along one axis
and a phase shift along another. When data of each signal position is collected, the information
is stored in K space before being converted into the final image. K space is rectangular with
two axes perpendicular to each other. The phase axis is horizontal and the frequency axis is
vertical. Both axes are centred in the middle of K space. In order to fill out different lines of K
space, the slope of the phase encoding gradient must be altered after each repeat time. The
number of lines of K space that are filled is determined by the number of different phase
encoding slopes that are applied. The slope of the phase encoding gradient determines the
magnitude of the phase shift between two points in the patient. The lines nearest to the phase
axis are the central lines, which are filled after the application of shallow phase encoding
gradients. Shallow phase encoding slopes do not produce a large phase shift along their axis.
The resultant signal has large amplitude but low spatial resolution. The lines furthest away from
the phase axis both positively and negatively are filled after the application of steep phase
encoding gradients. The resultant signal has small amplitude but high spatial resolution. The
vertical axis of K space corresponds to the frequency encoded axis. The centre ofan echo (with
maximum amplitude as all the protons are in phase) is placed central to the ft-equency axis and

the rephasing and dephasing portions ofan echo are placed either side ofthe frequency axis.

3.4 MAGNETIC RESONANCE PULSE SEQUENCES USED IN IMAGING

3.4.1 Spin-Echo Sequences

The spin-echo pulse sequence uses a 90® RF excitation pulse to flip the net magnetic vector
into the transverse plane. After the RF pulse a free induction decay signal is produced. After
a time delay t, a 180® RF pulse is applied which moves the net magnetic vector through 180®,
reversing the direction of precession of the NMV in the transverse plane. The magnetic
moments of the nuclei immediately begin to rephase and signal increases in the receiver coil
until a maximum signal at a time 2t after the initial 90® pulse when the magnetic moments are

precessing in phase once again. This maximum signal is called the spin-echo (figure 3.7). As
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the 180° pulse compensates for the magnetic field inhomogeneities - T2* effects - the
resulting decay in a spin-echo signal is due to T2 effects alone.

Figure 3.7 The spin-echo sequence

90° 180°

t (ms) t (ms)

echo time (ms)

FID spin echo

3.4.2 Multi-Echo Spin-Echo Sequences
Multiple echoes with increasing echo times (TE) can be generated from a spin-echo sequence
by using a succession of 180° rephasing pulses (figure 3.8).

Figure 3.8 Multi-echo spin-echo sequence
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As T2 decay increases with increasing echo time, the T2 contrast increases as image signal
intensity decreases with each sequential echo. This type of sequence can be used in the
measurement of T2 relaxation times, using multiple TEs in a single acquisition rather than

separate TEs in multiple acquisitions.

3.4.3 Fast-spin-echo Sequences

A fast-spin-echo sequence is a spin-echo sequence with much faster image acquisition than
conventional spin-echo. During conventional spin-echo image acquisition, only one phase
encoding step is applied per repeat time (TR). In fast spin echo, the scan time is reduced by
performing more than one phase encoding step and thereby filling more than one line of K
space per TR. This is achieved by using a train of 180° rephasing pulses. After each
rephasing pulse an echo is produced and a different phase encoding step is performed. Data
from each echo is placed into one image. If 16 echoes are used, scanning time is reduced to
1/16“*0of the original time. Although the rephasing pulses are repeated in rapid succession,
each echo has a slightly different TE. In order to minimise the effect of using multiple echo
times, maximum signal is centred on the effective TE selected and amplitude from the echoes
furthest from this effective echo time is reduced by increasing the slope of the phase encode
gradient. Data from the echoes at the beginning and end of the echo train (furthest from the

effective TE) has less amplitude and fills the outer lines of K space.

3.4.4 Gradient-echo sequences

Spin-echo sequences are time consuming. Both the 90° and the 180° pulse take time to
complete and as all longitudinal magnetisation is flipped into the transverse plane, it takes
time for T1 magnetisation to recover. This increases the time between excitations (repeat
time or TR) as sufficient recovery of longitudinal magnetisation is required in order to
produce the transverse magnetisation and MR signal following the next excitation. A gradient
echo sequence usually employs an initial RF pulse with a lower flip angle (often between 10

to 35 ), therefore requiring an RF pulse of a shorter duration. In this case only part of the
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longitudinal magnetisation is flipped into the transverse plane, which results in a smaller MR
signal but a shorter repeat time as complete T1 recovery is not necessary. Even if a very short
TR is used there is sufficient longitudinal magnetisation to generate a transverse signal after

the next excitation.

Figure 3.9 The Gradient-echo Sequence

RF low flip
angle pulse

TV-

dephase rephase

FID gradient echo

In addition, the dephasing protons are not rephased with a 180° pulse but with a magnetic
field gradient (figure 3.9). Following the RF excitation a gradient is superimposed on the
existing magnetic field for a short time, and resulting in an increase in the magnetic field
inhomogeneities. The protons therefore dephase more quickly (due to T2* relaxation). After
a short time a gradient of the same strength but opposite direction is switched on, causing the
protons to rapidly rephase. The signal increases to a maximum called the gradient echo. The
drawbacks of gradient-echo imaging are the sensitivity to field inhomogeneities, which cause
susceptibility artefacts and the lower signal to noise ratio. However the susceptibility to field
inhomogeneities and the rapid image acquisitions make gradient-echo imaging suitable for the

assessment of myocardial iron deposition.
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3.5 MAGNETIC RESONANCE FOR THE DETECTION OP TISSUE IRON

3.5.1 Susceptibility

Magnetic susceptibility is a measure of the extent to which a substance becomes magnetised
when it is placed in the field ofthe scanner. Whenever an object is placed in a magnetic field,
electromagnetic interactions take place, which induce internal magnetisation in the object.
The direction of this internal magnetisation is either aligned or opposed to the external
magnetic field. When the internal magnetic field is aligned to the external field, there is
effective field enhancement and the object or substance is said to be paramagnetic. When the
effective field is reduced, the substance is said to be diamagnetic. Susceptibility is defined as
the magnitude of the induced internal magnetic field divided by the external magnetic field.
Some materials such as iron and ferritin have high values of susceptibility, which causes a
loss of signal from water protons in surrounding tissue because of accelerated dephasing as a

result of magnetic field inhomogeneities.

3.5.2 Magnetic Resonance Properties of Iron and Ferritin

The human body has no mechanism for excreting excess iron, which is stored as crystalline
iron oxide within ferritin and haemosiderin in the body. The complexed iron within ferritin is
mostly in the oxidized ferric (Fe™" state. There are approximately 1800 to 2400 iron atoms
per molecule of ferritin (molecular weight 450,000). Each ferric iron is paramagnetic, with an
average magnetic moment of 3.5 Bohr magnetons (Joules per Tesla), less than the magnetic
moment for simple aqueous Fe™ ion (5.9 Bohr magnetons).

The proton magnetic resonance signal observed from a static tissue is largely dependent on
the T1 and T2 relaxation times of the protons in that tissue [Hinshaw 1977, Herfkens 1981].
T1 and T2 relaxation times are, in turn, dependent upon the chemical microenvironment
surrounding the protons [Floyd 1975, Brasch 1983]. Paramagnetic substances, such as iron
which itself does not create any signal with hydrogen MR imaging, produce an enhancement
of proton relaxation resulting in shortening of T1 and T2 relaxation times of nearby hydrogen

nuclei [James 1975]. This effect causes a reduction of signal intensity in the affected tissue
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and is strongly dependent on inter-nuclear distance (figure 3.10). Early in the development of
clinical MR! it was noted that iron overload caused a reduction in signal intensity of the liver
[Doyle 1982].

Figure 3.10 The Magnetic Resonance Appearances of Tissue Iron Overload

Panel A. Normal volunteer. Panel B. Iron overloaded thalassaemic patient. Iron deposition
in the liver, spleen and pancreas causes loss of MR signal and the tissue appears black.

However it was not known whether this was due to the iron or a related tissue alteration such
as fibrosis. It was apparent from the equation for spin echo signal intensity that proton

density, [T or 12 must be altered.

Signal Intensity = NH*(l-e'" " )*e' A" A

Where N”proton density, TR=repeat time, TE=echo time

Stark et al investigated the relaxation times of experimental animals with hepatic iron
overload in vivo with MR and in vitro with spectroscopy [Stark 1985]. They showed that
increased tissue iron led to extreme decreases in T2 but only moderate decreases in T1 and
that both 1/T2 and 1/TI increased linearly with hepatic iron levels. With spectroscopy they
showed that the in vitro T2 relaxivity of ferritin in solution did not appear sufficient to
account for the extreme decrease in T2 observed in tissue iron overload and postulated that

the difference may be due to the additional effect of low molecular weight free cytosol iron.
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Alternatively, Gomori and Grossman suggested that the intracellular storage of ferritin in
large lysosomes (siderosomes) caused a coarser cellular field gradient and may account for
the extreme decreases in T2 observed in vivo [Gomori 1988].

Ferritin and haemosiderin are said to be paramagnetic because they become strongly
magnetised when placed in a magnetic field. The ratio of this induced field over the applied
magnetic field is termed the susceptibility. Localised regions of increased magnetic
susceptibility shorten T2 relaxation time by creating regions of magnetic field non-uniformity.
Transverse T2 relaxation is thought to be enhanced by diffusion of solvent water through the
magnetic field gradients caused by particulates having a large magnetic susceptibility.
Transverse relaxation (de-phasing of protons) caused by the diffusion of water in a gradient
will not be refocused by the 180° pulse of a spin echo sequence and therefore will contribute
(along with dipole-dipole relaxation) to the observed 1/T2 relaxation rate. In addition, fixed
gradients will dephase stationary protons. De-phasing caused by static field inhomogeneity is
refocused by the 180° pulse of a spin-echo sequence. When this pulse is absent, such as in a
gradient echo sequence, these contributions to transverse relaxation are additive. Therefore
gradient echo sequences are more sensitive than spin-echo sequences to paramagnetic

particulates such as ferritin [Stark 1991].

3.5.3 Spin-Echo Techniques Used for the Quantification of Tissue Iron

Using early spin-echo sequences, it was noted that iron overload resulted in darkening of the
affected tissue on spin-echo images. Stark et al reported a decrease in MR signal intensity in
four rats with experimentally induced iron overload [Stark 1983]. Brasch et al noted that in
three children with thalassaemia major, the liver and bone marrow showed very low signal
intensities and appeared black on MR images [Brasch 1984]. Decreased signal intensities
were subsequently demonstrated in the spleen and hearts of patients with transflisional iron
overload [Johnston 1989]. These observations stimulated research to develop a non-invasive
diagnostic test to quantitate tissue iron concentration. Initial attempts employed spin-echo

sequences and measured either the T2 value of the liver or signal intensity ratios (SIR)
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between the liver and skeletal muscle. Different research groups explored the advantages and
disadvantages of these two methods. Measuring transverse relaxation rates, a close linear
correlation between 1/T2 and hepatic iron concentration by biopsy was found [Kaltwasser
1990]. However, Chezmar et al reported difficulty in measuring 12 accurately due to the low
signal intensities at long echo times and had more success using liver to skeletal muscle signal
intensity ratios [Chezmar 1990]. In order to overcome this difficulty, Gomori et al used
shorter echo times for their images and confirmed Kaltwasser’s results by demonstrating a
close linear relationship between liver iron concentration and 1/T2 relaxation rate [Gomori
1991]. Jensen et al found a highly significant correlation between SIRs and chemically
determined liver iron [Jensen 1994], but over a broad range of liver iron concentrations,
Papakonstantinou et al demonstrated a better correlation to 12 than to signal intensity
measurements [Papakonstantinou 1995].

Due to the limited sensitivity of the spin echo techniques, only moderate to severe iron
overload could be quantified and it was not possible to distinguish between normal and mild
degrees of liver iron loading. In addition, spin echo images rely on slow acquisitions over
several minutes, and are therefore sub-optimal for imaging of the beating heart. Despite this,
gross iron overload of the heart was demonstrated by reduced myocardial intensity [Steudel
1987, Waxman 1994], and in excised mouse hearts, Liu et al showed a close relationship
between myocardial 1/T2 and cardiac iron content [Liu 1996]. However, in practice there
were difficulties in measuring T2 in-vivo due to both low signal intensities [Mavrogeni

1998a] and cardiac motion artefacts.

3.5.4 Gradient-£cho Techniques Used for the Quantification of Tissue Iron

The newer gradient-echo T2* sequences have two major theoretical advantages to spin-echo
T2 sequences for the determination of tissue iron concentration. Firstly, gradient echo images
are more sensitive to the paramagnetic effects of tissue iron deposition because they do not

have a rephasing 180° pulse [Stark 1991]. Secondly, due to the rapid acquisition times.
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cardiac-gated images can be acquired during a single breath-hold, minimizing motion artefact
caused by myocardial contraction and respiratory movement.

Gandon et al were first to use gradient-echo techniques for the assessment of tissue iron
[Gandon 1994]. Using gradient-echo SIRs and spin-echo T2 measurements at 1.0 Tesla they
showed that the correlation to liver iron was better for gradient-echo sequences. For severe
iron overload, short echo-time (TE) gradient-echo sequences gave the best correlation and for
mild iron overload, long TE gradient-echo sequences gave the best correlation to tissue iron.
The sensitivity of this gradient-echo sequence was confirmed by Ernst et al who demonstrated
that it was capable of detecting iron loading between 2,8 and 16mg/g dry liver weight at 1.0
Tesla [Ernst 1997]. To increase the sensitivity to mild liver iron overload, Bonkovsky et al
scanned patients at a field strength of 1.5 Tesla [Bonkovsky 1999]. They acknowledged the
potential inaccuracies of measuring small regions of skeletal muscle, and measured
background noise to generate liver to noise SIRs. Comparing spin-echo and gradient-echo
techniques they found gradient-echo sequences to be more accurate for predicting tissue iron
concentrations. The optimal technique studied was a breath-hold gradient-echo sequence with
a short echo-time of Sms, with which liver iron could be reliably estimated between 2.5 and
10mg/g dry weight. Above this level, signal intensities of liver tissue were very low and the
coefficient of variation increased to between 13-20%.

Until now, these gradient-echo sequences have all employed SIRs for the quantification of
liver iron and the method has not been tested in the heart. The disadvantages of SIRs are
firstly that the ratios are highly sequence dependent and vary 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 upon the echo-time used. A
short echo-time will ensure accurate iron quantification in severe iron overload but will be
less accurate for mild tissue iron levels and vice-versa. An ideal MR technique would offer a

wide range over which iron could be accurately quantified in order to allow monitoring of
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therapy. Quantification would be reproducible on different machines, simple to implement
and fast to perform.
One case report has described the appearances of siderotic cardiomyopathy using of gradient-

echo imaging [Blankenberg 1994]. No attempt at iron quantification was made.

Figure 3.11 MR Appearances of Myocardial Iron Deposition in Gradient-echo Images

Normal Myocardial Iron

Severe Myocardial Iron Overload
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CHAPTER 4; DEVELOPMENT OF THE T2* TECHNIQUE FOR THE

QUANTIFICATION OF TISSUE IRON CONCENTRATION

4.1 SEQUENCE REQUIREMENTS

We evaluated the potential of fast-spin-echo, spin-echo and gradient-echo imaging sequences
for the quantification of myocardial iron. In order for a technique to be of value, the
measurement parameter needed to be reproducible, not only in a large, slowly mobile organ
such as the liver, but also in the beating heart. Reproducibility of an MR parameter such as a
signal intensity ratio, or a tissue T2 measurement, is inextricably linked to the quality of the
original MR images. To measure an area of myocardial signal intensity requires high
resolution, as myocardial wall thickness is usually less than lem. Images also need to have
high definition - even a cardiac-gated breath-hold image will demonstrate blurring of the
myocardial edges if the acquisition time is long, allowing cardiac motion during image data
collection. For clinical application, the sequence must be reliable and relatively quick to
perform. Complex adjustments of the sequence between patients is undesirable as this results
in longer overall scanning times and may reduce the ability of the protocol to be readily taken
up by other centres. If the scan is likely to have a high clinical demand, the protocol should
be easy for MR technologists to learn and carry out. It should also be possible to obtain the
most essential information within 20 minutes, especially in the case of thalassaemia, as many
ofthe patients are less than 10 years old. A sequence should not place unrealistic demands on
the patient - long breath-hold times may yield interesting information in the research setting
with motivated normal controls, but cannot be achieved by a sick patient or a young child.
Ideally, the sequence should also be robust and produce adequate images even in sub-optimal
conditions - such as imperfect breath holding or in the presence of common arrhythmias such

as atrial fibrillation or sinus arrhythmia.
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4.2 SPIN-ECHO (SE) AND FAST-SPIN-ECHO (FSE) SEQUENCES

4.2.1 Background

The spin-echo parameters that have been shown in the medical literature to provide semi-
quantitative assessments of tissue iron were signal intensity ratios (SIR) and tissue T2 time.
Both had been shown to be inversely proportional to iron concentration by liver biopsy.
However, a significant disadvantage of spin-echo images for the heart is the long acquisition
times required resulting in both impaired image quality due to respiratory motion and
prolongation of overall scanning time. Fast-spin-echo imaging would theoretically overcome
this problem as images can be acquired in breath-hold scans, decreasing respiratory artefact
and speeding up the total scanning time. A potential drawback is the reduced signal-to-noise
ratio in fast-spin-echo imaging which may be important in the setting of low tissue signal due
to iron overload.

72 is calculated from spin-echo and fast-spin-echo images in the same way. A set of images
is acquired at increasing echo times. The signal intensity of all tissues in the image decreases
with increasing echo time. The T2 relaxation time of the tissue under study can be derived by
plotting the signal intensity against the echo-time, which forms a decay curve with the
equation, y=Ke*”™ * where y represents the image signal intensity, K represents a constant, and

Xrepresents the echo time.

4.2.2 Imaging Parameters

We evaluated three sequences: a single echo FSE sequence where the T2 relaxation time was
calculated from six images with six different echo times, each acquired during separate
breath-holds; a standard spin echo sequence with four echo times from four separate
acquisitions; and a multi-echo spin-echo sequence where four images with four different echo
times were generated from a single acquisition. The advantage of a multi-echo sequence is
reduced scan time and simplification of subsequent analysis as the region of interest is in the
identical position on each image (compared to repeated acquisitions where the position of the

heart can vary considerably with the depth of each breath-hold).
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The sequence parameters for the standard echo FSE sequence were as follows: Echo times:
22.9ms, 34.3ms, 46.7ms, 57.1ms, 68.6ms and 80.0ms. Repeat time varied with the heart rate,
matrix 128 x 128 pixels, field of view 40cm, echo train length 8. An initial double inversion
pulse was positioned immediately after the R wave in order to allow black blood imaging
after a subsequent delay of 650ms. Each image was acquired during a 15-22 second breath-
hold. The sequence parameters for the standard SE sequence were as follows: Echo times:
8ms, 16ms, 20ms and 30ms. Repeat time varied with the heart rate, matrix 128 x 128 pixels,
field of view 35cm. The sequence parameters for the multi-echo SE sequence were as
follows: Echo times: 30ms, 60ms, 90ms and 120ms. Repeat time varied with the heart rate,
matrix 128 x 128 pixels, field of view 35cm.

The T2 relaxation time for normal myocardium is reported as 57ms [Bottomley 1984], for
which the echo times of all three sequences are likely to provide accurate results. However
myocardial T2 relaxation times below 20ms have been reported in the presence of myocardial
iron overload [Mavrogeni 1998b], shorter than the earliest echo time of either the FSE or the
multi-echo SE sequence, which could render the measurement of severe cardiac iron overload

impossible.

4.2.3 In-vivo reproducibility of FSE and SE techniques in skeletal muscle

Before testing the single echo FSE sequence in the heart - where image quality is affected by
a variety of factors such as respiratory and cardiac motion and blood flow - we assessed the
reproducibility of the sequence in skeletal muscle (table 4.1).

Table 4.1 Mean T2 Measurements and Reproducibility in Skeletal Muscle

Technique Mean Quadriceps T2 Coefficient of Variation (%)
Relaxation Time (ms)
Single-echo FSE 44.1 2.9
Multi-echo SE 32.6 1.7
Spin-echo 39.2 34

We compared the single-echo FSE sequence, the multi-echo SE sequence and a standard spin-

echo sequence in six healthy volunteers, measuring T2 relaxation times in the quadriceps
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muscles of the thigh. A large area of muscle was measured distant from any flow artefacts
arising from the femoral artery. The reproducibility of each method would be considered
sufficient for measurement of T2 relaxation times in stationary skeletal muscle. However it
was noted that the multi-echo T2 values were significantly lower than the single-echo FSE

and the spin-echo T2 measurements (p<0.001, paired t-test).

4.2.4 Accuracy

We tested the in vitro capability of these techniques to measure known T2 values. We
compared the known T2 values of a commercial multi-gel MR phantom (Eurospin Relaxation
Times, Diagnostic Sonar, UK) with T2 measurements recorded using the FSE, multi-echo SE
and the standard SE sequences.

As shown in figure 4.1, there was close agreement between the known T2 relaxation times
and the times measured by either standard spin-echo or FSE techniques. The multi-echo
sequence correlated less well with the known T2 values and tended to underestimate the T2
relaxation time. The coefficients of variation between the known T2 values and our
measurements were as follows: single echo FSE 7.6%, multi-echo SE 27.8%, standard SE
0.7%. As the multi-echo sequence appeared inadequate for accurate T2 measurements we
proceeded to in-vivo cardiac assessment with the standard SE and the FSE sequences only.

Figure 4.1 Comparison of Known Phantom T2 Times With Measured T2 Times
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and SE Techniques
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4.2.5 Reproducibility of T2 Measurements in Normal Myocardium
Spin-echo image quality was poor, particularly at longer echo times, making myocardial 12

measurement impracticable with this technique (figure 4.2).

Figure 4.2 Spin-echo short axis images for calculation of T2

TE 16ms TE2Dms TE 30ms

The breath-hold FSE images were better but strongly dependent on the compliance of the

volunteer and easily degraded by even minimal respiratory artefact (figure 4.3).

Figure 4.3 Fast-Spin-Echo Short Axis Images of the Heart

Row A: Good breath-hold technique

Row B; Poor breath-hold technique

TE6S.6ms: TE 80ms

This problem was compounded by the relatively long breath-hold time required for the
acquisition of each image. Depending on heart rate, the duration of the breath-hold varied

between 16 to 22s. Both sets of images are from the same subject at the echo times shown.
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Image quality is good in the first study (row A) but deteriorates in the second study (row B)
due to motion artefact related to poor breath holding technique.

A further drawback of the FSE sequence used was the requirement for adjustment of the
inversion time for each breath-hold. The optimum inversion time following the double
inversion pulse for black blood imaging was estimated as 650ms but this was not achievable
if the heart rate was more than 70 beats per minute and shortening of the inversion time was
frequently required.

Table 4.2 shows that there is considerable variation in the reproducibility of myocardial T2
measurement using the single-echo FSE sequence. The coefficient of variation is as low as
0.6% in a volunteer with two high quality sets of cardiac images, but as high as 44.7% when
breath-holding technique was imperfect. The overall coefficient of variation was 15.7% and
was not considered satisfactory for use as a clinical tool, where high-quality images and good

reproducibility are necessary for monitoring clinical progress.

Table 4.2 Reproducibility of FSE Myocardial T2 Measurements in Normal Volunteers

Patient ®myocardial T2 time (ms) 2*'myocardial T2 time (ms) Coefficient of variation (%)

1 63 62.5 0.6
2 62.5 325 44.7
3 76 63 13.2
4 69 66 3.1

5 70.5 41 37.4
6 66 58 9.1

7 41 56 21.9
8 51 53.5 3.4

9 64 57.5 7.6
10 47 59 16.0

4.3 GRADIENT-ECHO IMAGING AND T2* MEASUREMENT FOR THE DETERMINATION OF
TISSUE IRON CONTENT

4.3.1 Advantages of Gradient-Echo Techniques for Myocardial Iron Measurement
Neither spin-echo nor fast-spin-echo techniques were sufficiently reliable or reproducible for

in-vivo T2 measurements of the heart. Gradient-echo imaging had been used in the liver to
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produce signal intensity ratios which had been shown to be inversely proportional to iron
concentration [Gandon 1994, Ernst 1997, Bonkovsky 1999]. However, the range over which
iron could be reliably quantified was limited, with short echo-time images providing
quantification for high iron content and long echo-time images providing quantification for
mild, not severe iron overload [Gandon 1994].

To avoid the restrictive ranges associated with signal intensity ratios, we explored the
possibility of employing T2* tissue measurements for the quantification of iron. Although
this method had not been tried before, it was to be expected from relaxation theory that T2*
should also be inversely related to tissue iron. Like T2, T2* is measured over a series of echo
times, and we would theoretically have a wide range over which iron could be quantified.
Gradient-echo images are also known to be more sensitive to the paramagnetic properties of
iron and are ideal for cardiac imaging because of their swift acquisition times, which reduce
artefact from respiration and cardiac motion. T2* is calculated from gradient-echo images of
increasing echo time in the same way as T2 is calculated from spin-echo images. As the echo
time of the images increases, the signal intensity of all tissues decreases and this rate of decay
is strongly enhanced in the presence of iron deposition, reducing the T2* relaxation time. A
concern however was that at the high field strength of our scanner (1.5 T), iron-loaded tissues

would appear black at even the shortest echo times, making T2* calculations impossible.

4.3.2 The T2* sequence - Choice of Imaging Parameters

Cardiac Images: As T2* is sensitive to tissue iron deposition, we required an imaging
sequence with a short initial echo time. The sequence also needed to be robust to the motion
artefacts present at longer echo times. A balance was found using a motion artefact
suppression sequence, which allowed a minimum echo time of 5.6ms and longer echo times
to 20ms and above. From experience we now know that an ideal sequence would permit even
shorter echo times to improve the accuracy of evaluation of very severe cardiac iron overload.
In order to maximise reproducibility we employed a large number of echo times - 9 in total

(at 5.6ms, 6.6ms, 7.6ms, 8.6ms, 9.6ms, 11.6ms, 13.6ms, 15.6ms and 17.6ms). Although echo
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times greater than 17.6ms were possible, the image quality decayed rapidly above this echo

time. In order to minimise T1 effects we chose a low flip angle of35®. To reduce breath-hold

time, the phase encode group was set at 8 and the image matrix was set at 128 x 256 pixels.

Although a matrix of 256 x 256 pixels would produce an image of higher definition, the

scanning time would be doubled. Using this sequence, breath-hold times (which vary with

heart rate and size of the patient) averaged at 10 seconds - and in children who are smaller

and frequently have higher pulse rate - the breath-hold time was usually less than 8 seconds.

A gating delay of Oms after the R-wave was chosen in order to obtain myocardial images in a
consistent position in the cardiac cycle irrespective of the heart rate. The resulting image is

therefore acquired in early systole. An end-systolic image would have offered the benefits of
decreased wall motion and thicker ventricular myocardium in which to draw the region of
interest. However the delay time would require alteration to end-systole for each patient and
also between breath-holds if there was any variation in the patient’s heart rate. The fixed
delay time of Oms simplifies the scanning procedure and ensures that images were taken at the
same part of the cardiac cycle for each follow-up scan. This may be significant because
relaxation times have been shown to vary during different phases of the cardiac cycle [Baron
1987, DeRees 1988], which may be explained by alterations in myocardial blood content
during systole and diastole [Judd 1991]. A short axis mid-ventricular slice was chosen to
minimise artefacts from blood flow. The region of interest was drawn in the ventricular
septum, encompassing all layers of the myocardium from the right through to the left
ventricular endocardium. The region was drawn away from the cardiac veins which are
known to cause susceptibility artefacts and would artificially decrease the T2* measurement if
included [Reeder 1998].

To calculate the myocardial T2*, the signal intensity of the myocardial region of interest and
the signal intensity of the background noise were measured in each of the nine images using
in-house software (CMRtools, © Imperial College, London). Background noise was
subtracted from the myocardial signal intensity, and the net value was plotted against the echo

time for each image. A trendline was fitted to the resulting exponential decay curve, with an
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equation of the form y=Ke’»** where K represents a constant, x represents the echo time and
y represents the image signal intensity (Figure 4.4).

Figure 4.4 Calculation of Myocardial T2* from Nine Images at Increasing Echo Times

Sms 6ms Tms 8ms 9ms 1lms 13ms
1Sms 17ms
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Liver Images: As gating of the images to cardiac contraction is not necessary for liver
imaging, a simpler sequence was used. Eight images at 8 separate echo times were used
(2.24, 3.36, 4.47, 6.71, 8.95, 10.07, 15.66 and 20.13ms). This sequence allowed a lower
initial echo time of 2.24ms, which is valuable because liver iron deposition can often exceed
15mg/g dry liver weight in thalassaemic patients. Each image was acquired during a 9-13
second breath-hold with a repetition time 200ms and a low flip angle of 20° to minimise T1
effects. As the liver is a large organ through which iron is deposited relatively uniformly
[Overmoyer 1987], we could afford to reduce image resolution to a matrix of 96 x 128 pixels
in order to reduce breath-hold duration. A transverse slice was used to minimise respiratory

artefact, positioned through the centre of'the liver (and spleen if present). A region of interest



Chapter 4 Page 39 Development of T2* Technique

was drawn in the periphery of the liver away from the large central vessels. Liver T2* was

then calculated in the same way as in the heart.

4.3.3 Validation of the T2* Technique for the Measurement of Tissue Iron
Concentration

To investigate the relationship between tissue iron and T2* relaxation, we prospectively
studied all patients undergoing liver biopsy as part of their routine clinical management.
Thirty beta-thalassaemic patients (12 females and 18 males, aged 18-38, mean 27.1 + 6.7
years) were assessed and the biopsy iron concentrations were compared with the liver T2*
measurements derived by MR. All scans were performed within 21 days of the liver biopsy
(mean 10 £7.0 days) and iron-chelation treatment were stable. In all but three cases, a section
of the biopsy specimen was also examined histologically. Hepatic fibrosis was found in 13
(cirrhosis 3 patients, peri-portal fibrosis 10 patients). The biopsy specimens were chemically
analysed at the Royal Free Hospital, London using the technique of Barry and Sherlock
[Barry 1971]. The variability of biopsy iron determination has been shown to increase with
decreasing size of the biopsy [Villeneuve 1996] so we ensured that the dry weights of all
specimens in this study exceeded 0.5mg (mean 1.33 + 0.59 mg).

We found a significant, curvilinear, inverse correlation between liver T2* and the liver iron
content for all samples (r=0.81, figure 4.5). As predicted from the known variatiability of
biopsy iron determination in the presence of hepatic fibrosis [Villeneuve 1996, Edmond
1999], there was a better correlation with the non-fibrotic liver samples (r=0.93, p<0.0001)
than the fibrotic samples (r=0.68, p<0.0001). Therefore we subsequently employed non-
fibrotic samples to generate predictions of liver iron content from the measured T2* values.
As liver iron concentration and liver T2* measurements were positively skewed, the values

were loge transformed for analysis (Figure 4.6).
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Figure 4.5 Correlation between Liver T2* and Liver Biopsy Iron Concentration.
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Figure 4.6 Regression Curve for Liver T2* and Liver Iron Concentration in the

Nonfibrotic Samples
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For the non-fibrotic samples, both Pearson’s and Spearman’s tests gave a correlation

coefficient of 0.93 which is highly significant (p<0.0001). Regression analysis shows that a



Chapter 4 Page 41 Development of T2 * Technique

one unit increase in loge T2* is associated with a 1.07 unit increase in loge iron concentration
(95% confidence interval 0.78 to 1.35 unit decrease). This correlation to liver biopsy allows
an estimate to be made of the liver iron concentration in mg/g liver dry weight, once the liver

T2* is known [Anderson 2001a].

4.3.4 In-Vivo Reproducibility of T2* Measurements

In order for the T2* sequence to be suitable for the clinical assessment of tissue iron, good
reproducibility of the technique in both the liver and the heart is required. Therefore ten
patients with thalassaemia major were scanned on two occasions to assess the inter-study
reproducibility of the T2* technique (interval 1-21 days, mean 7.1 days). The coefficient of
variation was found to be 3.3% for the liver and 5.0% for the heart [Anderson 2001a]. This
compared favourably with coefficients of variation for signal intensity ratio measurements
from these same images (liver-to-muscle 7.9%, liver-to-noise 8.8%, heart-to-muscle 12.6%,
and heart-to-noise 14.1%), techniques that have previously been used [Gandon 1994, Ernst
1997, Bonkovsky 1999].

To assess inter-observer variability, the images from 10 patients were studied independently
by two observers. The coefficient of variation was 4.5% for the liver and 6.4% for the heart.
Once again, this compared favourably with signal intensity ratio measurements (liver-to-
muscle 5.4%, liver-to-noise 6.1%, heart-to-muscle 10.8%, and heart-to-noise 7.5%).

Both inter-study and inter-observer reproducibility were considered sufficiently good for
clinical application. The improved reproducibility of these gradient-echo T2* techniques over
the fast-spin-echo and spin-echo techniques results principally from improved quality of the

original images from which T2* is measured.

4.3.5 Normal Ranges for T2* Relaxation Times
To determine normal ranges for T2* values in the liver, heart, spleen and skeletal muscle we
scanned 15 healthy volunteers using the same protocol (9 males, 6 females, aged 26-39, mean

3 1£3.7 years). The normal values for T2* were myocardium 52+16ms, liver 33+7ms, skeletal
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muscle 30+5ms and spleen 56+22ms. There is limited literature with which to compare these
results. Li et al studied 13 normals and reported a myocardial T2* of only 33 +£6.5ms, but
only 2 echo times were used [Li 1996]. Wacker et al reported the normal myocardial value in
6 patients with coronary disease (remote from ischaemia) as 48+9 ms using a 10 echo time
technique [Wacker 1999]. Reeder reported normal T2* values of 38+6ms in the mid septum

in 5 normal volunteers, and showed reduced values adjacent to the cardiac veins due to their

local susceptibility effect [Reeder 1998].

44 CArpIOVASCULAR MR (CMR) FOR THE DETERMINATION OF VENTRICULAR
VOLUMES AND MASS

4.4.1 Background

CMR measurements of left and right ventricular function, volumes and mass were made
during each patient study in addition to myocardial and liver T2*. Volume studies use a
series of contiguous short-axis cines to construct a three-dimensional representation of the
ventricles, allowing direct measurement of mass and volume (figure 4.7). Compared to
echocardiography and cine-angiography, CMR does not rely on geometric assumptions or
calculations based on partial sampling of the cardiac volume. The technique has been shown
to be accurate [Longmore 1985, Sechtem 1987], and the reproducibility of this technique is
superior to echocardiography and cine-angiography [Semelka 1990, Pattynama 1994,

Bellenger 2000].

4.4.2 Imaging Technique and Analysis

A diastolic, horizontal-long-axis image of the left ventricle was used as the pilot onto which
the stack of short-axis slices were positioned, commencing at the atrio-ventricular ring and
extending to the ventricular apex. A segmented FLASH breath-hold cine was used for each
contiguous 10mm short-axis slice (TE 3.8ms, repeat time gated to RR interval, field of view

35x35cm, matrix 128x256 pixels, flip angle 35° phase encode group 8§, 12 frames). On
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average 10 short-axis segments were required to encompass the entire left ventricle. The
endocardial and epicardial borders of the right and left ventricle were traced manually in each
diastolic short-axis slice. The endocardial borders alone were traced in the systolic slices.
End diastolic volume (EDV) was determined as the sum of the endocardial diastolic regions
of interest in all slices. End systolic volume (ESV) was determined as the sum of the systolic
endocardial regions of interest from all slices. Ejection fraction (EF) was calculated from the
equation EF%=100x(EDV-ESV)/EDV. Left ventricular mass was determined by subtracting
the left ventricular endocardial from the left ventricular epicardial region of interest in each
slice. The sum of the net myocardial volume from each slice was multiplied by 1.05g/ml (the
density of normal myocardial tissue) to calculate the total LV mass.

Figure 4.7 Three dimensional measurement of left ventricular volumes and mass

Diastole Systole
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4.5 IMAGING PROTOCOL

All patients were scanned using the same imaging protocol, which was applied in all the work
described in this thesis. A Picker 1.5T Edge Scanner was used (Marconi Medical Systems,
Ohio, USA). Each scan lasted approximately 45 minutes and included the measurement of
liver and heart T2*, and left and right ventricular function, volumes and mass.

For the measurement of myocardial T2*, a single short axis mid-ventricular slice was
acquired at nine separate echo times (TE 5.6 - 17.6ms). The repetition time between radio-
frequency pulses was between 11.8 - 23.8ms, depending on the echo time used. A gradient-
echo sequence was used (flip angle 35°, matrix 128 x 256 pixels, phase encode group 8, field
of view 35cm, sampling bandwidth of 250kHz, slice thickness 10mm). The repetition time
was adjusted to the patient’s heart rate, with a gating delay of Oms after the R wave. Each
image was acquired during an 8 -13 second breath-hold.

For the measurement of liver T2*, a single slice through the centre of'the liver was acquired at
eight different echo times (TE 2.2 - 20.1ms). Each image was attained during a 10-13 second
breath-hold using a gradient-echo sequence (repetition time 200ms, flip angle 20°, matrix 96
x 128 pixels, field of view 35cm, sampling bandwidth of 125kHz, slice thickness 10mm). T2*
measurements were calculated as described in section 4.3.2. A further multi-slice gradient-
echo image of the liver was acquired (TE 4.47ms, repeat time 100ms, field of view 40cm,
matrix 128x256 pixels, flip angle 20®, slice thickness 8mm, 16 slices in 2 10 second breath-
hold batches) in order to visualise the pancreas. A signal intensity ratio of pancreas to
paravertebral skeletal muscle was calculated, as we were unable to accurately measure
pancreatic T2*, because the pancreas could rarely be captured on every T2* breath-hold
acquisition due to its small size and movement with respiration.

For calculation of ventricular volumes, mass and ejection fraction, a segmented FLASH
breath-hold cine was used (TE 3.8ms, repeat time gated to RR interval, field of view
35x35cm, matrix 128x256 pixels, flip angle 35®, phase encode group 8, 12 frames, slice
thickness 10mm). Ventricular volumes and mass were calculated as described in section

4.42.
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Chapter 5: T2* MR for the Early Diagnosisof M yocardial
Iron Overload - the Relationship between M yocardial Iron

AND VENTRICULAR FUNCTION

5.1 INTRODUCTION

Although heart failure secondary to transfusional iron overload remains the commonest cause
of death in patients with thalassaemia major [Zurlo 1989, Olivieri 1994], the relationship
between myocardial iron deposition and cardiac function is unknown. In addition the
prediction of cardiac risk has hitherto relied upon associations between other markers of iron
overload such as serum ferritin and liver iron and prognosis [Olivieri 1994, Brittenham
1994b]. A direct measurement of myocardial iron would allow earlier diagnosis and
treatment and help to reduce the excess mortality from this cardiomyopathy.

We applied our 12* MR method in the assessment of myocardial iron deposition in 106

patients with thalassaemia major and related the results to ventricular function.

5.2 METHODS

5.2.1 Study Population

A total of 109 regularly transfiised patients with thalassaemia major were scanned. Three
patients were excluded from comparison analysis of ventricular function due to cardiac
anomalies (1 corrected tetralogy of Fallots, 1 sub-aortic shelf and 1 peripheral pulmonary
artery stenosis). The residual cohort of 106 patients included 50 males and 56 females, aged
13-41, mean 27 £7 years. All patients had received iron chelation therapy since the mid-to-
late 1970s, or from early childhood in patients born after this time, with a broad range of
compliance to treatment (serum ferritin 262 - 7624ng/l, mean 2095 +1559ng/l). Seventeen
patients required medication for ventricular dysfunction (antiarrhythmics or angiotensin-

converting-enzyme inhibitors).
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5.2.2 Serum Ferritin Measurements
Measurements of serum ferritin were carried out by enzyme immunoassay (WHO Ferritin

80/602 First International Standard, normal range 15-300pg/1).

5.2.3 Magnetic Resonance Assessments of Myocardial Iron and Ventricular Function

In order to quantify iron loading in the heart we used the T2* MR technique described in
section 4.5. Myocardial T2* values measured in healthy volunteers showed a normal
distribution with a mean value of 52ms, and a lower 95% confidence interval of 20ms.
Myocardial T2* levels <20ms were taken to imply iron overload.

All patients were scanned using the same sequence with a Picker 1.5T Edge Scanner
(Marconi Medical Systems, Cleveland, Ohio). Each scan included the measurement of heart
iron using T2*, and the measurement of ventricular volumes, mass and ejection fraction using

standard techniques [Pattynama 1994, Bellenger 2000] as described in section 4.4.

5.2.4 Statistical Analysis

Summary data are presented as mean +l standard deviation. Pearson’s coefficient of
correlation was used to assess the correlation between myocardial T2* and the indices of left
ventricular function; left ventricular ejection fraction, left ventricular mass index and left
ventricular end systolic volume index. As left ventricular volumes and mass vary with the
height and weight of a patient, left ventricular volume and mass indices were calculated by
dividing end systolic volumes and left ventricular mass by the patient’s surface area.
Pearson’s coefficient of correlation was also used to assess the correlation between left and
right ventricular ejection fractions. Logistic regression was performed to relate the
requirement for cardiac medication to 7 clinical covariates. Multivariate backward stepwise
regression analysis, with a cut off of p=0.1 for removing variables and p=0.05 for including
variables was used to identify independent predictors for the requirement for cardiac
medication. Stata statistical software was used for computations (Stata Corporation, Texas,

USA).
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5.3 RESULTS

5.3.1 Myocardial Iron and Parameters of Left Ventricular Function

As shown in figures 5.1,5.2 and 5.3, throughout the normal range of myocardial T2* (>20ms),
parameters of ventricular function fall within normal limits [Lorenz 1999]. Only in the
presence of excess cardiac iron, when myocardial T2* fell below 20ms, was there a
progressive, linear decline in left ventricular ejection fraction (r=0.61, p<0.0001), and an
increase in left ventricular end-systolic volume index (r=0.50, p<0.0001), and left ventricular
mass index (r=0.40, p<0.001). Although 64 patients (60.3% of this cohort) had myocardial
T2* values less than 20ms, significant ventricular abnormalities were detected in only 10
patients (9.4%). All of these 10 patients had severe myocardial iron deposition (myocardial

T2#<12ms).

Figure 5.1 Relationship between Cardiac T2* and Left Ventricular Ejection Fraction
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Figure 5.2 Relationship between Cardiac T2* and Left Ventricular Mass Index
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5.3.2 Myocardial Iron and Right Ventricular Ejection Fraction

A similar pattern between myocardial iron and right ventricular ejection fraction was
demonstrated (figure 5.4). In the normal range of myocardial iron, right ventricular ejection
fraction fell within normal limits. As myocardial iron increased (myocardial T2*<20ms),
there was a progressive linear decline in right ventricular ejection fraction (r=0.52, p<0.0001).
Right ventricular ejection fraction also correlated linearly with left ventricular ejection

fraction (r=0.69, p<0.0001), figure 5.5.

Figure 5.4 Relationship between Cardiac T2* and Right Ventricular Ejection Fraction
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5.3.3 Myocardial T2* and Clinical Qutcome

Logistic regression was performed to relate the clinical requirement for medication for heart
failure to 7 clinical covariates. Of 106 patients, 17 patients required medication for
ventricular dysfunction and univariate analysis identified myocardial T2*, left ventricular
ejection fraction and left ventricular end systolic volume as significant variables (table 1).
Using multivariate backward stepwise regression analysis, with a cut off of p=0.1 for
removing variables and p=0.05 for including variables, only myocardial T2* (odds ratio 0.79,
95% confidence interval 0.67 - 0.92, p=0.002) and serum ferritin (odds ratio 0.95, 95%

confidence interval 0.91 - 1.00, p=0.05) were significant.

Table 5.1 Univariate Analysis of Clinical Variables to Test the Strength of their

Relationship to the Need for Cardiac Medication

VARIABLE ODDS RATIO (95% C1) P VALUE
Myocardial T2* (ms) 0.81 (0.71,0.93) 0.003
LVEF (%) 0.88 (0.82, 0.94) <0.001
LYESV (ml) 1.05 (1.02, 1.08) 0.001
Serum Ferritin (pg/1) 0.97 (0.93, 1.01) 0.17
Diabetes Mellitus 1.58(0.56,4.51) 0.39
Age 1.01 (0.94, 1.08) 0.85
Liver T2* (ml) 1.01 (0.91, 1.12) 0.85

C1 denotes confidence interval, LVEF denotes left ventricular ejection fraction and LYESV denotes

left ventricular end systolic volume.
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5.4 DISCUSSION

5.4.1 Myocardial T2* measurement and ventricular function

There was a clear relation between deterioration in ventricular function and myocardial T2*
values below the normal range (<20ms). As myocardial iron increased, the left ventricle
dilated, LV mass increased and LV ejection fraction deteriorated. However, although 64
patients (60.3% of this cohort) had myocardial T2* values less than 20ms, significant
ventricular abnormalities were detected in only 10 patients (9.4%). This lack of sensitivity of
the absolute parameters of ventricular function indicates that ventricular dysfunction is a poor
and late guide to ventricular iron loading. The lowest recorded ejection fraction was 41%,
measured in two patients, both with severe myocardial iron overload (myocardial T2* of 3.2
and 5.9ms respectively). Although both patients were commenced on intravenous iron-
chelation therapy, one has subsequently died in low output cardiac failure, reflecting the poor
prognosis of iron induced cardiomyopathy [Felker 2000]. This suggests that myocardial iron
imaging with the T2* MR technique would give a much earlier indication of the need for

increased iron-chelation therapy.

5.4.2 Heart failure and causality

The reliance on indirect markers of myocardial iron loading such as serum ferritin and liver
iron have made heart disease difficult to detect and treat in thalassaemia, and has raised
controversy over the causal relationship between cardiac iron overload and cardiac failure.
Some histochemical studies have indicated that cardiac iron deposits cause cardiac
dysfunction and describe the increase in ventricular mass and the predominant epicardial
deposition of iron, concurring with current MR findings (figure 5.6) [Engle 1964,
Schellhammer 1967, Buja 1971]. However, others have suggested that iron deposits in the
heart are of no functional significance [MacDonald 1960]. Recently, myocarditis rather than
iron deposition has been proposed as an alternative etiology for heart failure in thalassaemic
patients [Kremastinos 1995, 1999]. Furthermore, separate actiologies for left and right

ventricular dysfunction have been suggested [Mavrogeni 1997]. This study demonstrates the



Chapter 5 Page 52 Myocardial Iron and Ventricular Function

Figure 5.6 MR gradient echo images in the short-axis (A) and horizontal long

axis (B) of the heart, showing epicardial iron deposition.

relation between deterioration in ventricular function and myocardial iron loading in both
ventricles, compatible with a global cardiomyopathy, and illustrates clear evidence for the

causality of iron overload in heart failure in thalassaemia patients.

5.4.3 Study limitations

It is not possible definitely to predict the myocardial iron concentration (mg/g) from the
myocardial T2* value, because validation with cardiac tissue has yet to be performed.
Nonetheless, the data presented demonstrates the strong relationship between declining
myocardial T2* and impaired ventricular function indicating the empirical value of
myocardial T2*, and the validation data from the liver biopsies supports the relationship

between tissue iron and T2* (section 4.3.3).

5.4.4 Conclusions

Gradient-echo T2* MR provides a rapid, non-invasive, reproducible means for assessing
myocardial iron. A myocardial T2* <20ms indicates incipient ventricular dysfunction. The
early diagnosis of myocardial iron overload allows prompt intensification of iron-chelation
therapy, and has the potential to prevent the mortality from heart failure associated with

established ventricular dysfunction.
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CHAPTER 6: CONVENTIONAL M ARKERS OF IRON OVERLOAD CANNOT

PREDICT CARDIAC RISK IN THALASSAEMIA M AJOR

6.1 INTRODUCTION

Heart failure remains the commonest form of death in thalassaemia major. Iron-chelation
therapy can prevent and reverse iron-induced cardiomyopathy [Marcus 1984, Rahko 1986,
Wacker 1993], but until now, therapy has been guided by indirect markers of myocardial iron
overload. Serum ferritin levels consistently below 2500]ig/l [Olivieri 1994] and liver iron
levels lower than 15mg/g dry weight (80pmol/g wet weight) [Brittenham 1994b] were
considered to indicate low cardiac risk in thalassaemic patients. With the emergence of
advanced MR techniques it is now possible to assess myocardial and liver iron levels along
with cardiac function in the same scan [Anderson 2001a]. We have analysed the data from
205 patients with thalassaemia major in order to examine the validity of using liver iron and

serum ferritin to assess cardiac risk.

6.2 METHODS

6.2.1 Patient Cohort

Two hundred and ten thalassaemia major patients were assessed. Five patients were excluded
from further analysis due to the presence of heart disease unrelated to iron overload (1
corrected fallots, 1 patent ductus arteriosus, 1 subaortic shelf, 1 aortic stenosis, 1 peripheral
pulmonary stenosis). Of the remaining 205 patients, 103 were female and 102 were male
(mean age 27 + 7.8 years). All patients received transfusions at 2-4 week intervals to
maintain the pre-transfusion haemoglobin concentration between 9- 9.5g/dl and all have
received long-term iron chelation therapy with a broad range of compliance to treatment

(serum ferritin 215-10341]ig/l, mean 2111 + 1527pg/l).
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6.2.2 MR Assessments of Myocardial and Liver Iron and Ventricular Function

All patients were scanned using the same sequence with a Picker 1.5T Edge Scanner
(Marconi Medical Systems, Cleveland, Ohio). Each scan included the measurement of liver
and heart iron using T2*, and the measurement of ventricular volumes, mass and ejection
fraction, as described in section 4.5.

As liver T2* has been validated against liver biopsy iron concentration, we have converted all
liver T2* measurements into milligrams per gram liver dry weight as described in section
4.3.3. Myocardial T2* has not been converted into tissue iron concentrations because
although the relationship is likely to be similar to that for liver iron, the precise correlation

awaits confirmation with a ventricular biopsy study.

6.2.3 Serum Ferritin Measurements

Measurements of serum ferritin were carried out by enzyme immunoassay and all values are
referable to the WHO Ferritin 80/602 First International Standard (normal range 15-300]ig/l).
As ferritin levels are known to fluctuate, all analyses have been made using the mean serum

ferritin level for the year preceding the magnetic resonance scan.

6.2.4 Statistical Analysis

Summary data are presented as means £1 standard deviation. Myocardial T2* was found to
be highly positively skewed and was therefore log transformed to allow parametric analysis of
the results. Pearson’s coefficient of correlation was used to assess the degree of association
between log myocardial T2* and both liver iron and serum ferritin and left ventricular
ejection fraction and liver iron and serum ferritin. Pearson’s coefficient of determination was
used to estimate the proportion of variation in log myocardial T2* that could be accounted for
by variation in either liver iron or serum ferritin. Unpaired Student’s t-tests were used to
compare left ventricular ejection fractions in patients with liver iron levels above and below

15mg/g dry weight and in patients with mean one-year serum ferritin levels above and below
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2500]ig/l. Stepwise backward multivariate analysis was used to detect predictors of left
ventricular ejection fraction from five clinical covariates. A p value of less than 0.05 was

considered to indicate statistical significance.

6.3 RESULTS

6.3.1 Relationships between Liver Iron and Serum Ferritin and log Myocardial T2*
Although the relationship between liver iron and log myocardial 12* achieves statistical
significance in this large cohort (p=0.0002), the degree of association is weak (r=0.26) and
only 6.5% of the variation in log myocardial T2* can be accounted for by variation in liver

iron (figure 6.1).

Figure 6.1 The Relationship Between Liver Iron and Log Myocardial T2*
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The relationship between serum ferritin and log myocardial 12* also achieves statistical
significance (p=0.005) but the degree of association is negligible (r=0.19) and only 3.4% of
the variation in log myocardial 12* can be accounted for by variation in serum ferritin (figure

6.2).
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Figure 6.2 The Relationship Between Serum Ferritin and Log Myocardial T2*
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In many patients there were marked discrepancies between liver and heart iron concentration

(figure 6.3), and serum ferritin and heart iron concentration (figure 6.4).

Figure 6.3 Discordance between Heart and Liver Iron Concentration

Liver

Panel A. Severe cardiac but minimal liver iron deposition (black heart, grey liver).
Panel B. Normal cardiac iron but severe liver iron overload (grey heart, black liver).
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Figure 6.4 Discordance between Serum Ferritin and Myocardial Iron Deposition

A 31-year-old female complained of palpitations despite an excellent chelation history (mean
one year serum ferritin 504|Lig/l). Although the echocardiogram was within normal limits
(panel A), the 24-hour tape revealed multi-focal, non-sustained ventricular tachycardia (panel
B). A cardiac magnetic resonance scan was performed which confirmed significant
myocardial iron deposition (myocardial T2*=7.6ms, panel C). The patient was commenced
on amiodarone and continuous desferrioxamine chelation therapy and remains well and free
of cardiac symptoms a year later.

6.3.2 Myocardial Iron and the Conventional Indicators of Increased Cardiac Risk
Fifty-seven percent of patients with liver iron below 15mg/g dry weight and 54% of patients
with mean serum ferritin below 25000.g/l were found to have excess myocardial iron

deposition (myocardial T2*<20ms).

6.3.3 Left Ventricular Ejection Fraction and Conventional Indicators of Cardiac Risk

There was no significant difference in left ventricular ejection fraction in patients with liver
iron above 15mg/g (LVEF 66.1+ 6.3%) or below 15mg/g (LVEF 66.2 = 9.0%, p=0.96) or
with serum ferritin levels above 2500[ig/l (LVEF 65.1 £ 10.1) or below 2500pg/l (LVEF 66.6
+ 8.2, p=0.22). No significant correlation could be demonstrated between liver iron and left
ventricular ejection fraction (r=0.13, p=0.07) or serum ferritin and left ventricular ejection

fraction (r=0.08, p=0.27) in the cohort of 205 patients.
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Figure 6.5 The Relationship between Liver Iron Concentration and Left Ventricular

Ejection Fraction
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Figure 6.6 The Relationship between Serum Ferritin and Left Ventricular Ejection
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6.3.4 Assessment of Predictors of Cardiac Function

Logistic regression was performed to relate left ventricular ejection fraction to five clinical
covariates including liver iron, serum ferritin, log myocardial T2*, age and diabetes. Multiple
regression (table 1) demonstrated that myocardial T2* alone was a predictor of left ventricular
ejection fraction (p<0.0001). To ensure that the effect of serum ferritin or liver iron was not
underestimated due to the relationship between these two variables, stepwise backward
multivariate analysis was performed using p=0.05 for adding or removing variables. This
confirmed that serum ferritin and liver iron do not predict cardiac function and that
myocardial T2* was the only independent predictor for left ventricular ejection fraction

(p<0.0001, odds ratio 6.72,95% confidence interval 5.42 to 8.01).

Table 6.1 Multivariate Analysis of Clinical Variables to Assess Predictors of Left

Ventricular Ejection Fraction

VARIABLE ODDS RATIO (95% C)) PVALUE
Log Myocardial T2* (ms) 7.0 (5.64, 8.35) <0.0001
Diabetes Mellitus Present 2.04 (-0.24,4.32) 0.08
Serum Ferritin (Jig/1) 0.0002 (-0.0005, 0.0001) 0.49
Age (years) 0.046 (-0.09,0.18) 0.50
Liver Iron (mg/g dry weight) 0.03 (-0.23, 0.28) 0.84

Cl1 denotes confidence interval
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6.4 DISCUSSION

The measurement of liver iron has been considered the gold standard guide to the estimation
of body iron stores [Pippard 1989]. It was believed that cardiac iron deposition was a late
complication of iron overload and occurred only in the presence of severe liver iron loading
[Buja 1971, Johnston 1989]. The benchmark value of 15mg/g liver dry weight (80|imol/g
liver wet weight) above which a patient was assumed to have increased cardiac risk was
adopted from a follow-up study of the effectiveness of chelation therapy in 59 patients with
thalassaemia major [Brittenham 1994b]. Of interest, this was not a direct conclusion of the
paper itself but of subsequent authors, inferred from a subset of 15 patients who developed
cardiac complications. Liver iron was measured in 11 of these 15 patients and found to be
>15mg/g liver dry weight in all. Data from only 11 patients generated the figure of 15mg/g
liver dry weight, which has subsequently influenced the chelation treatment and risk
assessment of young patients with thalassaemia.

Review of the literature shows that the assumption of an even distribution of iron between
organs originates from ecarly autopsy studies performed prior to the introduction of iron
chelation therapy [Buja 1971]. MRI facilitates the simultaneous assessment of heart and liver
iron levels as well as cardiac function and leads us to question these assumptions in the
modem era. The results in the present large cohort of thalassaemic patients have
demonstrated a very weak association between heart and liver iron stores and no significant
correlation between left ventricular ejection fraction and liver iron. There was no significant
difference in left ventricular ejection fraction in patients with liver iron above or below
15mg/g and iron-induced cardiomyopathy can develop even in the presence of very low liver
iron levels (figures 6.3 and 6.4). Therefore, although liver biopsy with histological analysis
will retain an important role in the assessment of liver cirrhosis in these patients, liver iron
measurements alone, by biopsy or quantum interference measurement [Brittenham 1982],
should no longer be relied upon to estimate cardiac iron levels.

Part of the disparity between liver and heart iron levels can be explained by the effects of iron

chelation therapy. Iron has been shown to clear at differing rates from the liver and the heart
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[Anderson 2001b], and the mechanism of uptake of iron chelators varies between organs

[Porter 1989]. However there also appears to be substantial inter-patient variation in the

predominant site of iron deposition, which remains to be investigated and explained.

The measurement of serum ferritin is the most commonly used indirect estimate of body iron

stores [Finch 1986, Pippard 1989]. However, serum ferritin differs structurally from tissue

iron-storage ferritin [Halliday 1984] and only reflects the proportion of iron in transit in the

blood (<1% of the total iron storage pool). Early studies with immunological techniques

indicated that serum ferritin may vary with body iron stores. Ferritin was shown to be

decreased in iron deficiency states and raised in haemochromatosis [Jacobs 1972], and a
correlation between serum ferritin and liver iron by biopsy and a between serum ferritin and
total quantity of blood transfused were shown in 18 patients with thalassaemia [Letsky 1974].

However, the reliability of serum ferritin to indicate even liver iron stores has been questioned
[Wands 1976, Crosby 1976]. In a study of thalassaemic and sickle cell patients, only 57% of
the variation in serum ferritin was shown to be related to variation in liver iron [Brittenham
1993]. This can be explained by variation of serum ferritin with other factors common in
thalassaemia such as inflammation [Lipschitz 1974], hepatocellular damage [Prieto 1975] and
ascorbate deficiency [Chapman 1982]. A relationship between serum ferritin and myocardial
iron has been assumed from the moderate relationship between serum ferritin and liver iron,
although only two studies of the relationship between myocardial iron by biopsy and serum
ferritin have been published. The results are not decisive, as both were performed in small
groups of patients (15 or less) and one demonstrated a relationship [Lombardo 1995], the
other did not [Barosi 1989].

Olivieri at al reported the prognosis for survival without cardiac disease as excellent for
thalassaemia major patients whose serum ferritin levels remain below 2500mg/l [Olivieri
1994]. In fact the estimated cardiac disease free survival rate was 91% at 15 years - in a
patient group with a mean age of only 23 years after a median of 12 years follow-up. In this
large cohort we have shown no significant difference in left ventricular ejection fraction in

patients with serum ferritin levels above or below 2500pg/l, and that more than half of
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patients (54%) with ferritin levels below 2500[ig/l have excess myocardial iron deposition.
No relationship could be demonstrated between left ventricular ejection fraction and serum
ferritin levels. Therefore although serum ferritin is readily obtainable and likely to retain its
value in observing trends in patient compliance to therapy, it should not be relied upon as an

accurate gauge for myocardial iron or function.

Conclusions

Neither serum ferritin or liver iron measurements reliably predict those patients with
increased myocardial iron deposition or impaired ventricular function. The benchmark figures
for increased cardiac risk of a liver iron greater than 15mg/g dry weight and serum ferritin
levels above 2500p,g/1 are misleading in many patients and should now be abandoned. Direct
assessment of myocardial iron is necessary to guide chelation therapy in thalassaemic patients

and to reduce the excessive and preventable cardiac mortality.
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CHAPTER 7: THE VARIABILITY OF RETICULO-ENDOTHELIAL AND

PARENCHYMAL IRON DEPOSITION IN THALASSAEMIA M AJOR

7.1 INTRODUCTION

Conventional teaching asserts that in transfusional iron overload, reticulo-endothelial iron
loading of the spleen and bone marrow occurs first [Finch 1982], and only when these stores
are saturated is iron deposited in the parenchymal cells of the liver, heart and endocrine
organs [Jandl 1987], which are sensitive to the toxic effects of iron [McLaren 1983, Gordeuk
1987]. Cardiac iron deposition is believed to occur late, and only in the presence of severe
spleen and liver iron overload [Buja 1971, Johnston 1989].

On the basis of these theories, liver iron has been considered the gold standard indicator for
body iron stores [Pippard 1989] and as serum ferritin correlates with liver iron in normal
individuals [Addison 1972, Cazzola 1983], it is widely used as an indirect marker for tissue
iron levels in thalassaemia.

With the emergence of advanced MR techniques it is now possible to assess iron levels in the
heart, liver, spleen, pancreas and bone during the same scan. We have analysed the data from
210 patients with thalassaemia major in order to examine the pattern of iron deposition in the

body and the degree to which serum ferritin and liver iron reflect body iron stores.

7.2 METHODS

7.2.1 Patient Cohort

Two hundred and ten thalassaemia major patients were assessed (104 females and 106 males,
mean age 27 + 7.8 years). All patients received transfusions at 2-4 week intervals to maintain
the pre-transfusion haemoglobin concentration between 9- 9.5g/dl and all have received long-
term iron chelation therapy with a broad range of compliance to treatment (serum ferritin 215-
10341|xg/l, mean 2109 + 1517p,g/l). Eighty-three patients had not undergone splenectomy,

and spleen T2* could be determined in these patients.
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7.2.2 MR Assessments of Myocardial, Liver, Spleen, Pancreas and Bone Iron

All patients were scanned using the same T2* sequence with a Picker 1.5T Edge Scanner
(Marconi Medical Systems, Cleveland, Ohio). The full protocol is described in section 4.5.
Due to the size of the pancreas, it is difficult to image in every scan and T2* measurements
were considered inaccurate. High levels of iron in the bone marrow of many patients also led
to inaccuracies in T2* measurement. Therefore the pancreas and bone marrow were assessed
using signal intensity ratios to paraspinous skeletal muscle from a multi-slice image through
the upper abdomen (echo time 4.47ms). Signal intensity ratios have been shown to be

inversely proportional to tissue iron concentration [Gandon 1994, Ernst 1997].

7.2.3 Serum Ferritin Measurements
Measurements of serum ferritin were carried out by enzyme immunoassay and all values are

referable to the WHO Ferritin 80/602 First International Standard (normal range 15-300]ig/1).

7.2.4 Statistical Analysis

Summary data are presented as means +1 standard deviation. As organ T2* and SIR values
were positively skewed, logarithmic transformation was performed in order to allow
parametric analysis. Pearson’s coefficient of correlation was used to assess the degree of
association between organ log T2* and log SIR values. Pearson’s coefficient of
determination was used to estimate the proportion of variation in log pancreas SIR that could
be accounted for by variations in log liver T2* and log myocardial T2*. Pearson’s
coefficient of correlation was also used to assess the degree of association between serum
ferritin and log T2* for the liver, heart and spleen and the log SIR for the pancreas and bone
marrow, and Pearson’s coefficient of determination was used to estimate the proportion of
variation in serum ferritin that could be accounted for by variations in log T2* and log SIR of
these organs. In order to determine whether splenectomy was an independent predictor of log

myocardial T2*, we performed multiple regression followed by stepwise backward regression
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analysis, including liver iron, serum ferritin, age, diabetes and presence of the spleen as

covariates. A p value of less than 0.05 was considered to indicate statistical significance.

7.3 Results

7.3.1 Reticulo-endothelial and Parenchymal Iron Stores

A significant correlation was demonstrated between reticulo-endothelial iron stores in the
spleen and bone marrow (r=0.79, p<0.0001; figure 7.1). However no significant relationships
were found between the iron levels in the spleen and the iron in the parenchymal organs of the
liver, heart or pancreas (log spleen 12* and log liver 12*, r=0.21, p=0.06, figure 7.2; log
spleen T2* and log myocardial 12*, r=0.06, p=0.57, figure 7.3; log spleen 12* and log

pancreas SIR, r=0.07, p=0.52, figure 7.4).

Figure 7.1 Relationship between Log Spleen T2* and Log Bone SIR
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Figure 7.2 Relationship between Log Spleen T2* and Log Liver T2'*
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Figure 7.3 Relationship between Log Spleen T2* and Log Myocardial T2*
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Figure 7.4 Relationship between Log Spleen T2* and Log Pancreas SIR
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7.3.2 Iron Stores in the Parenchymal Organs of the Liver, Heart and Pancreas

As already described in section 6.3.1, the relationship between liver and heart iron is
significant but the degree of association is weak and only 6.5% of the variation in log
myocardial T2* can be accounted for by variation in liver iron (figure 6.1). The relationship
between log liver T2* and log pancreas SIR is highly significant in this large group of
patients (r=0.39, p<0.0001), but the degree of association is weak and only 14% of the
variation in log pancreas SIR can be accounted for by variation in log liver T2* (figure 7.5).
There is a stronger relationship between log myocardial T2* and pancreas SIR (r=0.59,
p<0.0001) and 35% of the variation in log pancreas SIR can be accounted for by variation in
log myocardial T2* (figure 7.6).

Figure 7.5 Relationship between Log Liver T2* and Log Pancreas SIR
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7.3.3 Serum Ferritin and Iron Stores in the Parenchymal and Reticulo-endothelial
Organs

We have already shown that although there is a significant correlation between serum ferritin
and log myocardial T2*, the degree of association is negligible and only 3.4% of the variation
in log myocardial T2* can be accounted for by variation in serum ferritin (figure 6.2). The
degree of association between serum ferritin and log pancreas SIR is also weak (1=0.29,
p<0.0001) and only 8.1% of the variation in log pancreas SIR can be accounted for by
variation in serum ferritin. A stronger relationship exists between serum ferritin and log liver
T2* (r=0.56, p<0.0001) yet variations in serum ferritin account for only 31% of the variation
in log liver T2* levels. The strongest relationship between serum ferritin and tissue iron
exists for the reticulo-endothelial organs of the spleen ((r=0.70, p<0.0001) and bone marrow
(r=0.64, p<0.0001) where variations in serum ferritin account for 48 and 40% of the variation

in log spleen T2* and log bone SIR respectively. These relationships are shown in figures

7.7-7.10.
Figure 7.7 Relationship between Serum Ferritin and Log Liver T2*
r=0.56
1000 m p<0.0001
t 8000 m
6000 m
w
I o .
0.2 0.2 0.4 0.6 14
265

Log Liver T2* (ms)



Chapter 7 Page 69 Variability of Tissue Iron

Figure 7.8 Relationship between Serum Ferritin and Log Pancreas SIR
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Figure 7.9 Relationship between Serum Ferritin and Log Spleen T2*
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As individual measurements of serum ferritin can give spurious results, we repeated these
analyses using the mean serum ferritin levels for the year preceding the magnetic resonance
scan. No alteration in the strength of the relationships was found (ferritin and log pancreas
SIR r=0.30, p<0.0001 ; ferritin and log liver T2* r=0.55, p<0.0001 ; ferritin and log spleen T2*

r=0.71, p<0.0001 and ferritin and log bone SIR r=0.63, p<0.0001).

7.3.4  The Effect of Splenectomy on Parenchymal Iron Deposition

It was noted that splenectomised patients had significantly lower serum ferritin (1878+1408
versus 246911615pg/l, p=0.006) and significantly lower liver iron (higher liver T2*, 514.9
versus 3.212.6ms, p=0.002), than non-splenectomised patients. This may be expected as
transfusion requirement, and hence iron loading often falls post splenectomy, due to
prolongation of red cell survival. However, despite the lower ferritin and liver iron levels,
splenectomised patients have significantly higher heart iron (lower myocardial T2*) than non-
splenectomised patients (20117 versus 26119ms, p<0.0001). In order to determine whether
splenectomy was an independent predictor of log myocardial T2*, we performed multiple
regression followed by stepwise backward regression analysis. We included liver iron, serum
ferritin, age, diabetes and presence of the spleen as covaridtes. Using p=0.05 to add and
p=0.1 to remove variables, we found that liver iron, age and the presence of the spleen were
all independent predictors of myocardial T2*

Table 7.1 Model for Prediction of Myocardial T2*

VARIABLE ODDS RATIO (95% CI1) PVALUE
Liver Iron (mg/g dry weight) 0.96 (0.94, 0.98) <0.001
Spleen Present 0.61 (0.48,0.78) <0.001
Age (years) 1.01 (1.00,1.03) 0.06

Cl denotes confidence interval, adjusted R-squared 12%
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7.4 DISCUSSION

Iron overload is the commonest cause of mortality and morbidity in thalassaemia major
[Olivieri 1997]. The toxic effects of iron excess become apparent when iron is deposited in
the parenchymal cells of the heart [Engle 1964, Anderson 2001a], liver [Risdon 1973],
pancreas [Lassman 1974] and endocrine system [Grundy 1994]. In order to guide chelation
therapy it is essential to gauge iron levels in the organs sensitive to iron. Until now the most
commonly used indicators for body iron stores were liver iron concentration and serum
ferritin.

It has been proposed that parenchymal iron deposition occurs only when the iron-storage
capacity ofthe reticulo-endothelial system is exceeded [Finch 1982]. The iron capacity of the
reticulo-endothelial cell system has been estimated at 10g, which is the amount of iron in 40
units of blood [Jandl 1987]. However, the results of this study show that very high levels of
liver and heart iron deposition can occur without splenic iron deposition (Figures 7.2 and 7.3),
and that there is no significant relationship between iron levels in the spleen and iron in the
parenchymal organs of the heart, liver and pancreas. This variability in organ iron deposition
may be partly explained by the effects of chelation therapy, which is now routinely
administered to regularly transfused patients with thalassaemia. Desferrioxamine causes iron
to clear at differing rates from the liver and the heart [Anderson 2001b], and the mechanism
ofuptake of iron chelators varies between organs [Porter 1999].

Serum ferritin is also assumed to reflect body iron stores. Ferritin has a molecular weight of
460,000, and it is comprised of 24 subunits that form a hollow sphere capable of holding up to
4000 atoms of iron. Plasma ferritin differs from intracellular iron-storing ferritin in that it has
a very low iron content and is synthesised by the rough rather than the smooth endoplasmic
reticulum and glycosylated prior to secretion into the plasma. A correlation between serum
ferritin and liver iron by biopsy has been documented in thalassaemic patients [Letsky 1974],
but subsequently only 57% of the variation in serum ferritin was found to be associated with
variations in liver iron in thalassaemic patients [Brittenham 1993]. Entirely normal serum

ferritin levels have also been reported in some haemochromatosis families despite proven
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tissue iron overload [Wands 1976, Crosby 1976], and the authors suggested that this might
reflect the low levels of reticulo-endothelial iron deposition in haemochromatosis. In the
present study the best correlation between serum ferritin and tissue iron occurs with the
reticulo-endothelial organs of the spleen and bone marrow. This finding may not be
surprising if, as has been suggested, plasma ferritin arises mainly from reticulo-endothelial
rather than parenchymal tissues [Simes 1974, Jacobs 1975].

The influence of splenectomy on myocardial iron deposition is an interesting finding and
concurs with earlier work in which increased parenchymal rather than reticulo-endothelial
iron deposition was found in patients who had undergone splenectomy [Berry 1967, Risdon
1974]. The authors concluded that these findings may indicate a contraindication to removal
of'the spleen.

Conclusion

There is substantial variability in iron deposition between organs in patients with thalassaemia
major. The theory of gradual loading of reticulo-endothelial followed by parenchymal tissue
and late iron loading of the heart is invalid in many patients imdergoing chronic chelation
therapy. Serum ferritin is a better indicator of the reticulo-endothelial than parenchymal iron
stores, and cannot reliably predict iron levels in the organs most sensitive to iron toxicity.
Assessment of iron levels in individual organs is necessary to optimise management of iron
chelation therapy in thalassaemia and to improve the morbidity and mortality associated with

tissue iron overload.
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CHAPTER 8: REVERSAL OF IRON-INDUCED CARDIOMYOPATHY:

PROSPECTIVE STUDY WITH CARDIOVASCULAR MAGNETIC RESONANCE

8.1 INTRODUCTION

Heart failure due to iron overload can occur secondary either to excess dietary absorption in
hereditary hemochromatosis, or to transfusional siderosis. The potential reversibility of iron-
induced cardiomyopathy was first documented in case reports of patients with hereditary
haemochromatosis treated with recurrent venesection [Easley 1972, Short 1981, Rivers 1987].
Subsequently, improvements in ventricular dysfunction with chelation therapy have been
reported in a patient with megaloblastic anaemia [Rahko 1986], thalassaemia major [Wacker
1993] and three patients with transfusional iron overload [Marcus 1984]. However, the
reversibility of iron-induced cardiac failure has not been universally accepted, partly due to
the high mortality of patients presenting with advanced cardiac failure despite chelation
treatment [Marcus 1984] and more recently by those questioning the role of iron in
thalassaemic cardiomyopathy [Krematinos 1995 and 1999]. In order to examine the
reversibility of iron induced cardiomyopathy, we have prospectively studied 7 thalassaemia
major patients with cardiac involvement undergoing intensive intravenous iron chelation.
Myocardial and liver T2* levels and ventricular function were assessed at baseline and after

3, 6 and 12 months of treatment.

8.2 METHODS

8.2.1 Study Patients

All patients commencing intensive intravenous desferrioxamine for the treatment of severe
iron overload with cardiac involvement were included in the study. One female and 6 male
patients with thalassaemia major were studied (mean age 26+5.8 years). Each patient had
complied poorly with standard subcutaneous desferrioxamine treatment for a period of at least
2 years prior to the development of cardiac symptoms. Two patients complained of

palpitations only and indices of ventricular function, although depressed, remained within
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normal limits. Three patients presented with paroxysmal atrial fibrillation associated with a
dilated cardiomyopathy. Two patients had overt left and right ventricular failure with
intermittent atrial fibrillation. One of these patients (patient 5) died soon after the initial

assessment. Clinically relevant characteristics are displayed in table 8.1.

Table 8.1 Patient Characteristics

Characteristic Patient Patient Patient Patient Patient Patient Patient 7
1 2 3 4 5 6
Age (Years) 21 22 22 23 26 32 36
Sex Male Female Male Male Male Male Male
Cardiac Palpitations AF, PAF, PAF, AF, PAF, Palpitations
Symptoms CCF DCM DCM CCF DCM
Baseline LVEF 59 41 55 53 41 47 60
(%)
Baseline Serum 3438 1700 1481 1306 600 2597 3043
Ferritin (p-g/1)
Desferrioxamine 50 51 43 47 42 43 48

Dose (mg/kg/day)
Diabetes Mellitus Absent Absent Absent Present Absent Present Absent

LVEF - left ventricular ejection fraction, AF - atrial fibrillation, CCF - congestive cardiac
failure, PAF - paroxysmal atrial fibrillation, DCM - dilated cardiomyopathy

8.2.2 Study Protocol
Desferrioxamine was administered continuously via an indwelling central venous catheter in
all patients at a mean dose 0f46 + 3.6mg/kg/day. Clinical and MR assessment was performed

at baseline and after 3, 6 and 12 months of treatment.

8.2.3 MR Assessments of Myocardial and Liver Iron and Ventricular Function

All patients were scanned using the same sequence with a Picker 1.5T Edge Scanner
(Marconi Medical Systems, Cleveland, Ohio). Each scan included the measurement of liver
and heart iron using T2*, and the measurement of ventricular volumes, mass and ejection

fraction as described in section 4.5.
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8.2.4 Statistical Analysis

Summary data are presented as means *1 standard deviation. A summary measures analysis
was performed to assess for significant changes in heart and liver T2* as well as indices of
ventricular function over time. Paired Student’s t-tests were used to compare heart and liver
T2* and left ventricular function in the six patients who survived, between the start and after

12 months of treatment. A p value of <0.05 was considered significant in all tests.

8.3 RESULTS

8.3.1 Summary Measures Analysis

Severe heart and liver iron overload was present in all patients at baseline. A summary
measure was created for each patient and the individual slopes for each subject were analysed
over time (table 8.2). The slopes for each variable including heart and liver 12*, and left
ventricular ejection fraction, end systolic volume and mass were calculated and then averaged
across all subjects. There were significant improvements in heart T2* (p=0.012), left
ventricular ejection fraction (p=0.017), left ventricular end systolic volume (p=0.037) and left
ventricular mass (p=0.007) over time. Myocardial T2* increased by 0.24ms, left ventricular
ejection fraction improved by 0.85%, left ventricular end systolic volume decreased by 2.3ml,
and left ventricular mass decreased by 1.4g on average per month.

Mean values for each parameter at 0,3,6 and 12 months are displayed in table 8.3.

Table 8.2 Results from Analysis of Individual Slopes

Parameter Average Slope 95% Cl1 for slope P-value
(change per month)
Myocardial T2* (ms) 0.24 0.08 to 0.39 0.012
Liver T2* (ms) 0.71 -0.04 to 1.46 0.060
LVEF (%) 0.85 0.23 to 1.47 0.017
LVESV (ml) -2.29 -4.38 t0 -0.20 0.037
LV Mass (g) -1.36 -2.15 to-0.57 0.007

Cl1 - confidence interval, LVEF - left ventricular ejection fraction, LVESV - left ventricular
end systolic volume, LV Mass - left ventricular mass
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Table 8.3 Mean values for Myocardial and Liver T2* and Ventricular Function over
Time

Myocardial Liver T2* LVEF(%) LVESV (ml) LV Mass (g)

T2* (ms) (ms)

Baseline 5.2+1.8 2.0+1.0 51+£7.8 95+36 171135
(n=7)

3 months 7.112.1 34118 6118.1 61114 150123
(n"6)

6 months 7.512,5 6.915.3 6217.9 62116 148122
(n=6)

12 months 8.112.8 10.319.2 6316.4 5518.6 145123
(n=6)

8.3.2 Left Ventricular Function, Heart and Liver T2* in the Six Surviving Patients

Left Ventricular Function

There was a gradual improvement in left ventricular ejection fraction (LVEF) in all 6
surviving patients over the course of treatment. There was a significant improvement in
LVEF from a baseline mean of 5217.1ml to 6316.4ml at 12 months (P=0.013). Left
ventricular end systolic volume fell from a mean of 84124ml at baseline to a mean of
5518.6ml at 1 year (p=0.027) and left ventricular mass fell significantly from a mean of
161126g at baseline to a mean of 144124g at 12 months (p=0.006).

Heart and Liver Iron

There was a progressive improvement in myocardial T2*, which is inversely related to
myocardial iron, from a baseline mean of 5.111.9ms to a mean of 8.112.8ms by 1 year
(p=0.012). However, considerable myocardial iron remains at 1 year and only one patient had
a myocardial T2* greater than 10ms (normal myocardial T2* >20ms). Liver iron fell more
quickly during intravenous iron chelation, from a baseline mean of 1.810.9ms (9.614.3mg/g
liver dry weight) to 10.319.2ms (2.111.5mg/g liver dry weight - normal level 0.35-1.36mg/kg
liver dry weight) at 1 year (p=0.05). By 6 months, liver iron content had normalised in three

patients.
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8.3.3 Cardiac Symptoms and Medication

Patient 5 died soon after the initial scan, but in the surviving patients improvements in
ventricular function and myocardial iron were associated with improved cardiac symptoms.
Patients 1 and 7 were free of palpitations after 3 months of treatment. Patient 2 improved
from New York Heart Association (NYHA) class 4 at baseline to NYHA 2 by 6 months, and
to NYHA class 1by 12 months. ACE inhibitors, diuretics and digoxin were discontinued by
1 year and the patient complained of occasional palpitations only. Patient 3 had no ftirther
palpitations after 3 months and p-blockers were stopped at 1 year. Although less frequent,
occasional paroxysmal atrial fibrillation persisted in patients 4 and 6 and both remained on 13-

blockers at 1 year.

8.3.4 Complications of Intensive Intravenous Iron-chelation Treatment

Problems Related to Indwelling Central Line Catheters

Line thrombosis occurred in 1 patient after 3 weeks of treatment and a second line was
inserted which was functioning well at 12 months. Line displacement occurred in a second

patient after 1 week. The replacement line worked well for the duration of treatment.

Desferrioxamine Toxicity

Symptoms of desferrioxamine auditory neurotoxicity occurred in 3 of the patients, all
associated with low ferritin levels. In patient 2, symptoms of tinnitus settled after the dose of
desferrioxamine was reduced (ferritin level bOOpg/l). In patient 3, serum ferritin levels fell to
146(ig/l at 12 months, associated with high frequency sensorineural hearing loss on
audiogram. Symptoms improved after discontinuation of the desferrioxamine. Patient 6
complained of tinnitus at 6 months when the ferritin level had fallen to 441|Xg/l. Despite
reducing the dose of desferrioxamine, symptoms recurred and desferrioxamine was

discontinued. The patient received oral deferiprone only for the next six months. Myocardial
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iron continued to fall in this patient, associated with improving ventricular function and

results at 12 months have been included in the final analysis.

8.4 DISCUSSION

These results confirm the reversibility of the iron-induced cardiomyopathy when it is treated
aggressively with iron chelation therapy. Although one patient died at the start of the study,
all other patients showed a steady improvement in cardiac iron and ventricular function.
After 1 year of treatment, all surviving patients had left ventricular ejection fractions within
the normal range. The outlook for patients presenting in advanced cardiac failure remains
poor [Ehlers 1991, Felker 2000], but if a patient survives the hazardous initial months of
therapy, the outlook is good and a return to normal lifestyle and normalisation of systolic
ventricular function is achievable. The potential reversibility of this cardiomyopathy, once
iron is removed, influences its treatment. Despite the high mortality in advanced cases,
management should be active and aggressive including mechanical assistance during the
acute initial presentation if necessary. Although cardiac medication, in the form of
antiarrhythmics, ACE inhibitors and diuretics, are essential during the initial management, the
main aim of treatment should be to remove iron rapidly from the myocardium in order to
reverse the cardiomyopathy and eventually render cardiac medication unnecessary whenever
possible.  Although cardiac transplantation has been performed in thalassaemic and
haemochromatosis patients [Perrimond 1991, Jensen 1993, Koemer 1997], this option should
only be considered in cases where effective iron removal cannot be achieved.

The exact mechanism by which iron overload causes a reversible reduction in cardiac
function is not known. At normal body iron levels, plasma iron is bound to transferrin,
preventing catalytic activity and free radical production. However, when transferrin becomes
fully saturated, the non-transferrin bound fraction of iron becomes detectable in plasma,
accelerating the formation of free hydroxyl radicals and facilitating the uptake of iron by
tissues [Gutteridge 1985]. Excess iron is gradually deposited as ferritin and haemosiderin

within intracellular lysosomes. In these forms the iron is relatively non-toxic but it is likely
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that the myocardial cell begins to fail once a critical concentration is reached and the iron

storage capacity is exhausted, releasing free iron into the cell. In the heart, this results in

impaired function of the mitochondrial respiratory chain and is manifested clinically as heart

failure [Hershko 1998]. However, the relatively mild degree of fibrosis in most autopsy

studies suggests that even when advanced, the cardiomyopathy may be potentially reversible

[Buja 1971]. The oxidative state plays an important role in iron toxicity [Hershko 1987b], as

it affects both the uptake ofiron into the cell and the release of free iron. In this study, it was

sepsis related to cholecystitis that precipitated the rapid deterioration of patient 5, resulting in

death in low output cardiac failure.

Removal of iron from the heart is a slow process and even after one year, five of the
remaining six patients have high levels of myocardial iron (T2*<10ms). Conversely, liver
iron appears to clear more rapidly with desferrioxamine treatment, and liver iron levels had
normalised in three patients by six months (figure 8.1). The difference in iron clearance rates
between organs may in part be due to the larger, more crystalline structure of cardiac ferritin
[St-Pierre 1991], or due to an active uptake mechanism for desferrioxamine into hepatic cells
[Porter 1989]. Differing rates of iron clearance can result in large variations in iron
concentration between organs. Although liver biopsy was used in the past to guide
management in iron overloaded patients, these results demonstrate that liver iron alone cannot
be used to gauge the cardiac risk of the patient as liver iron normalises far more quickly than
myocardial iron. This slow clearance of iron from the heart may be important in
haemochromatosis patients, where liver iron and serum ferritin are still used as the main
guides to venesection regimes.

Limitations

At 1 year, significant myocardial iron remained in the majority of patients and further
assessments are necessary to determine whether myocardial iron continues to fall and whether

this is associated with ongoing improvements in cardiac function.
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Figure 8.1 Iron Deposition before and during Intravenous Chelation Therapy

LV 'm

Before treatment (panel A), after 3 months (panel B) and after 6 months of treatment (panel
C). There is severe iron loading (dark tissue signal) in the liver, pancreas (?) and heart prior to
treatment. By 3 months, liver iron is almost normal, but there is less improvement in cardiac

iron. By 6 months, liver iron is normal but significant myocardial iron remains.

Conclusions

Iron-induced heart failure is reversible when iron overload is treated. Clinical management
should therefore be aggressive, with the primary objective being the swift removal of
myocardial iron. Due to differing rates ofiron clearance between organs, liver biopsy alone is

insufficient to guide treatment.
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CHAPTER 9: IMPROVED CARDIOPROTECTION WITH DEFERIPRONE

COMPARED TO STANDARD TREATMENT WITH DESFERRIOXAMINE

9.1 INTRODUCTION

Despite the introduction of the iron-chelating agent desferrioxamine more than 20 years ago
in the UK, 50% of patients still die before reaching the age of 35 [Modell 2000].
Administration of desferrioxamine is problematic. The drug requires prolonged subcutaneous
or intravenous infusions on at least 4 to 6 days a week and compliance to treatment is often
inadequate. The need for an effective oral iron-chelator has long been acknowledged
[Weatherall 1983], and medium-term results from prospective trials of the oral chelator,
deferiprone (l,2-dimethyl-3-hydroxyyrid-4-one), appeared promising [Kontoghiorghes 1990,
Agarwal 1992, Olivieri 1995], however, its long-term effectiveness has been questioned due
to high levels of liver iron in some patients [Olivieri 1998, Hoffbrand 1998]. As the primary
objective of iron-chelation therapy is to prevent cardiac complications from myocardial iron
deposition, myocardial iron and ventricular function should also be considered when
assessing the effectiveness of chelating agents. This study reports the results of heart and
liver iron and ventricular function after long-term chelation with deferiprone and compare
these results with a set of age, sex, and ferritin-matched control patients receiving standard

therapy with subcutaneous desferrioxamine.

9.2 METHODS

9.2.1 Study Patients

Fifteen thalassaemia major patients have received chelation with deferiprone alone for more
than three years (mean duration 5.7 + 1.8 years). We assigned 2 age-, sex- and ferritin-
matched thalassaemia major controls receiving standard subcutaneous desferrioxamine
therapy to each deferiprone patient in order to compare the effectiveness of iron chelation.

All patients received transfusions at 2-3 week intervals to maintain the pre-transfusion
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haemoglobin concentration between 9- 9.5¢g/dl and all have received long-term iron chelation
therapy (since the late 1970s or from early childhood in patients bom after this time). The
reason for commencing deferiprone was the refusal or inability to comply with the
subcutaneous regime in 12 patients and desferrioxamine toxicity in 3 patients (auditory
neurotoxicity in 2 and growth impairment in 1). Clinically relevant characteristics for both
groups are compared in table 9.1.

The mean administered dose of deferiprone was 80.5+10.1 mg/kg body weight divided into 3
separate doses and the drug was prepared by Pfertec Pharmaceuticals, Essex, UK. The mean
dose of desferrioxamine was 37.4+7.9 mg/kg body weight on 5.1+£0.8 days per week, having
commenced desferrioxamine a mean of 18.3£2.8 years earlier. At the time of the MR
assessment, 13 patients were administered the drug via 24-hour infusors and 17 patients via
overnight infusors. As this study is a comparison of current iron status, patients were

matched for current ferritin readings.

Table 9.1 Patient Characteristics

Deferiprone Cohort Desferrioxamine Controls P Value
Number of 15 30
Patients
Mean Age (years) 29.0+ 6.3 29.4 +£7.1 0.62
Sex 3 female, 12 male 6 female, 24 male
Serum Ferritin 1236 +651 1250 +£508 0.81
W D
Diabetes Mellitus 6 patients (40%) 11 patients (36.7%) >0.99
Hypopituitary 7 patients (46.7%) 20 patients (66.7%) 0.22
Hypogonadism
Hypothyroidism 2 patients (13.3%) 2 patients (6.6%) 0.59

Hepatitis C 4 patients (26.7%) 9 patients (30%) >0.99
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9.2.2 MR Assessments of Myocardial and Liver Iron and Ventricular Function

All patients were scanned using the same sequence with a Picker 1.5T Edge Scanner
(Marconi Medical Systems, Cleveland, Ohio). Each scan included the measurement of liver
and heart iron using T2*, and the measurement of ventricular volumes, mass and ejection
fraction as described in section 4.5.

As liver T2* has been validated against liver biopsy iron concentration, we have converted all
liver T2* measurements into milligrams per gram liver dry weight as described in section
4.3.3. Myocardial T2* has not been converted into tissue iron concentrations because
although the relationship is likely to be similar to that for liver iron, the precise correlation
awaits confirmation with a right ventricular biopsy study. Myocardial T2* values measured
in healthy volunteers showed a normal distribution with a mean value of 52ms, and a lower

95% confidence interval of20ms.

9.2.3 Echocardiographic Data
Follow-up echocardiographic data in the form of M-Mode left ventricular dimensions and
shortening fractions were available for 9/15 deferiprone patients and 20/30 desferrioxamine

controls.

9.2.4 Statistical Analysis

Summary data are presented as means +1 standard deviation. Paired Student’s t-tests were
used to assess comparisons of heart and liver iron and left ventricular function between the
deferiprone and the desferrioxamine groups. Each deferiprone patient was paired to the
mean value of the two matched desferrioxamine patients. As left ventricular volumes and
mass vary with the height and weight of a patient, left ventricular volume and mass indices
were calculated by dividing end systolic and end diastolic volumes and left ventricular mass
by the patient’s surface area. Comparisons between the 30 desferrioxamine control patients
and the larger population of 160 patients receiving subcutaneous desferrioxamine were

assessed using unpaired Student’s t-tests. Comparisons of proportions of patients with excess
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myocardial iron deposition in the three groups were assessed using Fisher’s exact tests. The
risk ratio for the prevalence of excess myocardial iron in the deferiprone versus the
desferrioxamine group is calculated with a 95% confidence interval. A p value of<0.05 was

considered significant in all tests.

9.3 RESULTS

9.3.1 Myocardial Iron and Ventricular Function

The deferiprone-treated group had significantly less myocardial iron (myocardial T2* 37 +
19.3ms) than the desferrioxamine treated group (myocardial T2* 21 + 14.5ms, p=0.012).
This corresponded with significantly higher left ventricular ejection fractions (p=0.004) and
significantly less left ventricular dilatation in both systole (p=0.035) and diastole (p=0.015) in
the deferiprone patients. There was a trend towards lower left ventricular mass index in the
deferiprone patients but the difference was not significant (p=0.094). Excess myocardial iron
(myocardial T2* value <20ms) was found in 27 % of deferiprone patients versus 67%
desferrioxamine patients (p=0.025). The likelihood ratio for the prevalence of excess
myocardial iron in the deferiprone versus the desferrioxamine group was 0.4 (95% confidence

interval 0.19 to 0.83).

9.3.2 Liver Iron

Despite the superior results for both myocardial iron and left ventricular function in the
deferiprone-treated patients (table 9.2), this group was found to have significantly higher
levels of liver iron (mean 6.5 + 4.5mg/g liver dry weight) than the desferrioxamine group

(mean 3.9 £ 2.5 mg/g liver dry weight, p=0.024).
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Table 9.2 Comparisons of Heart and Liver Iron and Indices of Left Ventricular

Function between the Deferiprone and Desferrioxamine Treated Patients

Deferiprone Desferrioxamine Mean 95%
Treated Treated Patients Difference Confidence Value
Patients Interval
Myocardial T2* 37+19 21 + 14.5 16 4.1 to 27.8 0.012
(ms)
Left Ventricular 70 £6.5 63 +6.9 7.5 2.8to0 12.2 0.004
Ejection Fraction
(%0)
Left Ventricular 24410 36+ 11 -11 -17 to -5 0.015
End Systolic
Index (ml/m")
Left Ventricular 81 £19 94+ 13 -12 -23 to -1 0.035
End Diastolic
Index (ml/m™)
Left Ventricular 87 +18 94411 -6.9 -15t0 13 0.094
Mass Index
(g/m’)
Liver Iron (mg/g 6.5+4.5 3.942.5 2.6 0.4 to 4.8 0.024

liver dry weight)

9.3.3 Comparison of Desferrioxamine-treated Group to a Larger Population of Patients
Treated with Subcutaneous Desferrioxamine

To ensure that the myocardial iron and ventricular function in the desferrioxamine group were
representative of the general thalassaemia major population we compared the results of the
control group with 160 patients receiving standard subcutaneous treatment with
desferrioxamine. Both sets of desferrioxamine treated patients were similar in age and there
was no significant difference in mean myocardial iron or left ventricular ejection fraction.
Serum ferritin and liver iron were found to be higher in the large desferrioxamine population
(Table 9.3). The proportion of patients with excess myocardial iron deposition (T2*<20ms)
was similar in both desferrioxamine groups (67% in the 30 desferrioxamine controls and 63%

in the larger desferrioxamine population, p=0.84, not significant).
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Table 9.3 Comparison of the Desferrioxamine Control Group to a Larger Population of

Thalassaemia Major Patients Treated with Subcutaneous Desferrioxamine

Desferrioxamine Large Desferrioxamine P Value
Controls Population_____
Number of Patients 30 160
Age (years) 29 £7.1 27 +8.1 0.16
Myocardial T2* (ms) 21 £14.5 22+ 17 0.70
Left Ventricular Ejection 63 £6.9 65 +93 0.21
Fraction (%)
Serum Ferritin (pg/1) 1250 +508 2034 +£1252 0.0004
Liver Iron (mg/g dry 39+2.5 6.7£5.1 0.03
weight)

9.3.4 Retrospective Echocardiographic Data

Retrospective echocardiographic data were available in 9 of the 15 deferiprone patients and
20 of the 30 desferrioxamine controls. The mean follow-up times were 3 £ 1.8 years and 2.3
+ 1.3 years respectively. The initial and final shortening fractions in the deferiprone group
were 33 £ 9.3% and 36 + 6.2% respectively (mean improvement 3.1%, p=0.15 non-
significant). The initial and final shortening fractions in the desferrioxamine group were 32 +
6.8% and 33 £+ 5.4% respectively (mean improvement 0.7% p=0.61 non-significant).
Although there was no significant difference in end systolic dimensions between the groups at
the initial scan (deferiprone patients 3.4cm, desferrioxamine patients 3.5cm, p=0.42), end
systolic dimensions were significantly smaller in the deferiprone group at the final scan

(deferiprone patients 3.1cm, desferrioxamine patients 3.6cm, p=0.019).

9.4 DISCUSSION

The iron chelator desferrioxamine was first introduced more than 30 years ago [Sephton-
Smith 1964, Barry 1974] and remains the only chelator approved for regular use in North
America, and the only first line agent approved for use in Europe. Desferrioxamine improves

hepatic, cardiac and endocrine dysfunction and prolongs survival in patients with iron
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overload [Modell 1982, Wolfe 1985]. The disadvantages of desferrioxamine are its high cost
[Kamon 1999], the requirement for daily parenteral administration and its local and systemic
toxicity, which include visual [Arden 1984] and auditory neurotoxicity [Olivieri 1986],
skeletal abnormalities [Brill 1991] and growth retardation [De Virgilis 1988]. Despite the
administration of this arduous regime for more than 20 years, or from early childhood in
younger patients, many still die of iron-induced heart failure [Aldouri 1990, Olivieri 1994]
with only 50% surviving to the age of 35 years in the UK [Modell 2000].

To date, only deferiprone has been introduced for clinical use as an orally effective substitute
for desferrioxamine. Deferiprone is a bidentate chelator, binding iron in a 3:1 ratio, whereas
desferrioxamine is a larger hexadentate molecule binding iron in a 1:1 ratio. Although formal
dose response studies have shown that iron excretion with deferiprone is inferior to that with
desferrioxamine, intermediate term clinical trials have demonstrated its effectiveness
[Tondury 1990, Al-Refaie 1992, Agarwal 1992, Olivieri 1995], possibly as a result of
improved compliance with the oral agent. However a longer term trial of 18 patients over 4.6
years [Olivieri 1998], showed that 8 patients had hepatic iron concentrations above 80limol/g
liver wet weight, a value previously believed to be associated with an increased risk of cardiac
disecase [Brittenham 1994b]. The authors concluded that deferiprone did not adequately
control body iron burden. This conclusion is arguable: All patients had previously been
treated with desferrioxamine yet 10 had hepatic iron concentrations >80pmol/g liver wet
weight at the beginning of the trial. During treatment with deferiprone, the mean liver iron
fell from a mean of 88.7+12.1 to a mean of 65.5£7.9pmol/g liver wet weight. Therefore,
although the number of patients with high liver iron levels was disappointing, treatment with
deferiprone appeared to be more effective than prior standard therapy with desferrioxamine.
The primary role of iron chelation therapy is to prevent premature death from myocardial iron
overload. With the emergence of advanced MRI techniques it is now possible to accurately
assess both liver and cardiac iron in the same study. This has revealed that myocardial iron

cannot be predicted from liver iron concentration and that left ventricular ejection fraction is



Chapter 9 Page 88 Deferiprone and iron

unrelated to liver iron or serum ferritin levels in thalassaemic patients [Anderson 2000]. The
results of the present study show a significantly lower incidence of excess myocardial iron in
the deferiprone group compared to the desferrioxamine controls (p=0.025, likelihood ratio
0.4, 90% confidence interval 0.19 to 0.83), corresponding to improved left ventricular
ejection fractions despite significantly higher liver iron levels. These results emphasise the
importance of inter-organ variation of iron deposition and the lack of correlation between
liver iron and cardiac function. ? A

A possible mechanism for improved cardioprotection from deferiprone compared to
desferrioxamine is its enhanced ability to penetrate myocardial cells, where excess iron is
stored in lysosomes as ferritin and haemosiderin. Deferiprone is able to penetrate cell
membranes more effectively than desferrioxamine because of its lower molecular weight and
lipophilicity [Shalev 1995, de Franceshi 1999]. Conversely, in the liver, desferrioxamine has
the advantage of facilitated transport into cells via an active uptake mechanism [Porter 1989].
Although our results indicate better myocardial iron levels with deferiprone and better hepatic
iron levels with desferrioxamine, there is considerable variability between patients, which
remains to be explained. An individualised approach to guiding iron chelation therapy with
assessment of iron in each target organ may optimise patient care in the future.

Limitations

This is a retrospective analysis using a technique that was not available when treatment with
deferiprone was instituted. Ideally the two groups would be matched for baseline myocardial
iron deposition, but this is unknown for either group. Although all patients on long-term
deferiprone were included, the number of patients is small and a larger, randomised,
prospective study, assessing both tissue iron and ventricular function is required to confirm
these findings. In such a small group it is possible that all patients had low myocardial iron
even before deferiprone was started. However the echocardiographic data that is available
demonstrates marked improvement in ventricular function in two of these patients following
the introduction of deferiprone (figure 9.1). Alternatively, the desferrioxamine controls could

have had imusually high myocardial iron compared to the larger population of patients
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receiving standard therapy with desferrioxamine but our comparison with 160 such patients
shows that myocardial iron levels and left ventricular ejection fractions are similar in both

groups.

Figure 9.1 Improvement in Ventricular Function in Deferiprone-treated Patients

Panel A

Panel B

LVEDD 5.7c¢cm
LVESD 4.5¢cm

2000

A) M-mode echocardiogram images from a 24-year-old man at the start of treatment with
deferiprone and after 1 and 6 years of treatment. The initial scan showed severely impaired
ventricular function with a dilated ventricle. There is some improvement by 1 year and after

6 years, ventricular dimensions and systolic function have normalised. B) M-mode
echocardiogram images from a 21-year-old male at the start of treatment with deferiprone and
after 4 years oftreatment. The initial image shows a dilated, impaired left ventricle. After 4
years the ventricular dimensions have improved but have not yet normalised.

Conclusions

Excess myocardial iron develops in more than half o f thalassaemia major patients treated with
long-term subcutancous desferrioxamine. Oral deferiprone may be more effective than
subcutaneous desferrioxamine in removing iron from the myocardium and a larger

prospective trial is needed to confirm these results.
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CHAPTER 10: GENERAL DISCUSSION AND CONCLUSIONS

10.1 THESIS OBJECTIVES

Iron-induced cardiac failure remains the commonest cause of death (60%) in young patients
with thalassaemia. Despite the potential reversibility of the cardiomyopathy, the introduction
of iron-chelation therapy and the availability of echocardiographic monitoring, only 50% of
patients currently survive to the age of 35 in the UK. Until now, the indirect markers, serum
ferritin and liver iron and the patient’s chelation history have guided chelation treatment in
thalassaemic patients. As MR images are known to be sensitive to tissue iron deposits, and
expertise in CMR is rapidly expanding, it was theoretically possible to develop a clinically

applicable technique for the early detection of cardiac iron.

10.2 MAGNETIC RESONANCE T2* TECHNIQUE FOR THE ASSESSMENT OF MYOCARDIAL
IRON

The use of gradient-echo techniques, which lack a 180° rephasing pulse, improves sensitivity
to tissue iron deposition over the older spin-echo techniques [Gandon 1993, Ernst 1997,
Bonkovsky 1999]. The T2* method improves on earlier gradient-echo signal intensity ratio
methods by using an array of echo times to allow measurement of iron deposition over a
broad range of concentrations from normal to severe iron loads. In addition, inter-study and
inter-observer reproducibility are improved as the measurement of small regions of interest in
paraspinal skeletal muscle is avoided (See section 4.3.7). Signal intensity ratio methods are
highly sequence-dependent - with ratios varying with echo time used. A further theoretical
advantage ofthe T2* technique is the potential for the sequence to be used in different models
of scanner. This benefit remains to be confirmed.

The use of a gradient-echo technique lends itself to imaging of the beating heart as

acquisitions are rapid and respiratory and cardiac motion artefacts are reduced. This results in
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the good interstudy reproducibility of the T2* technique in both the liver and the heart (3.3%
and 5.0% coefficient of variation respectively).

The technique was validated by comparing liver T2* measurements with iron concentration
from liver biopsy. A highly significant correlation was demonstrated, allowing the estimation
of liver iron concentration from non-invasively determined T2* values. We anticipate a
similar correlation in myocardial tissue but as this remains to be confirmed with a myocardial
biopsy study, myocardial iron assessments are currently graded as levels of T2* (with a lower

limit of normal of 20ms).

10.3 MYOCARDIAL IRON AND VENTRICULAR FUNCTION

Although thalassaemic cardiomyopathy is generally acknowledged to result from myocardial
iron deposition, the aetiology has recently been questioned and it has been suggested that the
rapid deterioration in these patients may be caused by an infective or autoimmune myocarditis
[Kremastinos 1995, 1999]. The arguments supporting this theory are the impaired immune
status of thalassaemic patients, the apparently normal ventricular dimensions and function,
preserved until late in the course of the disease and the rapid and dramatic deterioration
frequently observed once heart failure develops. The pattern of the relationship between
myocardial T2* and ejection fraction was recognised early in the clinical application of the
technique and has clarified over the successive scanning of more than 200 thalassaemic
patients. At normal myocardial iron levels (T2*>20ms), ventricular ejection fractions are
predominantly in the upper normal range. Once cardiac iron deposition occurs and the
myocardial T2* falls below 20ms, there is a steep fall in left ventricular ejection fraction
(r=0.61, p<0.0001). Although the decline in ventricular function is obvious however, only a
few patients (<10%) are detected by an ejection fraction below the normal range, indicating
that abnormal ventricular function alone is a poor and late indication of myocardial iron
overload. Once cardiac iron deposition commences, there is also a precipitous increase in

dimensions and mass, although once again, only a few patients fall outside the normal ranges.
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Therefore as cardiac iron overload progresses, the ventricle dilates, thickens and function
deteriorates.

These relationships demonstrate clear evidence for the aetiological role of iron in the
development of thalassaemic cardiomyopathy. The technique enables the detection of
myocardial iron before overt ventricular dysfunction occurs, thereby facilitating early
diagnosis and treatment. Lastly, despite the ubiquitous use of iron-chelation therapy it is
evident that more than 60% of thalassaemia major patients have excess myocardial iron
deposition (T2*<20ms). Current chelation regimes are therefore ineffective in preventing
cardiac iron deposition, the major cause of death in this patient group. Potential causes are

inadequate treatment or patient compliance (or a combination of both factors).

10.4 SERUM FERRITIN AND LIVER IRON AS INDICATORS OF CARDIAC RISK

Serum ferritin is the most commonly used marker of response to iron-chelation therapy in
thalassaemia and is believed to reflect total body iron stores. However, in our analysis of 205
patients with thalassaemia major, we have shown that the correlation between serum ferritin
and myocardial T2* is negligible and that there is no significant correlation between serum
ferritin and left ventricular ejection fraction. These findings illustrate that serum ferritin
readings should no longer be relied upon to detect those patients at greatest risk of cardiac
failure in thalassaemia.

The measurement of liver iron has been considered the gold standard guide to the estimation
of body iron stores [Pippard 1989]. Cardiac iron deposition was believed to occur late and
only in the presence of severe liver iron overload [Buja 1971]. However in the 205 patients
studied, there was a weak correlation between liver T2* and myocardial T2* and no
significant relationship was demonstrated between liver iron and left ventricular ejection
fraction. It is possible for a patient to have severe cardiac iron overload and impaired
ventricular function with normal levels of liver iron, and many patients with high liver iron
levels have no demonstrable myocardial iron. Liver iron levels >15mg/g liver dry weight

were previously believed to be associated with increased cardiac risk in thalassaemia, but in
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this large cohort we have shown that this measure is unhelpful in identifying those patients
with excess myocardial iron or ventricular dysfunction.

Myocardial T2* was found to be the only independent predictor of left ventricular ejection
fraction (ofthe clinical covariates; serum ferritin, liver iron, age and diabetes). We conclude
therefore that direct monitoring of myocardial iron stores is necessary to detect patients at risk
of developing iron-induced cardiomyopathy in order to direct appropriate iron-chelation

therapy and reduce the mortality from this reversible condition.

10.5 THE VARIABILITY OF TISSUE IRON STORES IN PATIENTS WITH THALASSAEMIA
Early in the clinical application of this technique, it became obvious that there was substantial
variability in the inter-organ deposition of tissue iron. We compared the relationships in
tissue iron between the liver, heart, spleen and pancreas in order to try and detect any
identifiable patterns for iron deposition. In the past it was believed that transfusional siderosis
resulted firstly in reticulo-endothelial iron deposition and that it was only when these stores
were replete that iron spilled over into the parenchymal tissue of the liver, pancreas heart and
endocrine organs. Cardiac iron overload was believed to occur late and only in combination
with considerable liver iron loading. Analysis of these 210 patients with thalassaemia major
demonstrated no correlation between iron loading in the reticulo-endothelial tissues of the
spleen and the parenchymal organs of the liver, heart and pancreas. Additionally, there was
no obvious progression of iron loading in the parenchymal organs with only weak correlations
between liver T2* and myocardial T2* or pancreas SIR.

The conventional theory of progressive iron loading beginning in the spleen, then the liver
before iron is deposited in the heart and pancreas needs therefore to be re-examined. Iron
chelation treatment is likely to have affected this relationship due to altered rates of iron
clearance between organs [Anderson 2001] and differential uptake of iron chelators in the

liver, heart and pancreas [Porter 1989].
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10.6 THE REVERSIBILITY OF IRON-INDU®D CARDIOMYOPATHY

There have been several case reports in the past documenting cardiac function improvement
in iron-overloaded patients following venesection or iron-chelation therapy. However the
high mortality rates in patients with overt cardiac failure has resulted in the questioning of the
degree of reversibility of the cardiomyopathy. We performed a prospective trial of patients
commencing intensive chelation therapy for cardiac involvement and monitored both
ventricular function and myocardial and liver 72* over time. We demonstrated a gradual
improvement in indices of ventricular ftmction (left ventricular ejection fraction, left
ventricular end-systolic volume and left ventricular mass). These changes were paralleled by
a decrease in myocardial iron deposition, although after one year significant myocardial iron
stores remained and intensive chelation therapy was continued in all patients. Liver iron
cleared more quickly, normalising in 3 of the patients by 6 months. The differing rates ofiron
clearance between the liver and the heart re-emphasise the importance of monitoring changes
in iron deposition in individual organs. If iron-chelation had been guided by liver iron and
ferritin alone, intensive therapy would have been discontinued in these 3 patients long before
iron had cleared from the myocardium, leaving the patients at continued cardiac risk.

This study therefore confirms the reversibility of iron-induced cardiomyopathy and
emphasises the need for aggressive management of these young patients. Although the
mortality in advanced cases is high, there is the potential to not only improve but also reverse

the cardiomyopathy once cardiac iron has been removed.

10.7 MAGNETIC RESONANCE T2* IMAGING IN THE COMPARISON OF EFFECTIVENESS OF
CHELATION REGIMES

We have used the T2* sequence in conjunction with assessment of ventricular function to
compare the outcome in 2 groups of patients after long-term treatment with either standard
subcutancous desferrioxamine therapy or oral deferiprone. Until now, the effectiveness of
chelation therapies has been determined by the effect on serum ferritin or liver iron only. As

heart failure remains the commonest cause of death in thalassaemia, it is appropriate that
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effectiveness in myocardial tissue should also be examined. Early trials of oral deferiprone
therapy appeared promising [Agarwal 1992, Olivieri 1995] but the long-term effectiveness of
deferiprone has been questioned [Olivieri 1998, Hoffbrand 1998].

Liver iron was indeed found to be significantly higher in the deferiprone patients but
myocardial iron was significantly lower than the desferrioxamine controls and this was
associated with better left ventricular ejection fractions in the deferiprone patients. Excess
myocardial iron deposition was found in 27% ofthe deferiprone patients compared to 67% of
the desferrioxamine controls and 63% of the larger cohort of 160 patients receiving standard
treatment with desferrioxamine. We conclude that oral deferiprone may be more effective
than subcutaneous desferrioxamine in removing iron from the myocardium and that future
trials of iron chelators should monitor both cardiac iron and ventricular function in addition to

liver iron, as heart failure remains the commonest cause of death in these patients.

10.8 CLINICAL APPLICATION OF THE T2* TECHNIQUE

The T2* technique has been rapidly adopted as part of the clinical management of iron-loaded
patients by haematologists and paediatricians. Since May 1999, when the first patient was
scanned as part of the initial validation study, more than 300 patients at risk of iron overload
have been assessed. This ready acceptance of a new technique can be partly explained by
non-invasive nature of the test, which is well tolerated by patients, but largely because
previous patient management was problematic, as only indirect markers were available to
guide therapy. It will be some time before a benefit to cardiac mortality rates in this patient
group can be proved, but it is hoped that in the meantime other centres will adopt this simple
technique as it is believed that it provides a definite advance in the management of

thalassaemic patients.

10.9 CONCLUSIONS
This MR T2* technique provides a simple, robust assessment of tissue iron in the heart, liver,

spleen and pancreas. Conventional markers of body iron deposition are unreliable for the
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assessment of myocardial iron or cardiac risk. As myocardial iron levels increase, the
ventricle dilates, thickens and ejection fraction falls. With intensification of iron-chelation
therapy, iron can be slowly removed from the heart and the cardiomyopathy is reversed. As
tissue iron deposition is extremely variable, trials of chelating-agents should monitor iron
levels in individual organs, particularly the heart, as cardiomyopathy remains the major cause
of death. With early identification and treatment of patients with severe myocardial iron

overload, the mortality and morbidity from this reversible cardiomyopathy should fall.
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CHAPTER 11: FUTURE DIRECTIONS

11.1 ONGOING SUPPORT

The British Heart Foundation has recently granted funds for a second Junior Fellowship to Dr
Mark Westwood (Junior Fellowship FS/2001048) to continue the development of the 12*
technique and the study of cardiomyopathy in iron overloaded patients with an 18-month
prospective, controlled randomised trial of the oral chelator deferiprone combined with

desferrioxamine versus standard treatment with desferrioxamine alone.

11.2 QUANTITATIVE EVALUATION OF MYOCARDIAL T2* WITH MYOCARDIAL BIOPSIES

At present we are able to provide clinicians with an estimate of liver iron concentration in
mg/g liver dry weight as this has been validated by the liver biopsy study. For full validation
of this T2* technique it is necessary to demonstrate that myocardial T2* is correlated to
myocardial iron concentration. However, unlike liver biopsies, myocardial tissue sampling is
not a routine part of patient management. In order to minimise the risk and distress to
patients it is proposed that consenting patients who require insertion of indwelling central
lines for intensification of chelation therapy, undergo myocardial biopsy via the same central
access. Ethical approval is awaited for this study to take place at the Middlesex Hospital

under the supervision of Dr Malcolm Walker, consultant cardiologist.

11.3 INTER-VENDOR, INTER-SCANNER REPRODUCIBILITY OF THE T2* TECHNIQUE

In order for the 12* technique to be readily replicated and performed elsewhere it is necessary
to determine the reproducibility of the technique between scanners. The scanner used for all
the analysis in this thesis was a Picker 1.5T Edge Scanner (Marconi Medical Systems, Ohio,
USA). A new Siemens Sonata 1.5T scanner was installed at the same unit in August 2000.
Twenty patients have since been scanned in both scanners and the reproducibility of T2*

measurements in the heart and liver between scanners is due to be published shortly.
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11.4 APPLICATION OF THE MR T2* TECHNIQUE IN OTHER IRON-OVERLOAD DISEASES

Other iron-overload diseases scanned to date include hereditary haemochromatosis, sickle cell
anaemia, paroxysmal nocturnal haematuria, sideroblastic anaemia and patients undergoing
chemotherapy with multiple transfusions. Studies planned include the assessment of newly
diagnosed haemochromatosis patients at the Royal Free Hospital to determine the prevalence
of myocardial involvement at the time of diagnosis and a study of tissue iron distribution in
patients with sickle cell anaemia. The value of follow-up in haemochromatosis patients needs
to be assessed as until now, venesection therapy has been guided by liver iron and serum

ferritin alone.

11.5 A FUTURE MR SCREENING PROGRAM FOR THALASSAEMIC PATIENTS

At present the MR assessment is only available to patients referred by their haematology or
paediatric consultants. The major centres for the treatment of thalassaemia in the UK are the
Whittington, University College and Great Ormond Street Hospitals in London. Around half
of UK thalassaemia major patients are cared for at these centres. However many patients
attend smaller units around the country and do not have access either to this technique or to
the major centres of expertise. It has been shown that the mortality rate for these patients is
higher than for patients under the care of the major centres [Modell 2000]. The care of
thalassaemic patients is already expensive [Kamon 1999] and the additional cost of routine
MR scanning may exceed the budget of some hospitals - particularly those caring for a large
number of thalassaemic patients. An ambitious hope for the future would be a formal
screening program, to allow the detection of the highest risk patients and facilitate their

review at specialist centres when appropriate.
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Professor Dudley Pennell at the Cardiovascular Magnetic Resonance Unit at the Royal
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I initiated the T2* technique after spin-echo and fast-spin-echo techniques proved to have
poor reproducibility in the heart. Following early promising results with this technique, the
sequence was enhanced on my behalf by the physics team at the Cardiovascular MR Unit
(Clare Charrier and David Firmin). Using the T2* sequence. I personally scanned and
analysed the results from all patients included in this thesis. The patients all come from one of
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under the supervision of Dr J Malcolm Walker, myselfand Sr Sally Holden.
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Beatrix Wonke, Sr Emma Prescott) and University College Hospital, London
(Professor John Porter, Dr Bernard Davis).
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Hospital, London.

13.3 SUPERVISION

My supervisor for this research was Professor Dudley Pennell, director of the Cardiovascular
Magnetic Resonance Unit at the Royal Brompton Hospital, London. The development of the
T2* sequence, scanning of all patients and analysis of results was carried out at the
Cardiovascular MR Unit.

I received additional supervision and advice from Dr J Malcolm Walker, consultant
cardiologist and head of the Thalassaemia Cardiomyopathy Clinic, University College
Hospital, London, Dr Beatrix Wonke, consultant haematologist at the Whittington Hospital,
London and Professor John Porter, consultant haematologist at University College Hospital,

London.

13.4 RESEARCH FUNDING
This project was funded by a Junior Fellowship grant from the British Heart Foundation

(FS/98064).



