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Summary

A number of disorders cause iron overload: some are of

genetic origin, such as hereditary haemochromatosis, while

others are acquired, for instance due to repeated transfu-

sions. This article reviews the treatment options for heredi-

tary haemochromatosis, with special attention to the use of

erythrocytapheresis. In general, therapy is based on the

removal of excess body iron, for which ferritin levels are used

to monitor the effectiveness of treatment. For many decades

phlebotomy has been widely accepted as the standard treat-

ment. Recent publications suggest that erythrocytapheresis, as

a more individualized treatment, can provide a good balance

between effectiveness, tolerability and costs. Other treatments

like oral chelators and proton pomp inhibitors, which are

used in selected patients, create the possibility to further

individualize treatment of hereditary haemochromatosis. In

the future, hepcidin-targeted therapy could provide a more

fundamental approach to treatment.
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Hereditary haemochromatosis (HH) is a term used to

describe a group of genetic disorders characterized by

increased iron absorption. This may lead to a progressive

accumulation of iron in tissues and organs, resulting in

impairment of organ structure and function, especially of the

liver, pancreas, heart, pituitary gland and, probably, joints.

The prevailing mechanism in most types of HH is deficiency

of hepcidin (also termed HAMP), originally identified as an

antimicrobial peptide (Park et al, 2001) and then shown to

play a major role in iron homeostasis (Pigeon et al, 2001;

Ganz, 2003). Hepcidin is synthesised mainly in hepatocytes

and controls plasma iron concentration by binding to ferro-

portin (also termed SLC40A1), the only known cellular iron

exporter. After binding, ferroportin is degraded, reducing

both intestinal absorption of iron from enterocytes and iron

release from hepatocytes and macrophages. Increased plasma

iron or cellular iron stores, as well as inflammation, generate

a negative feedback that leads to a restriction of iron release

into plasma and blockade of dietary iron absorption, through

increased hepcidin production. Both hypoxia and increased

erythroid demand generate a positive feedback, leading to

increased flow of iron into plasma mediated by a decreased

hepcidin production. The effects of inflammation, hypoxia

and erythroid activity on hepcidin production are indepen-

dent of the normal homeostatic feedback mediated by iron.

HH classification

Four main types of HH can be distinguished according to

which of the proteins involved in iron homeostasis is affected.

Type 1, also called HFE- related HH, caused by mutations

in the HFE gene, is the most frequent form of genetic iron

overload and results in a decreased production of hepcidin.

The most common causal mutation is a G to A transition at

nucleotide 845 of the HFE gene, resulting in cysteine to tyro-

sine substitution at amino acid 282, referred as p.C282Y

(Type 1a) (Powell et al, 2016). This form is mainly present

in populations of north European origin where one in 200–
300 individuals are homozygous for this mutation. Although

the prevalence of homozygosity for the p.C282Y mutation is

high, the penetrance of disease is relatively low. Between

1–33% of the homozygotes develop clinical manifestations

related to iron overload (Allen et al, 2008; Pietrangelo,

2010). Such a wide range is caused by the different ways in

which homozygotes are identified, e.g. in population- or

patient-based studies, as well as by the influence of other

genetic and non-genetic factors, e.g. certain bone mor-

phogenic protein (BMP) 2 variants (Milet et al, 2007) and

alcohol consumption (Fletcher et al, 2002). Allen et al (2008)

found gender differences, reporting much lower penetrance

in females versus males (1�2% vs. 28�4%). This has been

attributed to physiological iron loss during menstruation and

pregnancies and an antioxidant effect of oestrogen. With the

discovery of hepcidin, however, the lower penetrance in

females has also been attributed to naturally occurring higher

hepcidin levels as this was observed in female mice (Krijt

et al, 2004), and in C282Y homozygous women with a body

mass index ≥28 (Desgrippes et al, 2013).
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Another known genetic subtype is the p.H63D mutation,

which does not cause a significant iron overload, but may

act as cofactor for iron overload phenotypic expression

(Moirand et al, 1999; Kanwar & Kowdley, 2013), mostly in

combination with p.C282Y, classified as compound heterozy-

gosity (p.C282Y/p.H63D) (Type 1b) (Powell et al, 2016) with

a prevalence of 2% in populations of north European origin.

Only 0�5–2�0% of people with this specific type of

haemochromatosis develop clinical symptoms of iron over-

load. Porto et al (2016) concluded that this genotype is

insufficient to result in haemochromatosis and that these

patients need additional risk factors for iron overload or liver

disease. HFE genotype type 1c, e.g. p.S65C, etc., does not

substantially affect the phenotype (Powell et al, 2016). How-

ever, there are sparse clinical and epidemiological data avail-

able on this genotype.

The other HH genotypes are not related to the HFE gene

and have a very low prevalence. Type 2 HH is associated

with mutations in the haemojuvelin gene, HFE2 (Type 2A)

or the hepcidin gene, HAMP (Type 2B) respectively. As in

type 1 HH, hepcidin deficiency is the prevailing mechanism.

Type 2 HH is the most severe form, occurring in younger

individuals and therefore called juvenile haemochromatosis.

Type 3 HH is associated with mutations in the transferrin

receptor 2 gene (TFR2), causing hepcidin deficiency.

Ferroportin disease, or type 4A HH, is the only autosomal

dominant form and is associated with mutations in the ferro-

portin gene (SLC40A1). In this type the production of hep-

cidin is normal, but the export function of ferroportin is lost.

This leads to intracellular iron retention with low levels of

plasma iron as well as low levels of transferrin saturation (TS).

The spleen is the most affected organ in type 4A HH, because

of high ferroportin activity at macrophage level (Schimanski

et al, 2005; Brissot, 2016). In type 4B the hepcidin concentra-

tion is also normal, but the receptor function of ferroportin is

altered, with similar consequences for iron accumulation as in

type 1 HH. The SLC40A1 mutation in type 4B leads to insensi-

tivity of ferroportin to hepcidin, resulting in excessive iron

efflux from cells to plasma (Drakesmith et al, 2005).

Another form of a very rare and serious inherited iron

overload disease is aceruloplasminaemia, caused by the

absence of the feroxidase enzyme ceruloplasmin, resulting in

iron accumulation in most organs, including the central

nervous system.

Iron overload mechanisms

Hepcidin production is decreased in types 1, 2 and 3 HH.

Hepcidin deficiency allows hyperabsorption of dietary iron

into plasma from duodenal enterocytes and increased release

of recycled iron from splenic and liver macrophages and hepa-

tocytes. This results in a chronic elevation of plasma iron,

which exceeds the iron-binding capacity of circulating trans-

ferrin and results in the presence of iron in a non-transferrin-

bound form (NTBI). Various parenchymal cells, especially in

the liver, pancreas and heart, avidly take up NTBI. A special

NTBI component, called labile plasma iron (LPI), is involved

in the Haber-Weis and Fenton reactions, leading to produc-

tion of reactive oxygen species in the cells, resulting in tissue

oxidative damage and vital organ dysfunction.

Diagnosis

An increase in serum ferritin (SF) concentration with a con-

comitant increase in the TS is suggestive for HH. When TS

is low or normal, iron overload might be based on type 4A

HH, although this pattern is most commonly seen as part of

an acute phase response. TS levels ≥75% are highly suggestive

for the presence of highly toxic LPI (Brissot, 2016).

In published cohorts approximately 77–78% of men and

47–52% of women, homozygous for the p.C282Y mutation

had elevated SF and TS at baseline and 37% of males and

3% of females had SF > 1000 lg/l at baseline (Adams et al,

2008; Allen et al, 2008). The predicted probability for SF to

increase to >1000 lg/l after 12 years with baseline SF

between 300–1000 lg/l was 13–35% in males and 16–22% in

females (Allen et al, 2008).

In patients with consistently elevated SF and increased TS,

after excluding haematological or inflammatory diseases,

genetic tests should be performed. The first step in popula-

tions of north European origin is testing for the p.C282Y

mutation (Porto et al, 2016). Testing for the p.H63D muta-

tion can be considered as an optional complementary test.

Genetic testing for other variants of HH is indicated in

patients that test negative for p.C282Y homozygosity but

have proven iron overload, demonstrated by magnetic reso-

nance imaging (MRI) or liver biopsy. For patients that are

homozygous for p.C282Y, genetic screening is indicated in

their adult first-degree relatives (Porto et al, 2016).

A liver biopsy is no longer required to confirm the diagno-

sis of HH or to assess iron load, but is still recommended to

stage the degree of fibrosis when SF is >1000 lg/l (Bacon et al,

2011). However, transient elastography, having a specificity of

about 80%, has become a suitable non-invasive alternative for

liver biopsy (Legros et al, 2015). Currently, MRI techniques

are used to evaluate body iron excess before treatment (Gan-

don et al, 2004), and are probably accurate enough to rule out

iron overload in the liver and other organs (Sarigianni et al,

2014). To date, it is not clear whether MRI can be used to

control the result of iron depletion after treatment.

Prospective studies and standardized MRI protocols are

needed to determine the role of MRI in the management of

HH.

Clinical manifestations

The manifestation of HFE HH, usually occurring in middle-

aged patients, is diverse because iron deposition can occur in

multiple tissues and may vary from only genetic abnormali-

ties (genotype) through biochemical abnormalities, such as
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increased SF and TS (biochemical phenotype) to severe organ

damage (clinical phenotype). The traditional HH stigmata of

bronze diabetes, arthropathy and liver cirrhosis were found

in early reports before the discovery of the HFE gene. Nowa-

days chronic fatigue, joint pains, abdominal complaints and

moderately elevated transaminases are typical early clinical

features (Swinkels et al, 2002; Janssen & Swinkels, 2009). The

most common sign on physical examination is hepatomegaly

(Pietrangelo, 2010).

Organ damage

The principal target of iron overload is the liver. Iron is ini-

tially preferentially stored in hepatocytes and, with severe over-

load (SF > 1000 lg/l), also in bile ductular and Kupffer cells.

Iron-induced activation of stellate cells may stimulate fibroge-

nesis and cause cirrhosis (Barton et al, 2010), ultimately even

leading to hepatocellular carcinoma (HCC). Concomitant dis-

eases, such as alcoholic liver disease, non-alcoholic fatty liver

disease and chronic viral hepatitis, which can be present in up

to 15% of HH patients, will increase the risk of liver injury and

development of cirrhosis (Barton, 2013). Cirrhosis and HCC

are the major causes of death in patients with untreated HH.

The quantity of iron stored in the liver is the major known

predictor of cirrhosis. However, recent cohort data showed

that, in some patients, cirrhosis may already occur at lower

levels of iron overload, while other individuals with severe iron

overload do not have cirrhosis (Barton, 2013), indicating that

other factors besides iron overload may be responsible for the

development of cirrhosis and HCC.

Other complications of advanced HH are (i) diabetes,

caused by iron-overload in the pancreas, (ii) cardiomyopathy

and arrhythmias caused by heart siderosis, (iii) impotence

and hypogonadotropic hypogonadism caused by iron over-

load in the pituitary gland and testes, and (iv) destructive

arthropathy/arthritis with primary involvement of the 2nd

and 3rd metacarpophalangeal joints, interphalangeal joints,

hips and knees.

Some manifestations, such as weakness, skin pigmenta-

tions and hepatic fibrosis, may regress with appropriate treat-

ment while others, such as cirrhosis, cardiomyopathy,

diabetes and arthropathy, are irreversible, although certain

aspects of these complications might be improved with treat-

ment (increased liver enzymes, daily insulin requirements)

(Bomford & Williams, 1976; Falize et al, 2006). Early diagno-

sis and treatment are therefore important if morbidity and

mortality are to be reduced.

Treatment

Once HH is diagnosed, therapy is straightforward and effec-

tive, based on the removal of excess of body iron. The treat-

ment consists of two phases, the depletion phase with the goal

of lowering SF to target values, and the maintenance treatment

with the goal of maintaining stable target SF values.

Despite the absence of randomized controlled trials

(RCTs), the benefit of iron depletion has been well docu-

mented and established by case series from clinically diag-

nosed HH patients. Life expectancy of HH patients on

therapy equals that of the non-HH population when this dis-

order is diagnosed before the onset of cirrhosis and diabetes

(Bomford & Williams, 1976; Niederau et al, 1996; Milman

et al, 2001; Wojcik et al, 2002).

Given that about 90% of all HH cases are associated with

homozygosity for the p.C282Y mutation (Burke et al, 2000),

this article will focus on the treatment of type 1 HH.

Timing: when should treatment be started?

After the diagnosis of HH has been established, either

surveillance or treatment is recommended according to the

European Association for the Study of the Liver (EASL)

and American Association for the Study of Liver Diseases

(AASLD) guidelines (European Association for the Study of

the liver (EASL), 2010; Bacon et al, 2011). Where the SF

level is within the normal range, yearly follow-up is advised.

Where the SF level is elevated, pre-emptive treatment is rec-

ommended to reduce SF to target levels. This includes

treatment of asymptomatic individuals with homozygous

HH and increased iron stores. As there are no studies pro-

viding evidence-based data about optimal timing to start

treatment, all current recommendations are based on expert

opinion.

Whether patients with mild hyperferritinaemia (SF 300–
1000 lg/l) need treatment is currently under debate. Bardou-

Jacquet et al (2015) followed 1085 p.C282Y homozygotes

who were treated according to current recommendations.

The subgroup with mild hyperferritinaemia (SF 300–
1000 lg/l) treated with iron depletion had a better survival

than the general population due to a decreased cardiovascu-

lar and extrahepatic cancer-related mortality. In treated

patients only those with SF higher than 2000 lg/l had

increased mortality compared to the general population,

mainly related to liver disease. These results suggest a benefi-

cial effect of early and sustained management of patients

with even mild iron excess, in contrast to earlier studies

(Gurrin et al, 2008; Allen et al, 2010) that advise surveillance

instead of therapy. However, the results reported by Bardou-

Jacquet et al (2015) cannot clarify whether treatment of HH

patients with mild hyperferritinaemia favours surveillance,

because HH patients were compared to the general popula-

tion. A randomized controlled study comparing either

surveillance or treatment of HH patients with mild hyperfer-

ritinaemia may give better insight into the optimal SF level

to start iron removal treatment.

What are target SF levels for depletion phase?

According to the 2010 EASL guideline for HFE HH, the tar-

get level of SF is less than 50 lg/l (European Association for
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the Study of the liver (EASL), 2010). However, new data

from the literature suggest that excessive iron depletion down

to iron-deficient levels may be counter-productive and may

lead to increased intestinal iron absorption through hepcidin

suppression caused by lowering SF levels (Piperno et al,

2007; Van Dijk et al, 2008; Girelli et al, 2011). It has long

been known (Lynch et al,1989) that iron absorption is

increased at lower SF levels: 42% versus 12% when the mean

SF levels were 14 and 538 lg/l respectively.
The Current Practice Guidelines developed by the AASLD

advises a target SF level between 50–100 lg/l (Bacon et al,

2011). Although several national guidelines still mention a

target SF level of less than 50 lg/l, most experts now state

that SF levels close to 50 lg/l are the optimal target level

(Kanwar & Kowdley, 2013; Brissot, 2016).

What are target SF levels for maintenance phase?

The same target SF levels as for the depletion phase (50–
100 lg/l) are recommended for maintenance therapy. Some

experts recommend surveillance rather than treatment for

patients with SF below the upper limit of normal value,

given that non-haem absorption is markedly increased at

lower levels of iron stores leading to more frequent mainte-

nance treatments (Van Dijk et al, 2008). More data are

needed to confirm this recommendation.

Methods for iron depletion

Phlebotomy

Since 1950, phlebotomy has been the most widely accepted

treatment for HH (Davis & Arrowsmith, 1950). The effect of

the treatment is simple: repeated withdrawal of red blood

cells (RBCs) reduces the iron that is present in haemoglobin

(Hb). This stimulates erythropoiesis and thereby mobilises

iron stored in organs and in this way eliminates excessive

stored iron.

Treatment regime in the depletion phase. Once weekly, if tol-

erated, on average 450–500 ml of whole blood (7 ml/kg),

containing 200–250 mg of iron is removed until SF is

decreased to target levels (European Association for the

Study of the liver (EASL), 2010; Bacon et al, 2011; Adams

& Barton, 2010). Although the SF decreases by an average

30 lg/l per phlebotomy, the total number of procedures

needed is highly variable and depends mainly on iron

reserve status (Harrison & Bacon, 2003). In one study

(Adams, 1998), of 77 HH patients with a mean SF of

2�554 lg/l, the mean duration of phlebotomy therapy was

1�4 years (range 0�44–3�6 years) with a treatment frequency

of once every 1�38 weeks. McDonnell et al (1999), reported

that the mean duration of treatment in the depletion phase

was 14 months with a total number of procedures between

28 and 43.

Treatment regime in the maintenance phase. In the mainte-

nance phase the phlebotomy frequency is reduced to 2–6/
year. After initial therapy not all patients re-accumulate iron

at the same speed, as shown in a study of Adams et al

(1993), in which 21 homozygous HH patients were followed

for a mean of 4�0 years. Manet et al (2013) point to the iron

reabsorption index, expressed as milligrams of iron removed

per day of treatment, as a potential valuable phenotypic indi-

cator for daily iron over-absorption, which may guide the

clinician in balancing phlebotomy interval and volume.

Recently Verhaegh et al (2016) suggested that modified iron

avidity index (IAI) might be a fairly good predictor at identi-

fying those patients that need more than 3 phlebotomies per

year. The calculated IAI consists of SF at diagnosis divided

by age at diagnosis minus 20 when male or plus 20 when

female. However, the correlation between IAI and number of

phlebotomies was only moderate and the usefulness of IAI

has to be confirmed in prospectively conducted studies.

How should treatment be monitored?. The SF level, known to

be directly related to total body iron (1 lg/l of SF corre-

sponded to 7�5 mg of body iron) (Basset et al, 1984), is used

to monitor effectiveness of treatment. The frequency of mea-

surements depends upon SF values: every 3 months in the

initial stage of depletion treatment and more frequently as

SF approaches the normal range (European Association for

the Study of the liver (EASL), 2010; Bacon et al, 2011). In

the maintenance phase of treatment the frequency of SF

measurement is decreased to once every 6 months.

It should be taken into account that the SF test suffers

from low specificity, as elevated SF values can be the result

of a range of inflammatory, and neoplastic conditions. How-

ever in the group of patients with a secure diagnosis of HH,

it is a sensitive and specific marker to monitor therapy, tak-

ing into account that in certain situations increased SF may

result from other causes.

Regular Hb measurements should be performed before

each phlebotomy, to avoid reducing the Hb to <80% of the

starting value. When anaemia is present, phlebotomy should

be postponed until the anaemia has resolved.

Side effects of phlebotomy treatment. The most common side

effects of phlebotomy treatment are fatigue, fainting, pain at

the venous access site, haematomas and anaemia (Table I).

Overall, 52% of patients during the induction phase of treat-

ment and 37% in the maintenance phase report negative

experiences related to treatment and 16% of patients would

even decide to stop phlebotomy treatment if alternative

options became available (Brissot et al, 2011).

Patient compliance with phlebotomy treatment was evalu-

ated in a study by Hicken et al (2003). During the depletion

phase 76% of patients complied with weekly (33%) or

bi-weekly (43%) schedules. In the first year of maintenance

therapy 84% of patients complied with therapy; subsequent

compliance decreased by 6�8% annually.
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Erythrocytapheresis

A more recent alternative for HH treatment is erythrocyta-

pheresis, a technique that selectively removes RBCs and

returns valuable blood components, such as plasma proteins,

clotting factors, platelets, etc., to the patient and so is partic-

ularly suitable for patients suffering from hypoproteinaemia

and/or thrombocytopenia.

With erythrocytapheresis it is possible to remove up to

1000 ml RBCs per single procedure, compared to

200–250 ml RBCs per phlebotomy. Another advantage is the

possibility for substitution of the removed RBC volume with

saline, albumin or other colloid solutions. This results in

fewer haemodynamic changes compared to phlebotomy,

making this treatment particularly well suited for patients

with cardiac diseases (Rombout-Sestrienkova et al, 2014).

Two different approaches are used when applying erythro-

cytapheresis in daily practice.

In an individualised approach based on sex, body weight,

total blood volume (TBV), and actual haematocrit (Hct),

erythrocytapheresis allows for a more sophisticated and accu-

rate adjustment for the volume of removed RBCs (Conte

et al, 1983, 1989; Zoller et al, 1988; Kellner & Zoller, 1992;

Muncunill et al, 2002; Fernandez-Mosteirin et al, 2006; Rom-

bout-Sestrienkova et al, 2007, 2012, 2016a; Wijermans et al,

2009; Poullin & Lefevre, 2011; Reh�acek et al, 2012; Evers

et al, 2014). This approach showed that erythrocytapheresis

was more efficient than phlebotomy, with a significant reduc-

tion in the number treatment procedures (between 50–70%)

required in the depletion phase as well as in the maintenance

phase (at least 43%). Furthermore erythrocytapheresis pro-

duced a significantly reduced treatment duration in the

depletion phase and a significant prolongation of inter-treat-

ment interval in the maintenance phase of treatment. One of

our studies (Rombout-Sestrienkova et al, 2012) also showed

that total treatment costs of erythrocytapheresis in the deple-

tion phase are in the same range or even lower than phle-

botomy because of a considerable reduction in the number

of total treatment procedures, travel costs and costs resulting

from work absenteeism. In addition, it was shown that the

majority (80%) of patients preferred erythrocytapheresis to

phlebotomy (Rombout-Sestrienkova et al, 2016a). The

decrease in the number of treatment procedures with ery-

throcytapheresis may also have a positive effect on compli-

ance with lifelong maintenance treatment.

Mariani et al (2005) and Kohan et al (2000) applied per-

sonalised erythrocytapheresis in combination with recombi-

nant human erythropoietin with the aim of increasing the

volume of removed RBCs and this method decreased total

treatment duration. This approach offered good results in a

short time, but cost-effectiveness was not proven.

Another therapeutic approach has been applied by Sundic

et al (2014) and Stefashyna et al (2014). They chose to

remove a standard volume of RBCs in each patient (400 and

360 ml respectively), which also led to a reduction in total

number of treatments, but without a reduction in the treat-

ment duration. This approach lacks a potential advantage of

Table I. Treatment of Hereditary Haemochromatosis: comparison between phlebotomy and personalised erythrocytapheresis.

Phlebotomy

Regime Volume removed Advantages Disadvantages Compliance Adverse effects

• Once weekly in

depletion phase

• Once every

2–6 month in the

maintenance phase

• 450–500 ml

whole blood

• Widely available

• Broad experience

• Safe

• Inexpensive

• Frequent visits • Depletion phase: good

• Maintenance phase: good

• Transient hypovolaemia

• Fatigue

• Pain at the venous access

site

• Haematomas

Personalised erythrocytapheresis

Regime Volume removed Advantages Disadvantages Compliance Adverse effects

• Once every 2–3 weeks

in the depletion phase

• Once every

4–18 month in the

maintenance phase

• Individually

determined,

between

300–1000 ml

RBCs

• Most effective

• Safe

• Excellent tolerabil-

ity

• Return of valuable

blood components

• Possibility of com-

pensation of

removed volume

• Reduction of

adverse events

• Requires special

equipment and

trained staff

• Depletion

phase:

excellent-good

• Maintenance

phase:

excellent-good

• Citrate reactions

• Mild dizziness

• Transient hypo-

volaemia

• Pain at the venous

access site

• Haematomas
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erythrocytapheresis because a fixed volume is used instead of

personalised removal of RBCs, making it relatively more

expensive and therefore less competitive with phlebotomy.

Also Stefashyna et al (2014) studied a selected population of

patients in order to be able to use the removed RBCs for

transfusion purposes. However, if patients with HH could be

accepted as blood donors, it would be presumably more

cost-effective when 2, 3 or even 4 RBCs units could be

removed through erythrocytapheresis, depending on the

patients’ TBV and Hb.

Based on published data and our own experience we cur-

rently recommend individually adjusted erythrocytapheresis

in the depletion and maintenance phase of treatment.

Treatment regime in the depletion phase. The recommended

frequency of erythrocytapheresis procedure is once every

2–3 weeks, depending on Hb recovery. The RBC volume to

be removed must be calculated based on individual parame-

ters and is usually between 350–800 ml RBCs. The minimal

targeted post procedure Hct must be at least 30%, preferably

at 32–34%. In patients without co-morbidities and estimated

removed RBC volume ≤500 ml, substitution is not needed.

For removal of higher RBC volumes, it is recommended that

30% of the removed RBC volume should be replaced with

isotonic saline during the first treatment procedure. Depend-

ing on how well the patient tolerates the first procedure,

0–50% of the estimated removed RBC volume can be

replaced in all subsequent treatment procedures. Standard

replacement of 50–100% of removed volume of RBCs is rec-

ommended in patients with cardiac disease.

Treatment regime in the maintenance phase. The frequency

of erythrocytapheresis is reduced in the maintenance phase,

and varies between 1–3 procedures per year, sometimes only

1 procedure in 1�5–2 years (Rombout-Sestrienkova et al,

2016a).

How should treatment be monitored?. Monitoring erythrocy-

tapheresis treatment in the depletion phase is identical to

treatment with phlebotomy, although we would recommend

more frequent SF measurements, for instance after every 3rd

erythrocytapheresis procedure in the early phase of treatment

and after every procedure when SF approaches the normal

range.

In the maintenance treatment phase the policy is identical

to the phlebotomy treatment: SF measurements every

6 months.

Side effects of erythrocytapheresis treatment. The use of

apheresis generally leads to a reduction in moderate and sev-

ere adverse events compared to whole blood collections

(Wiltbank, 2002). This is related to the saline compensation

and the longer collection time during apheresis procedures,

facilitating trans-capillary refilling of the intravascular com-

partment (Popovsky, 2004).

The most frequently described but overall still rare adverse

reactions during therapeutic apheresis procedures (Table I)

include reactions to the citrate used as anticoagulant (e.g.

muscle cramps, paraesthesiae, nausea). The frequency of

citrate reactions varies between 0�38–7�8% (Lee & Arepally,

2012), depending on the type of apheresis procedure applied.

They are relatively rare in erythrocytapheresis because of the

restricted volume of infused citrate in the relatively short

procedure time (15–45 min for erythrocytapheresis versus

3–5 h for other therapeutic apheresis procedures). Other

described side effects, such as dizziness, vasovagal collapse

and problems with venous access, are even less frequent and

mild of character.

In a RCT comparing erythrocytapheresis with phlebotomy

(Rombout-Sestrienkova et al, 2012), all adverse events in the

erythrocytapheresis group appeared to be mild. In a total of

171 procedures, eight events were reported (4�7%): one case

of citrate reaction (0�58%), one vasovagal collapse (0�58%)

and six cases of dizziness (3�5%).

Iron chelators

There are three chelating agents currently approved by the

US Food and Drug Administration (FDA): deferoxamine,

deferiprone and deferasirox.

Deferoxamine has been approved for treatment of sec-

ondary iron overload in thalassaemia and is used as a subcu-

taneous or intravenous infusion. Adverse effects include

retinal and auditory neurotoxicity.

Deferiprone is an oral chelator approved for treatment in

transfusion-dependent thalassaemia patients when current

chelation with deferoxamine is inadequate. Significant side

effects of deferiprone include neutropenia and agranulocytosis.

Deferasirox is the latest oral chelator to be approved.

Adverse events, such as diarrhoea, headache, nausea, abdomi-

nal pain, increased serum creatinine, increased liver enzymes,

rash, fatigue and arthralgia, occur in more than 10% of all

patients (Phatak et al, 2010).

In HH chelation has been used when other treatments

were not appropriate or possible, i.e. in severe congestive

heart failure, without appropriate access to peripheral veins

and in case of severe anaemia (Nagler et al, 2011). Treatment

with a combination of oral chelators has also been reported

in a case of severe juvenile haemochromatosis (Fabio, 2007).

Two studies showed that deferasirox, used once daily at

10 mg/kg/day, can reduce iron burden in patients with HH

(Phatak et al, 2010; Canҫado et al, 2015). The higher inci-

dence of adverse events with deferasirox (Phatak et al, 2010)

may have a negative influence for patient compliance and

acceptance as a treatment. Currently, the use of chelators is

indicated only in selected patients with underlying anaemias

or reduced venous access. Newer agents, such as silybin,

deferitrin and starch-conjugated deferoxamine, have been

evaluated for the use in treatment of chronic iron overload

(Borsari et al, 2001; Barton, 2007; Harmatz et al, 2007).
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Future perspectives

Hepcidin deficiency is the cause of iron overload in almost

all types of HH (with exception of type 4A). Not surpris-

ingly, hepcidin has become the target for the development of

novel therapeutics. New approaches are based on manipulat-

ing the mechanism regulating hepcidin production. Currently

there are two types of approaches under investigation: first,

minihepcidins, which are hepcidin-based agonists, and sec-

ond, stimulators of hepcidin production acting to promote

hepcidin activity through targeting the TMPRSS6 or BMP6

proteins (Fung & Nemeth, 2013).

Supporting treatment options

Proton pump inhibitors (PPIs)

Gastric acid has an important function in the release of

non-haem iron, the major form of iron in most diets.

Another role lies in the reduction of ferric iron (Fe3+) to

ferrous iron (Fe2+), after which iron can enter the entero-

cyte via the divalent metal transporter 1 (DMT1). In vivo

studies have shown that the reduction of ferric iron and

the formation of ferric chelates are decreased when the pH

is above 2�5. PPIs act through inhibition of gastric acid

production, increasing the average pH in the stomach to

>3�6 over 24 h.

Two studies showed that administration of PPIs to

patients with HH inhibits the absorption of non-haem iron

(Hutchinson et al, 2007) and significantly reduces the num-

ber of phlebotomies required to maintain SF below target

levels (Van Aerts et al, 2016). These studies imply that PPIs

could have an additional role in the treatment of selected

HH patients. However, the place of PPIs in treatment of HH

remains uncertain.

Environmental factors- dietary management

There are no RCTs that have evaluated whether avoidance of

certain food components or drinks has a positive effect on

the number of treatment interventions needed in HH

patients. However, there have been studies about the influ-

ence of certain diets on the SF levels.

Fletcher et al (2002) and Scotet et al (2003) showed a

cumulative effect of alcohol with iron overload, increasing

oxidative stress and progression of disease. Coexistence of

steatosis (Powell et al, 2005), as well as hepatitis C infection

(Diwakaran et al, 2002) has been reported as potentiating

liver fibrogenesis.

Therefore it is recommended that patients with HH and

liver damage should stop alcohol consumption, and that

where there is HH without liver injury, alcohol consumption

should be restricted.

Cade et al (2005) showed increased absorption of iron

caused by vitamin C. However there is no need to discourage

people from consuming fresh fruits and the expert opinion is

to limit the intake of vitamin C in supplements to 500 mg/

day (Nienhuis, 1981; Milward et al, 2008).

Kaltwasser et al (1998) and, later, Hutchinson et al (2010)

showed a reduction in both iron resorption and in the rate

of iron accumulation by drinking black tea during meals.

Treatment of HH complications

Liver disease

Chronic inflammation due to iron-mediated oxidative stress

may lead to fibrosis, cirrhosis and an increased chance of

developing HCC. Cirrhosis can ultimately lead to liver failure

and death. Liver damage is often worse in people with HH

who also have concomitant diseases, such as chronic hepatitis

B and or C, and alcoholic or non-alcoholic liver disease.

Patients with cirrhosis should be monitored and screened for

presence of HCC every 6 months (European Association for

the Study of the liver (EASL), 2010). Liver transplantation

(LT) is considered an important treatment modality for HH

patients with end stage liver disease, such as complicated cir-

rhosis and HCC. A French study (Bardou-Jacquet et al,

2014) demonstrated that LT cured the iron overload pheno-

type in HH by normalizing hepcidin synthesis, suggesting

that HH is a liver disease that can be cured by transplanta-

tion. Survival of patients with HH after LT was similar to

that of the overall population.

Cardiac disease

HH-induced arrhythmias and congestive heart failure should

be treated with a standard regimen including diuretics,

angiotensin converting enzyme inhibitors, beta-blockers and

aldosterone antagonists (Jesup et al, 2009). Treatment with

calcium channel blockers and DMT1 blockers has demon-

strated a reduction in cardiac iron deposits in thalassaemic

mice (Kumfu et al, 2012). The use of erythrocytapheresis is,

in particular, suitable for this group of patients (Rombout-

Sestrienkova et al, 2014). Cardiac transplantation is a viable

treatment option for patients with severe heart failure but

may be avoided by adequate iron removal (Jensen et al,

1993; Schofield et al, 2000; Rombout-Sestrienkova et al,

2014).

Arthralgia, arthritis

Musculoskeletal symptoms should be treated with analgesics

and non-steroidal anti-inflammatory drugs (NSAIDs). Col-

chicine and NSAIDs are usually effective in cases of compli-

cating calcium pyrophosphate deposition disease with acute

arthritis (Van Onna et al, 2011). There is scope for major

benefit from replacement surgery interventions, especially

joint arthroplasties. Unfortunately it is unusual for symptoms

to be alleviated by iron removal treatment.
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Diabetes mellitus

Treatment with oral anti-diabetics or insulin is indicated in

accordance with guidelines. Adequate iron removal may

improve glucose control, but insulin dependency is not

reversible (Niederau et al, 1996).

Endocrine diseases

Hypothyroidism and hypogonadism are recognized compli-

cations of organ iron deposition and reactive inflammation.

Thyroid function tests and testosterone serum levels should

be monitored. In case of decreased levels substitution therapy

is indicated because reversibility is not to be expected after

iron removal.

Treatment of non-HFE HH

HH type 2A and 2B, known as juvenile haemochromatosis,

are severe forms of non-HFE HH. The age of onset is usually

below the age of 30 years and is, if not treated adequately,

characterized by severe cardiomyopathy and hypogonadism.

The basis of treatment is intensive iron removal. Regimes

with intensive phlebotomies, sometimes combined with iron

chelation, are employed. Our group has successfully applied

erythrocytapheresis in the treatment of these patients.

Patients with type 3 and 4B HH are treated the same way

as patients with HH type 1.

Unlike patients with type 4B HH, patients with type 4A

ferroportin disease, associated with macrophage iron reten-

tion, are often asymptomatic and neither require phlebotomy

nor tolerate it due to the risk of developing anaemia.

First choice treatment for patients with aceruloplasmi-

naemia is the use of chelators as phlebotomy is not advised

due to the risk of developing anaemia. We have however

successfully applied erythrocytapheresis in patients who did

not tolerate chelators, making personalised erythrocytaphere-

sis a possible alternative.

Discussion

There are still some unsolved issues that are currently under

debate regarding the treatment of HH. In particular, the

appropriate cut-off point of SF for initiating treatment as well

as SF target levels for either depletion or maintenance phase

have not been established yet in an evidence-based manner.

Recently Ong et al (2015) initiated a RCT to examine

whether there is a true benefit for treating patients who are

homozygous for p.C282Y mutation with a moderately elevated

SF (300–1000 lg/l). The patients are randomized to either

erythrocytapheresis or to mock treatment with plasmaphere-

sis. The outcome measures are markers of liver injury, hepatic

fibrosis and oxidative stress as well as patient-reported out-

come scales, such as modified fatigue impact scale. Until the

results of this study become available, we advise following the

AASLD guidelines (Bacon et al, 2011) despite the apparent

illogicality of using values above the upper limit of normal val-

ues for starting treatment and SF values between 50–100 lg/l
as the target for the maintenance phase.

In the treatment of iron removal one can choose between

phlebotomy and erythrocytapheresis. Both procedures have

their pros and cons. As is presented in Table I, both of our

randomized trials (Rombout-Sestrienkova et al, 2012, 2016a)

showed higher efficiency of personalised erythrocytapheresis

in both the depletion and maintenance phases of HH treat-

ment, especially in patients with higher TBV or body weight

and in patients with higher Hb or achievable DHct. The

advantages of personalised erythrocytapheresis over standard

phlebotomy are the ability to remove greater amounts of RBCs

in a single procedure and return the plasma components to

the patient, thus increasing the efficiency of iron removal with

greater intervals between treatments. On the basis of these

results the current guidelines of the American Association for

Apheresis (ASFA) recommend the use of erythrocytapheresis

as a first-line therapy for HH patients (Schwartz et al, 2013).

In a recent published small observational study comparing

serum iron parameters in males with type 1 HH during the

depletion phase using either phlebotomy or erythrocyta-

pheresis (Rombout-Sestrienkova et al, 2016b), we showed

that erythrocytapheresis might lead to a better recovery of

Hb and hepcidin by the start of the next procedure when

compared to phlebotomy. However, measurements of serum

iron parameters were performed only before treatment

procedures (once a week for phlebotomy and once every

2–4 weeks for erythrocytapheresis) and not on a scheduled

interval. The outcome of this small study needs to be

confirmed in prospectively conducted studies.

On the other hand, it is obvious that phlebotomy is a sim-

ple procedure and can be performed in various situations.

For erythrocytapheresis, one needs adequate equipment and

trained staff. The latter procedure, therefore, is restricted to

specially equipped health care centres, where apheresis equip-

ment is available, or alternatively, to blood donation centres.

Whole blood or RBCs obtained by either phlebotomy or ery-

throcytapheresis may be used for transfusion purposes in

some countries, but is still not allowed or is under discussion

in other countries (Pauwels et al, 2013).

In our opinion, the current treatment of HH by person-

alised erythrocytapheresis seems to be a very efficient and

cost-effective approach, which could replace phlebotomy as a

first line therapy for the majority of HH patients.

The use of erythrocytapheresis is not recommended for

patients with anaemia and is debatable for patients needing

low-frequency phlebotomies (1–2 per year).

Furthermore, it would be of great benefit for both patients

and physicians if the total number of procedures of phle-

botomy or erythrocytapheresis could be predicted when com-

mencing treatment. This will guide patients and physicians in

shared decision-making with regard to the most effective treat-

ment modality, and will provide insight in cost-effectiveness
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for insurance companies. Currently our group is developing an

algorithm to predict the number of procedures required.

Alternative, less invasive therapies have been developed and

are under investigation. The use of iron chelators seems to be

indicated only in patients without appropriate access to

peripheral veins or in case of severe anaemia (Phatak et al,

2010; Canҫado et al, 2015). The (additive) use of PPIs is still

under discussion (Van Aerts et al, 2016). Long-term follow-

up and monitoring of side effects are needed to evaluate these

treatments. In the future, hepcidin-targeted therapy could

probably provide a more fundamental approach to treatment

(Fung & Nemeth, 2013). However, to date, phlebotomy and

erythrocytapheresis are still the cornerstones of HH treatment.

In conclusion, phlebotomy is the most widely accepted

treatment of HH. However personalised erythrocytapheresis

seems a very efficient treatment with a good balance between

effectiveness, tolerability and costs, and could be an excellent

alternative to phlebotomy.

Acknowledgements

We like to thank Dr. C.Th.B.M. van Deursen, Prof. Dr.

A. Masclee and F. Rombout for valuable input in reviewing

the manuscript and J. Pannemans for literature review.

Author contributions

Eva Rombout-Sestrienkova: review design; literature review;

writing the manuscript. Marian G.J. van Kraaij: critical revi-

sion of the manuscript. Ger H Koek: critical revision of the

manuscript.

Conflicts of interest

The authors declare that they have no conflicts of interest

relevant to the manuscript.

References

Adams, P.C. (1998) Factors affecting the rate of

iron mobilization during venesection therapy for

genetic hemochromatosis. American Journal of

Hematology, 58, 16–19.

Adams, P.C. & Barton, J.C. (2010) How I treat

hemochromatosis. Blood, 116, 317–325.

Adams, P.C., Kertesz, A.E. & Valberg, L.S. (1993)

Rate of iron reaccumulation following iron

depletion in hereditary hemochromatosis. Impli-

cations for venesection therapy. Journal of Clini-

cal Gastroenterology, 16, 207–210.

Adams, P.C., Reboussin, D.M., Barton, J.C., Acton,

R.T., Speechley, M., Leiendecker-Foster, C.,

Meenan, R., Passmore, L., McLaren, C.E.,

McLaren, G.D., Gordeuk, V., Dawkins, F. &

Eckfeldt, J.H. (2008) Serial serum ferritin

measurements in untreated HFE C282Y

homozygotes in the Hemochromatosis and Iron

Overload Screening Study. International Journal

of Laboratory Hematology, 30, 300–305.

Allen, K.J., Gurrin, L.C., Constantine, C.C.,

Osborne, N.J., Delatycki, M.B., Nicoll,

A.J., McLaren, C.E., Bahlo, M., Nisselle, A.E.,

Vulpe, C.D., Anderson, G.J., Southey, M.C.,

Giles, G.G., English, D.R., Hopper, J.L., Olynyk,

J.K., Powell, L.W. & Gertig, D.M. (2008)

Iron-overload-disease in HFE hereditary

hemochromatosis. New England Journal of

Medicine, 358, 221–230.

Allen, K.J., Bertalli, N.A., Osborne, N.J., Constan-

tine, C.C., Delatycki, M.B., Nisselle, A.E., Nicoll,

A.J., Gertig, D.M., McLaren, C.E., Giles, G.G.,

Hopper, J.L., Anderson, G.J., Olynyk, J.K.,

Powell, L.W. & Gurrin, L.C.; for the Healthron

Study Investigators. (2010) HFE C282Y homozy-

gotes with serum ferritin concentrations below

1000 lg/l are et low risk of hemochromatosis.

Hepatology, 52, 925–933.

Bacon, B.R., Adams, P.C., Kowdley, K.V., Powell,

L.W. & Tavill, A.S. (2011) Diagnosis and

management of hemochromatosis: 2011 practice

guideline by the American Association for the

Study of Liver Diseases. Hepatology, 54, 328–

343.

Bardou-Jacquet, E., Philip, J., Lorho, R., Ropert,

M., Latournerie, M., Houssel-Derby, P.,

Guyader, D., Lor�eal, O., Boudjema, K. & Brissot,

P. (2014) Liver transplantation normalizes

serum hepcidin level and cures iron metabolism

alterations in HFE hemochromatosis. Hepatol-

ogy, 59, 839–847.

Bardou-Jacquet, E., Morcet, J., Manet, G., Laine,

F., Perrin, M., Jouanolle, A.M., Guyader, D.,

Moirand, R., Viel, J.F. & Deugnier, Y. (2015)

Decreased cardiovascular and extrahepatic can-

cer-related mortality in treated patients with

mild HFE hemochromatosis. Journal of Hepatol-

ogy, 62, 682–689.

Barton, J.C. (2007) Drug evaluation: deferitrin for

iron overload disorders. Investigational Drugs

Journal, 10, 480–490.

Barton, J.C. (2013) Hemochromatosis and iron

overload: from bench to clinic. American Journal

of the Medical Sciences, 346, 403–412.

Barton, J.C., Edwards, C.Q., Phatak, P.D., Britton,

R.S. & Bacon, B.R. (2010) Iron toxicity. In:

Handbook of Iron Overload Disorders (ed. by

J.C. Barton, C.Q. Edwards, P.D. Phatak, R.S.

Britton & B.R. Bacon), pp. 28–33. Cambridge

University Press, Cambridge, England.

Basset, M.L., Halliday, J.W., Ferris, R.A. & Powell,

L.W. (1984) Diagnosis of hemochromatosis in

young subjects: predictive accuracy of biochemi-

cal screening tests. Gastroenterology, 87, 628–633.

Bomford, A. & Williams, R. (1976) Long term

results of venesection therapy in idiopathic

haemochromatosis. Quarterly Journal of Medi-

cine, 45, 611–623.

Borsari, M., Gabbi, C., Ghelfi, F., Grandi, R., Sala-

dini, M., Severi, S. & Borella, F. (2001) Silybin,

a new iron-chelating agent. Journal of Inorganic

Biochemistry, 85, 123–129.

Brissot, P. (2016) Optimizing the diagnosis and

the treatment of iron overload diseases. Expert

Review of Gastroenterology & Hepatology, 10,

359–370.

Brissot, P., Ball, S., Rofail, D., Cannon, H. &

Jin, V.W. (2011) Hereditary hemochromatosis:

patient experiences of the disease and phle-

botomy treatment. Transfusion, 51, 1331–1338.

Burke, W., Imperatore, G., McDonnel, S.M.,

Baron, R.C. & Khoury, M.J. (2000) Contribu-

tion of different HFE genotypes to iron overload

disease: a pooled analysis. Genetics In Medicine,

2, 271–277.

Cade, J.E., Moreton, J.A., O’Hara, B., Greenwood,

D.C., Moor, J., Burley, V.J., Kukalizch, K.,

Bishop, D.T. & Worwood, M. (2005) Diet and

genetic factors associated with iron status in

middle-aged women. American Journal of Clini-

cal Nutrition, 82, 813–820.

Canҫado, R., Melo, M.R., de Moraes Bastos, R.,

Santos, P.C.J.L., Guerra-Shinohara, E.M.,

Chiattone, C. & Ballas, S.K. (2015) Deferasirox

in patients with iron overload secondary to

hereditary hemochromatosis: results of a 1-yr

phase 2 study. European Journal of Haematology,

95, 545–550.

Conte, D., Brunelli, L., Bozzani, A., Tidone, L.,

Quatrini, M. & Bianchi, P.A. (1983) Erythrocy-

tapheresis in idiopathic haemochromatosis. Bri-

tish Medical Journal (Clin Res Ed), 286, 939.

Conte, D., Mandelli, C., Cesana, M., Ferrini, R.,

Marconi, M. & Bianchi, A. (1989) Effectiveness

of erythrocytapheresis in idiopathic hemochro-

matosis. Report of 14 cases. International Journal

of Artificial Organs, 12, 59–62.

Davis, W.D. Jr & Arrowsmith, W.R. (1950) The

effect of repeating bleeding in hemochromatosis.

Journal of Laboratory and Clinical Medicine, 36,

814–815.

Desgrippes, R., Lain�e, F., Morcet, J., Perrin, M.,

Manet, G., Jezequel, C., Bardou-Jacquet, E.,

Ropert, M. & Deugnier, Y. (2013) Decreased

Review

ª 2016 John Wiley & Sons Ltd 767
British Journal of Haematology, 2016, 175, 759–770



iron burden in overweight C282Y homozygous

women: putative role of increased hepcidin pro-

duction. Hepatology, 57, 1784–1792.

Diwakaran, H.H., Befeler, A.S., Britton, R.S.,

Brunt, E.M. & Bacon, B.R. (2002) Accelerated

hepatic fibrosis in patients with combined

hereditary hemochromatosis and chronic hepati-

tis C infection. Journal of Hepatology, 36, 687–

691.

Drakesmith, H., Schimanski, L.M., Ormerod, E.,

Merryweather-Clarke, A.T., Viprakasit, V.,

Edwards, J.P., Sweetland, E., Bastin, J.M.,

Cowley, D., Chinthammitr, Y., Robson, K.J. &

Townsend, A.R. (2005) Resistance to hepcidin is

conferred by hemochromatosis-associated muta-

tions of ferroportin. Blood, 106, 1092–1097.

European Association for the Study of the liver

(EASL). (2010) EASL clinical practice guidelines

for HFE hemochromatosis. Journal of Hepatol-

ogy, 53, 3–22.

Evers, D., Kerkhoffs, J.L., Van Egmond, L., Schip-

perus, M.R. & Wijermans, P.W. (2014) The effi-

ciency of therapeutic erythrocytapheresis

compared to phlebotomy: a mathematical tool

for predicting respons in hereditary hemochro-

matosis, polycythemia vera, and secondary ery-

throcytosis. Journal of Clinical Apheresis, 29,

133–138.

Fabio, G. (2007) Reversal of cardiac complications

by deferiprone and deferoxamine combination

therapy in a patient affected by a severe type of

juvenile hemochromatosis (JH). Blood, 109,

362–364.

Falize, L., Guillygomarc’h, A., Perrin, M., Lain�e, F.,

Guyader, D., Brissot, P., Turlin, B. & Deugnier,

Y. (2006) Reversibility of hepatic fibrosis in tra-

ted genetic hemochromatosis: a study of 36

cases. Hepatology, 44, 472–477.

Fernandez-Mosteirin, N., Salvador-Osuna, C., Gar-

cia-Erce, J.A., Orna, E., Perez-Lungmus, G. &

Giralt, M. (2006) Comparison between phle-

botomy and erythrocytapheresis of iron overload

in patients with HFE gene mutations. Medicina

Clinica (Barc), 127, 409–412.

Fletcher, L.M., Dixon, J.L., Purdie, D.M., Powell,

L.W. & Crawford, D.H. (2002) Excess alcohol

greatly increases the prevalence of cirrhosis in

hereditary hemochromatosis. Gastroenterology,

122, 281–289.

Fung, E. & Nemeth, E. (2013) Manipulation of the

hepcidin pathway for therapeutic purposes. Hae-

matologica, 98, 1667–1676.

Gandon, Y., Olivi�e, D., Guyader, D., Aub�e, C.,

Oberti, F., Sebille, V. & Deugnier, Y. (2004)

Non-invasive assessment of hepatic iron stores

by MRI. Lancet, 363, 357–362.

Ganz, T. (2003) Hepcidin, a key regulator of iron

metabolism and mediator of anemia of inflam-

mation. Blood, 102, 783–788.

Girelli, D., Trombini, P., Bust, F., Campostrini, N.,

Sandri, M., Pelucchi, S., Westerman, M., Ganz,

T., Nemeth, E., Piperno, A. & Camaschella, C.

(2011) A time course of hepcidine response to

iron challenge in patients with HFE and TFR2

hemochromatosis. Haematologica, 94, 500–506.

Gurrin, L.C., Osborne, N.J., Constantine, C.C.,

McLaren, C.E., English, D.R., Gertig, D.M.,

Delatycki, M.B., Southey, M.C., Hopper, J.L.,

Giles, G.G., Anderson, G.J., Olynyk, J.K., Powell,

L.W. & Allen, K.J.; HealthIron Study Investiga-

tors. (2008) The natural history of serum iron

indices for HFE C282Y homozygosity associated

with hereditary hemochromatosis. Gastroenterol-

ogy, 135, 1945–1952.

Harmatz, P., Grady, R.W., Dragsten, P., Vichinsky,

E., Giardina, P., Madden, J., Jeng, M., Miller, B.,

Hanson, G. & Hedlund, B. (2007) Phase Ib clin-

ical trial of starch-conjugated deferoxamine

(40SD02): a novel long-acting iron chelator. Bri-

tish Journal of Haematology, 138, 374–381.

Harrison, S.A. & Bacon, B.R. (2003) Hereditary

hemochromatosis, update for 2003. Journal of

Hepatology, 38, 14–23.

Hicken, B.L., Tucker, D.C. & Barton, J.C. (2003)

Patient compliance with phlebotomy therapy for

iron overload associated with hemochromatosis.

American Journal of Gastroenterology, 98, 2072–

2077.

Hutchinson, C., Geissler, C.A., Powwel, J.J. &

Bomford, A. (2007) Proton pump inhibitors

suppress absorption of dietary non-haem iron in

hereditary haemochromatosis. Gut, 56, 1291–

1295.

Hutchinson, C., Bomford, A. & Geissler, A. (2010)

The iron-chelating potential of silybin in

patients with hereditary hemochromatosis. Euro-

pean Journal of Clinical Nutrition, 64, 1239–

1241.

Janssen, M.C.H. & Swinkels, D.W. (2009) Heredi-

tary haemochromatosis. Best Practice Research

Clinical Gastroenterology, 23, 171–183.

Jensen, P.D., Bagger, J.P., Jensen, F.T., Baandrup,

U., Christensen, T. & Ellegaard, J. (1993) Heart

transplantation in a case of juvenile hereditary

haemochromatosis followed up by MRI and

endomyocardial biopsies. European Journal of

Haematology, 51, 199–205.

Jesup, M., Abraham, W.T., Casey, D.E., Feldman,

A.M., Francis, G.S., Ganiats, T.G., Konstam,

M.A., Mancini, D.M., Rahko, P.S., Silver, M.A.,

Stevenson, L.W. & Yancy, C.W. (2009) 2009

focused update: ACCF/AHA Guidelines for

Diagnosis and Management of Heart Failure in

Adults: a report of the American College of Car-

diology Foundation/American Heart Association

Task Force on Practice Guidelines: developed in

collaboration with the International Society for

Heart and Lung Transplantation. Circulation,

119, 1977–2016.

Kaltwasser, J.P., Werner, E., Schalk, K., Hansen,

C., Gottschalk, R. & Seidl, C. (1998) Clinical

trial on the effect of regular tea drinking on iron

accumulation in genetic hemochromatosis. Gut,

43, 699–704.

Kanwar, P. & Kowdley, K.W. (2013) Diagnosis

and treatment of hereditary hemochromatosis:

an update. Expert Review of Gastroenterology &

Hepatology, 7, 517–530.

Kellner, H. & Zoller, W.G. (1992) Repeated isov-

olemic large-volume erythrocytapheresis in the

treatment of idiopathic hemochromatosis. Zeits-

chrift f€ur Gastroenterologie, 30, 779–783.

Kohan, A., Niborski, R., Daruich, J., Rey, J., Bas-

tos, F., Amerise, G., Herrera, R., Garcia, M.,

Olivera, W., Santarelli, M.T., Avalos, J.S. & Fin-

dor, J. (2000) Erythrocytapheresis with recombi-

nant human erythropoietin in hereditary

hemochromatosis therapy: a new alternative.

Vox Sanguinis, 79, 40–45.

Krijt, J., Cmejla, R., Sykora, V., Vokurka, M.,

Vyoral, D. & Necas, E. (2004) Different expres-

sion patern of hepcidin genes in the liver and

pancreas of C57BL/6N and DBA/2N mice. Jour-

nal of Hepatology, 40, 891–896.

Kumfu, S., Chattipakorn, S., Chinda, K., Fuchar-

oen, S. & Chattipakorn, N. (2012) T-type cal-

cium channel blockade improves survival and

cardiovascular function in thalassemic mice.

European Journal of Haematology, 88, 535–548.

Lee, G. & Arepally, G.M. (2012) Anticoagulation

techniques in apheresis: from heparin to citrate

and beyond. Journal of Clinical Apheresis, 27,

117–125.

Legros, L., Bardou-Jacquet, E., Latournerie, M.,

Guillygomarc’h, A., Turlin, B., Le Lan, C.,

D�esille, Y., Lain�e, F., Moirand, R., Brissot, P.,

Deugnier, Y. & Guyader, D. (2015) Non-inva-

sive assessment of liver fibrosis in C282Y

homozygous HFE hemochromatosis. Liver Inter-

national, 35, 1731–1738.

Lynch, S.R., Skikne, B.S. & Cook, J.D. (1989) Food

iron absorption in idiopathic hemochromatosis.

Blood, 74, 2187–2193.

Manet, G., Bardou-Jacquet, E., Perin, N., Morcet,

J., Sinteff, J.P., Laine, F., Moirand, R. & Deug-

nier, Y. (2013) The iron reabsorption index: a

new phenotypic and pathophysiological descrip-

tor in HFE hemochromatosis. European Journal

of Gastroenterology & Hepatology, 25, 1321–1329.

Mariani, R., Pelucchi, S., Perseghin, P., Corengia,

C. & Piperno, A. (2005) Erythrocytapheresis

plus erythropoietin: an alternative therapy for

selected patients with hemochromatosis and sev-

ere organ damage. Haematologica, 90, 717–718.

McDonnell, S.M., Grindon, A.J., Preston, B.L.,

Barton, J.C., Edwards, C.Q. & Adams, P.C.

(1999) A survey of phlebotomy among persons

with hemochromatosis. Transfusion, 39, 651–

656.

Milet, J., Dehais, V., Bourgain, C., Jouanolle, A.M.,

Mosser, A., Perrin, M., Morcet, J., Brissot, P.,

David, V., Deugnier, Y. & Mosser, J. (2007)

Common variants in the BMP2, BMP4, and HJV

genes of the hepcidin regulation pathway modu-

late HFE hemochromatosis penetrance. American

Journal of Human Genetics, 81, 799–807.

Milman, N., Pederson, P., �a Steig, T., Byg, K.E.,

Gradual, N. & Fenger, K. (2001) Clinically overt

hereditary hemochromatosis in Denmark 1948-

1985: epidemiology, factors of significance for

long-term survival, and causes of death in 179

patients. Annals of Hematology, 80, 737–744.

Milward, E.A., Baines, S.K., Knuiman, M.W.,

Bartholomew, H.C., Divitini, M.L., Ravine,

D.G., Bruce, D.G. & Olynyk, J.K. (2008)

Review

768 ª 2016 John Wiley & Sons Ltd
British Journal of Haematology, 2016, 175, 759–770



Noncitrus fruits as novel dietary environmental

modifiers of iron stores in people with or with-

out HFE gene mutations. Mayo Clinic Proceed-

ings, 83, 543–549.

Moirand, R., Jouanolle, A.M., Brissot, P., Le Gall,

J.Y., David, V. & Deugnier, Y. (1999) Pheno-

typic expression of HFE mutations: a French

study of 1110 unrelated iron-overloaded patients

and relatives. Gastroenterology, 116, 372–377.

Muncunill, J., Vaquer, P., Galmes, A., Obrador, A.,

Parera, M., Bargay, J. & Besalduch, J. (2002) In

hereditary hemochromatosis, red cell apheresis

removes excess iron twice as fast as manual

whole blood phlebotomy. Journal of Clinical

Apheresis, 17, 88–92.

Nagler, M., Gregor, M. & Wuillemin, W.A. (2011)

Iron chelation with deferasirox in two patients

with HFE hemochromatosis and chronic ane-

mia. Acta Haematologica, 126, 119–121.

Niederau, C., Fisher, R., Pursuchel, A., Stremmel,

W., Haussinger, D. & Strohmayer, G. (1996)

Long-term survival in patients with hereditary

hemochromatosis. Gastroenterology, 110, 1107–

1119.

Nienhuis, A.W. (1981) Vitamin C and iron (edito-

rial). New England Journal of Medicine, 304,170–

171.

Ong, S.Y., Dolling, L., Dixon, J.L., Nicoll, A.J.,

Gurrin, L.C., Wolthuizen, M., Wood, E.M.,

Anderson, G.J., Ramm, G.A., Allen, K.J., Olynyk,

J.K., Crawford, D., Kava, J., Ramm, L.E., Gow,

P., Durrant, S., Powell, L.W. & Delatycki, M.B.

(2015) Should HFE p.C282Y homozygotes with

moderately elevated serum ferritin be treated? A

randomized controlled trial comparing iron

reduction with sham treatment (Mi-iron). BMJ

Open 5:e008938. Doi:10.1136/bmjopen-2015-

008938

Park, C.H., Valore, E.V., Waring, A.J. & Ganz, T.

(2001) Hepcidin, a urinary antimicrobial pep-

tide synthesized in the liver. Journal of Biological

Chemistry, 276, 7806–7810.

Pauwels, N.S., De Buck, E., Compernolle, V. &

Vandekerckhove, P. (2013) Worldwide policies

on haemochromatosis and blood donation: a

survey among blood services. Vox Sanguinis,

105, 121–128.

Phatak, P., Brissot, P., Wurster, M., Adams, P.,

Bonkovsky, H.L., Gross, J., Malfertheiner,

P., McLaren, G.D., Niederau, C., Piperno, A.,

Powell, L.W., Russo, M.W., Stoelzel, U., Strem-

mel, W., Griffel, L., Lynch, N., Zhang, Y. & Pie-

trangelo, A. (2010) A phase ½ dose-escalation

trial of deferasirox for the treatment of iron

overload in HFE-related hereditary hemochro-

matosis. Hepatology, 52, 1671–1679.

Pietrangelo, A. (2010) Hereditary hemochromato-

sis: pathogenesis, diagnosis, and treatment. Gas-

troenterology, 139, 393–408.

Pigeon, C., Ilyin, G., Courselaud, B., Leroyer, P.,

Turlin, B., Brissot, P. & Lor�eal, O. (2001) A new

mouse liver-specific gene, enconding a protein

homologous to human antimicrobial peptide

hepcidin, is overexpressed during iron overload.

Journal of Biological Chemistry, 276, 7811–7819.

Piperno, A., Girelli, D., Nemeth, E., Trombini, P.,

Bozzini, C., Poggiali, E., Phung, Y., Ganz, T. &

Camaschella, C. (2007) Blunted hepcidine

response to oral iron challenge in HFE–related

hemochromatosis. Blood, 110, 4096–4100.

Popovsky, M.A. (2004) Complications of blood

donation: manual and automated blood collec-

tion procedures. Transfusion Medicine and

Hemotherapy, 31, 49–53.

Porto, G., Brissot, P., Swinkels, D.W., Zoller, H.,

Kamarainen, O., Patton, S., Alonso, I., Morris,

M. & Keeney, S. (2016) EMQN best practice

guidelines for the molecular genetic diagnosis of

hereditary hemochromatosis (HH). European

Journal of Human Genetics, 24, 479–495.

Poullin, P. & Lefevre, P.A. (2011) Effectiveness of

therapeutic erythrocytapheresis to achieve iron

depletion in hereditary type 1 hemochromatosis:

report of 30 cases. Transfusion Clinique et Biolo-

gique, 18, 553–558.

Powell, E.E., Ali, A., Clouston, A.D., Dixon, J.L.,

Lincoln, D.J., Purdie, D.M., Fletcher, L.M.,

Powell, L.W. & Jonsson, J.R. (2005) Steatosis is

a cofactor in liver injury in hemochromatosis.

Gastroenterology, 129, 1937–1943.

Powell, L.W., Seckington, R.C. & Deugnier, Y.

(2016) Haemochromatosis. Lancet, doi:10.1016/

S0140-6736(15)01315-X

Reh�acek, V., Bl�aha, M., Jirousov�a, H.,

Cernohorsk�a, J. & Papousek, P. (2012) Thera-

peutic erythrocytapheresis in the initial treat-

ment of hereditary hemochromatosis. Acta

Medica, 55, 180–185.

Rombout-Sestrienkova, E., van Noord, P.A., van

Deursen, C.T., Sybesma, B.J., Nillesen-Meertens,

A.E. & Koek, G.H. (2007) Therapeutic erythro-

cytapheresis versus phlebotomy in the initial

treatment of hereditary hemochromatosis- A

pilot study. Transfusion and Apheresis Science,

36, 261–267.

Rombout-Sestrienkova, E., Nieman, F.H., Essers,

B.A., van Noord, P.A., Janssen, M.C., van Deur-

sen, C.T., Bos, L.P., Rombout, F., van den

Braak, R., de Leeuw, P.W. & Koek, G.H. (2012)

Erythrocytapheresis versus phlebotomy in the

initial treatment of HFE hemochromatosis:

results from a randomised trial. Transfusion, 52,

470–477.

Rombout-Sestrienkova, E., De Jonge, N., Marti-

nakova, K., Kl€opping, C., van Galen, K.P., Vink,

A., Wajon, E.M., Smit, W.M., van Bree, C. &

Koek, G.H. (2014) End-stage cardiomyopathy

because of hereditary hemochromatosis success-

fully treated with erythrocytapheresis in combi-

nation with left ventricular assist device support.

Circulation Heart Failure, 7, 541–543.

Rombout-Sestrienkova, E., Koek, G.H., Neslo, R.,

van Kraaij, M., Menheere, P.P., Masclee, A. &

Swinkels, D.W. (2016a) Course of iron parame-

ters in HFE-hemochromatosis patients during

initial treatment with erythrocytapheresis com-

pared to phlebotomy. Journal of Clinical Aphere-

sis, doi:10.1002/jca.21451

Rombout-Sestrienkova, E., Winkens, B., Essers,

B.A.B., Nieman, F.H., Noord, P.A., Janssen,

M.C., van Deursen, C.T., Boonen, A., Reuser-

Kaasenbrood, E.P., Heeremans, J., van Kraaij,

M., Masclee, A. & Koek, G.H. (2016b) Erythro-

cytapheresis versus phlebotomy in the mainte-

nance treatment of HFE hemochromatosis

patients: results from a randomised crossover

trial. Transfusion, 56, 261–270.

Sarigianni, M., Liakos, A., Vlachaki, E., Paschos,

P., Athanasiadou, E., Montori, V.M., Murad,

M.H. & Tsapas, A. (2014) Accuracy of magnetic

resonance imaging in diagnosis of liver iron

overload: a systemic review and meta-analysis.

Clinical Gastroenterology and Hepatology,

doi:10.1016/j.cgh.2014.05.027

Schimanski, L.M., Drakesmith, H., Merryweather-

Clarke, A.T., Viprakasit, V., Edwards, J.P.,

Sweetland, E., Bastin, J.M., Cowley, D.,

Chinthammitr, Y., Robson, K.J. & Townsend,

A.R. (2005) In vitro functional analysis of

human ferroportin (FPN) and hemochromato-

sis-associated FPN mutations. Blood, 105, 4096–

4102.

Schofield, R.S., Aranda, J.M., Hill, J.A. & Streiff,

R. (2000) Cardiac transplantation in a patient

with hereditary hemochromatosis: role of

adjunctive phlebotomy and erythropoietin.

Journal of heart and Lung Transplantation, 20,

696–698.

Schwartz, J., Winters, J.L., Padmanabhan, A., Balo-

gun, R.A., Delaney, M., Linenberger, M.L.,

Szczepiorkowski, Z.M., Williams, M.E., Wu, Y.

& Shaz, B.H. (2013) Guidelines on the use of

therapeutic apheresis in clinical practice-evi-

dence-based approach from the writing commit-

tee of the American society for apheresis: the

sixth special issue. Journal of Clinical Apheresis,

28, 145–284.

Scotet, V., M�erour, M.C., Mercier, A.Y., Chanu,

B., Le Faou, T., Ragu�enes, O., Le Gac, G.,

Mura, C., Nousbaum, J.B. & F�erec, C. (2003)

Hereditary hemochromatosis: effect of excessive

alcohol consumption on disease expression in

patients homozygous for the C282Y mutation.

American Journal of Epidemiology, 158, 129–

134.

Stefashyna, O., Stern, M., Infanti, L., Holbro, A.,

Tichelli, A., Buser, A. & O’Meara, A. (2014) Pat-

tern of care of blood donors with early-uncom-

plicated hereditary haemochromatosis in a Swiss

blood donation centre. Vox Sanguinis, 106, 111–

117.

Sundic, T., Hervig, T., Hannisdal, S., Assmus, J.,

Ulvik, R.J., Olaussen, R.W. & Berentsen, S.

(2014) Erythrocytapheresis compared with

whole blood phlebotomy for the treatment of

hereditary haemochromatosis. Blood Transfusion,

12, s84–s89.

Swinkels, D.W., Aalbers, N., Elving, L.D., Bleijen-

berg, G., Swanink, C.M. & van de Meer, J.W.

(2002) Primary hemochromatosis: a missed

cause of chronic fatigue syndrome? Netherlands

Journal of Medicine, 60, 429–433.

Van Aerts, R.M.M., van Deursen, CT & Koek,

G.H. (2016) Proton pump inhibitors reduce the

frequency of phlebotomy in patients with

Review

ª 2016 John Wiley & Sons Ltd 769
British Journal of Haematology, 2016, 175, 759–770

http://dx.doi.org/10.1136/bmjopen-2015-008938
http://dx.doi.org/10.1136/bmjopen-2015-008938
http://dx.doi.org/10.1016/ S0140-6736(15)01315-X
http://dx.doi.org/10.1016/ S0140-6736(15)01315-X
http://dx.doi.org/10.1002/jca.21451
http://dx.doi.org/10.1016/j.cgh.2014.05.027


hereditary hemochromatosis. Clinical Gastroen-

terology and Hepatology, 14, 147–152.

Van Dijk, B.A., Laarakkers, C.M., Klaver, S.M.,

Jacobs, E.M., van Tits, L.J., Janssen, M.C. &

Swinkels, D.W. (2008) Serum hepcidin levels are

innately low in HFE- related haemochromatosis

but differ between C282Y-homozygotes with ele-

vated and normal ferritin levels. British Journal

of Haematology, 142, 979–985.

Van Onna, M., van Asbeck, B.S. & Jacobs, J.W.

(2011) Rusty joints. British Medical Journal, 342,

d6197.

Verhaegh, P.L.M., Moris, W., Koek, G.H. & van

Deursen, CT (2016) The modified iron avidity

index: a promising phenotypic predictor in

HFE-related haemochromatosis. Liver Interna-

tional, doi:10.1111/liv.13121

Wijermans, P., van Egmond, L., Ypma, P., Ker-

khoffs, J.L., Schipperus, M., Bohmer, L. &

Agteresch, E. (2009) Isovolemic erythrocyta-

pheresis technique as an alternative to conven-

tional phlebotomy in patients with polycythemia

rubra vera and hemochromatosis. Transfusion

and Apheresis Science, 40, 137.

Wiltbank, T. (2002) Donor reaction rates: a pre-

liminary comparison of automated vs. whole

blood procedures. Transfusion, 42, 675.

Wojcik, J.P., Speechley, M.R., Kerstesz, A.E., Chakra-

barti, S. & Adams, P.C. (2002) Natural history of

C282Y homozygotes for hemochromatosis. Cana-

dian Journal of Gastroenterology, 16, 297–302.

Zoller, W.G., Kellner, H. & Spengel, F.A. (1988)

Erythrocytapheresis. A method for rapid extra-

corporeal elimination of erythrocytes. Results in

65 patients. Klinische Wochenschrift, 66, 404–

409.

770 ª 2016 John Wiley & Sons Ltd
British Journal of Haematology, 2016, 175, 759–770

Review

http://dx.doi.org/10.1111/liv.13121

