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|ron Deficiency and Overload

Ernest Beutler, A. Victor Hoffbrand, and James D. Cook

In the past seven years numerous genes that
influence iron homeostasis have been discovered.
Dr. Beutler provides a brief overview of these
genes, genes that encode HFE, DMT-1, ferroportin,
transferrin receptor 2, hephaestin, and hepcidin to
lay the groundwork for a discussion of the various
clinical forms of iron storage disease and how
they differ from one another.

In Section |, Dr. Beutler also discusses the
types of hemochromatosis that exist as acquired
and as hereditary forms. Acquired hemochromato-
sis occurs in patients with marrow failure, particu-
larly when there is active ineffective erythropoie-
sis. Hereditary hemochromatosis is most com-
monly due to mutations in the HLA-linked HFE
gene, and hemochromatosis clinically indistin-
guishable from HFE hemochromatosis is the
consequence of mutations in three transferrin
receptor-2 gene. A more severe, juvenile form of
iron storage disease results from mutations of the
gene encoding hepcidin or of a not-yet-identified
gene on chromosome 1q. Autosomal dominant
iron storage disease is a consequence of
ferroportin mutations, and a polymorphism in the
ferroportin gene appears to be involved in the
African iron overload syndrome.

Evidence regarding the biochemical and
clinical penetrance of hemochromatosis due to
mutations of the HFE gene is rapidly accumulat-
ing. These studies, emanating from several centers
in Europe and the United States, all agree that the
penetrance of hemochromatosis is much lower
than had previously been thought. Probably only
1% of homozygotes develop clinical findings. The
implications of these new findings for the manage-
ment of hemochromatosis will be discussed.

In Section I, Dr.Victor Hoffbrand discusses
the management of iron storage disease by
chelation therapy, treatment that is usually re-
served for patients with secondary hemochroma-
tosis such as occurs in the thalassemias and in
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patients with transfusion requirements due to
myelodysplasia and other marrow failure states.
Tissue iron can be estimated by determining
serum ferritin levels, measuring liver iron, and by
measuring cardiac iron using the MRI-T2* tech-
nique. The standard form of chelation therapy is
the slow intravenous or subcutaneous infusion of
desferoxamine. An orally active bidentate iron
chelator, deferiprone, is now licensed in 25 coun-
tries for treatment of patients with thalassemia
major. Possibly because of the ability of this
compound to cross membranes, it appears to
have superior cardioprotective properties. Agranu-
locytosis is the most serious complication of
deferiprone therapy and occurs in about 1% of
treated patients. Deferiprone and desferoxamine
can be given together or on alternating schedules.
A new orally active chelating agent ICL 670 seems
promising in early clinical studies.

In Section Ill, Dr. James Cook discusses the
most common disorder of iron homeostasis, iron
deficiency. He will compare some of the standard
methods for identifying iron deficiency, the hemo-
globin level, transferrin saturation, and mean
corpuscular hemoglobin and compare these with
some of the newer methods that have been
introduced, specifically the percentage of hypo-
chromic erythrocytes and reticulocyte hemoglobin
content. The measurement of storage iron is
achieved by measuring serum ferritin levels. The
soluble transferrin receptor is a truncated form of
the cellular transferrin receptor and the possible
value of this measurement in the diagnosis of iron
deficiency will be discussed. Until recently iron
dextran was the only parental iron preparation
available in the US. Sodium ferric gluconate, which
has been used extensively in Europe for many
years, is now available in the United States. It
seems to have a distinct advantage over iron
dextran in that anaphylactic reactions are much
less common with the latter preparation.
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|I. HEMOCHROMATOSIS Secondary hemochromatosis
Secondary hemochromatosis can arise in many disor-
Ernest Beutler, MD* ders, inborn or acquired. These disorders have in com-
mon the fact that the patient is anemic. Transfusions of
Definition erythrocytes add, nearly stoichiometrically, to the body
Hemochromatosis is generally considered to be a dison burden: each milliliter of red cells contains one
ease in which increased iron storage causes pathologidligram of iron. When anemia is accompanied by
changes. However, the definition of hemochromatosigeffective erythropoiesis, inappropriate absorption of
has undergone considerable evolution since the distnen from the gastrointestinal tract seems to be acti-
der was recognized as a distinct clinical syndrome irated. Patients with anemias in which ineffective eryth-
the late 19th century. Until the performance of plasnt@poiesis does not play a role seem much less prone to
iron and ferritin determinations became commonplacbyperabsorb iron. Thus, it is patients with ineffective
the designation was reserved for patients who had, asrathropoiesis who develop the largest iron burdens.
result of iron deposition, frank cirrhosis of the liver anddmong the hereditary forms, the most common are the
usually diabetes, bronzing of the skin, and cardiac dithalassemias; among the acquired forms, the acquired
ease. The disease was sometimes called “bronzed dimleroblastic anemias predominaleble 2 lists some
betes.” But in the 1970s the definition of the diseassf the diseases with which hemochromatosis has been
gradually changed. Instead of being applied only t@ssociated.
patients who had severe clinical manifestations of iron
storage, patients who had elevated serum transferRenetrance
saturation and ferritin levels were also designated afie penetrance of a mutation may be defined as the
having hemochromatosis, especially if they had the HLAxtent to which a phenotypic effect is exerted in indi-
type A4 B14 that was commonly associated with the digiduals carrying the mutation. But which phenotypic
ease. Even larger numbers of patients were considere@fti@ct? Clearly, the penetrance is a function of which
have hemochromatosis after the HLA-linked gene thandpoint is selected.
was associated with the diseddEE, was discovered.
But who, then, should be considered to have hemo-
chromatosis? Only those with disease? Or those who
merely have the genotype? No consensus exists cgf'® 1- Classification of hemochromatosis.

cerning what definition is to be used.
A. Hereditary hemochromatosis

Classification 1. Classical hemochromatosis (hereditary hemochromato-

Hemochromatosis may be divided into primary (or genetic) > HFEhemochromatosis) (Type 1)

hemochromatosis and secondary hemochromatosis. Juvenile hemochromatosis (Type 2)

a. Chromosome 1g-linked

Primary (hereditary) hemochromatosis b. Abnormality of hepcidin

As shown inTable 1, the hereditary form can be di- 3= Transferin receptor-2 deficiency (Type 3)

vided into several subgroups. A numerical classifica- Ferroportin deficiency (includes some cases of African
tion has been proposed (http://www.ncbi.nim.nih.gov/ iron overload™*) (Type 4)
htbin-post/Omim/dispmim?235200), but such a system
does not add to our understanding, since most of tReecondary hemochromatosis

forms of hemochromatosis can simply be designated

by the mutation that is their cause, and some forms Gible 2. Some causes of secondary hemochromatosis.
iron storage disease (e.g., African iron overload) are

not included. A. Hereditary disorders

Thalassemia34

2. Pyruvate kinase deficiency®>6

3. Dyserythropoietic anemia’-11

. . . 4. Glucose-6-phosphate dehydrogenase (G6PD) deficiency?
* The Scripps Research Institute, 10550 North Torrey Pines 5 Hereditary spherocytosis'3.14

Road, La Jolla CA 92037 6: Sideroblastic anemia (ALA-S deficiency)

&

African iron overload

=

. . B. Acquired disorders
Acknowledgments: This is manuscript number 15873-MEM. 1. sideroblastic and other dyserythropoietic anemias'5

Supported by National Institutes of Health grants DK3505-06 2. Any anemia, except for that due to blood loss, in which
and RR00833 and the Stein Endowment Fund. multiple transfusions are required.
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Penetrance of the homozygous HFE mutation chromatosis are treated have met with very little suc-
The C282Y mutation of thBlFE gene is a very com- cess. Most of the many patients that have been diag-
mon one. About 15% of the northern European popuosed as having hemochromatosis have been diagnosed
lation is heterozygous; accordingly, one would expeadn the basis of biochemical changes and non-specific
over 5 per 1000 in the population to be homozygousymptoms, such as fatigue and arthropathy. Neither com-
and this is, indeed, the case. mon clinical experiené&* nor autopsy seriés3?°sug-
Biochemical penetrance: Relatively few studies gestthat hemochromatosis is a common cause of death.
have been conducted in which an unbiased populatiblowever, it has been a common belief that milder symp-
was screened for the C282Y mutation and the transféoms are, in contrast, very common in patients homozy-
rin saturation and ferritin levels of the homozygotegous for the C282Y mutation, and it has been suggested
were determined. Deugnier et®adcreened over 9000 that most of the homozygous males will develop symp-
individuals (3367 men and 6029 women) in France andms by the time they are 40 years of #gEhis im-
found 10 homozygous men and 44 homozygous womeaaression that a mild phenotype exists (and the accom-
Although the population was relatively young, 80% opanying assumption that this leads to the more severe
the men had transferrin saturations over 55%, and 448fienotype if not treated) has been based largely on un-
of the women had transferrin saturations over 50%. bontrolled observations in which the patients being as-
our study of patients in the health appraisal clinic dfessed and the physician performing the assessment knew
Kaiser Permanente in San Diego we found that amotige diagnosis and could well have been influenced by it.
152 homozygotes, 75% of men and 40% of women had Between 1998 and 2001 we had the opportunity
a transferrin saturation higher than 5896.Serum for the first time to study a large population, genotyping
ferritin levels were increased in 76% of the men anall participants for the HFE mutations and comparing
54% of the women. In another small study all 5 hosymptoms, laboratory findings, and survival in homozy-
mozygotes detected have transferrin saturations greagetes for the HFE C282Y mutation, C282Y/H63D com-
than 55%° Thus, there is agreement that homozygotgmund heterozygotes, and homozygous wildtype indi-
for the HFE C282Y mutation usually have increasediduals. When we first presented our results at the ASH
serum transferrin saturation levels and increased serunmeeting in 2000, having analyzed data from 26,000
ferritin levels. Clearly, there is a subset of homozygotagenotyped subjectd,they were surprising. Although
who do not show these biochemical stigmata. A few ahany homozygotes manifested the non-specific symp-
these prove to be frequent blood donors, but most wims that are associated with hemochromatosis—fa-
them are not. It is simply that even on a biochemicéigue, arrhythmias, impotence, and arthralgias—the
level the homozygous state is not always expressedprevalence of such symptoms proved to be no higher
Clinical penetrance: Clinicians do not encounter than those in homozygous wildtype contrdfsg(re
many cases of full-blown hemochromatosis. Our att). There was no demonstrable effect on lifespan. The
tempts to obtain samples from patients with iron oveonly significant difference found between homozygotes
load who manifested diabetes, cirrhosis, cardiomyop#oer the C282Y mutation and controls was a higher preva-
thy, and darkening of the skin from our own clinic andence of abnormal liver function tests. Upon comple-
from major centers in which many patients with hemdion of the study/*°the preliminary findings were con-

Figure 1. Symptoms and laboratory
Hl C282v/C282Y Homozygoles  findings in white homozygotes for the
B Controls fwtiwt) C282Y mutation (light bars) and in
wildtype controls (heavy bars).

Adapted from the data of the Kaiser/Scripps
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firmed. Only one of 152 homozygotes had the typicadossible lethal effect of the hemochromatosis mutation
clinical syndrome of hemochromatosis and we estis to examine the age distribution of homozygotes. Since
mated the clinical penetrance of the homozygous stdiemochromatosis is a late-onset disease, one would
to be of the order of 1%-{gure 1). expect underrepresentation of the homozygous geno-
No one had expected the penetrance to be so ldype in the elderly if the disease caused an appreciable
and predictably, the results were greeted with considumber of early deaths. No significant shift in age dis-
erable skepticism. In attempting to reconcile our dataibution has been observed. In fact, extensive meta-
with the concept that the homozygous state had a muahalysis of 161 publications giving gene frequency data
higher penetrance, it was suggested that the data warel the number of homozygotes in each population con-
“flawed” in a number of respects. It was proposed thditms these results (J Waalen et al, unpublished). In the
we were dealing with an unusually healthy popul&tionpast two years numerous studies from different parts
or a population with an extraordinarily healthy life styleof the world have all confirmed these findings: The
Alternatively, it was proposed that our population waBomozygous state is only rarely associated with ill-
unusually “sickly” and that the manifestations of hemores$-2233-*qFigure 2).
chromatosis had been obscured by the poor health of Why, then, is there a controversy about the pen-
the control€® Obviously it is impossible to reconcile thesestrance of hemochromatosis? One issue that seems to
two objections: the population cannot be too well and tdeave muddied the waters is the interpretation of non-
sickly at the same time. But, in fact, neither criticism apspecific symptoms such as fatigue, joint pains or impo-
plies. The most cogent objection was that our study weence. Suggestions that symptoms are common come
biased by selecting a healthy populatibnindeed, pa- from uncontrolled studies in which the subjects knew
tients with symptoms had been excluded because thibgir diagnosis’-*But to be meaningful the history must
did not attend a health appraisal clinic, having died dre elicitedbefore the patient has been informed of the
being taken care of in a more intense medical settindjagnosis and must be compared with age, sex and eth-
we might have erroneously concluded that the penically matched wildtype controls. Studies that have
etrance of the homozygous state is very low. But thebeen carried out in this manner show that no symptoms
is a straightforward way to address this problem. Hre statistically significantly more common in homozy-
homozygotes were systematically excluded then thgotes than controls in any study! The only possible
number found in the population should fall short of thexception is a small French study in which 7 of 10 male
number predicted by the Hardy-Weinberg equilibriunhomozygotes complained a fatigue, a number that was
based on the gene frequency in the population. But $tatistically significant, but had not been corrected for
fact, the number of homozygotes actually exceeds thaultiple comparison®. The other issue is the signifi-
predicted numbéf:1°30-32Another way to examine the cance of the abnormality in liver function tests and bi-
opsy interpretations in homozygotes. The reading of
liver biopsies is subject to observer bias and, unfortu-
nately, there are never control biopsies with which to
compare the patient cohort. Nonetheless, there is con-
siderable consistency in the data. Olyiiykported that
of 16 homozygotes (of whom two refused biopsy) 3
had fibrosis, and one alcoholic subject had cirrhosis
(25%). Bulaj” found 16 patients with cirrhosis and 17
with fibrosis out of 210 homozyotes (15%), and Asberg
et af® found 12 of an estimated 400 homozygotes had

e
o

W Normal Control

¥ Phenotypic
Hemochromatosis

107 % Genotypic

Hemochromatosis

Health <"Good" (%)
™

5] fibrosis or cirrhosis (3%). For ethical reasons we could
0 not perform liver biopsies on our patients, but found
Men Women that 8.2% had elevated SGOT levels compared to 3.2%
of controls. Serum collagen IV levels, considered a sur-
Figure 2.The percentage of homozygotes for the C282Y rogate for hepatic flbr03|s, were elevated in 2.5.8% of
mutation (genotypic homozygotes) and of subjects with the homozygotes in our study compared with only

persistently elevated transferrin saturation and ferritin 11.1% of matched controls. Notably, the elevated liver
(phenotypic homozygotes) who consider themselvestobein  fnction tests were not age-related. Thus, all of the data,
less than good or excellent health. . .
Based on the data from Asberg et a® including our own (except for a small French study that
ase

0 -
Figure reprinted with permission from Beutler E. Response to found 3/54 [5'5 /0] homozyQOteS h_ad_elevatEd ALT lev
Ajioka and Kushner. Blood. 2003;101:3354-3357. els, compared to 5% in contr&)s indicate that there
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is a subset of patients, considerably larger than 1% wBbdagnosis

have abnormal liver function tests. Those who hold th#itis a tragedy when a patient dies of a treatable disease
the penetrance of hemochromatosis is higher than thgch as hemochromatosis without receiving the ben-
approximately 1% estimate can point to the preseneéits of therapy. However, the enthusiasm for general
of hepatic fibrosis as an indication that iron overload isopulation screening for hereditary hemochromatosis
clinically important. We, however, take the point of viewhas abated with the realization that the penetrance is
that since the fibrosis did not produce any clinical symprery low2® The burden for making the diagnosis of
toms in the vast majority of subjects, and that it dodsemochromatosis therefore falls squarely upon the phy-
not appear progressive, it is not important for the pesician. The diagnosis of hemochromatosis should be
son to whom it should matter the most, the patient. Thuynsidered in patients with cirrhosis of the liver, par-
to some degree the disagreement about penetranicelarly those with diabetes. Alcoholism is no bar to
comes down to the single issue of whether hepatic tonsideration of hemochromatosis in a cirrhotic patient;
brosis seen on liver biopsy by pathologists or abnormildeed, a high proportion of patients with clinical hemo-
liver function is important if it is not associated withchromatosis ingest excessive amounts of alébfiaind

measurable morbidity or mortality. cirrhosis is much more common in patients with the
hemochromatosis genotype who have heavy alcohol

Penetrance of the compound heterozygous intake®®

C282Y/H63D HFE mutation The most efficient approach to diagnosis of patients

On the average, compound heterozygotes manifest sigho are suspected to have the disease is to measure the
nificantly higher transferrin saturations and serum feserum transferrin saturation and ferritin levels. In-
ritin levels than do individuals with the wildtype geno-creased transferrin saturation is an important hallmark
type. Because the H63D mutation is very prevalent iof the disease. If the transferrin saturation is < 40% it is
the population, this compound heterozygous genotypery unlikely that the patient has hemochromatosis.
is very common in the population. Among patients whAbout 90% of patients with genotypic hemochromato-
had been classified as having “hemochromatosis” ais will have a transferrin saturation at least this high,
the basis of increased biochemical parameters thereaisd the few who do not are unlikely to have clinical
an increased number of compound heterozygotes, amdnifestations of the disorder. While transferrin satu-
it has been calculated that the biochemical penetranegion is considered to be an indicator of the underly-
of this genotype is only about 1% of that of the hoing genetic defect, serum ferritin concentrations more
mozygous genotyp®.Accordingly, patients with this closely mirror the total body iron content. It is some-
genotype who develop severe cirrhosis and other clirtimes assumed that there is a linear relationship between
cal manifestations of hemochromatosis are very rardody iron burden and serum ferritin levels. In reality,
the ferritin values only provide a rough approximation
Penetrance of the simple heterozygous genotype of the body iron burdeti.Figure 3 presents the results
It is clear from large studies that simple heterozygotes a recent study in which ferritin levels are compared
for the C282Y or H63D mutations have, on the avewith the actual amount of iron in the body as measured
age, very slightly higher transferrin saturations and feby phlebotomy. Serum ferritin levels are of considerable
ritin levels than do homozygotes for the wildtype. Nuvalue in predicting the likelihood that a given patient has
merous claims have been made that these minor changehosis: patients with serum ferritin levels of under 1,000
translate into increased prevalence of a variety disarg/mL are extremely unlikely to have cirrhosi®.
ders including diabet€$;? heart diseas®&;* and can- Genotyping patients for the C282Y and H63D mu-
cer’4None of these claims has been widely substatations is useful to confirm the diagnosis and for family
tiated!83647.48gnd it seems unlikely that the heterozystudies, but it must be borne in mind that in the US
gote for these common mutations suffers ill health beome 20% of patients who have been diagnosed as hav-
cause of them with one notable, rather uncommon eixig hereditary hemochromatosis do not have mutations
ception. Carrying either the C282Y or H63D does amf HFE.®° In southern Europe, the proportion of hemo-
pear to be a risk factor for porphyria cutanea té&¥efa. chromatosis patients who do not carry this mutation is
In general, however, it is much more likely that mutaeven largef! The presence of excessive iron stores in a
tions that have gained a high prevalence in the genompatient with putative hemochromatosis can be confirmed
have a beneficial effect, i.e., that they constitute a bdly carrying out serial phlebotomies (see “Treatment”).
anced polymorphism. Their beneficial effect is probSome physicians consider liver biopsy as an essential
ably that of preventing iron deficiency in wom@f?  part of the workup of a patient with possible hemo-
chromatosis. Liver biopsy will show whether the iron
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10.09 feasible in patients who have augmented iron stores
. . . because of ineffective erythropoiesis and is generally
2 .5 : precluded in those in whom the iron overload is the
5 result of multiple transfusions. Such patients require
= treatment with an iron chelating agent, as discussed in
% 5.0 Section II.
5 One ml of erythrocytes contains 1 mg of iron.
» 254 Hence, removing one unit (~450 mL) of blood with a
hematocrit of 45% removes approximately 200 mg of
0.0 | iron from the body. Iron absorption is increase_d in pa-
T 4 tients with hemochromatosis who are undergoing phle-
. botomy, and may be more than 5 mg peré@8yt with
Ferritin (Log ng/ml) even this level of iron absorption, it is relatively simple
to achieve a negative iron balance by instituting a phle-
Figure 3.The relationship between serum ferritin levels and botomy program. Initially, some patients feel enervated
storage iron as determined by serial phlebotomy. by phlebotomies, and | find that compliance is improved

The dots represent patients homozygous for the C282Y mutation. by initially phlebotomizing every two weeks. But after

Squares represent patients with a diagnosis of hemochromatosis . )
who are not homozygous for the C282Y mutation. The plus signs this has been done for a month or two, weekly phle

represent those whose phlebotomy program had not yet been botomies are almost always well tolerated. The aim of
completed. phlebotomy is to deplete the body iron stores, and the
Figure reprinted with permission from Beutler E, Felitti V, Ho N, most easily appreciated endpoint is mild iron deficiency
Gelbart T. Relationship of body iron stores to levels of serum anemia. One of the easiest guides to incipient iron deple-
ferritin, serum iron, unsaturated iron binding capacity and . . ) 3 .
transferrin saturation in patients with iron storage disease. Acta tion is a falling MCV® The other useful parameter is
Haematol (Basel). 2002;107:145-149. the serum ferritin level, which should be brought to

under 10 ng per ml. Some clinicians prefer a higher
is deposited chiefly in liver parenchymal cells, whicltutoff, but there is usually appreciable residual, diffi-
is characteristic of the disease, it will allow quantitatioult-to-mobilize tissue iron even when the erythron is
of liver iron, and it will establish whether the patieniron depleted, and the mobilization of this iron and en-
has cirrhosis. However, serial phlebotomy will quantihanced gastrointestinal iron absorption that is present
tate the iron. Therefore, the major benefit to the patieint iron-depleted patients with hemochromatosis will
of undergoing liver biopsy is to establish whether cirguickly correct any deficiency that may have been in-
rhosis is present. Hepatic cirrhosis affects prognosiduced. Maintenance phlebotomy is initiated when the
but not treatment, and many or most patients may nietritin level rises to 80 or 100 ng/ml, and the rate of
be eager to know what their estimated lifespan will benaintenance phlebotomy required varies widely be-
Cirrhosis also increases greatly the risk of hepatocelltween patients. Some physicians prescribe an iron-poor
lar carcinoma, an important complication in patientdiet, but this seems to me to represent more interfer-
with hemochromatosis and cirrhosis. Patients with cience with the patient’s lifestyle than is justified by the
rhosis may therefore be better candidates for perioditight decrease in intervals between phlebotomies that
screening for this disease. As treatment for hepatocetay be achieved by restricting iron intake.
lular carcinoma becomes more effective, establishing One of the manifestations of hereditary hemochro-
whether or not cirrhosis is present may be importantatosis is increased susceptibility to infection. Death
for optimal management and may therefore be a redue to overwhelming sepsis is not uncommon in se-

son for performing a biopsy. verely affected patients. Because of the risk of infec-
tion with organisms such a&rsinia enterocolitica or
Treatment Vibrio wulnificus, patients are usually advised to avoid

The aim of treatment of iron storage disease is to rehe ingestion of raw shellfish. Because of the fulminat-
move from the body the excess iron that has accunming nature of some infections in patients with hemo-
lated. In the case of patients without primary disordechromatosis, vigorous early treatment of febrile diseases
of hematopoiesis (i.e., patients with one of the forms recommended.

of primary hemochromatosis), this is best achieved by The prevalence of hepatomas is increased in pa-
phlebotomy, since regeneration of erythrocytes by thients with hemochromatosis, particularly those with cir-
marrow utilizes iron, which is therefore withdrawn fronrhosis; a relative risk of 1.8 (Cl 1.1-2.9) has been re-
various body pools. Phlebotomy is only occasionallported® Some cases have been documented in non-
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cirrhotic patient$>% but these are only case reportsare homozygous for the common C282Y mutation of
and it is unclear whether the relative risk is increaseHFE. Very few of these develop any clinical symptoms,
Itis probably prudent to monitor the liver by ultrasoundbut uncommonly cirrhosis, diabetes, arthropathies, and
every 6 to 12 months, although the value of this proceronzing of the skin may result, and approximately 25%
dure is in some doubt since the treatment results faill have elevated serum collagen IV levels, a surro-
hepatoma are so unsatisfactory. gate marker for hepatic fibrosis, compared with 11%
It is universally stated that phlebotomy improvesf controls. Hereditary hemochromatosis is character-
the health and increases the lifespan of patients witted by an increased serum transferrin saturation. It is
hemochromatosis. This assumption is based uportraated by serial phlebotomy to remove the accumu-
study in which it was shown that phlebotomized pdated iron. Secondary hemochromatosis has clinical
tients with “hemochromatosis” had a normal lifespan. manifestations similar to those of primary hemochro-
We now recognize that unphlebotomized patients witmatosis, but by necessity treatment usually consists of
hemochromatosis also have a normal lifespan when tthee administration of iron chelating agents.
selection criterion is based on either genotype or chemi-

cal phenotype. The fact is that there are no data that I1. IRON CHELATION THERAPY
allow us to show definitively that phlebotomy improves
survival. No such data can be obtained because of ethi- A. Victor Hoffbrand, DM, FRCP*

cal issues. Nonetheless, the concept that removing iron
from a patient whose disease is due to an excess of iffimese are exciting times for patients with thalassemia
will be helpful is compelling, and therefore treatingnajor (TM) and other transfusion-dependent patients
patients with hemochromatosis who have clinical diswith refractory anemias who need chelation therapy.
ease is mandatory. The recognition that most patiemthough at present deferoxamine (DFO) remains the
with the genetic and biochemical stigmata of hemastandard of care recent data suggest that deferiprone,
chromatosis will have a normal lifespan without intererally active and in clinical trials for 16 years, may for
vention raises the question of whether all patients withany patients be a safe and effective alternative to the
hemochromatosis should be phlebotomized. Fortwmore cumbersome drug DFO. There is the new possi-
nately, the treatment is almost entirely risk free anbility of combination chelation therapy with DFO and
potentially beneficial to society. Moreover, our currentlieferiprone, and a second orally active iron chelator,
state of knowledge is such that we cannot predict whi¢@L 670, is now in early clinical trial&igure 4 shows
of the patients with hemochromatosis will be the rarge chemical structures of these three compounds.
ones who develop serious clinical consequences. Thus, Approximately 72,000 patients with TM or thalas-
it seems prudent to phlebotomize all patients with hemeemia/hemoglobin E disease receive regular blood trans-
chromatosis who have elevated body iron stores as @ssions worldwide. Because DFO is expensive and cum-
timated by serum ferritin levels. It is useful in this rebersome to administer, about 42,000 receive no chela-
gard to consider the fact that cirrhosis is very largelyon therapy; about 25,000 are prescribed DFO and 5000
limited to patients with the serum ferritin levels highe{mainly in India) receive deferiprone (C.B. Modell).
than 1000 ng/mE?%8 There is no harm, however, in Some 2000-4000 thalassemia patients die each year
phlebotomizing patients with less elevated ferritin levirom iron overload. The lack of an inexpensive orally
els. Family studies are also potentially useful, since haetive iron chelator has been a major reason why iron
mozygous relatives of non-expressing homozygotes atkelation therapy is not considered for these patients in
potentially more seriously affected. poor countries. In many of these countries, regular blood
The management of patients with the juveniléransfusions, which in the absence of iron chelation will
hemochromatosis is similar to that of patients with HFmevitably lead to death from iron overload, are not even
hemochromatosis, but knowing that this is an aggresentemplated. Indeed, only about 3500 of the 27,000
sive form of disease, a vigorous phlebotomy programansfusion-dependent children born each year are trans-

should be initiated early. fused at all.
There are two other large groups of patients re-
Summary quiring iron chelation therapy: (1) patients with non-

There are many forms of iron storage disease, primamansfusion-dependent but nevertheless severe genetic
(or hereditary) and secondary to various hematologitiseases of hemoglobin synthesis (thalassemia inter-
disorders. The most common of the primary forms are

associated with mutations of an HLA-linked gene des-

ignatedHFE. Five per thousand northern EuropeansRoyal Free Hospital, Pond Street, NW3 2QG London, UK
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Figure 4.The structural formulae of deferoxamine, ICL 670,

and deferiprone.

min C deficiency lowers it, both frequent complications
of TM. Most studies have found a wide range in liver
iron at any given serum ferritin level. The Thalassemia
International Federation guidelireecommend main-
taining serum ferritin levels around 1000 pg/L; never-
theless, levels below this may in some individuals be
associated with cardiac complications. One study in TM
patients receiving DFO found that those with at least
two-thirds of serial serum ferritin estimations less than
2500 pg/L had significantly less cardiac disease than
those with higher levefsMore recently, a level consis-
tently below 1500 pg/L was found to be associated with
few complications in 32 patients with TM followed for
approximately 15 yeasWhen effective chelation
therapy is initiated, the serum ferritin falls more rap-
idly than body iron. This may happen partly because of
improvement in liver function and partly because se-
rum ferritin may reflect predominantly reticular endo-
thelial iron rather than parenchymal iron in the liver
and other orgarfs.

Liver iron

media) who become iron overloaded because of iniver iron has been described as the “gold standard”
creased iron absorption but are too anemic to undergsy determining body iron and has been recently shown
phlebotomy to reduce iron overload; and (2) regularlyy correlate with total body iron store#.can be mea-

transfused patients with, for instance, sickle cell angyred chemically after liver biopsy (which can be inac-
mia, myelodysplasia, myelofibrosis, red cell aplasiaurate because of fibrosis, cirrhosis, or uneven distri-
aplastic anemia, congenital dyserythropoietic anemigution of iron) or noninvasively by the superconduct-

and congenital sideroblastic anemia.

Requirements of Iron Chelation Therapy

ing quantum interface device (SQUID) (available in
only a few centers) or by magnetic resonance imaging
(MRI). Brittenham et &lstudied 59 TM patients who

The chelator must result in excretion of sufficient irojvere more than 7 years old. All patients who died had
to prevent damage to the endocrine organs, liver, afger iron concentrations > 15 mg/g dry weight, and

most importantly heart. In TM, about 100-200 mL othis level has been subsequently regarded as an index

pure red cells/kgly are transfused, equivalent to 0.33f high risk of death from cardiac disease. More re-
0.64 mg/kg/d of irorl.In thalassemia intermedia, ironcently, Angelucci et alhave shown that this level is

absorption is about 5-10 times the normal amourdlso associated with liver fibrosis and cirrhosis. The
around 0.1 mg/kg/d. Excretion levels of these rates mugstel of 7 mg/g is the upper limit found in carriers of

be achieved to maintain a “safe” level of body irongenetic hemochromatosis. For levels between 7 and 15

Monitoring of iron chelation therapy requires: (1) estimg/g, Angelucci et al found no evidence of liver dam-

mation of the iron content of different organs, and (Z3ge except in patients who had hepatitis C and were

assessment of the function of the heart, liver, and end@iessenger RNA positive; the combination of iron over-

crine glands, the organs particularly damaged by irgoad and hepatitis C infection is particularly damaging
overload. These aspects have recently been extensivigl\the liver.

reviewed and are only briefly discussed Heére.

Estimation of Tissuelron

Serum ferritin

The value of liver iron, whether > 15 mg/g or in the

range of 7 to 15 mg/g, as a predictor of cardiac iron has

recently been questioned. MRI data using the T2* tech-
nique Figure 5)° and spin-ech have shown no corre-
lation between cardiac and liver iron, although other MRI
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This is a useful technique for assessing changes in badghniques, possibly less sensitive and accurate, have
iron, although the absolute level is an imprecise meghown such a correlation. Possible explanations for these

sure of body iron. This is partly because inflammation—discrepant observations have been disciigsed.
for example, hepatitis C—raises the level, while vita-

Hematology 2003 a7



Figure 5. Magnetic resonance scans in

A Normal myocardial iron _ : lance
patients with thalassemia major.

Left scans are horizontal long axis, the right
ones mid-short axis. (A) Low myocardial iron
deposition. The left ventricular volumes are
normal, and myocardial signal intensity (long
arrow) is similar to that arising from skeletal
muscle (short arrow). Left ventricular ejection
fraction was 70%. In this case, the liver is
very dark (dotted arrow), indicating heavy
hepatic iron deposition despite the normal
myocardial appearances. (B) Severe
myocardial iron overload. The myocardial
signal intensity is dark (long arrow) compared
with skeletal muscle (short arrow). The
ventricle is dilated and thickened. Cine
imaging showed greatly reduced systolic
function (left ventricular ejection fraction 39%)
with a restrictive filling pattern. Liver signal in
this case is well preserved (dotted arrow).

Reproduced with permission from Anderson
LJ, Wonke N, Prescott E, et al. Improved
myocardial iron levels and ventricular function
with oral deferiprone compared with
subcutaneous desferrioxamine in
thalassaemia. Lancet. 2002;360:516-520..%

Cardiaciron den. It will vary, however, with the dose of chelator used
Direct measurement of cardiac iron by endomyocardiahd, for DFO, whether vitamin C is also given and with
biopsy of the right atrium is inappropriate since irothe hemoglobin level. There is also considerable day-to-
locates mainly to the myocardium of the ventricles. Thaay variation, even with apparently the same conditions.
recent development of a reproducible, sensitive, amtevertheless, in one recent study it has been found to
accurate indirect measure of cardiac iron using the MRobrrelate closely with cardiac iron measured by MRI.
T2* techniqué! has provided substantial important new

data. A T2* value less than 20 ms has been found Estimation of Iron-Induced Tissue Damage

correlate with the presence of cardiac dysfunction, d& addition to measuring iron status, it is important to
tected by echocardiography, 24-hour monitoring, or thessess the function of the heart, liver, and endocrine
need for cardiac therapy. It is also valuable for monglands, the organs particularly damaged by iron over-
toring changes in cardiac iron during intensive cheldead. Early detection of cardiac dysfunction is espe-

tion therapy? cially important so that increased chelation therapy can
be instituted before cardiac damage is irreversible. Once
Non-transferrin-bound iron the patient has started chelation therapy, it will also be

In severely iron-loaded patients, non-transferrin-bountecessary to monitor for potential side effects of the
iron (NTBI) is present in plasma. It occurs in 80% ofron chelator being used#ble 3).

patients with TM and represents a highly toxic species

causing tissue iron loading. NTBI is also found in pa€helation Therapy

tients receiving chemotherapy or undergoing heart by-

pass operations and those having other conditions Deferoxamine

which large amounts of iron from hemoglobin breakThe management of iron overload using subcutaneous
down are released into the circulati8NTBI is re- DFO has been extensively revieweBFO is hexa-
moved by administration of DFO or DFP but reappeadentate, 1 molecule binding 1 atom of irdralfle 3).
rapidly (i.e., usually within 1 hour of discontinuing in-Standard therapy is with 40 mg/kg infused subcutane-
travenous DFO therapy) unless body iron burden is sulidsly over a period of 8-12 hours on 5-7 nights each

stantially reduced. week using a battery-operated infusion pump. Therapy
is usually begun in children after 10-20 transfusions
Urineiron excretion have been given or when serum ferritin levels reach

Iron excreted in response to a single dose of DFO ©000 pg/L. Vitamin C, 200 mg, given orally when the
deferiprone has been taken as an index of body iron burfusion is started, enhances urine iron excretion. Al-

48 American Society of Hematology

20z dunr 80 uo 1sanb Aq ypd'eL 90 0+0/6€8€ | L/0Y/L/E00Z/Pd-a1o1E/ABoj0jeWBYABU sUOKEdlgndysE//:dRY Woly papeojumod



Table 3. Pharmacokinetic and clinical characteristics of three iron chelators.

ity is rare, but painful local reactions at
the injection site are common and often

Deferoxamine _ Deferiprone ICL 670 lead to lack of compliance. Infection with
Hexadentate  Bidentate Tridentate Yersiniais increased, and on rare occasions
Molecular weight 560 139 33 other infections (e.(Klebsiella) are pre-
Iron:chelator complex 1:1 1:3 1:2 cipitated.
Plasma clearance, T,, 20 minutes 53-166 minutes 1-16 hours
Oral absorption Negligible Peak 45 minutes Peak 1-2.9 hours Deferiprone
Iron excretion Urine +fecal ~ Urine Fecal The orally active bidentate iron chelator
Therapeutic daily dose 40 mg/kg 75 mglkg 20 mg/kg deferiprone (1,2 dimethyl-3-hydroxy-
Route Parenteral Oral Oral pyrid-4-one, also known as L1, CP20,
Clinical experience 30 years 16 years 1-2 years Ferriprox, or Kelfer) was designed in R.C.
Side effects Ototoxicity, Agranulocytosis, Skin rashes, Hider’s laboratoriesKigure 4).° First
retinal toxicity, arthropathy|_ g_astrointestinal tested clinically in 1987, this drug is now
g;‘:‘t“ig;e g;fggg;e:;”a' ?r:;ggﬁtnce licensed in 25 countries for patients with

transient
transaminitis,
zinc deficiency

transaminitis

TM unable to be effectively treated with
DFO. Reviews of its chemistry, pharma-
cology, and clinical results have recently
been or are being publish&d?

ternative routes of administration that have been trideharmacokinetics

include twice-daily bolus subcutaneous injectiéhs, Deferiprone is rapidly absorbed, appearing in plasma

continuous infusions over 24 or 48 hours using dispog4thin 15 minutes of ingestion, with a peak plasma level
able prefilled balloon& and continuous intravenouswithin 45—-60 minutes Table 3). It forms a 3:1

infusion using an indwelling central line or Portacidth. chelator:iron complex that is excreted with the free drug

First introduced in 1976 as subcutaneous treatmenturine. Only 4% of a single oral dose of the drug is
for TM, DFO has substantially improved the life exexcreted bound to iron, even in heavily iron-loaded
pectancy in the disea$g!” Deaths continue to occur patients. Its iron chelation site is inactivated by
from cardiac failure due to iron overload, but these agducuronidation, the speed of which varies from pa-

mainly caused by lack of complian€ééDefining com-

tient to patient. This explains much of the individual
pliance as more than 250 infusions a year, Gabutti axdriation in response, the area under the curve of the
Piga’ found that 95% of compliant patients are alive atoncentration of free drug in plasma being related to

30 years of age, compared with only 12% of northe amount of iron excretéél Deferiprone mobilizes
compliant patients. Modell ett&teported that only 50% iron from parenchymal and reticuloendothelial pools
of TM patients in the UK reach 35 years, the poor rend from transferrin, ferritin, and hemosiderin. Unlike
sult again being attributable to cardiac failure due tbFO, it is also capable of chelating iron from intact red
cells in vitro and in vivo, shown in patients with sickle
DFO can reverse iron-induced cardiomyopathy icell anemi& and thalassemia intermedfaThe en-

poor compliance.

some but not all patients!®Continuous intravenous hanced ability of DFP to cross cell membranes may

DFO results in comparatively rapid improvement irunderlie what is emerging as its superior ability, com-
ventricular function compared with the slow clearancpared with DFO, to protect the heart from ieod also

of cardiac iron, which can remain high even after the “shuttle effect” for iron when the 2 drugs are given
year!? Recent studies show that liver iron clears morgimultaneouslyKigure 6).

rapidly and, despite severe iron overload initially, may
be normal at 6 montHs.

Clinical studies

Although cost and lack of compliance are the maiShort-term studies showed that iron excretion occurs
obstacles to DFO therapy, complications may also ekt the urine with negligible amounts in feces, although
clude some patients. High-frequency hearing loss, deabme subsequent studies have suggested excretion up
ness, and retinal damage with impaired vision (e.gg 33%. Iron excretion increases with the dose of the
night blindness) can occur when large doses of the drdgug and the transfusional iron load of the patients.
are given to less severely iron-loaded patients, especialithough initial studies showed that 100 mg/kg/d was
children, in whom growth retardation and skeletal danmore effective’®?"the dose used in most trials has been
age have also been reported. Generalized hypersensifis-mg/kg/day fractionated into 3 doses. This dose was
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protein-Fe protein In a short-term study, raising the dose of
deferiprone to around 100 mg/kg led to reduction

Conmariment 3 DFP + Fe of serum ferritin levels in patients inadequately
chelated at 75 mg/k$.Prospective trials are
——————————— i‘—————————— . e needed to assess whether doses of deferiprone

adminisiration (around 100 mg/kg daily) can safely be given long

DFO” term and will result in more effective iron chela-
Extracellular NTBI tion in patients inadequately chelated on 75 mg/
compariment kg daily. There is also a need for further (> 3 years)
DFO—Fe long-term studies to determine liver iron levels in
——————————————————————————— S — large numbers of patients receiving deferiprone
, j to determine more accurately the proportion of
Excretion: Excretion: patients in whom liver iron is adequately con-

vrine e trolled.

The most important aspect of iron chelation
Figure 6.The concept of combination therapy. therapy is protection of the heart. Two recent stud-
Abbrevia}tions: DFO, deferoxamine; DFP, deferiprone; NTBI, non- ies, albeit retrospective, show significant benefit
transferrin-bound iron. for the patients receiving deferiprone compared
Modified from Liu et al. with DFO. In a London study, 15 TM patients who

had received deferiprone 75 mg/kg/d for 3 years

reported in early studies to be as effective as standasthowed a lower incidence of cardiac disease (assessed
dose DFO at increasing urine iron excrefitdiln most by echocardiography and need for cardiac drug therapy)
patients urine iron excretion around 0.5 mg/kg/day wasd lower cardiac iron estimated indirectly by MRI T2*
achieved with no indication of a diminishing responsthan 30 age- and sex-matched patients who had received
with time. There were early concerns that doses highBFO 40 mg/kg/d subcutaneously on 5-7 days each week
than 75 mg/kg might produce more side effects, e.dmedian myocardial T2* 34.0 vs 11.4 ni3= .02)?
arthropathy”’ Balance studies suggest that total iron exexcess myocardial iron (T2* < 20 ms) was significantly
cretion with 75 mg/kg deferiprone is somewhat less thdess common in the deferiprone group (27%) than in
that with 40 mg/kg DFO given over 8 hours subcutanéhe DFO group (67%) = .025.
ously, but only small numbers of patients have been In a Turin study, 54 patients who had received
studied and there is wide patient-to-patient variatflity. deferiprone were compared retrospectively with 75

Final mean serum ferritin concentrations in 9 pulpatients who had received DFO; the drugs were given
lished trials in patients (mainly DFO ‘failures’ with TM) at standard doses over an average of 6 yéaks.pa-
treated from 1 to 56 months with deferiprone havtient in the deferiprone group compared with 3 in the
ranged from 1779 to 3273 pgftin 7 of the trials, there DFO group died of cardiac failure. Deterioration of
was a significant fall in serum ferritin, and in 2 thergreexisting cardiac dysfunction or new cardiac disease
was no significant change. Serum ferritin levels felbccurred in 2 (4%) of the deferiprone-treated patients
mainly in the patients starting with the highest levels:ompared with 15 (20%) of the DFO grot~.007)3%
In 6 studies in which serial liver iron determinationdg=ormal prospective studies are needed to confirm the
were made, hepatic iron fell significantly in 1, rose sigapparent greater cardioprotective effect against iron
nificantly in 1, and did not change significantly in thetoxicity of deferiprone compared with subcutaneous
other 422 When SQUID technique was used in 5DFO suggested by these two retrospective studies. In a
thalassemia patients (aged 7-22 years), median liahort-term (12 months) prospective randomized study,
iron concentration rose from 1456 mg/g liver to 2028aggio et & found no difference in any of the param-
mg at 2 years and 2449 mg at 3.2 yédisese patients eters used to detect cardiac abnormalities between pa-
were well chelated before starting deferiprone, but theients receiving DFO and patients receiving deferiprone.
iron intake from transfusions rose substantially during
the study. Recent MRI data retrospectively comparingomplications
15 patients treated long term with deferiprone with 30he incidence of the now well-established complica-
matched patients treated with DFO, in which liver MRtions of deferiprone therapy—agranulocytosis, neutro-
T2* was converted to estimated dry-weight liver ironpenia, arthralgia, gastrointestinal symptoms, transient
showed significantly higher liver iron: 5.1 versus 3.%hanges in liver enzymes, and zinc deficiency—has
mg/g in the deferiprone compared with the DFO grbupbeen established in recent prospective &i&and re-
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viewed?? Hepatic fibrosis has also been suggested fbombination therapy
one small retrospective study to be a consequence@dmbination therapy with DFO and deferiprone com-
deferiprone therap¥.However, recent evidence basednenced in 1998, when it was reported that DFO and
on 56 repeat biopsies in patients treated for a meands#feriprone could be safely given simultaneously and
3.1 years shows no evidence for fiiblo other study that the urine iron excretion achieved is at least equiva-
has reported significant increase in hepatic fibrosis algnt to the iron excretion resulting when the 2 drugs are
cribed to deferiprone. Transient changes in alanirgdven on separate da$/sSix clinical studies of combi-
aminotransferase (ALT) levels, especially in the firshation therapy have now been report&db{e 4). All
few months of therapy and in hepatitis C antibody—posshow decreasing serum ferritin levels and, where mea-
tive patients, have been observed. The mean ALT lesured, decreasing liver iron. Mourad et’&y instance,
els did not increase among 151 patients treated for&oort that deferiprone 75 mg/kg 7 days a week and
years® Occasional patients have, however, been witlDFO 40 mg/kg subcutaneously over 8-12 hours 2 days
drawn from therapy in some trials because of concerasweek gives approximately equivalent iron chelation,
about raised ALT level¥. based on serum ferritin levels, to 5 days a week of DFO.
Agranulocytosis, the most serious complication o€ompliance is likely to be improved longer term for a
deferiprone, occurs in about 1% of patients and appeg@atient needing 2 rather than 5 days of subcutaneous
to be idiosyncratic; it is probably more frequent in feinfusions.
males. Patients with agranulocytosis should be perma- The basis for this additive or synergistic effect is
nently withdrawn from therapy, although a proportiomiven by the studies of Grady et’and Breuer et &F.

of patients with less severe degrees of neutropenia halgese suggest that deferiprone enters cells and chelates

successfully been re-exposed to the drug. Most patielisn, which it brings into plasma. The iron is then trans-

with the other side effects can usually continue witferred to DFO for excretion in urine and fecEgy(re

the drug, often after a period of withdrawal and). If combination therapy in longer-term studies does

retreatment initially at a lower dose. not show any unexpected toxicity, it is an exciting thera-
peutic advance for improving compliance and avoid-
ing large, potentially toxic doses of either drug.

Table 4. Combined therapy with deferiprone and deferoxamine (from Liu%).

UIE
DFP (mg/24h or mg/kg/d)
Duration dose DFO DFO DFP + Signifi-
No. (months) (mg/kg/d) dose(/d) d/wk DFP DFO DFO Initial Final cance

Wonke et al3! 5 6 75-110 29 2-6 23 36 70 6397 2439 ns
Balveer et al3® 7t 12 75-85 1g 2 14 — 27 6619 3996 P<.01
Mourad et al40 11 12 75 29 2 — — 49 4153 2805 P<.01
Farmaki et al*1 40* 6-12 75-100 40-60 2-6 — — — 1907 385 ng
Alymara et al*2 21 6 60 50mg/kg 6 — 0.34 0.76 3146 1799 ng
Galanello et al*3 348 3-10 75 20-50 2-5 037 048 0.77 5097 3963 ng
Kattamis et al#4 18* 12 50 2.53-3.0g 3 050 046 0.69 4543 3297 P<.007

Abbreviations: DFO, deferoxamine; DFP, deferiprone; HCV, hepatitis C virus; ng, not given; ns, not significant; UIE, urine iron excretion.
TOne additional patient withdrew after 1 month because of gastrointestinal symptoms.
FSignificant improvement in ventricular dimensions and function and increase in myocardial T2 relaxation time.

§Agranulocytosis in 2 patients reversed after 4-5 days; 1 withdrawal with nausea. Transient moderate ALT rise in 6 HCV-negative and 12
HCV-positive patients. One stopped therapy.

*Agranulocytosis in 2 patients—reversed with drug discontinuation.
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Alternating (sequential) therapy with DFO andpatients at 24 hours; the mean elimination half-life was
deferiprone has also been studied in 7 children nobetween 11-16 hours after multiple dose administra-
compliant to DFO® Compliance was improved whention. Net iron excretion after 6 days of exposure was
deferiprone was given for 4 days and then DFO for Ithearly related to the dose of the drug. Iron excretion
days each week. Over 6 months, liver iron fell signifiat 12 days was related to the area under the curve of the
cantly and there was a nonsignificant fall in mean seruaoncentration of free drug in plasma. Five of 6 patients
ferritin from 5536 to 3778 pg/L. More prolonged studieseceiving 20 mg/kg were calculated to excrete iron
are needed to determine the place of this approach. equivalent to the amount received in blood transfusions.

The main side effect was skin rashes that required with-
Thalassemia intermedia drawal of 4 patients given the highest dose of 40 mg/kg
Oral iron chelation therapy is a potentially attractivever 8-10 days. Sporadic transaminase rises occurred
option for patients with iron overload who are too andn 1 of these patients and in 4 other patients. Mild nau-
mic for phlebotomy. Olivieri et &first reported a pa- sea, diarrhea, and abdominal pain—none requiring dis-
tient with thalassemia intermedia in whom deferiproneontinuation of the drug—occurred in other patients.
was effective in reducing both liver iron and serum fel-onger-term studies of the drug at the dose of 20 mg/
ritin to normal within 12 months of therapy. Pootrakukg have been carried otifThese showed that total body
et aP® have recently extended these observations. Thign excretion ranged from 7.7-28.5 mg iron/d. These
found in 8 thalassemia intermedia patients in Thailardld not show any additional toxic effects and showed
(mainly suffering from thalassemia/hemoglobin E) thahat liver iron decreased in 12 (57.1%), was unchanged
deferiprone at the low dose of 50 mg/kg/d not only sign 8 (38.1%), and rose in 1 (4.8%) of 21 patients stud-
nificantly reduced serum ferritin and red cell membranied using the SQUID technique.
liver iron over 12 months but also resulted in an in-
crease in hemoglobin and serum erythropoietin leve®onclusions
and improvement in weight and appetite. No side efhe prospect for transfusion-dependent patients to re-
fects requiring drug withdrawal were encountered. ceive effective iron chelation therapy has substantially

improved in the last few years. Subcutaneous DFO 40
Other transfusion-dependent anemias mg/kg over 8-12 hours on at least 5 days a week pro-
Similar results to those in TM have been obtained witlects most compliant patients against cardiac disease
deferiprone in patients with myelodysplasia, myelofiand other serious complications and remains the first
brosis, and other acquired marrow diseases. Althoughoice. Its cost, frequent lack of compliance, and com-
there has been theoretical concern that agranulocytogligations means that alternative approaches are needed.
may be more frequent in these acquired bone marré¥iter many years of short-term clinical trials of the
disorders than in TM, there are no data to suggest thisally active agent deferiprone and much controversy

about its efficacy and toxicity, recent published data
ICL 670 have been favorable on both aspects. These suggest that
ICL 670 (4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-the drug at a dose of 75 mg/kg/d may be at least as
y1] benzoic acid)Kigure4) was developed by Novartis effective as DFO in protecting patients from iron-in-
Pharma AG after many hundreds of potential orallguced cardiomyopathy. Hepatic fibrosis does not ap-
active iron chelators were screened. Preclinical studipsar to be a problem, and the established side effects
show that it forms a 2:1 chelator:iron complex and prato not lead to the need for discontinuation of the drug
duces an increase predominantly in fecal iron excrat the majority of patients.
tion after a single oral dose, only 6% of iron excretion ~Combination therapy with DFO and deferiprone is
accruing in the urineTable 3). It is highly selective an exciting new possibility for those patients inad-
for iron, is rapidly absorbed, and circulates for severalguately chelated on either drug alone. ICL 670, a new
hours. In the non-iron-loaded marmoset and rat, its madmal iron chelator in early clinical trial, promises to ex-
toxic effect was on the renal tubular epithelial cellgpand further the range of possibilities for effective and
but this effect was abrogated in iron-loaded marmosetafe iron chelation therapy for patients with TM and
and substantially reduced in iron-loaded fats. other iron-loaded transfusion-dependent or -indepen-

Short-term clinical trials have recently been redent patients with severe refractory anemias. Which-
ported? Single daily doses of 10, 20, and 40 mg/kgver chelation regimen is chosen, patients must be
body weight were studied. Peak plasma concentraticiosely monitored both for effectiveness of therapy, with
after a single oral dose occurred at about 2 hours, gparticular attention to cardiac iron and function, and
the drug was still detectable in plasma in almost albr toxic side effects of the chelating drug.
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I11. NEwER AsPECTS OF THE DIAGNOSIS AND The traditional measurement is the mean corpuscular

TREATMENT OF | RON DEFICIENCY volume (MCV) but it is one of the last parameters to
change with the onset of IDE. The latter can be de-
James D. Cook, MD* tected earlier by an increased percentage of hypochro-

mic erythrocytes measured by selected hematology
Iron deficiency is by far the most common hematologianalyzers, but itis also a relatively late indicator of IDE.
cal disorder encountered in general practice. The ba§k the other hand, the reticulocyte hemoglobin con-
approach to its diagnosis and management is well éent (CHr) declines within a few days of the onset of
tablished and outlined in most medicine and hematdPE because of the short 1-2 day lifespan of circulat-
ogy texts. My emphasis in this selective review is oing reticulocytes:® Falsely normal values of the CHr
soluble transferrin receptor (sTfR) measurements, ir@an be observed with an elevated MCV or thalassemia
deficiency induced by recombinant erythropoietirbut the main limitation to its wider use is that it can be
(rHUEPO) therapy, and parenteral iron therapy witmeasured by only one model of analyzer (Bayer Advia).

sodium ferric gluconate. The low specificity of the percent hypochromic eryth-
rocytes and the CHr is reflected in a recent study re-
Diagnosis of Iron Deficiency porting that 62% of predominantly anemic patients had

There are two main categories of laboratory metho@bnormal values on admission to hospital.

for identifying iron deficiency: screening measurements  The measurement of erythrocyte zinc protoporphy-
that detect iron deficient erythropoiesis (IDE) and dgin (ZPP), a product of abnormal heme synthesis, is a
finitive measurements that evaluate tissue iron stategnple and precise measure of IDE but still not widely
(Table 5). Newer tests include the percentage of hypassed for clinical purposésOne important advantage
chromic erythrocytes, reticulocyte hemoglobin conteris the ability to measure the ratio of ZPP/heme directly
(CHr), and sTfR. It should be added that a therapeuti® a drop of whole blood using a dedicated portable
trial iron has been proposed as a convenient methodstrument called a hematofluorimeter. The ZPP is ide-
diagnose iron deficiency. This igeasonable approach ally suited for field surveys of iron status or pediatric
in otherwise healthy populations, such as teenage gi@lgd obstetrical clinics where uncomplicated iron defi-
and pregnant women, at high risk of deficiency. Howeiency is relatively common. The ZPP is redundant in
ever, in most clinical settings, it is preferable to make laboratories equipped for percentage hypochromic red

definitive diagnosis at the outset. cell measurements because the two tests provide simi-
lar information. ZPP increases with lead toxicity and
Screening measurements falsely elevated values and can occur in patients with

The initial screening method for iron deficiency in clini-elevated serum bilirubin or on regular hemodialysis,

cal practice is invariably the hemoglobin or hematocrilthough the interference can be eliminated with prior

but additional laboratory evidence is needed, excepashing of the red celfs.

perhaps in patients with obvious blood loss. Screening

measurements to detect IDE narrow the diagnostic pdgorage iron and serum ferritin

sibilities but are not specific. The traditional measureFhe serum ferritin is a universally available and well-

ment is the transferrin saturation, which has the advastandardized measurement that has been the single most

tages of low cost and wide availability. However,

marked diurnal variation and the numerous clinical dis-

orders that affect the transferrin saturation limit its clinilab!e 5. Laboratory measurements for the diagnosis of iron

- . deficiency.

cal utility. A normal or elevated value is as useful for

excluding iron deficiency anemia as a low value is foAr S _

A . . . creening
diagnosing it. . . 1. Hemoglobin
Other screening methods are based on signs of re-2. Transferrin saturation

stricted iron supply in circulating red cells. Examina- 3. Mean corpuscular volume

tion of the peripheral smear is reliable in experienced % Percentage hypochromic erythrocytes
.. . . . 5. Reticulocyte hemoglobin content (CHr)

hands but not cost-effective in routine clinical practice. 6. zinc protoporphyrin (zPP)

B. Definitive

1. Storageiron
Serum ferritin

. . . . Bone marrow hemosiderin
* University of Kansas Medical Center, 3901 Rainbow 2. Tissue iron

Boulevard, 1417 KU Hospital, Kansas City KS 66160-7233 Serum transferrin receptor (sTfR)
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important laboratory measure of iron status during thmon mechanism involving the iron response protein and
past quarter century. Phlebotomy studies in normal subbnucleotide sequence termed the iron response element.
jects have demonstrated that 1 pug/L serum ferritin cor- The sTfR is a soluble form of the cellular receptor
responds to 8-10 mg or 120 pg storage iron/kg bodycking the first 100 amino acids and composed of the
weight! although a log transformation gives a morextracellular domain. Countless articles have been pub-
accurate estimateNumerous studies have demoniished on the clinical utility of the sTfR since it was
strated its superiority over other iron-related measurérst discovered in 1986 by Kohgo and coworkgrs.
ments in identifying iron deficiency anemia. In 55 studFerrokinetic studies have demonstrated that the sTfR is
ies culled from 1179 relevant citations, receiver-operalirectly correlated with the total mass of erythroid pre-
tor characteristic curves in 2579 subjects gave a meamrsors over the complete spectrum of hematological
area for the serum ferritin of 0.95 + 0.1 (95% confidisorders ranging from marrow aplasia to thalassemia
dence limits) as compared with 0.77 for the ZPP, 0.#6ajor!? Its use for assessing erythropoiesis has been
for the MCV, and 0.74 for the transferrin saturation.reviewed recentl}? The only determinant of the sTfR
The well-known limitation of the serum ferritin is theother than the erythroid precursor mass is tissue iron
elevation in values independent of iron status that odeficiency, which increases the sTfR in proportion to
cur with acute or chronic inflammation, malignancythe severity of iron deficitt Several commercial as-
liver disease, and alcoholism. says are now available, but wider application of sTfR
Many hematologists still rely on the assessmemeasurements is limited by the divergent values re-
of stainable iron on aspirated marrow smears or bioppprted with different assaysdifferences that could
for the definitive diagnosis of iron deficiency anemiaprobably be eliminated by the development of an inter-
Although still widely regarded as the gold standard famational standard.
the diagnosis of iron deficiency, the reliability of the
marrow iron stain is often suboptimal when used fdrsolated iron deficiency
routine clinical purposes. In a recent study, 108 comsolated or uncomplicated iron deficiency in the absence
secutive bone marrow specimens from unselected tad-other diseases that influence measurements of iron
matology patients reported to have absent iron wesgatus is seen most often with rapid growth or during
reviewed!® One-third of the reports were incorrect dugyestation, and in patients with excessive uterine or gas-
either to an inadequate specimen or detectable irtointestinal blood loss. The key laboratory measure-
stores, and less than half of the patients with absanent for its identification is the serum ferritin. A low
marrow iron had clinical evidence that supported thieemoglobin concentration in a patient with a serum fer-
diagnosis of iron deficiency anemia. In another recernitin < 30 pg/L is diagnostic of iron deficiency anemia.
review of iron stains, high intra-observer variability in ~ One drawback of relying solely on a low hemoglo-
pathological diagnosis led the authors to conclude thlain and serum ferritin is that milder iron deficiency
the bone marrow is not a perfect gold standétrshould without anemia goes undetected. Individuals with
also be noted that the bone marrow is no longer reliaseline hemoglobin values in the upper normal range
able in diagnosing iron deficiency anemia aftemust lose 20%—-30% of their body iron before iron de-
parenteral iron therapy. While marrow iron stainindiciency can be detected by anemia. A method for mea-
continues to play a critical role in validating newer labosuring body iron quantitatively using the log(sTfR/se-
ratory measurements of iron status when performed andn ferritin) ratio that permits detection of mild tissue
reviewed under standardized conditions in prospectivon deficiency has been described recetftlfhe
studies by experienced investigators, bone marrow axiethod estimates in mg/kg the surplus of storage iron
aminations should seldom be performed solely to diag: replete individuals or the tissue deficit in those with
nose iron deficiency because of the expense, discoiren deficiency. Serial measurements in an individual

fort, and technical pitfalls with this approach. remain constant over several months allowing those at
risk of recurrent iron deficiency to be monitored pro-
Tissue iron and serum transferrin receptor spectively. The relevance of iron deficiency without

Transferrin receptors are membrane glycoproteins thetemia that can be assessed with this approach has been
serve as the gateway for circulating transferrin iron tonclear largely because of the difficulty in identifying

the interior of all body cells. In addition to erythroidit. Greater improvement in exercise performance was
precursors that contain 80% of the total body receptobserved in iron-depleted nonanemic females given iron
mass, rapidly dividing cells and the placenta containsupplements as compared with unsupplemented con-
high density of receptors. The synthesis of ferritin antlols despite no effect on hemoglobin valtiddild iron
transferrin receptors is precisely regulated by a cordeficiency without anemia could explain chronic fa-
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tigue in some individuaf$:*° It is also preferable to de- lapped those with anemia of chronic disease and all but
tect declining tissue iron levels in individuals with recurd patient with both the anemia of chronic disease and
rent iron deficiency before overt anemia develops.  iron deficiency anemia had higher values than patients
with the anemia of chronic disease only. A recent study
Iron deficiency and chronic disease has indicated that even better discrimination can be
The diagnosis of iron deficiency would be simple if ibbtained with the log(sTfR/serum ferritthqis described
were not for the many clinical disorders that influencabove for quantifying body iron. Use of the receptor/
the internal iron cycle. The anemia of chronic diseaderritin ratio can eliminate the need for bone marrow
is a common hematological disorder that is easier &xamination to detect iron deficiency in patients with
recognize than it is to define. Because it alters screeshironic inflammatory joint or bowel disease who are
ing tests for iron status in the same manner as true irosually reluctant to undergo this unpleasant procedure.
deficiency, the distinction between the anemia of
chronic disease and iron deficiency anemia requires tig-on deficiency and rHUEPO therapy
sue-related iron measurements. To avoid the need foon status in patients with chronic renal failure has
bone marrow examinations in patients in whom iromaried widely over the past half century. Transfusional
deficiency anemia is suspected, reliance is often placedn overload was invariable until the introduction of
on the serum ferritin concentration despite the welkhemodialysis when iron deficiency emerged due to dia-
known elevation with acute or chronic inflammationlyzer blood loss. Vigorous parenteral iron therapy led
The optimal cut-off values of the serum ferritin to disto reports of significant iron overload but with the intro-
tinguish iron deficiency anemia from the anemia ofluction of rHUEPO therapy, iron deficiency again became
chronic disease was examined in a landmark study\idespread. Vigorous parenteral iron therapy has again
259 anemic patients over 65 years of #da.36% of raised concern about iatrogenic iron overl$ad.
patients with iron deficiency anemia based on bone The term functional iron deficiency has arisen
marrow examination, the serum ferritin was the onlynainly in the nephrology literature in reference to the
test of several that added useful diagnostic inform#E induced by rHUEPO therapy in dialysis patients
tion. Only 2 of 49 patients with serum ferritin < 18 pgivith residual iron store¥. The diagnosis is usually
L did not have iron deficiency anemia and only 8 dbased on one or more screening measurenmé€atiée(
116 with a serum ferritin > 100 pg/L had iron deficiency). Aggressive parenteral iron therapy is commonly
anemia. Between 18 and 100 ug/L, 40% had iron defdvised for its treatment on the assumption that func-
ciency anemia although only 1 such patient had a dg@&nal iron deficiency is the major cause of resistance
rum ferritin > 45 pg/L. The authors later proposed sée rHUEPO therapy. While this is undoubtedly true in
rum ferritin values < 40 and < 70 pg/L to diagnose iromany patients, the laboratory features are also typical
deficiency anemia in anemic patients without and witbf the anemia of chronic disease and there is sparse
inflammation respectivelyA serum ferritin < 50 pug/L information about the role of inflammation in so-called
has been proposed as the best cutoff to identify irdanctional iron deficiency. The sTfR is not an optimal
deficiency anemia in patients with liver diseése. guide to the need for additional parenteral iron because
Because the sTfR concentration remains normal of the enhancing effect of rHUEPO on erythropoiesis
patients with the anemia of chronic dise#&sé,is an and consequently on the sTfR. More data is heeded on
invaluable addition to the serum ferritin measuremerthe extent to which inflammation contributes to func-
The sTfR cannot only distinguish iron deficiency anetional iron deficiency and whether a rise in sTfR con-
mia from the anemia of chronic disease but it can aleentration in patients on stable doses of rHUEPO can
identify iron deficiency anemia when it occurs in pabe used as a guide to parenteral iron therapy.
tients with the anemia of chronic disease. In 129 con- In a dialysis patient without laboratory evidence
secutive anemic patients receiving a bone marrow fof inflammation, the amount of iron that should be given
stainable iron, iron deficiency anemia was identified iduring the first 2—-3 weeks of initiating rHUEPO therapy
48, the anemia of chronic disease in 64 and both disaan be calculated from the anticipated increase in cir-
ders in 172 The sTfR was normal in all patients withculating hemoglobin (roughly 4 mg iron/kg body weight
the anemia of chronic disease, elevated in 41 of 48 dar each 10 g/L hemoglobin rise) minus iron stores based
tients with iron deficiency anemia and in 13 of 17 pasn 8 mg available iron per pug/L serum ferritin or 3—4
tients with both the anemia of chronic disease and irang/pg/L serum ferritin if the CRP is elevated. After
deficiency. The separation between the 3 groups washieving a hematological response, parenteral iron
further improved using the sTfR/log(serum ferritin)should be continued to maintain a serum ferritin > 100
ratio; no patients with iron deficiency anemia overpg/L if the CRP is normal and > 200-300 pg/L if el-
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evated. There is evidence that serum ferritin valuesline, and premedicating with diphenylhydramine with
above 500-800 pg/L increase the risk of infections ior without steroids, the first 2030 mL is given slowly

hemodialysis patiemtand this risk could be evenover 5 minutes as a test dose. If no allergic reaction
greater in pancytopenic patients given rHUEPO therapgcurs within the first 15-30 minutes, the remainder of

who are already at increased risk of infection. the dose is given over the next 3—4 hours.
The major drawback of iron dextran is a severe
Treatment of Iron Deficiency anaphylactic reaction that occurs within a few minutes
of initiating the infusion and is sometimes fatal. At least
Oral iron therapy 30 deaths have been attributed to iron dextran use in

It is preferable to treat iron deficiency with oral rathethe US since 1976and because anaphylaxis can oc-
than parenteral iron. One iron tablet taken daily witheur in those who have not reacted to iron dextran in the
out food is as effective as 3 tablets with meals, and tpast, a test dose is always required. Another drawback
disparity is even greater in patients with atrophic gasf iron dextran is a less serious delayed reaction occur-
tritis, chronic suppression of gastric acid secretion, amihg 24—48 hours after the infusion. Characterized by
gastric stapling or bypass surgery. The major obstacgieyalgia, arthralgia, headache, and malaise, delayed
to successful oral therapy is the nausea and epigasteactions occured in over 10% of patients given total
discomfort that occurs 30—60 minutes after taking iromjose infusion§! These symptoms usually respond
symptoms that are dose-related but often subside affgomptly to nonsteroidal anti-inflammatory drugs but
2-3 days with continued treatment. Reducing the do#iee reaction can be severe and prolonged in patients
or taking a tablet at bedtime is usually helpful in reduavith inflammatory joint disease.

ing side effects. Diarrhea or constipation are not dose-

related and should be managed symptomatically. Cor8edium ferric gluconate (SFG)

mercial iron preparations promoted on the basis of few&his form of parenteral iron was approved in the US in
side effects are invariably less well absorbed. A brigf999 under the Food and Drug Administration’s prior-
follow-up clinic visit 2—3 weeks after initiating oral ity drug review, although it has been used in Europe for
therapy can be helpful in tailoring an oral iron regimemany years. SFG in sucrose is a stable macromolecu-
in patients having troublesome side effects. Parentetat complex supplied as a deep red solution in 5 mL
iron should not be used simply as a convenience for taepoules containing 62.5 mg elemental iron. The cur-

patient or physician. rent product label advises administration of 5-10 mL
as a direct IV push at a rate of 12.5 mg per min for 10
Parenteral iron therapy minutes for a recommended dose of 125 mg iron. No

The main indications for parenteral iron are uncortest dose is required. Unlike iron dextran, which can
trolled blood loss, intolerance to oral iron, intestinatequire several weeks for complete processing by mac-
malabsorption, and poor adherence to an oral regimeaphages, roughly 80% of SFG is delivered to transfer-
Iron malabsorption can be detected by observing aim within 24 hours. One report suggested that satura-
increase in serum iron of less than 100 pg% ovépn of circulating transferrin can be exceeded follow-
baseline in a fasting patient 1 or 2 hours after taking 68g the infusion of SF& but this was later explained
mg iron as ferrous sulfate. by the release iron from the ferric gluconate during the
Until recently, iron dextran has been the onlgerum iron determinatio®.
parenteral iron preparation available in the United The appeal of SFG administration is avoidance of
States. It is a low molecular weight dextran complexettie risk of the serious anaphylactic reactions associ-
with ferric oxide and supplied as a dark brown solutioated with iron dextran. In a review of data from the
containing 50 mg iron per mL. Although intramusculaWorld Health Organization and pharmaceutical manu-
administration is still recommended by current manuacturers, no deaths were reported with 25 million in-
facturers, intravenous (V) administration is preferreflsions of SFG as compared with 31 deaths from about
by most physicians because of the ability to administealf the number of administratons of iron dextfan.
larger doses. In hemodialysis patients in whom muRdverse reactions with SFG in a multicenter, random-
tiple treatments can be given conveniently, 6-10 injeized, crossover, double-blind, placebo-controlled pro-
tions of 100 mg iron can be administered on consecspective study in 2534 hemodialysis patients was re-
tive dialysis day$’ In other patients, a major advan-cently reported Adverse events were similar between
tage of iron dextran is the ability to administer relaSFG and placebo groups, 12.3% versus 9.8%. Life-
tively large doses of 500-2000 mg iron on a single othreatening events (immediate reactions requiring re-
casion®?° After diluting the dose in 500 mL normal suscitation measures) and drug intolerance rates (any
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event that precluded further SFG infusions) were corlish iron deficiency anemia. If anemia is present and
pared to historical adverse events in 3768 patient expre CRP is elevated, iron deficiency anemia can be di-
sures to iron dextran. A life-threatening event was olagnosed in patients with anemia of chronic disease by
served in a single patient given SFG as compared win elevated sTfR. Prospective trials are needed to de-
23 patients given iron dextran while drug intoleranceermine the optimal laboratory approach for monitor-
occurred in 11 patients receiving SFG as compared withg initial and maintenance parenteral iron therapy in
64 patients given iron dextramable 6). These results patients receiving rHUEPO therapy. When parenteral
are a compelling reason for using SFG rather iron dexen is indicated because of iron malabsorption, heavy
tran in hemodialysis patients and in most patients r&en losses or intolerance to oral iron, sodium ferric
quiring parenteral iron. The feasibility of large singlegluconate or iron sucrose is preferable to iron dextran
doses with iron dextran provides a useful alternative mecause of reduced acute and delayed drug reactions.
noncompliant patients or those who are seriously in-
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