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Abstract

A 16-year-old boy with sickle cell anemia undergoes routine screening with transcranial Doppler
ultrasonography to assess the risk of stroke. This examination shows an abnormally elevated
blood-flow velocity in the middle cerebral artery. The hemoglobin level is 7.2 g per deciliter, the
reticulocyte count is 12.5%, and the fetal hemoglobin level is 8.0%. Long-term treatment with red-
cell transfusion is initiated to prevent stroke. A hematologist recommends prophylactic iron-
chelating therapy.

THE CLINICAL PROBLEM

Long-term treatment with red-cell transfusion effectively prevents stroke and other
complications of sickle cell anemial and can sustain patients with chronic congenital and
acquired refractory anemia, including thalassemia major, Diamond-Blackfan anemia,
myelodysplastic syndromes, myelofibrosis, aplastic anemia, and other disorders. In the
United States, 10,000 to 20,000 patients with sickling disorders receive repeated
transfusions. An estimated 4000 to 5000 patients with myelodysplastic syndromes and other
forms of acquired refractory anemia require red-cell transfusions. The number of patients
with transfusion-dependent thalassemia in the United States is smaller — probably less than
1000.2 However, globally, almost 100,000 patients with thalassemia syndromes undergo
transfusions. The majority of these patients are in low- and middle-income countries.3

Because humans lack any effective means to excrete excess iron, long-term transfusion
alone inexorably produces the clinical problem of iron overload. In patients with thalassemia
who undergo transfusion from infancy, iron-induced liver disease and endocrine disorders
develop during childhood and are almost inevitably followed in adolescence by death from
iron-induced cardiomyopathy.4 In patients with sickle cell anemia, although iron-induced
complications appear to develop later, eventually, liver disease with cirrhosis as well as
cardiac and pancreatic iron deposition can develop.5:6 The annual per-patient costs of care
for complications of iron overload are estimated at $15,000 to $20,000.7:8

PATHOPHYSIOLOGY AND EFFECT OF THERAPY

At the end of their life span, transfused red cells are phagocytosed by reticuloendothelial
macrophages in the liver, bone marrow, and spleen (Fig. 1). Their hemoglobin is digested,
and the iron is freed from heme and released into the cytosol. Early in the course of long-

Copyright © 2011 Massachusetts Medical Society.

Address reprint requests to Dr. Brittenham at the Division of Pediatric Hematology, Department of Pediatrics, Columbia University
Medical Center, Rm. CHN 10-08, 3959 Broadway, New York, NY 10032, or at gmb31@columbia.edu..

Dr. Brittenham reports that his institution filed a patent application in April 2010 for a rapid MRI method. No other potential conflict
of interest relevant to this article was reported.

Disclosure forms provided by the author are available with the full text of this article at NEJM.org.


http://NEJM.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brittenham

Page 2

term transfusion, most of this additional iron can be stored within reticuloendothelial
macrophages. Gradually, limits on the capacity of macrophages to retain iron result in the
release of excess iron into plasma.9 Transferrin binds the released iron, with an increase in
the plasma iron concentration and transferrin saturation. As the transferrin saturation
increases, hepatocytes are recruited to serve as storage sites for the excess iron.

With continued transfusion, macrophages and hepatocytes can no longer retain all the
surplus iron. Iron then enters plasma in amounts that exceed the transport capacity of
circulating transferrin. As a consequence, non-transferrin-bound iron appears in the plasma
(Fig. 1) as a heterogeneous assortment of iron complexes that appear to be the major
mediators of extrahepatic tissue damage in transfusional iron overload.10 Non-transferrin-
bound plasma iron enters specific cells, particularly hepatocytes, cardiomyocytes, anterior
pituitary cells, and pancreatic beta-cells. In these cells, iron accumulation leads to the
generation of reactive oxygen species, resulting in damage to lipids, proteins, DNA, and
subcellular organelles, including lysosomes and mito chondria. This injury may result in
cellular dysfunction, apoptosis, and necrosis.

Therapy with chelating agents that form a complex with iron and promote its excretion can
clear plasma non-transferrin-bound iron, remove excess iron from cells, and maintain or
return body iron to safe levels (Fig. 1). (An interactive graphic depicting iron supply and
storage in sickle cell anemia with long-term red-cell transfusion and iron-chelating therapy
is available with the full text of this article at NEJM.org.) Two iron-chelating agents are
approved for use in North America (Table 1): parenteral deferoxamine mesylate (Desferal,
Novartis) and oral deferasirox (Exjade, Novartis).

Deferoxamine is a siderophore (an iron-binding compound) produced by the bacterium
Streptomyces pilosus. It is poorly absorbed after oral administration and is rapidly cleared;
consequently, subcutaneous or intravenous administration is necessary. One molecule of
deferoxamine binds a single atom of iron, forming a feroxamine complex that is virtually
inert metabolically. Plasma iron chelated with deferoxamine is eliminated predominantly by
the kidneys. Hepatocytes efficiently take up deferoxamine, which then chelates
hepatocellular iron, with the feroxamine excreted in the bile. Within cells, deferoxamine is
localized to lysosomes, where it induces autophagy of cytosolic ferritin. Lysosomal
degradation of cytosolic ferritin releases iron that is bound by deferoxamine, and the
chelated iron is then cleared from the cell.14

In contrast to deferoxamine, the synthetic chelator deferasirox is well absorbed from the
gastrointestinal tract and is cleared from the circulation slowly.13:15 Two molecules of
deferasirox are needed to bind a single atom of iron. Like deferoxamine, deferasirox forms
complexes with plasma iron, but deferasirox—iron complexes are eliminated predominantly
through a hepatobiliary route. Hepatocytes readily take up deferasirox, which chelates
hepatocellular iron. The deferasirox—iron complexes are then excreted in the bile.15 Within
cells, deferasirox chelates cytosolic iron, leading to ferritin degradation by the proteasome.
14

A third iron chelator, the synthetic oral agent deferiprone (Ferriprox, Apotex; Kelfer, Cipla),
is not approved for use in the United States or Canada. In the European Union and some
other countries, it is approved specifically for patients with thalassemia major when
deferoxamine is contraindicated or inadequate (Table 1).

CLINICAL EVIDENCE

The use of deferoxamine therapy antedates the common use of randomized, controlled trials
to establish the efficacy of medical treatments. Only one small, randomized trial has
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compared chelation plus deferoxamine with no therapy; this trial enrolled 20 children with
p-thalassemia. After a mean of 5.8 years of treatment with intramuscular deferoxamine, the
mean hepatic iron concentration was 25.9 mg per gram of liver tissue (dry weight) in the
deferoxamine group and 42.2 mg per gram in the control group.16 At 14 years, one death
had occurred in the deferoxamine group and six deaths had occurred in the control group.17

In lieu of randomized trials, observational studies have investigated the effects of
deferoxamine in the management of transfusion-related iron overload. One study involved
977 children with transfusion-dependent thalassemia major who survived beyond the first
decade of life.18 Subsequent survival was examined according to 5-year birth cohorts
beginning in 1960; deferoxamine was introduced in 1975. The survival rate increased
progressively in each 5-year cohort (see Fig. 1 in the Supplementary Appendix, available at
NEJM.org). The survival rate was significantly higher among children born after 1975 than
among those in previous cohorts.

Deferasirox has been compared with deferoxamine in a few short-term trials sponsored by
Novartis.19723 In the largest of these trials, 586 children with g-thalassemia were randomly
assigned to either agent, with dosing according to the baseline hepatic iron concentration.19
The primary end point was the percentage of subjects with either a maintained or reduced
hepatic iron concentration at 1 year; this end point was reached in 52.9% of patients
assigned to deferasirox and in 66.4% of patients assigned to deferoxamine. This result,
which did not meet a prespecified noninferiority target, was attributed to the relative
underdosing of deferasirox. The total hepatic iron concentration decreased by a mean of 2.4
mg per gram (dry weight) in the deferasirox group and by 2.9 mg per gram in the
deferoxamine group. No trial has established the long-term effectiveness of deferasirox in
preventing organ toxicity or improving survival.

Deferiprone has also been compared with deferoxamine in several small, randomized trials.
24 As is the case with deferasirox, no long-term trials have been performed to evaluate the
effect of deferiprone on organ function or survival.

USE

Iron-chelating therapy should be considered in all patients who require long-term red-cell
transfusion. Such patients include those with sickle cell disease, myelodysplastic syndromes,
thalassemia major, Diamond-Blackfan anemia, aplastic anemia, and other congenital and
acquired forms of refractory anemia.

There are alternatives to chelation in some patients. Some of the underlying disorders
requiring transfusion may be cured by hematopoietic stem-cell transplantation. In some
patients with sickle cell disease, exchange transfusion may reduce or obviate the need for
iron chelation. Infrequently, phlebotomy may be an option for the removal of excess iron in
the event of cure or remission of a refractory anemia. Iron-chelating therapy itself may
sometimes decrease or eliminate the need for transfusion in patients with myelodysplasia25
or myelofibrosis. Chelation therapy may not be needed in patients with myelodysplasia or
other acquired refractory anemias who have an estimated survival of less than 1 year.26

With the exception of these groups, iron-chelating therapy is indicated in almost all patients

requiring long-term red-cell transfusion. Iron chelation is contraindicated in patients who are
hypersensitive to the chelating agent or excipients in the chelator formulation, and it requires
specialized management in patients with several renal disease or anuria. Chelators should be
avoided or used with great caution in patients who are pregnant or breast-feeding.
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Ideally, iron-chelating therapy should be initiated prophylactically, before clinically
significant iron accumulation has occurred. Treatment should begin when patients have
received between 10 and 20 red-cell transfusions. Patients who have already undergone
repeated transfusion without sufficient chelation can also be successfully treated, but they
may require more intensive regimens (see below).

Evaluation of the patient before the initiation or adjustment of iron-chelating therapy
includes a detailed characterization of the underlying disorder, with thorough documentation
of the history of transfusion and chelation; determination of the body iron load by
measurement of hepatic iron and serum ferritin concentrations; estimation of the rate of
transfusional iron loading; and assessment of cardiac iron deposition. The techniques for
assessing cardiac iron overload, transfusional iron loading, and body burden are described in
the Supplementary Appendix. The extent of any existing iron-induced hepatic, cardiac, or
endocrine dysfunction should be established, and in children and adolescents, growth and
maturation should be assessed. Nutritional evaluation with correction of deficiencies is
recommended.27

In the United States and Canada, the choice of an iron chelator for transfusional iron
overload is either parenteral deferoxamine or oral deferasirox. The decision is best made
with the patient and, if the patient is a child, with his or her parents. Despite the lack of data
on long-term effectiveness, most patients now opt for deferasirox because of the ease of oral
administration. Deferasirox is preferred for prophylactic or maintenance therapy.
Deferoxamine, which has been proved to reverse iron-induced heart disease and increase
long-term survival,28 may be indicated if deferasirox is ineffective in a particular patient,
and it may be favored for severe iron overload, especially with cardiac involvement.
Conversely, deferasirox may be the better choice in patients who are unable to tolerate
subcutaneous infusions of deferoxamine. Deferasirox also may be substituted for
deferoxamine after successful clearance of cardiac iron. Deferiprone is available in the
United States on a compassionate-use basis, usually in combination with deferoxamine, in
patients in whom iron-induced heart failure has developed or who are at high risk for the
development of heart failure.29:30

Deferoxamine is administered subcutaneously or intravenously, usually with a portable
pump, for 8 to 10 hours each day, 5 to 7 days per week. Subcutaneous administration is
preferred except in patients with severe cardiac iron deposition, for whom continuous
intravenous deferoxamine therapy is recommended.28:31 Deferasirox is administered orally
once daily, and deferiprone is administered orally three times daily.

The dose of an iron-chelating agent is determined by three principal factors: the presence or
absence of cardiac iron overload, the rate of transfusional iron loading, and the body iron
burden (see the Supplementary Appendix and Table 2). In brief, if cardiac iron overload is
present, ridding the heart of the excess iron becomes the critical therapeutic goal. In the
absence of cardiac iron overload, the long-term objective is to maintain the body iron at a
level that permits safe storage while avoiding chelator toxicity. The greater the rate of
transfusional iron loading, the greater the dose of an iron chelator that will be needed to
control the accumulation of iron.

During treatment, tests to monitor chelator-associated toxicity should be performed,
depending on the potential adverse effects of the specific agent to be used (see Table 1 and
the Adverse Effects section below). In patients who receive deferoxamine, these tests
include annual assessments of auditory function and vision. In patients who receive
deferasirox, serum creatinine, serum aminotransferases, and bilirubin levels and complete
blood counts should be assessed monthly. In patients who receive deferiprone, weekly
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assessment of complete blood counts and monthly assessments of serum aminotransferases
should be performed.

The effectiveness of iron-chelating therapy is best monitored by periodic measurements of
cardiac iron concentrations by magnetic resonance imaging (MRI), of cardiac function, and
of hepatic iron concentrations and by review of the actual rate of transfusional iron loading
once or twice a year, depending on the severity of the iron overload (see the Supplementary
Appendix). Dose adjustments can be made according to the guidelines in Table 2. Serum
ferritin concentrations are usually measured at least quarterly. As at baseline, hepatic,
cardiac, and endocrine function should be assessed periodically along with nutritional status,
and, in children and adolescents, growth and maturation should be monitored.

In the United States, on the basis of 2006 wholesale acquisition prices, the annual costs of
deferoxamine for iron-chelating therapy have been estimated to range from $6,824 to
$29,209, plus $9,286 for infusion, and the estimated annual costs of deferasirox range from
$24,404 to $53,095, with the actual cost depending on dose and body weight.7
Administration of a chelator will be needed as long as transfusion is continued and will be
lifelong in most patients.

ADVERSE EFFECTS

Discomfort or pain at the site of subcutaneous infusion develops in almost all patients
treated with subcutaneous deferoxamine, and induration or erythema develops in some
patients. These symptoms can often be mitigated with topical anesthetic or glucocorticoid
creams. Visual and auditory toxicity associated with deferoxamine has been reported, and in
one series involving 89 patients treated with this agent, 13 presented with vision loss,
deafness, or both.33 Subsequent studies suggest a much lower incidence of toxicity,34 and
these risks can be minimized by not exceeding doses of 50 mg per kilogram of body weight
in patients with iron overload and by decreasing the dose as the hepatic iron concentration
approaches normal levels. Although treatment with deferoxamine may reduce endocrine
complications of iron overload, such as a delay of puberty, the chelator itself can interfere
with growth,35 apparently as a result of skeletal dysplasia.36 To minimize this effect, the
dose of deferoxamine in young children should not exceed 25 to 30 mg per kilogram.37

In the registration trial of deferasirox described above,19 gastrointestinal disturbances
occurred in approximately 15% of patients, rash in 11%, and increases in serum creatinine
levels in 38%. Similar rates have been observed in subsequent trials.20722 In January 2010,
on the basis of postmarketing studies, the Food and Drug Administration required a change
in the prescribing information for deferasirox. The new information states that the drug
could cause potentially fatal renal and hepatic impairment or failure as well as
gastrointestinal hemorrhage.13 These adverse effects were reported to occur more frequently
in older patients and in patients with high-risk myelodysplastic syndromes,
thrombocytopenia, or underlying renal or hepatic impairment.

The most common adverse effects of deferiprone are diarrhea and gastrointestinal effects,
arthropathy (including severe arthritis with clinically significant disability), increased levels
of serum liver enzymes, and progression of hepatic fibrosis associated with an increase in
iron overload or hepatitis C.11 The most serious adverse effects are agranulocytosis
(incidence, 1.1%) and neutropenia (incidence, 4.9%); weekly monitoring of the neutrophil
count is recommended. Neurologic abnormalities have been reported with higher-than-
recommended doses of deferiprone.38
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AREAS OF UNCERTAINTY

Several areas of uncertainty exist with regard to the optimal approach to iron-chelating
therapy. First, a variety of binary combinations of chelating agents are being examined in
off-label uses, with either synchronous or sequential administration. The clinical usefulness
of such combination therapies is unclear at present, in the absence of unequivocal evidence
of the superiority of any specific combination over treatment with a single agent.24

Second, MRI performed to evaluate the iron content of the liver, heart, and other organs has
become the method of choice for guiding iron-chelating therapy, but calibrated methods are
not available for all patients. A 1-year study of deferasirox involving patients with various
types of anemias used an alternative approach; the investigators based the initial dose on the
rate of transfusional iron loading and subsequently adjusted the dose according to
measurements of serum ferritin levels and safety markers.23 The long-term efficacy and
safety of this strategy are uncertain.

Third, in patients with myelodysplastic syndromes who have undergone long-term
transfusion and for whom prolonged survival is anticipated, iron-chelating therapy may be
appropriate. In individual patients, the benefit of such treatment may vary, given the
morbidity associated with chelation, the variable prognosis for the underlying disorder, and
the latency period between the onset of the transfusion and the development of clinical
manifestations of iron overload. Data are lacking from prospective, randomized trials
examining the clinical circumstances in which morbidity and mortality improve with iron-
chelating therapy in these patients39; one such trial is currently recruiting patients.40

Fourth, there is evidence to suggest that iron overload is associated with lower rates of
cardiomyopathy, endocrinopathy, and other conditions among patients with sickle cell
disease than among patients with thalassemia.41 The effects of the systemic inflammatory
state on iron handling in patients with sickle cell disease,42 as well as differences in the rate
and duration of transfusion and in the age of the patient at the initiation of long-term
transfusion, the extent of ineffective erythropoiesis, and gastrointestinal iron absorption,
may be involved. It is unclear whether these data provide sufficient grounds to recommend a
higher body iron threshold for chelation therapy in patients with sickle cell disease,
especially given the potential risks of iron-induced liver disease.

Finally, there is a lack of certainty with respect to the optimal hepatic iron concentrations
(Table 2) for minimizing the risk that hepatic fibrosis will progress to cirrhosis and its
ultimate complication, hepatocellular carcinoma.43-44

GUIDELINES

Guidelines and consensus statements on the management of sickle cell disease,45:46
thalassemia,32:47 Diamond—-Blackfan anemia,48 aplastic anemia,49 and myelodysplastic
syndromes26:50 all include recommendations for iron-chelating therapy for transfusional
iron overload. All these guidelines are generally consistent with the approach outlined in this
review, although there are variations in the individual recommendations, depending in part
on the year of publication and the specific underlying disorder. For example, the guidelines
for iron chelation in thalassemia32:47 generally endorse measurement of serum ferritin
levels as a useful way to monitor iron overload, whereas the guidelines for the management
of sickle cell disease45:46 emphasize that ferritin levels can be altered by liver disease and
inflammation. The guidelines on the management of thalassemia by the Italian Society of
Hematology47 endorse deferoxamine as first-line therapy over the oral chelators, whereas
most of the other guidelines do not state an explicit preference in this regard.
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RECOMMENDATIONS

After discussing the need for iron-chelating therapy with the patient and his family, | would
describe the advantages and disadvantages of subcutaneous deferoxamine and oral
deferasirox so that a genuinely informed decision can be made. At present, the most frequent
choice is oral deferasirox. Before the initiation of treatment, | would obtain information
about the number of previous transfusions and the rate of ongoing transfusion and would
arrange for cardiac To* and hepatic transverse relaxation rate (R,) measurements, an MRI
evaluation of cardiac function, and echocardiographic and electrocardiographic studies.
Auditory and ophthalmic testing, including slit-lamp examination and dilated-fundus
examination, should be performed. Laboratory tests should include a complete blood count
with a differential count and measurement of serum creatinine, serum aminotransferases,
bilirubin levels, and iron indexes. After transfusion of a total of 10 to 20 units of blood, or
with the hepatic iron concentration between 3 and 7 mg per gram, | would administer once-
daily oral therapy with deferasirox at a dose of 20 mg per kilogram. With good support and
careful monitoring, this regimen, adjusted as needed, should provide long-term protection
against the complications of transfusional iron overload in this patient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Iron Supply and Storage in Sickle Cell Anemia with Long-Term Red-Cell Transfusion
and Iron-Chelating Therapy

In all four panels, the area of the red and blue circles is roughly proportional to the amount
of iron in each pool, and the width of the arrows is roughly proportional to the daily
magnitude of the iron flux. Panel A shows normal iron supply and storage in a healthy
person without sickle cell disease (i.e., with hemoglobin A). The major pathway of internal
iron exchange is a unidirectional flow from plasma transferrin to the erythroid marrow to
circulating red cells to reticuloendothelial macrophages and back to plasma transferrin
(orange arrows). In the circulating plasma, virtually all iron is bound to transferrin. Panel B
shows that in sickle cell anemia, hemolysis shortens the average life span of the red cell
from about 4 months to 5 or 6 weeks, increasing red-cell catabolism by reticuloendothelial
macrophages and increasing iron delivery to the erythroid marrow by 6 to 8 times the
normal rate. There is little ineffective erythropoiesis, and iron absorption from the
gastrointestinal tract is not increased. Panel C shows that long-term red-cell transfusion
decreases erythroid marrow activity to 2 to 3 times the normal rate but results in
accumulation of iron in reticuloendothelial macrophages and hepatocytes. Eventually, the
capacity for safe storage is exceeded, with the appearance of plasma non-transferrin-bound
iron (dashed arrow) and its progressive deposition in the heart and endocrine organs. In
Panel D, the green arrows show that iron-chelating therapy with deferasirox can clear
plasma non-transferrin-bound iron and remove excess iron from the liver, heart, and other
organs, with subsequent excretion through the bile into the stool.
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Variable
Chelator-iron complex
Usual dose

Administration

Plasma half-life
Route of elimination

Regulatory approval

Indication

Adverse effects

Deferoxamine
Hexadentate, 1:1 complex

25-50 mg/kg/day

Subcutaneous or intravenous, 8-10 hr/

day, 5-7 days/wk
20-30 min
Biliary and urinary

Approved in United States, Canada,
Europe, and other countries

Transfusional iron overload

Irritation at the infusion site, ocular
and auditory disturbances, growth
retardation and skeletal changes,
allergy, respiratory distress syndrome
with higher-than-recommended
doses12

Deferasirox
Tridentate, 2:1 complex
20-40 mg/kg/day

Oral, once daily

8-16 hr
Predominantly biliary

Approved in United States,
Canada, Europe, and other
countries

Transfusional iron overload

Gastrointestinal disturbances, rash,
increase in serum creatinine level;
potentially fatal renal and hepatic
impairment or failure,
gastrointestinal hemorrhage13

Deferiprone
Bidentate, 3:1 complex
75-100 mg/kg/day

Oral, three times daily

2-3hr
Predominantly urinary

Not approved in United States or
Canada; approved in Europell and
other countries

Transfusional iron overload in
patients with thalassemia major,
when deferoxamine therapy is
contraindicated or inadequate

Agranulocytosis and neutropenia;
gastrointestinal disturbances,
arthropathy, increased liver-enzyme
levels, low plasma zinc level,
progression of hepatic fibrosis
associated with increase in iron
overload or hepatitis C11
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