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Abstract

HFE haemochromatosis is the most common iron overload disease. Since the
discovery of the HFE gene is 1996, it is readily diagnosed using a genetic test rather
than using liver biopsies. It is an autosomal recessive disease and the most common
form of HFE haemochromatosis is homozygosity for p.C282Y. Homozygosity for this

substitution accounts for more than 90% of haemochromatosis in Australia.

Excessive iron accumulates due to malfunction of the HFE protein that leads to
excess iron absorption. As a result, excess iron builds up in various organs including
liver, joints, heart, pancreas, pituitary gland and skin, that may cause end-organ
damage including liver cirrhosis, cardiac failure, diabetes mellitus, hypopituitarism
and skin pigmentation. Symptomatically, fatigue and arthralgia are the major

complaints reported by patients with haemochromatosis.

This disease is easily treatable, as the blood contains a significant proportion of the
body’s iron, so excess iron can be removed via the blood through phlebotomy.
Multiple studies have found that individuals with high total body iron, defined by
serum ferritin of more than 1000ug/L, have the highest risk of developing
complications including liver cirrhosis. In the last decade, some have suggested that
patients with elevated body iron but with serum ferritin less than 1000ug/L, here
defined as moderate iron overload, might not need treatment, as they might not
have symptomatic manifestations of the disease. However, there have been no
randomised controlled trials to examine the treatment benefits for individuals with
moderately elevated iron. To answer this question, a randomised controlled trial
(Mi-lron) was conducted which was the major aim of my PhD to examine if removing
excess iron would have an impact on patient-reported outcomes, particularly
fatigue, as well as liver fibrosis and oxidative stress. This demonstrated that with
treatment, there was an improvement in fatigue and its cognitive subcomponent,
and the affect component of the arthritis score. There was also an improvement in

the liver fibrosis marker, Hepascore, and oxidative stress marker plasma F2-
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isoprostane, by removing excess iron in this cohort when compared to the control
group who did not have iron reduction. These results, therefore, support current
guidelines that all patients with haemochromatosis with elevated serum ferritin

should have phlebotomy to return body iron levels to normal levels.

In the second clinical study, the relationship of serum ferritin with non-invasive
markers of liver fibrosis including transient elastography, Hepascore, aspartate
aminotransaminase (AST) to platelet ratio index (APRI) and Fibrosis-4 (FIB-4) to
assess for liver fibrosis and cirrhosis in HFE p.C282Y homozygotes was examined.
This study was conceived due to the shift from using liver biopsy to the increasing
use of non-invasive techniques to assess liver fibrosis and cirrhosis. This showed that
there was a linear relationship of serum ferritin with Hepascore, indicating that
higher body iron is associated with more advanced liver fibrosis and cirrhosis. This
relationship was also found for APRI and FIB-4 scores. These findings are important
as they provide extra information in utilising these scores to assess liver fibrosis and

cirrhosis in haemochromatosis.

In the third study, the hand joint arthritis in people with haemochromatosis was
examined. Arthralgia is one of the major complaints of individuals with
haemochromatosis and is often one of the earliest symptoms of haemochromatosis.
It is often difficult to differentiate between haemochromatosis arthropathy and
osteoarthritis in the hands. The second and third metacarpophalangeal joints are
described to be more commonly affected in individuals with haemochromatosis. By
examining the data from Healthlron, a haemochromatosis cohort extracted from a
population study that assessed the burden of disease due to iron overload, | found
that there was an increase in first metacarpophalangeal joint abnormalities in those
with HFE p.C282Y homozygosity, comparable to the frequency of involvement of

second and third metacarpophalangeal joints.
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Chapter 1: Introduction, Literature Review and Aims of the

Research Presented in this Thesis

1.1 Introduction

Hereditary haemochromatosis (HH) is the most common iron overload disease. The

most common form of HH is that due to homozygosity for the c.845G>A mutation

in HFE which results in the p.C282Y substitution in the HFE protein (Feder, Gnirke et

al. 1996). The progressive accumulation of iron can lead to organ damage, in

particular the liver, joints, pituitary gland and pancreas (Figure 1.1). Early diagnosis

of HH and treatment by phlebotomy to reduce toxic levels of iron can prevent some

complications.

Figure 1.1: Complications from HFE-haemochromatosis
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1.2 The importance of Iron and its potential toxicity

Iron is an important element in the human body. It plays a key role in haemoglobin
to transport oxygen in red blood cells and in various metabolic processes including
synthesis of deoxyribonucleic acid (DNA) and electron transport. There is
approximately 3-4 g of iron in a human adult and the majority of iron is stored within
haeme. Approximately 400-1000 mg of iron is stored in the liver. Iron is released in
the circulation through recycling of senescent red blood cells by macrophages, iron
absorption via enterocytes and mobilisation of the hepatic stores in response to
increased iron usage. On average, a small amount of iron, approximately 1mg per
day, is lost through sweat and sloughing of cells from skin and mucosal surfaces of
the gastrointestinal tract. There are two sources of dietary iron, haeme and non-
haeme iron. The average human adult absorbs 15- 35% of ingested haeme iron from
sources including meat, poultry and fish and absorbs 2-20% of ingested non-haeme
iron from sources including fruits, vegetables, legumes and cereals. Although
absorption of non-haeme iron is lower than haeme iron, non-haeme iron is the
larger iron source for the human body. Iron absorption through enterocytes is tightly
regulated in response to the net balance of iron in the body, mainly between
intracellular uptake of iron in the bone marrow and the release of iron from the
recycling of the senescent red blood cells (Beaton and Adams 2012, Abbaspour,

Hurrell et al. 2014).

Iron in its ferrous form (Fe?*), is transported across the apical membrane of
enterocytes by divalent metal transporter 1 (DMT1) and crosses the basolateral
membrane of enterocytes through ferroportin, encoded by SLC40A1. Ferroportin is
the only known cellular iron exporter, and is expressed highly in hepatocytes and the
plasma membrane of macrophages. Iron is then oxidised to its ferric form (Fe3*) by
circulating caeruloplasmin in the plasma and hephaestin, anchored in the
enterocytes. Once iron is in the plasma, it binds to transferrin to form
holotransferrin, which delivers iron to different cells in the body. The cells express
transferrin receptor 1 (TFR1), which is responsible for the uptake of transferrin

bound iron and induces endocytosis and releases iron from transferrin to be used in

17



the cells for different processes, while the transferrin is recycled back to the
circulation. Regulating iron homeostasis is mainly governed by hepcidin, encoded by
the HAMP gene. Hepcidin is mainly secreted by the hepatocytes and its main role is
to control the expression of ferroportin. It binds to ferroportin and causes its
internalisation and degradation, thus decreasing its expression and the export of

iron (Wallace 2016).

While iron is a vital element to human life, excessive iron accumulation causes the
formation of free radicals and increases oxidative stress, which can subsequently
lead to tissue damage. Physiologically, there is no known mechanism to remove
excess iron from the body. Thus, where too much iron is absorbed as is the case in

HH, end-organ damage may occur (Abbaspour, Hurrell et al. 2014).

1.3 Aetiology of hereditary haemochromatosis

HH can be caused by mutation(s) in a number of different genes (Table 1.1). Type 1
HH is the most common. For this review, type 1 HH will be the focus and will be

referred to as HH.

The HFE gene on chromosome 6 was discovered in 1996. Two missense mutations,
c.845G—>A (which results in p.C282Y) and ¢c.197C->G (p.H63D), were found to cause
almost all HFE-related HH (Feder, Gnirke et al. 1996). p.C282Y homozygosity is
observed in 80-90% of individuals with HH and has a prevalence between 1 in 80 and
1 in 400 in Caucasians (Merryweather-Clarke, Pointon et al. 1997, Bacon, Powell et
al. 1999, Merryweather-Clarke, Pointon et al. 2000, Adams, Reboussin et al. 2005,
Allen, Gurrin et al. 2008). The prevalence is highest among those of Northern
European descent with the highest documented prevalence being 1 in 83 in people
of Celtic descent (Ryan, O'Keane et al. 1998, Ryan and Vaughan 2000, Byrnes, Ryan
et al. 2001). Whilst compound heterozygosity for p.C282Y/ p.H63D frequency is
about 2% and may cause slight elevation of iron indices and hepatic stores, it
remains controversial if this genotype causes HH (Lim, Rossi et al. 2004, Adams,

Reboussin et al. 2005, Walsh, Dixon et al. 2006, Allen, Gurrin et al. 2008). Recent

18



consensus by the European Molecular Genetics Quality Network group is that this

genotype is insufficient to cause HH (Porto, Brissot et al. 2016).

Table 1.1: Categories of hereditary haemochromatosis and their genetic basis

Category Causative gene(s) Inheritance Pattern

Type 1 HFE Autosomal recessive

Type 2 (juvenile HH) 2a- HJV Autosomal recessive
2b- HAMP

Type 3 TRF2 Autosomal recessive

Type 4B (Ferroportin disease) | SLC40A1 Autosomal dominant
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1.4 Pathogenesis of hereditary haemochromatosis

The HFE protein regulates the level of hepcidin. The exact mechanism is unknown
but it is postulated that HFE and transferrin receptor 2 (TFR2) are sensors of iron
levels through transferrin saturation (TS). Increased TS levels result in dissociation of
HFE from TFR1 and increased binding of HFE to TFR2. This in turn activates hepcidin
synthesis (Chua, Trinder et al. 2011, Leitman 2013). Some studies suggest that the
bone morphogenetic protein-hemojuvelin complex is involved in this signalling
pathway to regulate hepcidin (Andriopoulos, Corradini et al. 2009, Babitt and Lin
2011). Hepcidin interacts with ferroportin, an iron export protein found on the
surface of enterocytes, hepatocytes and macrophages. Their interaction induces
internalisation and degradation of ferroportin, leading to cellular iron retention and

decreased the release of iron into plasma (Nemeth, Tuttle et al. 2004).

The HFE p.C282Y mutation causes disruption of the HFE protein configuration
resulting in its intracellular degradation. This decreases hepcidin synthesis and
increases ferroportin mediated iron export. As a result, there is increased transport
of dietary iron via the enterocytes into plasma, increased release of iron from
macrophages, hence increasing plasma iron and transferrin saturation and
accumulation of iron in hepatocytes. As transferrin saturation increases, abnormal
formation of non-transferrin bound iron occurs. This excess iron increases reactive
oxygen species and leads to cellular toxicity and organ damage (Rossi 2005, Ganz

and Nemeth 2011, Brissot, Pietrangelo et al. 2018) (Figure 1.2).

Figure 1.2: Role of hepcidin in HFE-related HH
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1.5 Clinical features of hereditary haemochromatosis

1.5.1 Liver disease

The major complications from liver disease in HH are liver cirrhosis and
hepatocellular carcinoma (HCC) (Beutler, Felitti et al. 2002, Powell, Dixon et al. 2006,
Yen, Fancher et al. 2006, Allen, Gurrin et al. 2008, Aleman, Endalib et al. 2011).
These advanced complications of haemochromatosis were commonly seen before
the identification of the p.C282Y mutation in the HFE gene in 1990s. Since then, the
genetic investigation of abnormal iron studies has increased early diagnosis and
treatment of HH. From a study of 672 asymptomatic p.C282Y homozygotes including
350 with liver biopsy results, Powell et al. 2006 found that significant liver fibrosis
was present in 18% of males and 5% of females with asymptomatic HH whilst liver
cirrhosis was detected in 5% of males and 2% of females, and this was correlated to
hepatic iron concentration and SF levels. No liver cirrhosis was detected in those
with SF <1000 ug/L. Removal of iron reversed liver fibrosis in some and improved

fibrosis scores in others but did not reverse liver cirrhosis (Powell, Dixon et al. 2006).

If HH is untreated, excessive iron deposition can result in liver cirrhosis, which can in
turn result in HCC, the major cause of death in HH (Beaton and Adams 2006). HCC
affects 1- 3% of p.C282Y homozygotes (Cauza, Peck-Radosavljevic et al. 2003, Willis,
Bardsley et al. 2005) and there is 20 to 200 times increase in the incidence of HCC in
HH compared to the general population (Niederau, Fischer et al. 1985, Cauza, Peck-
Radosavljevic et al. 2003). It is important to recognise advanced liver fibrosis and
cirrhosis in individuals with HH in order to assess the risks of morbidity and mortality
by liver biopsy or by non-invasive methods, which will be further elaborated later in
this chapter. HCC surveillance using ultrasound and alpha-fetoprotein every six
months is recommended in all cirrhotic individuals (2010, Bacon, Adams et al. 2011).
When HCC arise, liver transplantation is considered. Iron reduction before liver
transplantation improves the survival from 34% to 75% at 5 years (Kowdley,

Brandhagen et al. 2005, Dar, Faraj et al. 2009).
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1.5.2 Cardiac disease

Cardiac manifestations in HFE related HH are not common and have the same
prevalence as in control populations (Beutler, Felitti et al. 2002, McLaren, MclLaren
et al. 2008). Dilated or restrictive cardiomyopathy may occur in HH (Kremastinos,
Farmakis et al. 2010). When it occurs, congestive heart failure tends to occur late in
the course of disease due to a slower iron accumulation in the myocardium than in
the liver (Wood 2008, Kremastinos and Farmakis 2011). Iron deposition in the
Bundle of His and/or Purkinje fibres may occur, leading to conduction defects and
cardiac arrhythmias. Cardiac arrhythmias have been reported in up to 25% of
individuals with HH although a similar percentage was reported in the control group
of that study (McDonnell, Preston et al. 1999, Beutler, Felitti et al. 2002).
Interestingly, a population-based study which involved 14,485 subjects found that
there is no increased risk of coronary heart disease in p.C282Y homozygotes when
compared to the general population and in fact, this group had lower low-density
lipoproptein (LDL) cholesterol levels when compared to wild-type controls and thus
predicted 16% lower incidence of coronary heart disease than the normal population
(Pankow, Boerwinkle et al. 2008). The authors postulated that the activities of liver
enzymes in cholesterol metabolism and lipoprotein formation are altered due to the
excess iron and thus lowering LDL with similar results found in experimental rats

(Turbino-Ribeiro, Silva et al. 2003).

1.5.3 Endocrine disease

Diabetes mellitus may occur in HFE p.C282Y homozygotes due to the accumulation
of iron in the islet cells of the pancreas, causing a loss of insulin secretory function
and impaired insulin sensitivity (Creighton Mitchell and McClain 2014). The
prevalence of diabetes in HH is approximately 10 - 20% and impaired glucose
tolerance is seen in approximately 15 -30%. About 72% of p.C282Y homozygotes
with liver cirrhosis have diabetes (Niederau, Fischer et al. 1996, McClain, Abraham et
al. 2006, Hatunic, Finucane et al. 2010). A prospective study has shown that there is

an improvement in glucose tolerance in individuals with HH, who have had iron
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reduction therapy (Hatunic, Finucane et al. 2010). The association of diabetes risk
with HH is controversial with one meta-analysis showing an association between HH
and diabetes, and another failing to show this (Ellervik, Mandrup-Poulsen et al. 2001,
Moczulski, Grzeszczak et al. 2001, Halsall, McFarlane et al. 2003). There is also a two-
to six-fold increased risk of premature death in p.C282Y homozygotes with diabetes
compared to diabetics from the general population (Ellervik, Mandrup-Poulsen et al.

2014).

Manifestations of hypogonadotropic hypogonadism such as impotence, loss of
libido, amenorrhoea and osteoporosis are due to iron deposition in the pituitary
gland. Hypogonadism is more likely to occur in severe iron overload. Older studies
reported the prevalence of hypogonadism to be about 40% (Walsh, Wright et al.
1976, Bezwoda, Bothwell et al. 1977, Charbonnel, Chupin et al. 1981), but more
recent studies have suggested the prevalence to be approximately 5% (McDermott

and Walsh 2005, Uitz, Hartleb et al. 2013).

1.5.4 Arthropathy

Hemochromatosis arthropathy (HA) is a chronic progressive arthropathy, first
described by Schumacher in 1964 (Schumacher 1964). Its frequency has been
reported in the range of 24-81% in various studies, dependent on diagnostic criteria
(Schumacher 1964, Carroll, Breidahl et al. 2012). The second and third
metacarpophalangeal (MCP) joints are typically involved although its predilection is
unknown. The hips and knees are also commonly affected, with the ankles, wrists,
elbows, and shoulders being involved to a lesser extent (McDonnell, Preston et al.
1999, Powell, Dixon et al. 2006, Allen, Gurrin et al. 2008, Sahinbegovic, Dallos et al.
2010, Carroll, Breidahl et al. 2011, Wang, Gurrin et al. 2012). Articular pain is the
main presenting complaint and may precede the diagnosis of HH (Niederau, Fischer
et al. 1996, Sahinbegovic, Dallos et al. 2010). Such pain was reported by
approximately 30% of patients with HH in a survey of 2851 people with HH
(McDonnell, Preston et al. 1999) and a higher rate of 70% in a cross-sectional study

of 199 patients (Sahinbegovic, Dallos et al. 2010). Although articular pain is a non-
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specific symptom and is commonly reported in osteoarthritis (OA), many studies
have suggested that the topography of affected joints may differentiate HA and
osteoarthritis. MCP and wrist joints are more frequently affected and more severe in
HA when compared to OA and the involvement of ankle and radiocarpal joints,
particularly with bilateral involvement, are usually spared in OA and are suggestive
of HA (Carroll, Breidahl et al. 2012, Dallos, Sahinbegovic et al. 2013, Husar-Memmer,
Stadlmayr et al. 2014). Patients diagnosed with HA are often younger and more
often male, when compared to patients with OA (Dallos, Sahinbegovic et al. 2013).
Radiologically, both have similar features of joint space narrowing, subchondral
sclerosis, erosions, osteophytes and cyst formation. However, the presence of
chondrocalcinosis, a deposition of calcium pyrophosphate dihydrate crystals (CPPD
crystals) in the joint cartilage, particularly in the wrists and other large joints is a late
manifestation and indicates HA (Carroll, Breidahl et al. 2012, Dallos, Sahinbegovic et

al. 2013).

Whilst age and male gender were shown to be associated with the development of
HA (Dallos, Sahinbegovic et al. 2013), occupational and physical exertions were not
linked to the development of HA (Carroll, Breidahl et al. 2011). Most studies have
shown a correlation of serum ferritin level with the incidence of HA, in that there is a
higher occurrence of HA with higher serum ferritin levels at diagnosis (Valenti,
Fracanzani et al. 2008, Carroll, Breidahl et al. 2011). In a study of 88 HH patients,
arthropathy in the second and third MCP joints was associated with a SF of more
than 1000 pg/L with odds ratio 4.17 (95% Cl 1.09- 13.9) (Valenti, Fracanzani et al.
2008). Similarly, another study found a strong positive association of development of
HA with SF more than 1000 pg/L at diagnosis with an odds ratio of 14.0 (95% Cl 1.30-
150.89) (Carroll, Breidahl et al. 2011). However, other studies did not detect this
association and found that HA arthropathy can develop regardless of SF levels, even
when SF was only moderately elevated (Allen, Gurrin et al. 2008, Harty, Lai et al.

2011).

The impact of different HFE mutations on the development of HA is unclear. It is

known that HA is more common in p.C282Y homozygotes and p.C282Y/p.H63D
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compound heterozygotes when compared to wildtype controls (Allen, Gurrin et al.
2008, Valenti, Fracanzani et al. 2008, Wang, Gurrin et al. 2012, Dallos, Sahinbegovic
et al. 2013). It has been shown that there is an increased risk of arthralgia and
development of arthropathy in multiple joints including MCP joints in p.H63D
homozygotes and p.H63D heterozygotes (Carroll 2006, Alizadeh, Njajou et al. 2007).
This relationship was not observed in p.C282Y carriers in some studies (Beutler,
Felitti et al. 2002, Willis, Scott et al. 2002, Alizadeh, Njajou et al. 2007) but not others
(Ross, Kowalchuk et al. 2003, Carroll 2006).

HA is a major cause of morbidity in HH (Adams and Speechley 1996) due to lack of
management options. Currently, the treatment of HA is directed at symptomatic
relief with analgesia including non-steroidal anti-inflammatory medications. Anti-
rheumatic medications have been reported to not have efficacy even though there
have been no formal studies conducted (Carroll, Breidahl et al. 2012). Even though
iron accumulation is associated with the development HA, iron depletion does not
improve the course of disease or symptoms of HA unlike the other manifestations of
HH, which responds to iron removal (McDonnell, Preston et al. 1999). A proportion
of patients report worsening of HA symptoms after iron removal (McDonnell,
Preston et al. 1999, Harty, Lai et al. 2011). Joint replacements of the hips and knees
occur at a higher rate in HH when compared to controls (Sahinbegovic, Dallos et al.

2010, Wang, Gurrin et al. 2012, EImberg, Hultcrantz et al. 2013).

1.5.5 Dermatologic manifestations

Skin pigmentation may occur in HH when severe iron overload is present (Mclaren,
MclLaren et al. 2008). This phenomenon gave rise to the term “bronzed diabetes” as
an early description of HH. The pigmentation is slate-grey or brown and usually
occurs in a generalised pattern. Although it is mainly due to melanin deposition, iron
deposition around the sweat glands can also contribute to these changes (Adams,

Deugnier et al. 1997).
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1.5.6 Fatigue

Fatigue is one of the most common symptoms reported in HH. Up to 76% of patients
with HH report fatigue (Adams, Deugnier et al. 1997, McDonnell, Preston et al. 1999,
Delatycki, Allen et al. 2005, Allen, Gurrin et al. 2008, McLaren, McLaren et al. 2008)
(Brissot, Ball et al. 2011). It has a negative impact on quality of life (Lowry and
Pakenham 2008). The relationship between fatigue and the levels of excess iron is
not clear (Adams, Deugnier et al. 1997, McLaren, McLaren et al. 2008, Niewiadomski,
Rode et al. 2013). A study of 410 p.C282Y homozygotes identified a positive
association between fatigue and hepatic iron concentration (Adams, Deugnier et al.
1997). However, fatigue has also been reported in 34.4% of individuals with HH with
normal SF, when compared to 23.6% of control participants (McLaren, McLaren et al.

2008).

Two population studies further demonstrate the uncertainty of the relationship
between fatigue and iron levels. In the Healthlron study (Allen, Gurrin et al. 2008),
the MFIS was significantly higher in individuals who had already received a diagnosis
and had treatment for iron overload (MFIS score 28.6 + 2.8; SF 377 + 98 pg/L) than in
individuals who were undiagnosed and unaware of the diagnosis at time of
completion of the MFIS despite having significantly higher SF levels (MFIS score 17.4
+ 2.6; SF 868 * 166 pg/L). In the HEIRS study (McLaren, MclLaren et al. 2008), 51.7%
of p.C282Y homozygotes previously diagnosed and treated (mean SF 186 pg/L),
39.7% of newly diagnosed with raised SF (mean SF 616 pg/L) and 34.4% of newly

diagnosed HH with normal SF (mean SF 90.0 pg/L), reported fatigue.

The evidence about whether fatigue improves with iron reduction levels is also
inconsistent. While reduction of iron levels improved fatigue in some individuals
with HH, it did not make a difference to others (McDonnell, Preston et al. 1999,
Niewiadomski, Rode et al. 2013). Among 2851 individuals with HH, 86% of those who
reported symptoms including fatigue and depression, had improvement in some or
all of their symptoms after phlebotomy (McDonnell, Preston et al. 1999). This

supports the positive association between fatigue and reduction of iron levels. In
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another study of 88 p.C282Y homozygotes, fatigue, as measured by the Modified
Fatigue Impact Scale (MFIS) was present in 54%, 68% and 67% of p.C282Y
homozygotes with SF of < 300 pg/L, 300 - 1000ug/L and > 1000 ug/L respectively.
There was an improvement of fatigue after phlebotomy in 46%, 43% and 20% in
these respective groups of SF. Paradoxically, fatigue has been reported to be worse
after iron reduction in a subgroup of individuals with HH. 6 out of 11 (54%) p.C282Y
homozygotes reported fatigue to be worse after normalisation of SF from > 1000

ug/L over 55 months (Niewiadomski, Rode et al. 2013).

Three possibilities arise from these data. (1) There is no relationship between HH
and iron levels. (2) There is a significant psychosomatic effect of diagnosis on how
individuals with HH perceive fatigue and whether a response to treatment with
phlebotomy is partly a placebo effect. (3) There is a subgroup in HH who will have
fatigue as a presenting complaint, making diagnosis more likely than the subgroup

who are unaffected by fatigue.

1.5.7 Depression

Depression is a global disability that has a profound socioeconomic impact. In the
general population, depression affects 1 in 6 people in Australia (Statistics. 2008) and
1 in 5 people in the United States of America and the trend is increasing in the
population (Weinberger, Gbedemah et al. 2018). About 20% of patients with HH
have been reported to have depression (McDonnell, Preston et al. 1999, Beutler,
Felitti et al. 2002) and depression is found to be more prevalent in young male adults

with higher body iron (Richardson, Heath et al. 2015).

1.6 Penetrance

Penetrance is the phenotypic expression of a genotype and is highly variable in HH.

To date, there is no consensus as to which phenotypic characteristics should be

included to define penetrance. Only some p.C282Y homozygotes develop iron

overload or symptomatic disease (clinical penetrance), and some p.C282Y
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homozygotes only develop biochemical expression of the genotype, known as

biochemical penetrance.

1.6.1 Biochemical penetrance

At least 50% of HFE p.C282Y homozygotes developed biochemical penetrance with
elevated SF and TS at some stage (Adams, Reboussin et al. 2005, Powell, Dixon et al.
2006, Allen, Gurrin et al. 2008). One of the population studies had shown that SF and
TS were elevated in 227 p.C282Y homozygotes in 84-88% and 57-73% of male and
females respectively (Adams, Reboussin et al. 2005) and in another study, 62% of
110 p.C282Y homozygotes had elevated SF at diagnosis (Powell, Dixon et al. 2006).
SF and TS can decrease, remain the same or increase in HH over a period of 12 to 25
years, as shown in some studies (Andersen, Tybjaerg-Hansen et al. 2004, Olynyk,
Hagan et al. 2004, Allen, Gurrin et al. 2008). For example, in the Busselton
community population in Australia that identified 10 p.C282Y homozygotes without
treatment, 4 subjects had increased SF, 4 subjects had unchanged SF and 2 subjects
had decreased SF, in a 17-year follow-up period (Olynyk, Hagan et al. 2004). Powell
et al. (Powell, Dixon et al. 2006) also found that 48.2% of 114 p.C282Y homozygotes
who had initial normal SF, had a progressive rise of SF over a period up to 24 years.
Gurrin et. al (Gurrin, Osborne et al. 2008) also predicted that the probability for
males and females with HH, who have between SF 300ug/L and 1000ug/L, was 13%-

35% and 16%-22% respectively, and would have done so by mean age 55 years.

1.6.2 Clinical penetrance

Clinical penetrance estimation is variable depending on the clinical symptoms and
signs used to assess penetrance. Fatigue, depression and arthritis are early signs of
HH but it difficult to ascertain if these symptoms are due to HH as they occur
commonly in the normal population (Rossi and Jeffrey 2004). Andersen et al.
(Andersen, Tybjaerg-Hansen et al. 2004) found a low clinical penetrance of 0 to 5% in
HH as did Beutler et al. (Beutler, Felitti et al. 2002) who reported a penetrance of

less than 1%. However, these studies did not perform liver biopsies to assess if
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fibrosis or cirrhosis was present. As a result, the penetrance of the disease may have

been underestimated (Allen, Gurrin et al. 2008).

By contrast, other studies found higher clinical penetrance in HH. Allen et al. (Allen,
Gurrin et al. 2008) found that at least 28% males and 1% females who were p.C282Y
homozygous had iron overload related disease. Among the p.C282Y homozygotes,
45% of males and 8% of females had SF > 1000ug/L, a strong predictor of liver
fibrosis and cirrhosis risk in HH. The proportion of fatigue, liver disease and use of
arthritis medication were all higher in male p.C282Y homozygotes with SF >
1000pg/L when compared to controls. Regardless of SF levels, more male p.C282Y
homozygotes than controls were observed to have abnormal second and third MCP
joints. On the other hand, female p.C282Y homozygotes with SF > 1000 pg/L were
only reported to have higher use of arthritis medication and abnormal liver function
tests when compared to controls (Allen, Gurrin et al. 2008). Similarly, in another
study comprising 672 asymptomatic p.C282Y homozygotes, 30% of males and 11.5%
females had at least one HH related condition amongst arthropathy, diabetes,
hypogonadism, cardiac arrhythmia or hepatomegaly although no controls were
included in the study. In addition, the presence of liver cirrhosis was confirmed by

liver biopsies in 5.6% of males and 1.9% of females (Powell, Dixon et al. 2006).

The majority of p.C282Y homozygotes have moderately elevated serum ferritin
levels, defined as 300-1000 pg/L (Adams, Reboussin et al. 2005, Allen, Gurrin et al.
2008), and less severe disease is seen due to the increased awareness of the disease
and the accessibility of HFE testing. In those with moderately elevated serum ferritin
levels between 300 pg/L and 1000 pg/L, one study found a similar prevalence of
signs and symptoms when compared to HFE wild type and p.C282Y homozygotes
that had normal SF levels (Allen, Bertalli et al. 2010). Powell et al. (Powell, Dixon et
al. 2006) also found that hepatic fibrosis and cirrhosis correlated with hepatic iron
concentration, and no hepatic cirrhosis was detected in p.C282Y homozygotes with

SF less than 1000 pg/L.
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1.7 Association with cancer

There have been reports of increased risk of cancer in HH (Osborne, Gurrin et al.
2010, Lagergren, Wahlin et al. 2016), hypothesized to be due to the role of iron in
carcinogenesis. Iron induced oxidative stress and production of reactive oxygen
species that cause lipid peroxidation and oxidative damage to DNA, are suggested to
be responsible for the risk of development of cancer. A 14-year follow-up study
found an association of colorectal and breast cancer in p.C282Y homozygotes. The
hazard ratio was 2.28 for developing colorectal cancer, and in females, there was a
slightly increased risk of developing breast cancer, with a hazard ratio of 1.16.
(Osborne, Gurrin et al. 2010) There was insufficient data on iron studies to be able to

examine if there was an association between iron levels and cancer risk.

1.8 Diagnosis

1.8.1 Transferrin saturation and serum ferritin

Transferrin saturation (TS) is the ratio of serum iron to total iron binding capacity
and is widely used for the initial diagnosis of iron overload. TS is the first biochemical
marker elevated in HH whilst raised serum ferritin occurs later in the course of the
disease. TS is raised in approximately 70% to 80% of males and 70% of females with
HH from large population studies (Adams, Reboussin et al. 2005, Allen, Gurrin et al.

2008).

There is currently no consensus on the cut off value for TS for the detection of HH.
TS > 60% in males and > 50% in females has a sensitivity of 92%, specificity of 93%
and a positive predictive value of 86 % to detect p.C282Y homozygotes (Tavill 2001).
A cut off value of TS > 45% is often chosen as the threshold due to higher sensitivity
to identify individuals with HH. However, using this cut off value means it has lower
specificity and positive predictive value, as it includes minor secondary iron overload

(Tavill 2001). In these cases, further clinical evaluation is needed. Fasting was
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recommended to improve the specificity and sensitivity of TS measurement to
detect HH but has now been shown to be unnecessary (Adams, Reboussin et al.

2007).

Ferritin is the major iron storage protein in the body, mainly in the liver, spleen and
bone marrow. It is an intracellular protein, consisting of a 24-subunit protein shell,
with a cavity where it binds up to 4500 iron atoms and small amounts of ferritin are
secreted into the plasma (Abbaspour, Hurrell et al. 2014). The protein shell is made
from two types of protein, named H and L ferritin and sequestered iron is released
through ferritin degradation (Muckenthaler, Rivella et al. 2017). SF is a reflection of
total body iron stores. The majority of iron is incorporated into haem to form
haemoglobin. There is approximately 3 - 4 g of iron in the human body and SF is used
concurrently with TS in the initial diagnosis to identify individuals with iron overload.
The combination of raised TS and SF is much more sensitive as a marker of HH than
an increase of one or other alone. From large population screening studies, SF is
raised in 82% to 88% of male and 55% to 57% of female p.C282Y homozygotes
(Adams, Reboussin et al. 2005, Allen, Gurrin et al. 2008). The upper limit of normal is
generally > 300 pg/L in males and > 200 pg/L in females. Although SF is a sensitive
marker for HH, it is an acute phase reactant that can be elevated in other clinical
conditions. Necroinflammatory liver diseases such as non-alcoholic fatty liver disease
(NAFLD), alcoholic liver disease, viral hepatitis and other infective or inflammatory
processes can result in elevated SF. In fact, these clinical conditions account for
about 58% - 70% of referrals for elevated SF (Wong and Adams 2006, Dever, Mallory
et al. 2010). The H-ferritin subcomponent of SF has recently been shown to enhance
the expression of hepatic proinflammatory mediators such as IL-18 by hepatic
stellate cells, driving fibrogenesis in the liver (Ruddell, Hoang-Le et al. 2009). Thus, SF
has now been suggested to have an additional role as a good predictor of liver

fibrosis (Wood, Crawford et al. 2017).

1.8.2 Genetic testing

31



Since the identification of mutations in HFE as the main genetic cause of HH (Feder,
Gnirke et al. 1996), testing for p.C282Y is now recommended as the first line
diagnostic test for this condition. Second line genetic tests including testing for
HAMP and HJV mutations should be considered if HFE testing is negative

(Pietrangelo 2004). However, these tests may not be readily available.

1.8.3 Liver biopsy

Prior to the discovery of HFE, liver biopsy with measurement of hepatic iron was the
gold standard for diagnosis of HH. It is now mainly reserved for assessing advanced
liver fibrosis and cirrhosis in individuals with HH and SF>1000 pg/L. Its prognostic
value to determine the presence or absence of liver cirrhosis remains important as it
has clinical implications for ongoing surveillance for complications of liver cirrhosis.
In some situations, liver biopsy is used for diagnosis of HH where HFE testing is
negative. Liver biopsy is an invasive procedure and carries risks of morbidity of
bleeding, infection and pain with a low mortality rate of 1: 10,000 (Barton and
Adams 2010, Bacon, Adams et al. 2011, Chou and Wasson 2013). The other
shortcoming of liver biopsy is the potential for sampling error due to regional
variation of deposition of iron, distribution of steatosis, inflammation, and fibrosis.
Different pathologists may assess the same sample differently (Regev, Berho et al.
2002). Thus, there is a shift to using non-invasive markers to assess liver fibrosis and
the presence of liver cirrhosis, which will be discussed in the next section. The
current recommendation for liver biopsy in individuals with HFE-related HH is those
who have SF >1000 pg/L, abnormal liver function testing and/ or hepatomegaly

(Barton and Adams 2010, Bacon, Adams et al. 2011).

1.8.4 Imaging techniques

Magnetic resonance imaging (MRI) can be used in the detection of iron overload and
guantitative measurement of iron levels. This requires specific MRI sequences (T2%*,

T2, T1, R2*, R2 and R1) to assess and quantitate iron levels. FerriScan® is one of the

methods commercially available, to detect iron overload and quantifying liver iron
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concentration. Apart from being able to assess the extent of liver damage, it can aid
in treatment planning with the quantification of iron levels. It has a specificity of 92%
to 100% and a sensitivity of 85% to 94% in quantifying liver iron concentration (St
Pierre, Clark et al. 2005). However, it is not widely available and costly, and results
may be affected by movement artefact. Another MRI method to assess hepatic iron
concentration is by using various gradient-recalled echo sequences and calculating
the signal intensity ratio between the liver and muscle. It has a correlation
coefficient of 0.87-0.92 for the liver to muscle ratio and hepatic iron concentration.
This method is free and widely available, simple to implement, and is currently
employed in Europe and other countries (Gandon, Olivie et al. 2004). Computed
Tomography (CT) scanning may be able to detect iron overload due to increased
attenuation in the liver but this test is not a sensitive method to detect iron
overload. Moreover, CT is not recommended for treatment monitoring due to the
risks of radiation exposure. Ultrasonography cannot detect iron overload (Hernando,

Levin et al. 2014).

1.8.5 Non-invasive measures of liver fibrosis

There have been major advances in non-invasive methods of assessing the presence
of and degree of hepatic fibrosis. The evaluation of liver fibrosis and cirrhosis has
been described using transient elastography and various blood-based tests including
Hepascore and Fibrometer score, and these tests have been well validated and used
for the estimation of significant hepatic fibrosis and cirrhosis in a variety of liver
diseases including viral hepatitis and alcoholic liver disease (Adams, Bulsara et al.
2005, Cales, Oberti et al. 2005, Cales, Boursier et al. 2008, Manning and Afdhal 2008,
Chou and Wasson 2013, Chrostek and Panasiuk 2014, Leroy, Sturm et al. 2014)
(Table 1.2).

1.8.5.1 Transient elastography (TE)

TE is an evaluation of the liver stiffness using a probe (most commonly Fibroscan®),

which transmits mechanical waves of low frequency (50 MHz) and amplitude. As the
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liver becomes progressively more fibrotic, it becomes stiffer and less elastic. The
velocity of the mechanical or vibration wave correlates directly with tissue stiffness
and results are converted and reported as kilopascals (kPa) (Andersen, Christensen

et al. 2009) (Figure 1.3).

Figure 1.3: Transient Elastography with Fibroscan®

4

TE measures liver stiffness in a volume of approximately a cylinder of 1cm diameter
and 5cm long, which is roughly 100 times the volume of a percutaneous liver biopsy.
TE has been extensively evaluated in a number of different liver diseases initially
hepatitis C, and more recently hepatitis B and NAFLD (Friedrich-Rust, Ong et al.
2008, Manning and Afdhal 2008). A meta-analysis of nine studies involving TE in
mainly hepatitis C patients showed excellent results for determining the likelihood of
cirrhosis, with a sensitivity of 87% and specificity of 91% (Talwalkar, Kurtz et al.
2007). The results of liver stiffness are acquired from at least ten successful valid
measurements, meaning a success rate of at least 60% within the interquartile range
of £ 30%. A cut-off value of 8.7kPa allowed correct diagnosis of those with significant
fibrosis (>F2) with an area under ROC of 0.79 (Ziol, Handra-Luca et al. 2005) and a
reading of more than 13kPa indicates cirrhosis of the liver is likely to be present (Di

Marco, Bronte et al. 2010).
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TE has been extensively studied and validated in chronic hepatitis C but not in HH. It
has been shown in other iron overload diseases such as thalassaemia major to be a
reliable tool for assessing liver fibrosis and cirrhosis. The liver stiffness
measurements correlated positively with liver fibrosis stages and a reading of more
than 13kPa predicted the presence of liver cirrhosis with an AUROC of 0.997 in
predicting cirrhosis (Di Marco, Bronte et al. 2010, Fraquelli, Cassinerio et al. 2010).
However, to date, whether iron overload has an impact on liver stiffness
measurements has not yet been clarified. Most of the subjects in the thalassaemia
population have coexistent hepatitis C, which is a confounding factor when assessing
the impact of iron overload on liver stiffness measurements (Di Marco, Bronte et al.
2010, Fraquelli, Cassinerio et al. 2010, Sinakos, Perifanis et al. 2010). Among those
with iron overload due to thalassaemia major, Fraquelli et al. (Fraquelli, Cassinerio et
al. 2010) found that TE values were highest in the subjects who also have hepatitis C
and who have SF > 1000 pg/L, suggesting that there is a relationship between iron

overload and TE values.

Only two studies examined the use of TE scores in HH. Adhoute et al. (Adhoute,
Foucher et al. 2008) compared TE scores to biochemical markers of liver fibrosis
between HH patients and control subjects. The investigators found that there was no
significant difference found in TE scores between these two groups, similar to most
of the other biochemical markers, although a weak correlation between TE scores
and SF levels was noted. They concluded that TE scores correlated well with these
biochemical markers and were reliable tests to use in this cohort. However, no liver
biopsies were available in the study group to compare the stages of fibrosis with TE
scores and these biochemical markers. The study consisted only 10 patients with SF>
1000 pg/L with a mean SF of 1528.9 + 1181.3 ug/L and the majority of the patients
(n=47) were iron depleted with a mean SF of 302.8 + 594.2 ug/L. Although the study
found that TE scores of more than 7.1kPa (suggesting significant fibrosis) were
associated with diabetes and SF levels, they used a lower cut off level of SF 150ug/L
in their multivariate analysis, which was within the normal range. Moreover, this
association of TE scores representing significant fibrosis with SF level was not found

in the univariate analysis even though a weak correlation was found between SF
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levels and TE scores (Adhoute, Foucher et al. 2008). On the contrary, another study
consisted of liver biopsies evaluated the use of TE in HH compared to liver biopsy,
and found that TE scores were higher with severe fibrosis and they correlated well
with SF and fibrosis, indicating TE can reliably assess liver fibrosis in HH (Legros,
Bardou-Jacquet et al. 2015). Further studies are required to examine the relationship

between SF and TE scores to establish if TE scores are affected by iron overload.

1.8.5.2 Hepascore

Hepascore is a serological method of estimating liver fibrosis developed in Australia
that is increasingly used in different liver diseases such as hepatitis B and C and
alcoholic liver disease (Adams, Bulsara et al. 2005). It is derived from an age- and
gender-specific model that inputs parameters of serum bilirubin, gamma glutamyl
transferase (GGT), hyaluronic acid and alpha-2-macroglobulin. The test results in a
score between 0 and 1 with a higher score being associated with a more severe liver
disease. It has an area under the curve (AUC) for the receiver operating
characteristic (ROC) of 0.8 for predicting significant fibrosis and 0.90 for cirrhosis.
With AURQC, there is no predictive power (random guessing) of AUROC = 0.50 and
perfect prediction has AUC = 1.00. A Hepascore > 0.5 has a specificity and sensitivity
for significant fibrosis of 70% to 89% and 77% to 63%, respectively (Adams, Bulsara
et al. 2005, Guechot, Lasnier et al. 2010). Hepascore < 0.25 makes significant fibrosis

very unlikely with a negative predictive value of 0.9 (Guechot, Lasnier et al. 2010).

Hepascore has not been studied extensively in HH. In a study that assessed the
atherosclerosis risk in HFE related HH, 44 p.C282Y homozygotes with a median SF of
741pg/L, had a median Hepascore of 0.1 (IQR 0.06 to 0.26) (Pankow, Boerwinkle et
al. 2008). This suggests that the presence of significant fibrosis in this cohort of
patients was extremely unlikely. In contrast, another study found that among 57
individuals with HH with a mean SF of 540ug/L + 877ug/L, the mean Hepascore was
0.39 * 0.37, indicating some individuals in this cohort may have had significant
fibrosis (Adhoute, Foucher et al. 2008). The results from these two studies were

inconsistent, demonstrating that the relationship between SF and Hepascore has not
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been clearly defined. It is also unknown whether the SF may affect the Hepascore

independent of the degree of fibrosis.

1.8.5.3 Fibrometer3¢ v

Fibrometer was first developed by a French group to estimate the likelihood of
significant liver fibrosis using a blood test comprising of prothrombin index (Pl),
alpha-2-macroglobulin, hyaluronic acid, AST, urea, age and platelet count. The test
was then further improved to diagnose significant fibrosis in chronic hepatitis C by
including gender, and was called Fibrometer?®. Since then, the test had evolved to
Fibrometer3® V in order to provide a more feasible, cost-effective option, and is
currently formulated from platelet count, PI, alanine aminotransaminase (ALT), AST,
GGT, alpha-2-macroglobulin and urea. This biomarker has an AUROC of 0.85 for
predicting significant fibrosis and an AUROC of 0.9 for predicting cirrhosis. Its
robustness has been evaluated in different studies and has been recommended by
the French National Authority for Health for the diagnosis of liver fibrosis in hepatitis

C (Cales, Boursier et al. 2010).

The combination of Fibrometer and TE was recently shown to increase the accuracy
of diagnosis of significant fibrosis and cirrhosis to 92% compared with Fibrometer
(84% accuracy) or TE (88% accuracy) alone. The combination has an AUROC of 0.892,
improving the reliability and precision of diagnosis of significant fibrosis in chronic
liver disease (Boursier, Vergniol et al. 2009, Cales, Boursier et al. 2014). It has not

been tested in haemochromatosis.
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Table 1.2: Summary of non-invasive liver fibrosis markers in hepatitis C.

Marker AUROC to detect | AUROC to detect | References
significant fibrosis | cirrhosis

Transient elastography | 0.79 0.97 (Ziol, Handra-Luca et al.
2005)

Hepascore 0.80 0.90 (Adams, Bulsara et al.
2005)

Fibrometer3© Vv 0.85 0.90 (Cales, Boursier et al.
2010)

1.9 Treatment

1.9.1 Phlebotomy

Phlebotomy is the mainstay of treatment for removing excess iron in individuals with
HH. It is a relatively easy procedure that involves inserting a needle into a vein and
withdrawing 450ml of blood from the patient can be performed in the physician’s
practice, blood bank or in a hospital. Typically, one unit of blood (approximately
450ml containing about 250mg of iron) is removed in each treatment. The decrease
in haemoglobin triggers erythropoiesis and mobilises stored iron to make more
haemoglobin for red blood cells. This results in a decrease in total body iron and is
reflected by a decrease in SF. SF is used to monitor iron reduction as TS is a poor

marker of iron stores (Leitman 2013).

Generally, phlebotomy is a safe procedure associated with rare serious
complications such as thrombosis and infection. The more common adverse events
are anaemia, bruising, and syncope. Syncope is often identified by dizziness,
sweating, nausea, vomiting and pallor due to the rapid decrease of blood pressure

and can potentially lead to loss of consciousness (Kim and Oh 2016).
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The recommended frequency of phlebotomy is weekly to fortnightly depending on
the individual’s haemoglobin, haematocrit and SF. Haemoglobin and haematocrit are
measured at every treatment, and SF is measured approximately every three
months, or more often when the SF is approaching the normal range. Phlebotomy is
postponed when anaemia is detected (Adams and Barton 2010, guidelines , Bacon,
Adams et al. 2011). It can take up to one year of phlebotomy to decrease SF to
normal range if SF is more than 1000 ug/L at the initiation of therapy. Hence, in
surveys performed in 2851 HH patients in the United States and Canada in 1999, and
a smaller survey of 210 HH patients across the United States, France, Ireland and
United Kingdom in 2011, 15% of patients stated phlebotomy was inconvenient, time
consuming and expressed dissatisfaction of venous access. Concerns were also
raised that blood was discarded. The latter concern will perhaps dissipate over time
as more countries including Australia, France, Canada and Ireland, along with some
professional organisations including World Health Organisation and the United
States Food and Drug Administration are accepting blood removed from individuals
with HH can be used for blood transfusions. The risks of siderophilic bacterial
infections causing transfusion sepsis due to VYersinia enterocolitica, Listeria
monocytogenes, Vibrio vulnificus and Babsiosis pathogens remain a theoretical risk
due to stringent red blood cells transport and storage (Winters, Tremblay et al.
2018). Approximately 45 to 59% of patients would consider alternative therapies to
phlebotomy if available (McDonnell, Grindon et al. 1999, Brissot, Ball et al. 2011).

The clinical benefits of phlebotomy have not been fully assessed as there have been
no randomised controlled trials, and such studies will be difficult to conduct with
placebo treatment with the knowledge of end-organ damage with untreated iron
overload greater than 1000 pg/L. There are strong indications that some symptoms
such as fatigue, skin pigmentation and depression improve with phlebotomy and in
some cases, the reversal of hepatic fibrosis can occur (McDonnell, Preston et al.
1999, Falize, Guillygomarc'h et al. 2006, Powell, Dixon et al. 2006). However,
arthropathy and diabetes mellitus are often unchanged with phlebotomy (Adams

and Barton 2010).
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The current recommendations from the European Association for the Study of the
Liver (EASL) and the American Association of the Study of Liver Diseases (AASLD)
(guidelines , Bacon, Adams et al. 2011) are to treat all individuals with HH, who have
elevated iron indices even if they are asymptomatic. There is a consensus to initiate
phlebotomy in individuals with HH with SF >1000ug/L since this cohort is at a high
risk of complications from HH (Adams and Barton 2010). Studies have confirmed that
mortality and morbidity including arthritis, fatigue, liver fibrosis and cirrhosis are
higher in p.C282Y homozygotes who have SF >1000 pg/L (Morrison, Brandhagen et
al. 2003, Beaton and Adams 2006, Powell, Dixon et al. 2006, Allen, Nisselle et al.
2008). There are increasing data that individuals with HH who have moderate
elevations of SF (< 1000 pg/L) may not have manifestations of HH and their SF may
not further increase. Some have suggested that in these individuals, SF can be
monitored rather than instituting therapy (Andersen, Tybjaerg-Hansen et al. 2004,
Olynyk, Hagan et al. 2004, Adams and Barton 2010, Allen, Bertalli et al. 2010).
However, no clinical trials have been conducted to assess the benefits of treatment

in this cohort.

1.9.2 Erythrocytapheresis

An alternative to phlebotomy to remove red cells is erythrocytapheresis. This is a
procedure to remove predominantly red blood cells while sparing other blood
components such as platelets, plasma and coagulation factors. The whole blood of
an individual is removed and passed through an automated cell separator, in which
the red cells are removed and the rest of the blood components are returned to the
individual. As each procedure can remove up to 800ml of red blood cells, more iron
can be removed than by standard phlebotomy (Adams and Barton 2010). The
volume of red cells removal is determined by gender, weight, total blood volume
and haematocrit of the patient. Its efficiency was shown in a randomised trial
comparing 19 patients who underwent erythrocytapheresis and 19 patients who
were treated by phlebotomy, with mean SF 1103ug/L and 1676 ug/L at the initiation
of therapy respectively. Those treated with erythrocytapheresis required an average

of 9 treatments in 19.6 weeks to normalise SF, whilst those treated with phlebotomy

40



required an average of 27 treatments in 33.7 weeks (Rombout-Sestrienkova, Nieman
et al. 2012). Although the erythrocytapheresis group had a lower mean SF at
initiation than the phlebotomy group (p=0.04), the mean amount of iron removed
per treatment was higher in the erythrocytapheresis group (mean 427mg) than the
phlebotomy group (mean 205mg). At the same time, less total volume was removed
in the erythrocytapheresis group (mean 4699ml) than the phlebotomy group (mean
13,016ml) (Rombout-Sestrienkova, Nieman et al. 2012). In addition, the frequency
between erythrocytapheresis treatments is every two to three weeks compared to
up to twice-weekly phlebotomy. Hence, there is a smaller impact on quality of life
since it reduces visits for treatment, travel time and less time absent from work
(Rehacek, Blaha et al. 2012, Rombout-Sestrienkova, Nieman et al. 2012). Moreover,
erythrocytapheresis can maintain a euvolaemic state even with a larger volume of
red cells removed as volume can be replaced by saline. Thus, it is a well tolerated
and an efficacious procedure (Rehacek, Blaha et al. 2012, Rombout-Sestrienkova,

Nieman et al. 2012, Evers, Kerkhoffs et al. 2014) (Figure 2.1.2).

The adverse events reported from erythrocytapheresis have been minimal and in the
study of Rombout-Sestrienkova et al. 2012 (Rombout-Sestrienkova, Nieman et al.
2012), 3/19 (15.8%) patients reported 8 mild events, including 1 mild citrate
reaction, presented as perioral tingling or paraesthesia, chills, twitching or tremor,
due to the chelation of calcium to prevent clotting during apheresis; 1 vasovagal
collapse and 6 cases of mild dizziness out of a total of 171 treatments, similar to the
5/19 (26.3%) patients in the phlebotomy who reported 1 short duration collapse and
9 cases of mild syncope out of a total of 513 treatments. A recent Cochrane review in
2017 found only three randomised controlled trials comparing the benefits and
harms of erythrocytapheresis versus phlebotomy, and two are from the same
author. Although there are no differences in reported adverse events between the
two different treatments and short-term health-related quality of life, the evidence
is weak to determine if erythrocytapheresis has more benefits or harm than
phlebotomy and long-term data on mortality and health-related quality of life and

other clinical outcomes are lacking (Buzzetti, Kalafateli et al. 2017).
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Although the major disadvantages of erythrocytapheresis are the costs associated
with apheresis equipment and the expertise required, and each treatment of
erythrocytapheresis is more expensive than phlebotomy, there is no overall cost
difference as fewer treatments are required for erythrocytapheresis. In fact, it is
more advantageous since there is less time taken off from work (Rombout-

Sestrienkova, Nieman et al. 2012).

1.9.3 Iron chelating agents

Iron chelation is the second-line treatment in HH when phlebotomy is not tolerated.
Iron chelating agents such as desferrioxamine and deferasirox are currently off-label

medications for treatment of HH.

Desferrioxamine is an iron chelator administered as a continuous subcutaneous
infusion for 8-12 hours. The limitations of using desferrioxamine in HH are the
compliance of patients, the need for parenteral administration and discomfort
during administration (Adams and Barton 2010). Deferasirox is a newer oral iron
chelator used in secondary iron overload conditions such as B-thalassaemia major.
Common adverse events are diarrhoea, headache, nausea and rise in ALT and/or
creatinine. These occur in less than 10% of individuals with HH treated with this
agent (Phatak, Brissot et al. 2010). These side effects are dose-dependent and

resolve either with dose reduction or cessation of treatment.

1.9.4 Proton pump inhibitors

The benefits of proton pump inhibitors, as an adjunct therapy to decrease iron
absorption due to acid suppression are debatable. A randomised controlled trial
conducted recently randomised 30 p.C282Y homozygotes to either 40mg of
pantaprozole daily or to placebo for 12 months and initiated phlebotomy when SF
was more than 100ug/L. They found that over one year, participants receiving
proton pump inhibitors received 1.33 fewer phlebotomies than the control group

and suggested that they can be used for long-term maintenance therapy
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(Vanclooster, van Deursen et al. 2017). However, the real benefits of lifelong proton
pump inhibitors for maintenance therapy is questionable due to compliance, cost

and also decreasing blood available for donation (Adams 2017).

1.9.5 Diet

There are no significant relationships between increasing SF and dietary iron (Adams
and Barton 2010). Changes to the diet cannot remove iron, and there is little effect
on the rate of iron accumulation. Since iron can be efficiently removed by
phlebotomy, a low iron diet plays little role in the management of HH (Gordeuk,

Lovato et al. 2012).

Excess alcohol can act synergistically with iron to increase liver damage. There is a
possible linear correlation between alcohol intake and increased iron absorption. In
experimental models, hepcidin is down regulated with alcohol loading and HFE
protein may be involved in this pathway (Flanagan, Peng et al. 2007, Ohtake, Saito et
al. 2007). The likely explanation for why excess alcohol worsens liver damage in
individuals with HH is that both alcohol and iron cause oxidative stress and hepatic

fibrogenesis (Flanagan, Peng et al. 2007).

Whilst tea is known to inhibit iron absorption, ascorbic acid (vitamin C) enhances
iron absorption by the gut and modulates iron metabolism (Kaltwasser, Werner et al.
1998, Lane and Richardson 2014). Therefore vitamin C supplementation is
contraindicated in individuals with HH and iron overload (Adams and Barton 2010,

guidelines).

Individuals with HH and elevated iron indices have an increased risk of primary
septicaemia from Vibrio vulnificus. This generally results from ingestion of raw
oysters or other raw shellfish or through superficial wounds in contact with seawater
that contains the bacteria. Vibrio vulnificus is a normal marine flora that grows in

warm, coastal waters. Some of these infections are fatal. Thus, it is recommended
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that individuals who have HH with raised iron indices avoid raw shellfish or contact

of wounds with seawater (Adams and Barton 2010).

1.10 Goals of treatment

There are no studies to inform what the SF end point should be. Generally,
guidelines recommend a target SF of either 50 or 100ug/L (guidelines , Bacon, Adams
et al. 2011). This is based on the theory that reducing iron levels to the lower end of
the normal reference range will mean that there is little or no iron storage (Evers,
Kerkhoffs et al. 2013). However, some have advocated that a higher end SF between

200 and 300pg/L is acceptable (Leitman 2013).

1.11 Prognosis

The overall survival rates in individuals with HH without complications are similar to
the sex- and age-matched individuals from the general population. The cumulative
survival rates are 96% at 5 years, 91% at 10 years and 88% at 15 years (Aleman,
Endalib et al. 2011). Before the discovery of HFE gene in 1996, a longitudinal study
followed 251 patients with HH diagnosed by liver biopsies up to 33 years, with a
mean of 14.1 years and established that their mean survival was 21.0 years. In this
cohort, 56.6% of patients had liver cirrhosis and 47.8% had diabetes and the life
expectancy of patients with liver cirrhosis was reduced when compared to those
without (Niederau, Fischer et al. 1996). This finding was supported by other studies
and confirmed the death rate was increased thirteen-fold in individuals with HH who
had liver cirrhosis compared to an age-matched population (Strohmeyer, Niederau
et al. 1988, Aleman, Endalib et al. 2011, Ellervik, Mandrup-Poulsen et al. 2014).

There was also a two to six-fold increased risk of premature death in p.C282Y
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homozygotes with diabetes compared to diabetics from the general population

(Ellervik, Mandrup-Poulsen et al. 2014).

A recent study reported lower mortality in p.C282Y homozygotes who had elevated
SF but less than 1000 pg/L and had normalization of SF by phlebotomy when
compared to the general population (Bardou-Jacquet, Morcet et al. 2015). p.C282Y
homozygotes who had normal SF at diagnosis did not have a difference in mortality
to the general population. Perhaps their lower mortality rate was due to increased
medical care which resulted in lifestyle changes that were beneficial. To assess the
benefits of phlebotomy in this cohort would require a randomised controlled study

of treatment versus placebo (Delatycki, Gurrin et al. 2015).

1.12 Community Screening

The use of community screening to identify individuals with HH is the subject of
debate. (Pietrangelo 2004) HH fulfills a number of criteria for screening. The
prevalence of HH is high, between 1 in 80 and 1 in 400 in Caucasians (Merryweather-
Clarke, Pointon et al. 1997, Bacon, Powell et al. 1999, Merryweather-Clarke, Pointon
et al. 2000, Adams, Reboussin et al. 2005, Allen, Gurrin et al. 2008). Genetic testing
for HH is widely available and can lead to iron reduction therapy that can prevent
disease related to HH if discovered early. There is conflicting evidence in terms of
acceptability of community screening. In the HEIRS study, there was an increased
rate of health concerns among p.C282Y homozygotes (Wenzel, Anderson et al.
2007). However, that study included non-English speaking individuals who have been
found to have more health concerns and worse psychological wellbeing, likely due to
language and cultural differences (Wenzel, Anderson et al. 2007). By contrast,
Delatycki et. al (Delatycki, Allen et al. 2005) found that there was no increase in
anxiety or decrease in health perception among 47 p.C282Y homozygotes newly
identified from 11 841 participants screened in the workplace. Individuals with HH
identified by the screening program took steps to prevent disease. In addition,
insurance companies in Australia have agreed that asymptomatic p.C282Y

homozygotes will not be discriminated against in insurance applications if they have
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normal SF or they take steps to reduce SF to the normal range (Delatycki, Allen et al.
2002). Further studies will need to be undertaken to evaluate the health economics

of community screening for HH.

1.13 Conclusion

The above literature review serves as a background to this thesis. It has highlighted
the relatively high prevalence of HH and identified that the majority of people with
HH have moderately elevated iron levels, defined as SF between 300 pg/L and 1000
ug/L. Whilst there is some evidence suggesting that this cohort of patients may not
exhibit signs and symptoms related to HH leading some to recommend these
individuals should not have iron reduction therapy, no clinical trials have been
conducted to assess the benefits of removing excess iron. More patients with HH are
now diagnosed early in its course due to the availability of HFE gene testing. It is
therefore critical to explore the need for therapy in this cohort of patients. It is
important to assess the presence of liver fibrosis or cirrhosis in HH and there is an
increasing use of non-invasive methods to assess liver fibrosis and cirrhosis. This
warrants evaluation of the use of these methods in HH. Lastly, arthropathy in HH is
debilitating and one of the early manifestations of the disease. Further study of HA is

important to early recognition of the disease to prevent complications.
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1.14 Aims of the research presented in this thesis

The aims of this research include:

1. To conduct a multi-centre, participant-blinded, randomised controlled trial of
erythrocytapheresis and sham erythrocytapheresis (plasmapheresis) to
assess objectively the benefits of iron reduction in HFE p.C282Y homozygotes
with moderately elevated iron defined as serum ferritin between 300 ug/L
and 1000 pg/L, with patient-reported outcomes and non-invasive markers of

liver fibrosis and oxidative stress markers.
2. To evaluate the use of non-invasive methods including transient elastography
and Hepascore, to assess liver fibrosis and cirrhosis in a haemochromatosis

cohort.

3. To assess arthropathy in the hands of p.C282Y homozygotes.
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Chapter 2: Reduction of body iron in HFE-related
haemochromatosis and moderate iron overload (Mi-lron): a

multicentre, participant-blinded, randomised controlled trial

2.1 Introduction and Summary

Evidence related to the benefits of treatment in HFE p.C282Y homozygotes, the most
common genotype in hereditary haemochromatosis (HH), with moderately elevated
SF between 300- 1000 ug/L is lacking. Some population studies had suggested there
are no increase in signs and symptoms of HH in these individuals and the risk of
progressing to high SF of more than 1000 ug/L, a predictor of advanced fibrosis and
liver cirrhosis is low (Gurrin, Osborne et al. 2008, Allen, Bertalli et al. 2010). Thus,
some clinicians have suggested a wait and observe approach for these individuals
rather than treatment to normalise body iron (Adams and Barton 2010). To date,
there have been no randomised control trials conducted to assess the benefits of
phlebotomy versus no treatment. The Mi-lron study, is the first randomised,
participant-blinded trial conducted in p.C282Y homozygotes with moderately
elevated iron with SF between 300- 1000 ug/L, using erythrocytapheresis as
treatment and plasmapheresis as control, to assess patient-reported outcome
measures including Modified Fatigue Impact Scale (primary outcome measure),
Hospital Anxiety and Depression Scale, Medical Outcome Study Form and Arthritis
Impact Measurement Scale and hepatic fibrosis with transient elastography (with
Fibroscan®), Hepascore, Fibrometer and oxidative stress markers, serum and urinary
F2-isoprostanes. The detailed methodology of this study had been published
separately to the publication of the results and both papers have been attached in

this chapter.
We found that there was a significantly greater improvement in the primary

outcome, MFIS and its cognitive subcomponent in the treatment group than the

control group. Similar improvement was observed in the affect component of the
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AIMS2-SF. Biochemically, there was a significantly greater improvement in
Hepascore and plasma F2-isoprostanes in the treatment group when compared to
the control group. Collectively, our findings concluded that p.C282Y homozygotes
with moderate iron overload can benefit from normalisation of iron levels and
supports current clinical recommendations that all with HH and iron overload should

have treatment to normalise body iron.
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ABSTRACT

Introduction: HFE p.C282Y homozygosity is the most
common cause of hereditary haemochromatosis. There
is currently insufficient evidence to assess whether
non-specific symptoms or hepatic injury in
homozygotes with moderately elevated iron defined as
a serum ferritin (SF) of 3001000 pg/L are related to
iron overload. As such the evidence for intervention in
this group is lacking. We present here methods for a
study that aims to evaluate whether non-specific
symptoms and hepatic fibrosis markers improve with
short-term normalisation of SF in p.C282Y
homozygotes with moderate elevation of SF.

Methods and analysis: Mi-iron is a prospective,
multicentre, randomised patient-blinded trial conducted
in three centres in Victoria and Queensland, Australia.
Participants who are HFE p.C282Y homozygotes with
SF levels between 300 and 1000 ug/L are recruited and
randomised to either the treatment group or to the
sham treatment group. Those in the treatment

group have normalisation of SF by 3-weekly
erythrocytapheresis while those in the sham treatment
group have 3-weekly plasmapheresis and thus do not
have normalisation of SF. Patients are blinded to all
procedures. All outcome measures are administered
prior to and following the course of treatment/sham
treatment. Patient reported outcome measures are the
Modified Fatigue Impact Scale (MFIS-primary
outcome), Hospital Anxiety and Depression Scale
(HADS), Medical Outcomes Study 36-item short form
V.2 (SF36v2) and Arthritis Impact Measurement Scale
2 short form (AIMS2-SF). Liver injury and hepatic
fibrosis are assessed with transient elastography (TE),
Fibrometer and Hepascore, while oxidative stress is
assessed by measurement of urine and serum F2-
isoprostanes.

Ethics and dissemination: This study has been
approved by the Human Research Ethics Committees
of Austin Health, Royal Melbourne Hospital and Royal

Brishane and Women’s Hospital. Study findings will be
disseminated through peer-reviewed publications and
conference presentations.

Trial registration: Trial identifier: NCT01631708;
Registry: ClinicalTrials.gov

INTRODUCTION

Hereditary haemochromatosis (HH), an iron
overload disorder, is the most common
genetic condition in Northern Europeans
among whom approximately 1 in 200 are
homozygous for the HFE p.C282Y amino
acid substitution, the cause of most HH. Not
all p.C282Y homozygotes develop morbidity.'
About 20% of males and 40% of females
with this genotype do not develop iron over-
load.” At least 28% of males and 1% of
females develop iron overload-related disease
such as liver cirrhosis, diabetes mellitus
and cardiomyopathy.” These individuals
generally have severe iron overload as indi-
cated by a serum ferritin (SF) of greater than
1000 pg/L. Therefore, the question arises as
to whether the largest group of p.C282Y
homozygotes, those with raised SF but SF less
than 1000 pg/L (defined here as moderate
iron overload), require venesection treat-
ment to normalise SE. Answering this ques-
tion is important since if treatment is
beneficial, introduction of community
screening for HH should be considered
whereas if there is no benefit from treat-
ment, p.C282Y homozygotes with moderate
iron overload do not need to undertake this
somewhat onerous intervention.
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Open Access 8

Major management guidelines for HH recommend
treatment of those with HH and SF above the upper limit
of normal and recommend that SF be reduced to 50—
100 pg/L.> * The rationale for normalisation of SF in
those with severely elevated SF (>1000 pg/L) is clear as
severe morbidity and mortality can be prevented.” ® There
is little evidence that treatment is beneficial in those with
moderate iron overload however. There have been no ran-
domised controlled trials to objectively assess whether
returning iron levels to normal improves symptoms in p.
C282Y homozygotes with moderately elevated SE Reasons
why such studies have not been carried out likely include
the fact that treatment of HH is relatively safe and there-
fore commentators have adopted the stance that treatment
is unlikely to result in harm while there are theoretical
reasons why harm may result from not normalising SE” In
addition, blinding is far more complex in a trial of vene-
section than in a placebo-controlled pharmaceutical trial.

HFE p.C282Y homozygotes with moderately elevated SF
do not have an increase in frequency of HH-related symp-
toms when compared to controls in cross-sectional
studies.® © Such cross-sectional studies are not designed to
identify subtle symptoms such as fatigue, however.
Anecdotal evidence suggests that fatigue benefits from
treatment of HH. Fatigue is a non-specific symptom that is
commonly reported in individuals with HH? '*% and has
a negative impact on the physical and psychological
quality of life."* There are conflicting data about the rela-
tionship between fatigue and levels of excess iron. Adams
et al'® found an association between fatigue and hepatic
iron index in 410 p.C282Y homozygotes. In contrast,
fatigue has been reported in p.C282Y homozygotes with
normal SF'® '* and has been found to be worse in some
individuals following normalisation of SF by venesection
treatment.'' '® One population study identified signifi-
cantly higher Modified Fatigue Impact Scale (MFIS)
scores in p.C282Y homozygotes who knew their diagnosis
and had their iron levels normalised compared to those
who were unaware of the diagnosis and had significantly
higher SE® There are three possible explanations for these
observations: (1) There is no relationship between fatigue
and iron levels in HH; (2) there is a significant psycho-
somatic effect of diagnosis on how these individuals per-
ceive fatigue; or (3) there is a subgroup of individuals who
have fatigue and are more likely to be diagnosed with HH.

A recent study suggested that treated HFE p.C282Y
homozygotes with moderate iron overload have
decreased cardiovascular and extrahepatic cancer-
related mortality rates compared to the general popula-
tion, while p.C282Y homozygotes with normal SF have
the same mortality rates as the general population.” The
relationship between the mortality findings and treat-
ment of iron overload was questioned, however.'®

AIMS AND HYPOTHESIS
The aim of this multicentre randomised trial is to
compare the prevalence of symptoms and objective

markers of disease between those in the treatment
group and those in the sham treatment group.

Our hypothesis is that HFE p.C282Y homozygotes with
moderately elevated SF will have few symptoms and signs
of disease and decreasing SF to normal levels will not
result in a greater change in patient reported outcomes
or objective markers of liver injury or hepatic fibrosis
compared to those whose SF levels are not lowered to
the normal range.

METHODS AND ANALYSIS

The Mi-iron (Moderately increased iron levels) study is a
multicentre, randomised single-blinded trial being con-
ducted in Victoria (Austin Hospital and the Royal
Melbourne Hospital) and Queensland (Royal Brisbane
and Women’s Hospital) that started in August 2012 and
is due to conclude in December 2015. Figure 1 sum-
marises the methodology of the Mi-iron Study.

Participants

Inclusion criteria

1. Age 18-70 years inclusive

2. HFE p.C282Y homozygous

3. SF between 300 and 1000 ug/L

4. Previously or currently raised TS

Exclusion criteria

1. HH due to other genotypes

2. Venesection in the past 2 years for treatment of HH

3. Other risk factor(s) for liver injury including hepatitis
B (HBV) or C (HCV), excess alcohol consumption
(>60 g/day in males, 40 g/day in females), body mass
index (BMI) of >35 kg/m?

4. Pregnant females

Study intervention

Apheresis is being used as the study intervention. All
procedures are conducted using the Haemonetics MCS
Plus apheresis system.

Randomisation and stratification

Participants are randomised to either the treatment
group to have erythrocytapheresis or the sham
treatment group to have plasmapheresis. Randomisation
is by computer generated random number sequence.
Randomisation is stratified by gender, initial SF
(300-599 pg/L or 600-1000 ug/L as a binary variable)
and site.

Maintenance of blinding

The participant is blinded as to which arm of the study
he/she has been randomised by being connected to the
apheresis machine with the machine and the tubing not
visible to the individual. This is achieved by the partici-
pant’s arm being passed through an opaque black
curtain (figure 2). Thus participants are unaware of
whether they are having red blood cells (RBCs) or
plasma removed and are unaware of whether or not they

2
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Figure 1 Flow chart of
methodology for the Mi-iron
Study. TS, transferrin saturation;
SF, serum ferritin; MFIS, Modified
Fatigue Impact Scale; SF36v2,
Medical Outcomes Study 36-item
short form V.2; HADS, Hospital
Anxiety and Depression scale;
AIMS2-SF, Arthritis Impact
Measurement Scales 2 short
form; TE, transient elastography.

Baseline and End of treatment

assessments include:

+ MFIS (Primary outcome
measure)

+ SF36v2

HADS

AlIMS2-SF

- TE

+ Hepascore

Fibrometer™ v

TE and Fibrometer™ V

Combination score

+ F2lsoprostanes

n=50

Erythrocytapheresis

l

Target SF< 300pg/L

[Inclusion Criteria
+ Age 18-70 years old

Recruitment
+ HFE p.C282Y homozygous
‘_ + SF between 300 and 1000 pg/L with
previously or current raised TS
Meet all study h
criteria [Exclusion Criteria
4— + HH due to other genotypes

+ Venesection in the last 2 years for
treatment of HH
« Other risk factor(s) for liver toxicity
. including hepatitis B or C, excess
Emry into Sm{jy alcohol consumption, body mass
| Baseline Assessment |
: : ‘_ Initial serum ferritin (300-599 pg/L or
Randomisation 600-1000 pg/L as a binary variable)
» Site

index 235kg/m?

+ Pregnant females

Stratification
= Gender

Control
(Plasmapheresis)

Number of treatments based on intial
serum ferritin

Volume removed based on blood volume
and initial haematocrit

I End of treatment Assessment

are having their iron levels reduced. Staff performing
the apheresis are trained to not inadvertently reveal the
treatment arm of the participant through strict adher-
ence to study protocol and careful use of language in
describing what is being performed. A member of the
research team is present during the intervention to
ensure blinding is maintained by monitoring the pro-
cedure and conversation between apheresis staff with
the participant.

Those undergoing plasmapheresis have the same
volume of plasma removed as the volume of RBCs
removed had they been randomised to the erythrocyta-
pheresis arm. Therefore, the risk of symptoms due to
reduction in circulating blood volume is the same for
individuals in both arms of the study.

Intervention

Treatments are administered every 3 weeks. The volume
of RBCs/plasma removed is individualised based on the
individual’s blood volume and haematocrit. Haematocrit
is measured at the start of each erythrocytapheresis

treatment while in the sham treatment group, mock
blood tests are taken to ensure the participant’s experi-
ence is identical irrespective of the treatment group to
which they have been randomised. The volume removed
is calculated based on the height, weight, pretreatment
haematocrit and the target haematocrit (30-35%; figure
3). Treatments are ceased in the treatment group when
SF is below 300 pg/L. For the sham group, the calcu-
lated number of treatments is equivalent to as if their SF
was normalised in the RBC group.

Participants in the sham arm are offered erythrocyta-
pheresis or phlebotomy to normalise SF at their choice
of venue on completion of the study.

Safety blood test monitoring

All participants have SF measured 2-3 weeks after the
expected last treatment to ensure the SF level has
decreased to the normal range (<300 pg/L) for those in
the treatment group before proceeding to the end of
trial assessment. Participants in both arms of the study
have the same blood test to ensure blinding. Serum B12,
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Figure 2 A black opaqgue curtain prevents the participant from seeing the apheresis machine and therefore the individual cannot
see if red blood cells or plasma is removed. (A) View from the patient’s perspective, (B) View from the apheresis machine side of

the curtain.

folate, iron studies and full-blood count are checked
approximately mid-treatment in both groups for safety
monitoring.

Target SF

There have been no definitive studies conducted to
demonstrate what the target SF should be at the end of
treatment in an individual with HH. Guidelines recom-
mend a target SF of less than 50-100 pg/L. In this study,
we have chosen to reduce SF to anywhere in the normal
range, that is, a SF of 20-300 pg/L, based on the expect-
ation that an individual with HH whose SF is in the
normal range should have similar symptoms to those
without HH and who have a normal SE

Outcome measures

The outcome measures being assessed are patient-
reported outcome scales to assess symptoms, as well as
markers of liver injury, hepatic fibrosis and oxidative
stress. These are administered at baseline and the end
of erythrocytapheresis/ sham apheresis treatment.

Patient-reported outcome scales

1. Modified Fatigue Impact Scale (MFIS) is the primary
outcome measure for this study. The MFIS is a
2l-item scale that measures the impact of fatigue on
three independent subscales of physical, cognitive

and psychosocial functioning.'® Participants rate
their fatigue in the past month on a five-point
Likert-type scale. The total score ranges from 0 to 84
with higher scores reflecting greater fatigue. Subscale
scores, physical (0-36); cognitive (0-40); and psycho-
social (0-8), can also be derived.

. Medical Outcomes Study 36-item short form V.2 (SF36v2)

is a 36-item generic health survey to measure health
and well-being'® that has been previously used in
various HH studies to measure quality of life.” '* 2% *!
It assesses eight different health components (phys-
ical functioning, role-physical, bodily pain, general
health, vitality, social functioning, role-emotional,
mental health) and provides a summary score for
both physical and mental components. It is a norm-
based scoring system and thus can be used to
compare participant scores to the general
population.

. Hospital Anxiety and Depression Scale (HADS) is com-

posed of a 14-item total scale (HADS-T) consisting of
two seven-item independent subscales, the Anxiety
(HADS-A) and Depression (HADS-D) subscales.?
Participants rate how they have felt in the past week
on a four-point Likert-type scale. Scores on each scale
can be interpreted in ranges: normal (0-7); mild (8-
10); moderate (11-14); and severe (15-21). Higher
scores on each subscale or the entire scale indicate

Figure 3 Equation to estimate

postcollection haematocrit (Hct
Hect post =

(TBV x Donor Hct/100) - (Target RBC volume x Bowl Hct/100)

post) based on total blood volume
(TBV) using Nadler's fomula.'”
Adopted from the Haemonetics
MCS Plus apheresis system
manual. TBV, total blood volume;
RBC, red blood cell; Hct,

Nadler’s Formula

TBV - Target RBC volume + Compensation Volume + (30ml x cycles)

Female TBV (ml) = 183 + 0.000356 x height (cm)® + 33 x weight (kg)
Male TBV (ml) = 604 + 0.0003668 x height (cm)’ + 32.2 x weight (kg)

haematocrit.
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greater anxiety, depression or both. This scale has
been found to be valid and reliable in various
populations.? !

4. Arthritis  Impact  Measurement Scales 2 short form
(AIMS2-SF) is a 26-item validated scale that assesses
the impact of arthritis on five core domains of the
participants.”® *® It measures physical functioning,
symptoms, affect, role and social interactions of the
individuals. A five-point Likert-type scale is used to
rate how participants have felt in the past month.
The higher the raw score, the greater the impact of
arthritis on the participant. Use of arthritis medica-
tion at baseline and end of trial will also be
compared.

5. To assess the fidelity of the blinding process, the par-
ticipants are asked which treatment group they
believe they were allocated to at the completion of
the study, before unblinding.

Liver injury and hepatic fibrosis markers

Transient elastography (TE) and blood tests for compo-
nents of Hepascore and Fibrometer®® V are collected
from individuals at baseline and end of the trial.

Transient elastography

Fibroscan is a method of TE that evaluates liver stiffness
using an ultrasound probe to measure the velocity of a
mechanical wave that is pulsed through the liver. As the
liver becomes progressively more fibrotic, it becomes
harder and less elastic. The velocity of the wave corre-
lates directly with tissue stiffness and results are reported
in kilopascals (kPa).27 TE has been evaluated in a
number of different liver diseases, including HBV and
HCV, alcoholic liver disease, non-alcoholic fatty liver
disease and HH.*® ** A recent meta-analysis of nine
studies involving TE showed excellent results for diag-
nosing cirrhosis, with a sensitivity of 87% and specificity
of 91%.%° Adhoute et al’’ have shown that TE measure-
ments correlate with Hepascore measurements in indivi-
duals with HH. The results of liver stiffness are acquired
from at least 10 successful valid measurements with a
success rate of at least 60% within the IQR of <30%. A
cut-off value of 8.7 kPa was sensitive for the diagnosis of
those with significant fibrosis (>F2), with an area under
the curve (AUC) for the receiver operating characteristic
(ROC) of 0.79% and a reading of more than 13 kPa was
highly predictive that cirrhosis of the liver was present in
a cohort with iron overload due to B-thalassaemia.*®

Hepascore

Hepascore is derived from an age-specific and gender-
specific model that inputs parameters of serum biliru-
bin, y glutamyl transferase (GGT), hyaluronic acid and
o2-macroglobulin. The test results in a score between 0
and 1 with a higher score being associated with more
severe liver disease. In a HCV cohort, Hepascore
demonstrated an AUC for the ROC of 0.8 for predicting
significant fibrosis (>F2) and 0.90 for predicting

cirrhosis.>* A score >0.5 was found to have a specificity
of 70% and sensitivity of 77% to detect significant fibro-
sis (2F2) in a large HCV cohort.” A Hepascore <0.25
can exclude significant fibrosis with a negative predictive
value of 0.9.% In a study that included the Hepascore in
HFE related HH, 44 p.C282Y homozygotes had a median
score of 0.1.%

Fibrometer®® v

Fibrometer®® V is formulated from the platelet count
(PLT), prothrombin index (PI), and the alanine amino
transaminase (ALT), aspartate amino transaminase
(AST), GGT, o2-macroglobulin and urea levels. This bio-
marker had an AUROC of 0.85 for predicting significant
fibrosis and an AUROC of 0.9 for predicting cirrhosis in
a HCV cohort.” Its robustness has been evaluated in dif-
ferent studies and has been recommended by the
French National Authority for Health for the estimation
of liver fibrosis in HCV.

The combination of Fibrometer’® V and TE has
recently been shown to increase the accuracy of diagnos-
ing significant fibrosis and cirrhosis to 92% compared
with Fibrometer®® V (84% accuracy) or TE (88% accur-
acy) alone. The combination has an AUROC of 0.89,
improving the reliability and precision of diagnosis of
significant  fibrosis in chronic liver disease.”® %
Fibrometer has not been tested in HH.

Oxidative stress marker

Iron is a strong pro-oxidant and there is evidence that
markers of oxidative stress are elevated in individuals
with elevated iron indices due to HH.**™** To assess oxi-
dative stress, F2-isoprostanes, a validated marker of cellu-
lar lipid oxidative damage,** are being measured in
urine and blood. While elevated makers of oxidative
stress are not necessarily related to symptoms of disease,
we will be able to assess the relationship between this
early marker of tissue injury and the other markers
being measured, including iron indices, Hepascore,
Fibrometer, TE score and the scores for the various clin-
ical scales being administered. We will also assess
whether F2-isoprostanes are positively impacted by nor-
malisation of iron indices in the erythrocytapheresis

group.

Sample size calculation

Data from the Melbourne HealthIron study® were used to
calculate SDs of the MFIS score of 14.1 and 17.8 for male
and female C282Y homozygotes, respectively. Using a
conservative value for the SD of 18, a sample size of 50 in
each treatment group ensures an 80% chance (statistical
power) that a treatment effect of a mean difference of 10
MFIS units (well above a clinically relevant difference on
this scale which runs from 0 to 84) is reflected in a p
value less than 0.05. Summary statistics from figure 2 of
Adams et al** show the mean Hepascore changing from
0.20 in patients with METAVIR fibrosis grade 0 or 1 (FO
or F1), through 0.45 in those with F2, to close to 1.0 in
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those with F3 or F4. The within-fibrosis grade SD of
Hepascore is approximately 0.20 in the F2 group and it is
much lower in the remaining groups. Using this SD, a
sample size of 50 in each treatment group of the trial deli-
vers statistical power of 85% to detect a treatment effect
of 0.12 on the Hepascore scale. A change of this magni-
tude is similar to the observed mean difference in
Hepascore between adjacent fibrosis groups presented in
Adams et al®* Accommodating the stratified design, the
regression-based statistical analysis will result in minimal
loss of power provided that only the average initial mea-
sures and not the treatment effects are different between
strata.

Statistical analysis

The primary analysis addressing the research hypothesis
will be a comparison of the change in scores for all
outcome scales, biochemical tests and TE scores, from
baseline to end of treatment, between those who have
had their iron levels returned to normal and those who
were in the sham treatment group, with assignment to
the comparison groups based on intention to treat. This
analysis will be implemented using a linear regression
model of the final measure on each scale including as
covariates the value of the initial measure, gender, initial
SF (300-599 ug/L or 600-1000 ug/L as a binary variable)
and site (Melbourne or Brisbane as a two category vari-
able). In a separate analysis, this model with the
Hepascore as the outcome measure will be extended to
include the quantity of iron removed (calculated as 1g
iron per litre of RBCs removed by erythrocytapheresis) to
determine whether there is an association between the
change in Hepascore and the reduction in iron level.
Similar analyses will be performed for F2-isoprostanes,
TE and patient-reported outcome scales.

CONCLUSION

This is the first randomised controlled trial of treatment
for HH. It will demonstrate whether there is any benefit
in the short term from normalisation of SF in HFE p.
C282Y homozygotes with moderately elevated SE. This
has implications for management of this group of indivi-
duals and may assist in determining whether introduction
of community screening for HH should be considered.
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Reduction of body iron in HFE-related haemochromatosis
and moderate iron overload (Mi-Iron): a multicentre,
participant-blinded, randomised controlled trial

SimY Ong, Lyle C Gurrin, Lara Dolling, Jeanette Dixon, Amanda J Nicoll, Michelle Wolthuizen, Erica M Wood, Gregory | Anderson, Grant A Ramm,
Katrina J Allen, John K Olynyk, Darrell Crawford, Louise E Ramm), Paul Gow, Simon Durrant, Lawrie W Powell, Martin B Delatycki

Summary

Background The iron overload disorder hereditary haemochromatosis is most commonly caused by HFE p.Cys282Tyr
homozygosity. In the absence of results from any randomised trials, current evidence is insufficient to determine
whether individuals with hereditary haemochromatosis and moderately elevated serum ferritin, should undergo iron
reduction treatment. This trial aimed to establish whether serum ferritin normalisation in this population improved
symptoms and surrogate biomarkers.

Methods This study was a multicentre, participant-blinded, randomised controlled trial done at three centres in
Australia. We enrolled people who were homozygous for HFE p.Cys282Tyr, aged between 18 and 70 years, with
moderately elevated serum ferritin, defined as 300-1000 pg/L, and raised transferrin saturation. Participants were
randomly assigned, via a computer-generated random number, to undergo either iron reduction by erythrocytapheresis
(treatment group) or sham treatment by plasmapheresis (control group). Randomisation was stratified by baseline
serum ferritin (<600 pg/L or =600 pg/L), sex, and study site. Erythrocytapheresis and plasmapheresis were done every
3 weeks, the number of procedures and volume of red cells or plasma removed determined on the basis of each
patient’s haemoglobin, haematocrit, and serum ferritin concentration, as well their height and weight. In the
erythrocytapheresis group, the target was to reduce serum ferritin to less than 300 pg/L. The number of procedures
for the control group was based on the initial serum ferritin and prediction of decrease in serum ferritin of
approximately 120 pg/L per treatment. The primary outcome was patient-reported Modified Fatigue Impact Scale
(MFIS) score, measured at baseline and before unblinding. Analyses were by intention to treat, including the safety
analysis. The trial is registered with ClinicalTrials.gov, number NCT01631708, and has been completed.

Findings Between Aug 15, 2012, and June 9,2016, 104 participants were randomly assigned to the treatment (n=54)
and control (n=50) groups, of whom 94 completed the study (50 in the treatment group and 44 in the control group).
Improvement in MFIS score was greater in the treatment group than in the control group (mean difference -6-3,
95% CI-11-1to0 -1-4, p=0-013). There was a significant difference in the cognitive subcomponent (-3-6,-5-9to -1-3,
p=0-0030), but not in the physical (-1-90 —4-5 to 0-63, p=0-14) and psychosocial (-0-54, -1-2 to 0-11, p=0-10)
subcomponents. No serious adverse events occurred in either group. One participant in the control group had
a vasovagal event and 17 participants (14 in the treatment group and three in the control group) had transient
symptoms assessed as related to hypovolaemia. Mild citrate reactions were more common in the treatment group
(32 events [25%] in 129 procedures) compared with the control group (one event [1%] in 93 procedures).

Interpretation To our knowledge, this study is the first to objectively assess the consequences of iron removal in
individuals with hereditary haemochromatosis and moderately elevated serum ferritin. Our results suggest that
serum ferritin normalisation by iron depletion could be of benefit for all individuals with hereditary haemochromatosis
and elevated serum ferritin levels.

Funding National Health and Medical Research Council (Australia).

Introduction

HFE-associated hereditary haemochromatosis is the
most common autosomal recessive disease among white
European populations, with roughly one in 200 having
homozygosity for the p.Cys282Tyr mutation, which
places them at increased risk of iron overload.' Hereditary
haemochromatosis results from elevated dietary iron
absorption and subsequent iron deposition in various
organs, resulting in potentially severe tissue damage
because of the capacity of iron to induce oxidative stress.?

www.thelancet.com/haematology Vol 4 December 2017

The most serious, life-threatening clinical manifestations
of hereditary haemochromatosis are liver cirrhosis and
increased incidence of hepatocellular carcinoma. Iron
deposition in the joints, pancreas, pituitary gland, and
heart can also lead to arthralgia and arthritis, diabetes
mellitus, sexual dysfunction, and cardiac failure.* Iron
overload has also been reported to cause psychosocial
effects, such as fatigue and depression, affecting quality
of life.*” Men are particularly at risk of morbidity from
hereditary haemochromatosis, with at least 28% of men
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Research in context

Evidence before this study

We searched PubMed up to Oct 20, 2017, without
language restrictions using the search terms
"haemochromatosis”, “treatment”, “phlebotomy”,
“venesection”, "erythrocytapheresis”, and “randomised”.
Although there are ample data to support the benefit of
normalisation of body iron in people with hereditary
haemochromatosis due to HFE p.Cys282Tyr homozygosity
with serum ferritin of more than 1000 pg/L, few data exist to
inform the question of whether treatment is needed for
those with serum ferritin above the normal range but

less than 1000 pg/L.

"o

homozygous for HFE p.Cys282Tyr in a large, unselected
sample of the general population of Australia satisfying
criteria for documented iron overload-related disease.’

Because of the potential complications of hereditary
haemochromatosis, all management guidelines recom-
mend removing excess iron from all people with
hereditary haemochromatosis who have an elevated
serum ferritin concentration, irrespective of whether
they are symptomatic or not.*” Treatment is generally by
regular venesection, although erythrocytapheresis or
iron chelation are occasionally used.!

Evidence for the benefit of iron depletion in people with
HFE p.Cys282Tyr homozygosity and serum ferritin
greater than or equal to 1000 pg/L is strong, as the risk
of developing iron overload-related disease, including liver
cirrhosis, is high in this group.*® However, the evidence
on the need for treatment in those with serum ferritin
above the normal range (approximately 300 pg/L) but less
than 1000 pg/L (moderate iron overload), the most
common group among people with HFE p.Cys282Tyr
homozygosity, is less clear. Some experts have suggested
that individuals in this category might reasonably be
observed rather than treated: the so-called watch and wait
approach.”” Although previous cohort studies have not
shown evidence of increased risk of morbidity in those
with moderate iron overload,"” these studies were not
specifically designed to answer the question of whether
treatment is clinically beneficial to such individuals. It is
unknown whether such individuals benefit from
prophylactic treatment. There is, therefore, a need for
objective evidence to inform the management of people
with hereditary haemochromatosis who have moderate
iron overload. We aimed to answer whether reduction of
total body iron was beneficial for these individuals, as
assessed with patient-reported outcomes, and non-
invasive markers of liver fibrosis and oxidative stress.

Methods

Study design and participants

The methods of the Moderately Increased Iron (Mi-Iron)
study have been published previously.” Mi-Iron was a

Added value of this study

Our study, to our knowledge, is the first randomised, blinded
study of iron depletion therapy by red cell removal compared
with sham therapy in people with HFE p.Cys282Tyr homozygosity
and moderate iron overload. Our results identified clinical and
biochemical benefits of body iron normalisation for these people.

Implications of all the available evidence

This study provides evidence that all individuals with hereditary
haemochromatosis who have iron overload, as indicated by
serum ferritin above the normal range, could benefit from
normalisation of body iron.

multicentre, participant-blinded, randomised controlled
trial done at three centres in Australia (appendix).
Patient inclusion criteria were HFE p.Cys282Tyr
homozygosity, age 18-70 years, serum ferritin between
300 pg/L and 1000 pg/L, and raised transferrin saturation,
with no venesection treatment for hereditary haemo-
chromatosis in the 2 years before study entry. Exclusion
criteria were other HFE genotypes, pregnancy, or risk
factors of concomitant liver disease (hepatitis, alcohol
intake =40 g per day for women and =60 g per day for
men, or body-mass index [BMI] >35 kg/m?2). Participants
were recruited over 4 years through referral from
pathology laboratories that did HFE testing, the Australian
Red Cross Blood Service, medical professionals, and
Haemochromatosis Australia, a patient support group.
All participants provided written informed consent.
The study was approved by the Human Research Ethics
Committees of Austin Health, Melbourne, Melbourne
Health, and Royal Brisbane and Women’s Hospital.

Randomisation and masking

Participants were stratified according to serum ferritin
(<600 pg/L or =600 pg/L), sex, and study site, and
subsequently randomly assigned to either the treatment
group to receive erythrocytapheresis (and thus reduction
of body iron, while remaining euvolaemic at the end of
the procedure) or the control (sham) group to receive
plasmapharesis (procedure performed without reduction
of body iron). Randomisation was done with a computer-
generated random number sequence in permuted blocks
of length 6 generated by the main study statistician, LCG.
Participants were enrolled by the study coordinators and
site investigators who assigned them to trial groups after
randomisation. Participants were blinded to the pro-
cedure they were undergoing by use of a full-length black
curtain to conceal the apheresis machine behind it.
Apheresis staff received training to ensure blinding.

Procedures
Erythrocytapheresis and plasmapharesis were done with
at least a 3 week interval between each procedure. The
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number of treatments and volume of red cells or plasma
removed were based on each patient’s haemoglobin,
haematocrit, and serum ferritin concentrations, as well as
their height and weight. Blood sampling was done before
each procedure to assess these parameters. In the erythro-
cytapheresis group, the target serum ferritin concentration
was less than 300 pg/L. The number of procedures for the
control group was based on the initial serum ferritin and a
predicted decrease in serum ferritin of approximately
120 pg/L per treatment, as suggested in a study by
Rombout-Sestrienkova and colleagues.” All participants
were blinded to the results of investigations and blood
samples, which were explained as being used for safety
testing. A blood test was obtained 1 week before the end of
treatment assessment for both groups to ensure that
serum ferritin concentrations were less than 300 pg/L for
the treatment group.

Participants completed questionnaires at baseline and
the end of treatment (prior to unblinding), including the
Modified Fatigue Impact Scale (MFIS),” Medical Outcomes
Study Health Survey Version 2 (SF36v2),” Hospital Anxiety
and Depression Scale (HADS),” and Arthritis Impact
Measurement 2 Short-form Scale (AIMS2-SF).” At the end
of treatment, before unblinding, participants were asked
whether they thought they were in the treatment or control
group.

We used surrogate biomarkers to assess liver fibrosis,
including transient elastography with Fibroscan (Echosens,
Paris, France),” Hepascore,” and Fibrometer 2G, 3G, and
VCTE (Echosens).”” We assessed oxidative stress by
measuring urinary and plasma F,-isoprostane concentra-
tions with mass spectrometry as previously described.?””
Surrogate biomarkers were measured at baseline and at
the end of treatment, before unblinding.

Outcomes

The primary outcome was change in MFIS score
between baseline and the end of treatment. Secondary
outcomes were patient-reported outcomes, as measured
by SF36v2, HADS, and AIMS2-SF; assessment of liver
fibrosis according to transient elastography, Hepascore,
Fibrometer, and oxidative stress; and the fidelity of
blinding. Safety and adverse events were recorded during
procedures by the apheresis nursing staff who ad-
ministered the erythrocytapheresis and plasmapheresis
procedures. Other adverse events were recorded by the
research team members at study visits.

Statistical analysis

The sample size calculation has been described in detail
previously.” Briefly, using an SD of 18, a sample size of
50 in each treatment group would deliver a statistical
power of 80% to detect a treatment effect of a mean
difference of 10 MFIS units with an a of 0-05. With an SD
of 0-20, a sample size of 50 will ensure statistical power of
85% to detect a treatment effect of 0-12 on the Hepascore
scale with an o of 0-05.

www.thelancet.com/haematology Vol 4 December 2017

We compared differences in scores at baseline and the
end of treatment between the control and treatment
groups. The analyses were based on the intention-to-
treat principle in participants who had completed the
study, with estimates of the treatment effect generated
by fitting a linear regression model to data from all
participants adjusting for the stratification factors,
serum ferritin concentration (300-599 pg/L and
600-999 pg/L), sex, and study site. Fibrometer 2G, 3G,
and VCTE results were log-transformed for analysis.
Unless otherwise stated, within-group summary
statistics are presented as the sample mean and SE.
We did the statistical analyses with Stata software
(version 13.1). This study is registered with ClinicalTrials.
gov, number NCT01631708.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

Between Aug 15, 2012, and Jun 9, 2016, 128 individuals
were screened and 104 participants were randomised
(figure). Of the 24 individuals screened but not included
in randomisation, 22 were ineligible for the study
and two were eligible but withdrew before randomisation.
Ten participants withdrew after randomisation, of whom
two in the treatment group and five in the control group
withdrew for personal reasons (eg, not having time to be
in the trial) without starting treatment, and two in the
treatment group and one in the control group withdrew
after starting the study but without completing the end-
of-trial assessment.

Of the 94 participants who completed the study, 50 were
randomly assigned to the treatment group and 44 to the
control group. 93 of the 94 participants were newly
diagnosed with hereditary haemochromatosis and thus
had not had treatment for the condition before the study.
One participant in the control group had undergone
venesection treatment more than 2 years before study
entry. 75 participants were diagnosed through routine
blood tests or family history (38 in the treatment group
and 37 in the control group) and 18 participants presented
with symptoms including lethargy, fatigue, or generally
feeling unwell (11 in the treatment group and seven in
the control group). Data on mode of diagnosis were
missing from one individual in the treatment group
(appendix).

Table 1 shows the baseline demographics of all
participants. The mean number of treatments for partici-
pants was similar between the two groups (2-6 [SD 1-9],
95% CI 2-1 to 3-1 in the treatment group vs 2-1 [1-1],
1-8 to 25 in the control group, p=0-18). The difference
in mean serum ferritin between baseline and the end of
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’ 128 individuals assessed for eligibility ‘

24 not enrolled
22 ineligible
2 withdrew

’ 104 enrolled ‘

v

’ 104 randomly assigned ‘

v

v

54 assigned erythrocytapheresis

‘ ’ 50 assigned plasmapheresis (control)

<300 pg/L

4 withdrew 6 withdrew
2 left for personal reasons 5 left for personal reasons
—» before starting treatment —» before starting treatment
2 left before completing 1 left before completing
assessment at end of study assessment at end of study
A
50 treated ‘ ’ 44 treated
Target serum ferritin >
A

50 included in end of treatment
assessment

44 included in end of treatment
assessment

Figure: Trial profile
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treatment was significant for the treatment group
(decrease of 314-9 pg/L [185-5], —367-7 to —262-2,
p<0-0001) but not for the control group (decrease of
30-8 pg/L [138-6], —73-0 to 11-3, p=0-15). Similarly,
there was a significant reduction in mean transferrin
saturation in the treatment group (baseline transferrin
saturation 63-5% [17-0], 58-8 to 68 -1 vs end of treatment
transferrin saturation 45-4% [15-9], 40-9 to 50-0,
p<0-0001) but not for the control group (baseline
transferrin saturation 64-2% [18-6], 59-0 to 69-5 vs end
of treatment transferrin saturation 61-7% [18-1], 95% CI
56-2 to 67-2, p=0-64). The mean baseline alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) concentrations were in the normal range and
similar in both groups (table 1). ALT and AST con-
centrations remained in the normal range for both
groups at the end of treatment (treatment group
ALT 22-6 U/L [8-9], 20-1 to 25-1 vs control group ALT
28-4 U/L [15-7], 23-7 to 33.2; treatment group AST
20-9 U/L [6-5], 19-1 to 22-8 ws control group
AST 23-3 U/L [8-1], 20-8 to 25-7). The mean weight of
erythrocytes removed per treatment in the treatment
group (mean 436-5 g [112- 3], 404- 6 to 468 - 5) was similar
to the weight of plasma removed per procedure in the
control group (434-7 g [121-6], 397-7 to 471-7; p=0-77).

The mean total weight of iron removed was about 1-2 g
with erythrocytapheresis, whereas the control group had
close to no iron removed (mean total 0-0008 g).

The mean decrease in MFIS score, the primary
outcome, was greater in the treatment group
(-6-8 [SE 1-6], 95% CI—10-0 to —3-6) than for the control
group (-1-4 [1-7], —4-8 to 2-1, p=0-013; table 2). Of the
MFIS subscales, the only significant difference between
the groups was in the cognitive component (treatment
-3-9 [0-78], -5-5 to -2-4 vs control —0-80 [0-83],
-2-51t0 0-86, p=0-0030; table 2).

There was no significant difference between change in
scores for the mental (p=0-44) and physical (p=0-31)
components of SF36v2 between the groups (table 2).
Similarly, there were no significant difference in change
in score between the groups for the total HADS score,
which was generally less than 10 at baseline (p=0-26;
table 2). Among the five components of the AIMS2-SF,
the mean affect component was the only one that was
significantly different between the treatment group and
the control group. The AIMS2-SF affect component
improved by about half a unit on a baseline mean of
about two units in the treatment group, whereas there
was no change in the mean component for controls
(p=0-034; table 2).

As could be expected in an unselected group of people
with HFE p.Cys282Tyr homozygosity and serum ferritin
less than 1000 pg/L, there was little evidence of liver
fibrosis as measured by transient elastography in either
group at baseline (table 1). The mean change in transient
elastography scores between treatment and control
groups was also similar between groups (table 2).
There was no evidence of liver fibrosis as measured by
Hepascore in either group at baseline (table 1). However,
after treatment, Hepascore decreased in the treatment
group and increased in the control group (p=0-049;
table 2). There was little evidence of advanced liver
fibrosis as measured by Fibrometer 2G, 3G, or VCTE in
either group at baseline (table 1) and little evidence of
change in either group after treatment, so there was no
discernible difference in change between groups
(table 2). The mean change in plasma Fisoprostanes
was larger for the treatment group than the control
group (p=0-038), although this effect was not seen for
urinary F,-isoprostanes (table 2).

There were no differences between groups when
participants were asked about which group of the study
they believed they had been assigned to, indicating
successful blinding of participants to the randomised
treatment allocation (appendix).

Apheresis treatments were well tolerated, with no serious
adverse events reported in either group. One participant in
the control group had a vasovagal event and 17 participants
(14 in the treatment group and three in the control group)
had transient symptoms assessed as related to
hypovolaemia. Mild citrate reactions were more common
in the treatment group (32 events [25%] in 129 procedures)
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compared with the control group (one event [1%] in
93 procedures).

In a post-hoc analysis, we also compared participants
in the treatment group who were diagnosed as having
symptoms at baseline with those who were asymptomatic.
The change in MFIS in response to ferritin normalisation

www.thelancet.com/haematology Vol 4 December 2017

Erythrocytapheresis  Plasmapheresis Erythrocytapheresis  Plasmapheresis
(n=54) (control; n=50) (n=54) (control; n=50)
Sex (Continued from previous column)
Male 34 (63%) 32 (64%) HADS
Female 20 (37%) 18 (36%) Total 9:0(6:8; 92 (7-6;
Mean age (years) (Y )
Male 73042, 3503 ety sits = -
32:3-423) 38.8-482) .
Female 491(133; 453(153; R 2.4?22()3.3; 2~5734.Z9()4.1;
42-8-553) 37:7-52-9)
Mean body-mass index (kg/m*) QIR
Physical 0-59 (0-65; 0-66 (0-75;
Male 254 (3°8; 26:8(3°8;
241-26-8) 25.4-28.2) 0-41-077) 0-45-088)
P, Teyrer 2666 Affect ) zz-o 19 ) 21;1 @2
24.2-285) 24.8-28-4) 525) KTl
. _ . Symptom 0-85(1-8; 0-90 (1.5;
Serlum ferritin 600-1000 pg/L (n=30) ; ; 037-13) 0.47-13)
Male 14(26%) 13 (26%) Social 49(15; 4802
Serum ferritin (ug/L) 7235(933; 7055 (69-2; 45-53) 42-5-4)
669-6-777-4) 6637-747-3) T, 11020; 1932
Female 4(7%) 1(2%) 0-47-17) 0-93-2.9)
Serum ferritin (pg/L) 715:5(173-6; 861 Hepatic fibrosis markers
439-2-991-8) Transi . :
ransient elastography score 4.9 (1-6; 49 (13;
Serum ferritin 300-599 pg/L (n=64) (kPa) 45-5-4) 45-52)
Male 20 (37%) 19 (38%) Hepascore* 021(0-12; 020 (0-12;
Serum ferritin (ug/L) 4035 (777; 4362 (87:0; 018-0-25) 016-0-24)
367-1-439-0) 394-5-478-4) Fibrometer2G (log)* 0-16 (0-091; 018 (0-13;
Female 16 (30%) 17 (34%) 013-0-19) 014-0-22)
Serum ferritin (pg/L) 4143 (72:5; 4023 (82:6; Fibrometer3G (log)* 018 (0-11; 0-21(0-14;
375:6-452:9) 359-8-444:8) 015-0-22) 016-0-25)
Serum markers Fibrometer VCTE (log)* 0-12 (0-067; 014 (0-14;
Transferrin saturation (%) 635 (17:0; 64-2 (18-6; QGO B10.01)
58-8-68-1) 59-0-69-5) Oxidative stress markers
Alanine aminotransferase 293 (13-4; 32:6(239; F,-isoprostanes plasma 9292 (201-1; 8844 (255:8;
() 254-33-1) 25-4-39-9) (pmol/L)* 871:5-987:0) 804:7-964-1)
Aspartate aminotransferase 23.9(90; 260 (13-2; F,-isoprostanes urine 396-5 (163-5; 382:9(219°8;
(U/L) 21:4-265) 22:0-30-0) (pmol/L)* 350-1-443-0) 315-2-4505)
Patient-reported outcome measures Data are mean (SD; 95% Cl) or n (%). MFIS=Modified Fatigue Impact Scale.
MFIS SF36v2=Medical Outcomes Study 36-item short form version 2. HADS=Hospital
Total 265 (17-1; 249 (17-1; Anxiety and Depression Scale. AIMS2-SF=Arthritis Impact Measurement Scales 2
21.8-312) 20-1-29-8) short form. *Data available for participants who completed the study.
Cogpitive 132(87; n7@3; Table 1: Baseline demographics and clinical characteristics
10-8-15-6) 9-7-13-8)
Physical 113(8-2; 10-9(8-9; L .
9-1-13-6) 8.4-135) was not significantly different (-2-7 [SE 3.7], 95% CI
Psychosocial 2.0 (1.9; 22(2:2; -10-1 to 4-6, p=0-46) between treatment group
15-2:5) 16-2.9) participants with symptoms (-8-8 [3-2], -15-3 to -2-3)
SF36v2 and those who were asymptomatic and were diagnosed
Mental component 483(123; 47-4(14:6; because of family history or by screening blood tests
summary 44-9-517) 43:2-516) (-6-1[1-7], =96 to —2-6).
Physical component 496 (7:4; 510(77;
summa 47-6-51.7 48-8-532 . :
= o :)I Leontini )I ) Discussion
able 1 continues in next column . . s
Our results showed that iron depletion in individuals

with hereditary haemochromatosis with moderately
elevated serum ferritin improved mental wellbeing. Iron
depletion was also associated with improvement in
Hepascore and plasma F -isoprostanes.

Hereditary haemochromatosis is common in white
European populations, but who should be treated with
iron depletion therapy and how aggressively they should
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Patients Changein Change in plasmapheresis  Adjusted mean difference p value
assessed erythrocytapheresis group  (control) group
Patient reported outcome measures
MFIS
Total 93 -6-8 (1-6;-10-0 to -3-6) -14(17;-4-8t021) -63(2:5;-11-1to-1-4) 0-013
Cognitive 94 -3:9(07 -5t0-2-4) -3-6(1-2;-59t0-13) 0-0030
Physical 93 -2:3(0-83;-4-0t0-0-70) -0-60 (0-89; -2-4t0 1-2) -1.9 (1:3;-4-5t0 0-63) 014
Psychosocial 94 -0.58(0-22;-1:0t0-015)  -0-068 (0-23;-0-52 to 0-39) -0-54 (0-33;-1-2t0 0-11) 010
SF36v2
Mental component summary 88 21(1-3;-0-41t0 4-6) 12 (14;-15t03:9) 1.5(1.9;-23t05-4) 044
Physical component summary 88 1-4(0-87;,-0-29t0 3-2) 0-30(0-94;-1-6t02-2) 031
HADS
Total 91 -2.0(0-64; -3-3t0-072) -1-1(0-69; 25 t0 0-28) -1-1 (0-95; -3-0 to 0-80) 026
Anxiety 92 -1.5(0-42; -23t0-0-64) -0-49 (0-45; -1-4 to 0-40) -0-98(0-61;-2-2t0 0-24) 012
Depression 93 -0-62(0-30;-12t00:022)  -0-51(0-33;-1-2t0 0-13) -0-28 (0-46;-1-2t0 0-63) 054
AIMS2-SF
Physical 93 -0.071(0-11;-0-28t0 0-14)  0-044 (0-11;-0-18t0 0-27) -013(016;-046100-19)  0-42
Affect 89 -0-48 (0-15;-0-78 to -0-17) 0-00(0-17;-0-33t0 0:33) -0-51(0-24;-0-98t0-0-038)  0-034
Symptom 94 0-00 (0-21; -0-41 to 0-41) 011 (0-22;-032 t0 0-55) -019(0:31;-0-81t0043) 054
Social 93 -013 (0-20; -0-51 to 0-26) 0-00 (0-21; -0-42 t0 0-42) -021(0:30;-0-80t0 0-40)  0-48
Work* 67 0-48 (0-53;-0-58 to 1.5) -068 (0-54;-1-8t0 0-39) 12 (0-82;-0-47 10 2-8) 016
Hepatic fibrosis markers
Transient elastography score (kPa) 94 0-052 (0-21;-0-37t0 0-48)  -0-12 (0-23;-0-57 t0 0-34) 016 (033;-0-49t0 0-82)  0:63
Hepascore 94 -0-012 (0-017; 0-030 (0-018; -0-051 (0-026; 0049
-0-091to 0-0073) -0-0062 to 0-065) -0-10t0 -0-00018)
Fibrometer 2G (log) 88 0-075 (0-050; 0-034 (0-057; 0-068 (0-077; 038
-0:026t0 0-17) -0-078t0 0-15) -0.086 0 0-22)
Fibrometer 3G (log) 88 0-055 (0-050; -0-026 (0-060; -0-14 to 011 (0-075; 013
-0-045 to 0-15) 0-085) -0-034100-26)
Fibrometer VCTE (log) 89 0-15(0-062;0-023t00-27)  -0-050 (0-069;-0-19 to 019 (0-097; 0-052
0-088) -0.0015 to 0-39)
Oxidative stress markers
F-isoprostanes plasma (pmol/L) 91 -62:9(347;-131-8 t0 6:1) 37-6 (37-5;-36-9 to 1121) -113-7 (53-9; -220-9 to -6-5) 0-038
F,-isoprostanes urine (pmol/L) 92 -1.4(30-8;-62-5t0 59-8) 45 (33-6;-62-2t0 71-3) -26-7 (46-7;-119-6 to 66-1) 057
Data are mean (SE; 95% Cl). Changes in the erythrocytapheresis and plasmapheresis control groups were calculated as the mean difference in scores between baseline and
follow-up. Mean difference was the comparison of the change between control and treatment groups, adjusted for serum ferritin groups, sex, and site. MFIS=Modified
Fatigue Impact Scale. SF36v2=Medical Outcomes Study 36-item short form version 2. HADS=Hospital Anxiety and Depression Scale. AIMS2-SF=Arthritis Impact
Measurement Scales 2 short form. *The work component of AIMS2-SF was only assessed in the subset of participants who were still in paid employment (not retired,
or doing unpaid, volunteer, or carer work).
Table 2: Outcome measures

Dbe treated remain important clinical questions. There are
surprisingly few objective data on this topic and no
evidence from randomised controlled trials. Our study,
to our knowledge, the first randomised, blinded study of
iron depletion therapy by red cell removal compared with
sham therapy, provides good evidence that normalising
body iron stores has a clinical benefit for people with HFE
p-Cys282Tyr homozygosity and moderate iron overload.
Change in total MFIS was greater in the treatment
group than in the control group, which was mainly due to
improvement in the cognitive component. It is unknown
what change in MFIS score is clinically meaningful.
Although the baseline mean MFIS score in this study was
lower than the minimum MFIS score for a diagnosis of
fatigue (38),” this does not necessarily mean that treated

individuals did not obtain benefit from the treatment.
A difference of six units in the MFIS score between the
treatment and control groups could represent psycho-
social benefit in the treated cohort. It is possible that the
higher baseline MFIS in the treatment group than in the
control group, despite not being a significant difference,
contributed to the greater change detected in the treat-
ment group. However our finding of an improvement in
the affect component of AIMS2-SF in the treatment
group supports the notion that normalisation of iron can
positively affect mental wellbeing. These patient-reported
findings were accompanied by improvement in the non-
invasive hepatic fibrosis marker Hepascore and plasma
F,-isoprostanes, a marker of oxidative stress, in the
treatment group.
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There was no change in any outcome measure that was
significantly greater in the control group than in the
treatment group. This finding suggests that the normal-
isation of body iron in people with HFE p.Cys282Tyr
homozygosity is unlikely to be harmful. Indeed, we have
shown in this study that, in many instances, treatment is
beneficial for those with moderate iron overload. Overall,
we considered 21 comparisons between treatment and
control interventions in eight domains (four each that were
patient-reported and surrogate markers). Of these com-
parisons, six of eight domains and 16 of 21 comparisons
favoured the treatment over control including 13 of
14 patient-reported outcomes, although not all differences
were statistically significant. Notwithstanding the positive
correlation between comparisons in some domains, such
summary statistics are unlikely if the treatment offered no
benefit in any domain.

The mechanism by which venesection results in
reduced fatigue is uncertain. Reduction in body iron
leading to reduced oxidative stress is thought to be the
most likely explanation and is supported by our ob-
servation of a reduction in plasma F,-isoprostanes in the
treatment group. Also supporting this mechanism is the
finding of increased F -isoprostanes in individuals with
chronic fatigue compared with controls.” It is also possible
that the mechanism is unrelated to iron levels and could
Dbe a non-specific effect of red blood cell removal.

Apheresis staff and other study staff were trained to use
neutral language to ensure that unblinding did not occur
through accidental reference to whether a participant was
undergoing erythrocytapheresis or plasmapheresis. The
effectiveness of the blinding of participants to treatment
was supported by similar proportions of participants in
each group who believed they were treated, were in the
sham group, or were unsure to which group they had
been assigned (appendix). Double blinding was not
possible because apheresis staff needed to implement
different procedures for the treatment and control groups.

About 70% of the participants in the study were
asymptomatic and diagnosed through family history or
routine iron studies as part of a health check. It is therefore
unlikely that our results are due to offering treatment only
to individuals with the most severe and advanced forms of
clinical disease. Moreover, in an exploratory analysis, we
did not find a difference in the primary outcome, the
MFIS, in response to normalisation of serum ferritin in
participants who were diagnosed as a result of having
symptoms compared with those who were asymptomatic.
This finding suggests that serum ferritin normalisation
should be recommended for all individuals with hereditary
haemochromatosis and raised serum ferritin, irrespective
of how the diagnosis is made. This recommendation is
supported by results from a cohort study that showed
decreased cardiovascular and extrahepatic cancer-related
mortality in individuals with HFE-related hereditary
haemochromatosis with moderately elevated serum
ferritin that was normalised by venesection therapy.®

www.thelancet.com/haematology Vol 4 December 2017

There is uncertainty as to the appropriate target serum
ferritin concentration after iron depletion therapy for
hereditary haemochromatosis. Some experts recommend
a lower limit of 50 pg/L° whereas others recommend
100 pg/L.* We chose an endpoint of serum ferritin less
than 300 pg/L for this study on the assumption that if
a clinical benefit of iron normalisation exists, then it
should be seen by reducing serum ferritin into the
normal range and should not require reduction to the
lower serum ferritin levels recommended in various
guidelines. We were also concerned that aiming for a
serum ferritin endpoint of 50-100 pg/L could result in
iron deficiency anaemia and fatigue that might have
confounded the outcome of the study. Our study was not
designed to answer the question of how low the con-
centration of serum ferritin should be to signal the end of
treatment for iron overload due to hereditary haemo-
chromatosis. It would be interesting to do a similar study
with sufficient power to allow for some treated individuals
to be assigned to have their serum ferritin lowered to just
below 300 pg/L and others to around 50 pg/L to assess
any differences in outcomes between these groups.

Debate continues as to whether screening for here-
ditary haemochromatosis should be instituted.”* There
are roughly 1 million people each in the USA and
Europe, and almost 100000 in Australia who have or will
get moderately elevated serum ferritin due to HFE muta-
tions.* Our data suggest that people with HFE p.Cys282Tyr
homozygosity with moderate iron overload, who are
apparently asymptomatic, can benefit from normal-
isation of body iron. These findings add weight to the
case for introducing screening for hereditary haemo-
chromatosis in the community.

The limitations of this study include the fact that the
trial was, unavoidably, single blinded rather than double
blinded. It is also possible that a larger sample size would
have allowed clearer differences between the groups to
be identified. Additionally, reduction of final serum
ferritin to 50-100 pg/L in the treatment group might also
have resulted in clearer differences between the groups.

In conclusion, our results show both patient-reported
and surrogate marker evidence of benefit from normal-
isation of iron levels in people with HFE p.Cys282Tyr
homozygosity with moderate iron overload and support
recommendations for the treatment of all individuals in
this category, irrespective of the means of diagnosis.
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Appendix

Supplementary Table 1. Mode of diagnosis of study participants with HFE-related hereditary
haemochromatosis

Diagnosis Treatment (n=50) Control (n=44) Total (n=94)
Routine blood tests/
family history 38/50 (76%) 37/44 (84%) 75194 (79.8%)
Symptoms including
lethargy/ fatigue/ 11/50 (22%) 7/44 (16%) 18/94 (19.1%)
generally unwell
Missing 1/50 (2%) 0 (0%) 1/94 (1.1%)

Supplementary Table 2. Response to the question of whether subjects believed they had been in the
treatment (Yes) or control (No) arm of the study asked immediately prior to unblinding

Treatment (n=50) Control (n=44) p-value
Yes 10 /50 (20%) 10/44 (22.7%)
No 9/50 (18%) 6/44 (13.6%)
Not sure 29/50 (58%) 28/44 (63.6%) 0.60
Missing 2/50 (4%) 0(0%)

Sites involved:

1. Queensland: Royal Brisbane and Women’s hospital
Principal investigator: Professor Lawrie Powell
Number of participants recruited: 54

2. Victoria: Austin Health
Principal investigator: Professor Martin Delatycki
Number of participants recruited: 36

3. Victoria: Royal Melbourne Hospital
Principal investigator: A/Prof Amanda Nicoll
Number of participants recruited: 14



Chapter 3: The relationship between serum ferritin and non-

invasive markers of liver fibrosis in HFE-haemochromatosis

3.1 Introduction and Summary

There is an increased use of non-invasive liver fibrosis markers in clinical practice to
help determine the presence and stage of liver fibrosis. These markers are often
used instead of liver biopsies due to the invasive nature and associated risks of
biopsy, and variabilities of sampling and assessment by pathologists (Regev, Berho et
al. 2002, Chou and Wasson 2013). These markers are readily available and can be
used easily to monitor liver fibrosis progression. Transient elastography, Hepascore,
APRI and FIB-4 have been widely used and validated in hepatitis C but not in
haemochromatosis. The relationship between serum ferritin, a surrogate marker for
iron load, and these markers remain undetermined (Adhoute, Foucher et al. 2008,
Legros, Bardou-Jacquet et al. 2015). It is unclear what the impact of iron load on

these markers is and hence, this study aimed to address this area of deficit.

The study included 150 p.C282Y homozygotes, with 26 participants having SF more
than 1000 pg/L. Results of four different non-invasive markers, TE, Hepascore, APRI
and FIB-4 were obtained from the cohort. Overall, the majority of the cohort with
mean SF 753.87 + 71.24 pg/L (95% Cl: 613.09, 894.64), did not have evidence of liver
fibrosis and the mean SF was higher in those who had evidence of significant liver
fibrosis or cirrhosis from the non-invasive markers. There was a positive relationship
between SF and Hepascore, APRI and FIB-4. The relationship between SF and TE did
not reach statistical significance although there was a positive trend. These non-
invasive liver fibrosis markers may be useful tools to detect and monitor liver fibrosis

in haemochromatosis.
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Summary

Non-invasive markers of liver fibrosis such as transient elastography (TE) and
serum biomarkers are increasingly used in assessing hepatic fibrosis in
chronic liver diseases. The relationship between these markers in HFE-
associated hereditary haemochromatosis and serum markers of iron overload
has not been determined. This study aimed to investigate the relationship
between serum ferritin (SF) levels and non-invasive markers of liver fibrosis in
HH. From Aug 2012 to Jan 2018, HFE p.C282Y homozygotes with a
SF>300ug/L were recruited prospectively. TE and serum biomarker panels of
hepatic fibrosis, Hepascore, APRI and FIB-4 were measured. SF was log
transformed and linear regression analysis was used to examine the
relationship between SF and the liver fibrosis markers, adjusted for site. One
hundred and fifty participants were recruited with a mean SF of 753+71.2ug/L.
Of these, 26 had SF>1000ug/L with a mean SF 1855.7£331.3ug/L. The mean
SF was significantly higher in individuals with higher Hepascore, APRI and
FIB-4, (estimated regression coefficient= 0.13,p<0.01; 0.08,p<0.01;
0.22,p<0.01 respectively) and a positive trend with TE (0.54, p=0.053). In
conclusion, there was a positive correlation between SF and non-invasive
liver fibrosis markers Hepascore, APRI, FIB-4, and likely TE and these should

be considered for monitoring for fibrosis in HH.

Keywords:
Haemochromatosis; Hepatic fibrosis; Transient elastography; Hepascore;

Liver fibrosis markers
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Introduction

Hereditary haemochromatosis (Rahman, et al) is an inherited iron overload
disorder and is most commonly caused by homozygosity for the p.C282Y
substitution in the HFE protein (Feder, et al 1996). The prevalence of
homozygosity for this mutation is between 1 in 80 and 1 in 400 in Caucasians
and is highest among those with Northern European decent (Adams, et al
2005b, Allen, et al 2008, Merryweather-Clarke, et al 2000, Ryan, et al 1998).
Iron accumulation can result in end organ damage in the liver, heart, and
pancreas. Early diagnosis and treatment by phlebotomy to remove excess

iron can prevent these complications (Powell, et al 2006).

Due to the availability of genetic testing for HFE mutations to diagnose HH
and advances in non-invasive methods to assess the degree of hepatic
fibrosis, liver biopsy is performed less frequently than was the case prior to
the discovery of the causative gene mutation. Liver biopsy is currently
recommended for individuals with HFE-related HH with SF >1000ug/L if the
individual is over the age of 40 years, has abnormal liver function tests and/or
hepatomegaly (Bacon, et al 2011, Barton and Adams 2010). Liver biopsy is
an invasive procedure and can result in significant morbidities such as
bleeding, infection, and pain (Chou and Wasson 2013). Moreover, there is
potential sampling error due to regional variation of deposition of iron and
distribution of steatosis, inflammation, and fibrosis. Different pathologists may
assess the same sample differently due to regional variation in the biopsy,
resulting in large inter-observer variability (Regev, et al 2002). As a result, a

number of non-invasive methods that can assess a larger volume of the liver
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to determine the presence and severity of liver fibrosis are being developed

and utilised.

Transient elastography (TE), a rapid and non-invasive test of liver stiffness for
the estimation of liver fibrosis, is widely used in liver diseases such as
hepatitis B and C, alcoholic liver disease and non-fatty alcoholic liver disease
(Andersen, et al 2009, Friedrich-Rust, et al 2008, Manning and Afdhal 2008).
It uses a mechanical wave pulsed through the liver, with the rebounding
velocity measured by ultrasound and converted to a stiffness estimate. The
results of liver stiffness are acquired from at least ten valid measurements
with a success rate of at least 60% within the interquartile range of <30%, to
be considered acceptable. In patients with hepatitis C, compared to liver
histology, a TE cut-off value of 8.7kPa allowed correct diagnosis of those with
significant fibrosis (>F2) with an area under the receiver-operating
characteristic curve (AUROC) of 0.79, and a cut-off value of 14.5kPa with an
AUROC of 0.97, identified liver cirrhosis (Ziol, et al 2005). One study found TE
to be reliable for estimating liver fibrosis in thalassemia major, a secondary
iron overload disease (Di Marco, et al 2010, Fraquelli, et al 2010, Ziol, et al
2005). This study found that TE values were highest in individuals with
thalassemia major who had serum ferritin (SF) >1000ug/L, suggesting that
there is a relationship between iron overload and TE values (Fraquelli, et al
2010). Similarly, a strong relationship was found between TE and both SF and
liver iron concentration in individuals with thalassemia major without hepatitis

C, which was a confounding factor in liver stiffness measurements (Perifanis,
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et al 2008, Sinakos, et al 2010). In contrast, no correlation was found between

SF and TE scores in another thalassemia study (Di Marco, et al 2010).

There are a number of non-invasive tests of liver fibrosis based on serum
analytes such as Hepascore, aspartate aminotransferase (AST) to platelet
ratio index (APRI) and Fibrosis-4 (FIB-4). Hepascore is derived from an
algorithm based on the age, sex, serum bilirubin, gamma-glutamy! transferase
(GGT), hyaluronic acid and «-2-macroglobulin (Adams, et al 2005a).
Hepascore provides values between 0 and 1, with a higher score being
associated with a more severe liver disease. In hepatitis C, Hepascore
demonstrated an AUROC of 0.8 for predicting significant fibrosis (cut-off 0.5)
and an AUROC of 0.90 for cirrhosis (cut-off 0.75). Hepascore >0.5 has a
specificity of 70% - 89% and sensitivity of 63% - 77% for significant fibrosis
(Adams, et al 2005a, Guechot, et al 2010). Hepascore <0.25 can exclude
significant fibrosis with a negative predictive value of 0.9 (Guechot, et al

2010).

The APRI index is a simple, non-expensive test to predict significant fibrosis
and cirrhosis in hepatitis C (Wai, et al 2003). A threshold of 0.7 predicts
significant fibrosis with 77% sensitivity and 72% specificity, while a threshold
of 1.0 predicts severe fibrosis with 61% sensitivity and 64% specificity, and
also predicts cirrhosis, with 76% sensitivity and 72% specificity (Lin, et al
2011). Similarly, the FIB-4 test is an inexpensive non-invasive test that
combines platelet count, alanine aminotransferase (ALT), AST and age, and

has a 94.7% negative predictive value with a sensitivity of 74.3%, to exclude
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significant fibrosis if the index is <1.45. It also has a good positive predictive
value of 82.1% with a specificity of 98.2% if the index is >3.25 to diagnose
significant fibrosis, and an AUROC of 0.91 to identify cirrhosis. Overall, it is
postulated that the FIB-4 index may reduce the need of liver biopsy by 70%

(Vallet-Pichard, et al 2007).

Although these non-invasive tests of liver fibrosis had been thoroughly studied
in liver diseases such as Hepatitis C, there are a lack of studies employing
these tests in HH. In HH, Adhoute et al.(Adhoute, et al 2008) found a weak
correlation between SF levels and TE scores, although univariate analysis did
not confirm this association. The study did not include liver histology and most
of the individuals with HH were treated and had normal SF at the time of
administration of TE (Adhoute, et al 2008). Another study, which included liver
histology, found TE scores were higher in those with more severe liver fibrosis
and there was a positive correlation between SF and TE scores, indicating TE
is reliable in detecting liver fibrosis in HH (Legros, et al 2015). Thus, whether
iron overload has an impact on liver stiffness measurements remains unclear
and further studies are required to assess the impact of iron overload on TE
scores. Only one study has examined Hepascore in HH and it found no
differences between the HH cohort and controls. However, most of the HH

subjects were iron depleted with SF in the normal range (Adhoute, et al 2008).

To date, it is unclear if iron overload has an impact on the markers of liver

fibrosis in HH. The aim of our study was to examine the relationship between
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SF, used as a surrogate marker of iron load, and the non-invasive markers of

liver fibrosis, TE, Hepascore, APRI score and FIB-4 index in HH.

Methods

From August 2012 to January 2018, individuals homozygous for HFE
p.C282Y, 18 years of age or older, with a SF more than 300ug/L were
recruited prospectively from Austin Health and Eastern Health in Victoria, the
Royal Brisbane and Women’s Hospital in Queensland and the Fiona-Stanley
Hospital in Western Australia, through referrals from doctors, pathology
companies that perform HFE genetic testing, and the Australian Red Cross
Blood Service. All participants provided written informed consent. Individuals
were excluded if they had significant alcohol intake (>60 g/day for males and
>40 g/day for females), body mass index (BMI) of more than 35kg/m?, were
pregnant, or had known liver disease from another cause including hepatitis B
or C or autoimmune liver disease. Clinical information including age, sex, BMI,

the presence of diabetes mellitus and history of phlebotomy were recorded.

Blood was collected for measurement of SF, transferrin saturation (TS) and
for parameters for measuring non-invasive markers of fibrosis including
platelets, ALT, AST, GGT, bilirubin, prothrombin time, international normalised
ratio (INR), alpha-2-macroglobulin and hyaluronic acid, and TE was
performed on all participants. Non-invasive biomarker panel scores were
calculated according to the following formulae:

- Hepascore: y/(1+y), where y = exp [(-4.185818 — 0.0249 x age +

0.7464 x sex (male = 1, female = 0) + 1.0039 x a-2-macroglobulin (g/L)
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+ 0.0302 x hyaluronic acid (pg/L) + 0.0691 x bilirubin (umol/L) — 0.0012
x GGT (U/L)] (Adams, et al 2005a).

- APRI: [(AST (U/L) / upper limit of normal) x 100/ platelet count (109/L)]
(Wai, et al 2003).

- FIB-4: [age (years) x AST (U/L)] / [platelet count (10%/L) x ALT (U/L)*]

(Vallet-Pichard, et al 2007).

Retrospective data from 2013-2018 was obtained from the gastroenterology
databases of Fiona-Stanley Hospital, Fremantle Hospital, Austin Health, and
Eastern Health based on the same inclusion criteria. Only data from
individuals who had at least one of TE or Hepascore and had elevated SF

more than 300ug/L were included.

Human Research Ethics Committee approvals were obtained from Austin
Health (HREC/15/Austin/56 and HREC/12/Austin/19), Eastern Health
(LR81/2015), Metro North Hospital and Health Service (HREC/15/QRBW/502)

and South Metropolitan Health Service (15-147).

Statistical Analysis
Simple linear regression was performed to assess the relationship between
SF and each fibrosis marker, adjusted for site. SF was log-transformed for

analysis, using Stata software (version 13.1).

Results
Between August 2012 and January 2018, 131 participants were recruited

prospectively and data on 19 individuals were collected retrospectively. There
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were 102 (68%) males and 48 (32%) females and the average age for
females (49.29 1+ 2.04) was slightly older than for males (42.84 + 1.42,
p=0.01). The average BMI for both sexes was similar (26.69 + 0.38 kg/m?2 for
males, and 26.09 + 0.62 kg/m? for females, p=0.42). Twenty-five participants
(16.7%) had a history of phlebotomy, with the number of treatments known for
20 participants (11.3 + 2.44, 95% CI: 6.20, 16.40). Only one participant had a

liver biopsy and none of the participants had diabetes mellitus (Table 1).

The mean SF of the cohort was 753.87 + 71.24 pg/L (95% CI: 613.09,
894.64) and the mean TS was 65.32 + 1.56 % (95% Cl: 62.24, 68.40).
Twenty-six participants had SF >1000 pg/L, with a mean SF of 1855.73 +
331.30 pg/L (95% CIl: 1173.41, 2538.05) in that group. The means of the
biochemical parameters measured for the entire cohort, including platelets,
ALT, AST, GGT and INR were within normal range (Table 1). Overall, the
cohort had values of non-invasive fibrosis markers (TE, Hepascore, APRI and

FIB-4) within the normal range.

Based on the results of the non-invasive markers, the majority of the
participants did not have liver fibrosis. Only a small number of participants
were suspected to have significant fibrosis or liver cirrhosis (Table 2). The
mean SF was higher in those whose non-invasive tests suggested the
presence of significant fibrosis or liver cirrhosis (Table 2). When adjusted for
site, the mean SF correlated with Hepascore (estimated regression
coefficient= 0.13, p <0.01), APRI (0.08, p <0.01) and FIB-4 (0.22, p<0.01)

(Figure 1). Although not reaching statistical significance (estimated regression
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coefficient= 0.54, p=0.053), there was a trend for SF to correlate with TE

scores (Figure 1).

Discussion

It is desirable to assess the stage of liver fibrosis in haemochromatosis for
prognosis and in monitoring disease progression using non-invasive methods,
as liver biopsies are not always the most suitable modality for monitoring due
to their invasive nature and associated risks. As liver biopsies are becoming
infrequently performed in HH since genetic testing allows confident diagnosis
for most, understanding the relationship between SF and non-invasive
modalities for assessment of hepatic fibrosis and liver damage for both
progression and prognosis is desirable for use in clinical practice. SF not only
reflects body iron stores but has also been shown to be a proinflammatory
and profibrogenic factor in the liver, representing a stronger predictor of liver
fibrosis when compared to hepatic iron concentration (Wood, et a/ 2017). Our
results showed that the majority of individuals with haemochromatosis from
our cohort did not have evidence of significant liver fibrosis based on the
results of non-invasive markers and most had SF <1000upg/L. Our results
support multiple studies that found that those who have a SF <1000ug/L are
unlikely to have severe liver fibrosis, and thus liver biopsy is not indicated

(Legros, et al 2015).

Our study found weak, but significant, positive correlations between SF and
the hepatic fibrosis biomarker panels Hepascore, APRI and FIB-4. This

supports the utility of SF as a predictor of hepatic fibrosis in HH as a previous
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study has demonstrated (Wood, et al 2017). Biomarker panel scores were
significantly higher in individuals with elevated SF, demonstrating a higher
likelihood of significant liver fibrosis and cirrhosis with increased SF levels,
which also reflects body iron stores in HH. There was a trend to statistical
significance when TE was correlated with SF. TE has been shown to be a
reliable tool for assessing risk of liver fibrosis in many studies, including in iron
overload diseases such as thalassemia (Fraquelli, et al 2010, Sinakos, et al
2010). One of the participants had an SF of 9588 ug/L with a TE of 2.8kPa.
Since it is unlikely for HFE-induced iron overload to cause such a high ferritin
level, it is possible that this participant had other causes for the very high SF
other than iron overload such as non-alcoholic steatohepatitis due to a high
BMI of 30kg/m? and concurrent alcohol consumption, and thus had normal TE
testing. Sub-analysis excluding this outlier found a significant association of
TE with SF >1000ug/L (estimated regression coefficient 0.80, p= 0.007),

consistent with the results reported in Legros et al. (Legros, et al 2015).

Liver histology, although regarded as the “gold standard” for assessment of
liver fibrosis, has its limitations due to the potential for sampling error and non-
uniform deposition of iron. Biochemical markers such as APRI, FIB-4,
Hepascore and TE may have advantages for assessing liver fibrosis in
haemochromatosis, as they are not subjected to the limitations of liver
biopsies and provide a more global assessment. Moreover, they have been
validated in liver diseases such as hepatitis C as dependable markers to

assess liver fibrosis.
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Whilst the duration of exposure to increased iron levels had been shown to be
an important factor in the development of hepatic fibrosis (Olynyk, et al 2005),
Powell, Dixon, Ramm et al. (Powell, et al 2006) demonstrated that hepatic
iron concentration and SF were significantly associated with the presence of
liver fibrosis and cirrhosis. SF was also shown to be a better predictor of
fibrosis, independent of hepatic iron, age, steatosis and alcohol (Wood, et al
2017). Powell, Dixon, Ramm et al. (Powell, et al 2006) also reported
improvement in liver fibrosis after normalization of body iron, through repeated
liver biopsies. However, in current practice, repeat liver biopsies are rarely
justified given their risks and the availability of various non-invasive methods
to monitor liver injury. Our findings are consistent with non-invasive modalities
including Hepascore, APRI, FIB-4 and TE providing useful information in the
assessment of liver fibrosis both at initial diagnosis and for monitoring,
especially in those who have initial elevated SF and indications of advanced
liver fibrosis or cirrhosis. Future studies to include assessment of liver fibrosis
using non-invasive methods before and after treatment of those with SF

>1000pg /L would be of value.

In conclusion, our results indicate that there is a positive relationship between
non-invasive markers and SF, a predictor of liver fibrosis. Although TE only
showed a trend to significance with SF, it is currently widely used in clinical
practice due to its availability and strong data in other liver diseases. A
combination of TE with other non-invasive markers such as Hepascore, APRI
and FIB-4 may be useful to assess and monitor liver fibrosis or cirrhosis in

individuals with HH.
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Table 1: Characteristics and non-invasive biomarker panel scores of
participants. Data are expressed as mean + standard error (95% confidence

interval).
Characteristic n Parameter

Sex

Male : Female 102: 48 68% : 32%
Mean Age (years)

Male : Female 102: 48 42.84 +1.42 : 49.29 + 2.04
BMI (kg/m?)

Male : Female 99 : 46 26.69 + 0.38 : 26.09 £ 0.62

(40.02, 45.67) : (24.84, 27.34)

Received phlebotomy 25 16.7%
No. of phlebotomies 20 11.3 + 2.44 (6.20, 16.40)
Biochemical Parameter
Serum ferritin (ug/L) 150 753.87 + 71.24 (613.09, 894.64)

Serum ferritin > 1000 pg/L

26 (17.3%)

1855.73 £ 331.30 (1173.41,

2538.05)
Transferrin saturation (%) 150 65.32 + 1.56 (62.24, 68.40)
Platelets (x10%/L) 144 232.76 + 4.22 (224.42, 241.10)
ALT (U/L) 150 35.33 £ 2.03 (31.31, 39.34)
AST (U/L) 136 26.52 + 1.08 (24.38, 28.66)
GGT (U/L) 150 31.27 £ 3.90 (23.55, 38.98)
INR 133 1.0+ 0.01 (0.98, 1.01)
Non-invasive fibrosis
markers
Transient elastography 148 5.03+0.14 (4.74, 5.31)
(kPa)
Hepascore 133 0.23 £ 0.01 (0.20, 0.26)
APRI 134 0.33 £ 0.01 (0.30, 0.35)
FIB-4 134 0.92 £ 0.04 (0.84, 1.00)
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Table 2: Mean scores of non-invasive liver fibrosis markers, mean SF and
relationship between SF and liver fibrosis markers using linear regression,
adjusted for site. Data are presented with standard errors and 95%
confidence intervals.

n Mean score Mean SF (ug/L) Estimated
regression
coefficient (SE),
p-value*
Transient Elastography
(kPa)
<87 142 | 4.79+0.10 717.89 £71.19
No fibrosis (4.58, 4.99) (577.15, 858.62) 0.54 (0.28),
>8.7 and < 14.5 5 | 958+0.44 1064 + 591.64 b = 0.053
Advanced fibrosis (8.36, 10.80) | (-578.65, 2706.65)
214.5 1 16.3 2170
Cirrhosis
Hepascore
<0.5 123 | 0.20+0.01 602.02 + 26.89
Minimal/ absent fibrosis (0.18, 0.22) (548.80, 655.25)
0.5-0.84 7 0.57 £ 0.03 886.43 + 238.18 0.13 (0.03
Significant fibrosis (0.50, 0.65) | (303.63, 1469.23) : <(0 > ).
>0.85 3 0.89 £ 0.01 2436.67 +420.09 p=0
Cirrhosis (0.83,0.96) | (629.15, 4244.18)
APRI
<07 130 | 0.31+0.01 690.8 + 44.22
No fibrosis (0.29, 0.33) (603.31, 778.30)
0.7-1.0 2 | 0.76+0.05 605.0 + 52.0 0.08 (0.03),
Significant fibrosis (0.10,1.43) | (-55.72, 1265.72) p <0.01
>1.0 2 1.14 £ 0.10 798.0 £ 63.0
Severe fibrosis/ cirrhosis (-0.08, 2.36) (-2.49, 1598.50)
FIB-4
<1.45 120 | 0.81+0.03 638.04 + 37.28
Absence of significant fibrosis (0.75, 0.86) (564.22, 711.86)
1.45-3.25 13 | 1.72+0.07 | 1159.31£249.79 0.22 (0.08),
Inconclusive (1.57,1.86) | (615.06, 1703.56) p<0.01
>3.25 1 3.69 974
Advanced fibrosis/ cirrhosis
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Figure 1: Correlation of non-invasive liver fibrosis markers with Serum Ferritin

(SF). (a) Transient Elastography (TE); (b) Hepascore; (c) Aspartate

oONOULTDhWN =

aminotransferase to platelet ratio (APRI); (d) Fibrosis-4 (FIB-4).

—_
w N
1
06 08
.

. N s

-
N
TE (Pa)
0
.
.
.
.
Hepascore

15 pise Smpe  an® e ._‘- . o
AR N i S
Yl @ %0 L et .
17 s i \"zllc: .....:’

o

04

=
[e)}
s-.
3
.
.
02

] 7 8 9 7 s 9
19 logSF logSF

® Fiboscan Fitted values ® Hepascore Fitted values

22 A) TE B) HEPASCORE

1.50
40

N

~N

.
30

N

O
APRI
.
FIB-4

w
w
0.00

Fitted values

3 C) APRI D) FIB-4



Chapter 4: The incidence of first metacarpophalangeal joint

arthropathy is increased in HFE p.C282Y homozygotes

4.1 Introduction and Summary

Haemochromatosis arthropathy (HA) is a progressive disabling disease, present in up
to 80% individuals with haemochromatosis, and often precedes the diagnosis of HH.
The exact mechanism of the development of HA is unknown and the association with
SF and TS is uncertain (Allen, Gurrin et al. 2008, Valenti, Fracanzani et al. 2008,
Carroll, Breidahl et al. 2011). In addition, the impact of different genotypes on HA is
unclear. Currently, HA is managed symptomatically with analgesia, as removing
excess iron is not effective (Carroll, Breidahl et al. 2012). Early diagnosis will lead to
institution of therapy to prevent the progression of HH. This study aimed to examine
the incidence of MCP abnormalities with different genotypes, defined by the

presence of bony spurs, effusion or joint tenderness.

Results from this study revealed that there was an increased incidence of HA
involving the first MCP joint in p.C282Y homozygotes compared to other genotypes.
HA involving the first MCP had a similar incidence to HA affecting the commonly
described second and third MCP joints. This finding will increase the awareness of
clinicians to identify HA, and possibly consider the diagnosis of HH earlier. In
addition, having the p.H63D substitution may confer a risk to developing
arthropathy. The study did not identify a relationship between the development of
MCP abnormalities with TS >50%, after a follow-up period of 12 years, reinforcing

the conclusion that development of HA is independent of iron indices.
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Abstract

Objectives

Arthropathy affects up to 80% of people with HFE-related hereditary
hemochromatosis. Arthropathy affecting the second and third metacarpophalangeal
(MCP) joints, are hallmark features of HH. The relationship between arthropathy and
common HFE genotypes is unclear. This study aimed to investigate the association
between different HFE genotypes and hand arthropathy and to identify the most

commonly affected hand joints in HH.

Methods

From the Melbourne Collaborative Cohort Study, 1438 participants were invited to
the Healthlron study of the disease burden of HH, consisting of all HFE p.C282Y
homozygotes and a stratified random sample of other genotypes. 818/1438
participants underwent a physical examination, completed questionnaires and
provided a blood sample. Clinicians blinded to the genotype examined the MCP joints
of both hands for bony spurs, effusions and tenderness. Statistical analysis using
logistic regression models, adjusted for gender and menopause status, examined the
association between different HFE genotypes and the presence of any features of

arthropathy in either hand.

Results
The presence of any abnormalities in either hand was increased for the first MCP joint
of p.C282Y homozygotes when compared with wild-type and other HFE genotypes

(OR 1.31 (95%CI: 0.74, 2.30)), as was also the case for second and third MCP joints
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(OR 1.41, 95%CI: 0.83, 2.40; OR 1.34, 95%CI: 0.79, 2.28). p.H63D heterozygotes
also exhibited increased rates of second and third MCP joint changes when compared

with wild-type genotypes.

Conclusions

HFE p.C282Y homozygotes have increased arthropathy of the first MCP joints.
p-H63D heterozygotes might also have a predisposition to the development of

arthropathy.

Keywords:

Arthropathy; Hemochromatosis; Metacarpophalangeal joints.

Word count: 2041
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Introduction

HFE-associated hereditary hemochromatosis is an autosomal recessive disorder that
affects approximately 1 in 200 people of Northern European descent ([-3),
characterized by iron accumulation in different organs including the liver, pancreas,
heart, skin and joints, causing a significant impact on physical health and quality of

life (8, B).

Hemochromatosis arthropathy (HA), a chronic progressive arthropathy, has a variable
frequency of 24-81%, mainly in HFE p.C282Y homozygotes and p.C282Y/p.H63D
compound heterozygotes (0, fl). The most common feature is joint pain (B, B).
Symptoms of HA may precede the diagnosis of HH (B, B). The second and third
metacarpophalangeal (MCP) joints of the hand and other larger joints such as the hip,

elbow and knee joints are often involved ([Ld, [L1]).

Although the radiological features of HA (subchondral sclerosis, joint space
narrowing, erosions and periarticular bone cyst formation) are similar to OA, the
symmetrical involvement of particular joints; the presence of hook-like osteophytes
on the radial side of the metacarpal heads; and chondrocalcinosis in the wrist and
knee joints favour the diagnosis of OA (B). However, chondrocalcinosis is a late

manifestation of the disease and is unlikely to help in early diagnosis of HA (E, B 8,

12).
The pathophysiology of HA remains unknown. It is considered to be a non-

inflammatory condition; however, erosive and inflammatory joint changes have been

reported by low field magnetic resonance imaging ([3). Pathologic findings from
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surgical specimens suggest that there is iron deposition in the synovium of the joints,
and iron retention in infiltrating macrophages and neutrophils, resulting in progressive
chondral resorption and joint destruction ([LI], [[4). Iron depletion with venesection
therapy does not reduce iron deposition in the synovium or joint damage, and does not

improve symptoms, resulting in high rates of joint replacement surgeries (f, fl, [[5-172).

The development of HA maybe associated with different factors. HA is more
common in HFE p.C282Y homozygotes, p.C282Y/p.H63D compound heterozygotes,
males, and increasing age (B, B, [Ld). Unlike osteoarthritis, occupational and physical
exertions are not known to be associated with the development of HA (ff). The
relationship between the development of HA and serum ferritin level is unclear, with
conflicting results. Some authors have shown an association with high serum ferritin
levels (>1000 pg/L), while others have found that HA development is independent of
serum ferritin levels (E, fl, 1§, E). A recent study also concluded that persistently
elevated transferrin saturation for more than six years is associated with worse joint
symptoms, regardless of serum ferritin levels (R(). Other than p.C282Y homozygotes
and p.C282Y/p.H63D compound heterozygotes, it is possible that other genotypes
may play a role in the development of HA. It has been shown that the risk of
arthralgia, and the development of HA with the involvement of multiple joints are
increased in p.H63D homozygotes and p.H63D heterozygotes, but this relationship is
not observed in p.C282Y heterozygotes (R1-24). The aim of this study was to identify
the association of hand arthropathy in individuals with different HFE genotypes when

compared to individuals with the wild type genotype.
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Methods

Participants were enrolled through the Melbourne Collaborative Cohort Study, a
prospective study examining the influence of diet and lifestyle factors on the
development of common chronic diseases (29). In this study, 41,528 participants (age
range of 40 — 69 years of age) were recruited between 1990 and 1994 through the
electoral roll, advertisements and community announcements in local media. A blood
sample at baseline was collected and aliquoted as blood spots on Guthrie cards and
stored at room temperature, and 1 mL samples of buffy coats and plasma were stored

in liquid nitrogen.

Samples from participants who reported being born in Ireland, United Kingdom, New
Zealand and Australia were processed. Southern European participants enrolled in the
cohort were excluded from this study due to a lower prevalence of HFE mutations in
this population. The DNA samples were extracted from Guthrie cards or from frozen
buffy coats and genotyped for the HFE p.C282Y and p.H63D substitutions.
Subsequently, between 2004 and 2006, letters of invitation were sent to a sample of
1438 participants, which included all p.C282Y homozygotes (n=203) and a stratified
random sample from each of the other five HFE genotype groups (p.C282Y/p.H63D
compound heterozygote, p.C282Y heterozygotes, p.H63D homozygotes, p.H63D
heterozygotes and wild type for p.C282Y and p.H63D). Consenting participants
provided a cheekbrush DNA sample to confirm their genotype, and a blood sample
for iron indices and liver enzyme levels, and completed a computer-assisted personal
interview. The study physicians (AJN, KJA and MBD), who were blinded to the

genotype of participants, examined the MCP joints for joint effusions, bony spurs and

Scandinavian Journal of Rheumatology

102



Scandinavian Journal of Rheumatology

tenderness for each digit. The presence of these features was recorded as binary data

(present/absent) for each digit.

Statistical Analysis

The presence of any one feature of bony spur, effusion or tenderness for each of the
five MCP joints on either hand was combined for analysis. Using logistic regression
with gender and menopausal status as covariates, odds ratios were used to examine
the association between HFE genotypes and clinical features of the MCP joints, with
the cohort with the HFE wild-type genotype as the control. Logistic regression was
also performed to identify the association between log-transformed serum ferritin,
transferrin saturation and MCP abnormalities. Analysis was performed by Stata 13.1

(Stata Statistical Software: Release 13. College Station, TX: StataCorp LP).

Results

Of the 1438 participants, 619 did not have a physical examination and 148
participants did not have genotype information available. Complete data were
available for 818 participants. This included 109 p.C282Y homozygotes; 144
p-C282Y/p.H63D compound heterozygotes; 12 p.H63D homozygotes; 197 p.C282Y
heterozygotes; 96 p.H63D heterozygotes and 260 wild-types (Table 1). The low
number of p.H63D homozygotes is attributable to the study design that did not stratify
on HFE genotype for those without p.C282Y substitutions. This group is therefore not
considered further in this paper. Eighty-seven of the 109 p.C282Y homozygotes had
baseline and follow-up iron indices recorded. The mean baseline serum ferritin and
transferrin saturation was 770.2ug/L + 125.5 (520.6, 1019.8) and 62.3% + 2.8 (56.8,

67.8), respectively. The follow-up serum ferritin was 378.7ug/L + 40.9 (297.3, 460.1)
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and transferrin saturation was 56.3% =+ 2.3 (51.8, 60.9). Of the 87 p.C282Y
homozygotes, 37 had abnormalities in the MCP joints when examined at follow-up,
and 26/37 had transferrin saturation of more than 50%. There was no significant
relationship between MCP abnormalities and baseline serum ferritin and transferrin
saturation (p=0.09; p=0.44) and no relationship was found in those who had

transferrin saturation more than 50% at follow-up (p=0.09).

The presence of any one feature of bony spur, effusion or tenderness in either hand of
the first MCP joint had a higher odds ratio [1.31 + 0.38 (0.74, 2.30)] in p.C282Y
homozygotes when compared to controls and other HFE genotypes (Table 2).
Twenty-two percent of p.C282Y homozygotes had features of HA arthropathy in the

first MCP joint compared to 17% of wild types.

In the second and third MCP joints, features of HA arthropathy were seen at similar
frequencies (26-27%) in p.C282Y homozygotes, p.C282Y/p.H63D compound
heterozygotes and p.H63D heterozygotes (Table 2). The odds ratios of the presence of
abnormal features in the second and third MCP joints in these three genotype groups
were consistently increased when compared to the wild-type controls and p.C282Y

heterozygotes (Table 2).

Only a small number of participants (n=1 to 7) had abnormalities in either the fourth

or fifth MCP joints in one or both hands (Table 2).
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Discussion

This study is the first to analyze blinded examinations of hand MCP joints in
individuals with different HFE genotypes and to compare them to wild type controls.
We clearly demonstrate the novel finding of increased incidence of arthropathy of the
first. MCP in p.C282Y homozygotes, and confirm an earlier observation of

arthropathy in individuals with one or two copies of the p.H63D substitution.

The strengths of the study include the prospective design and recruitment of
participants from the community, and the blinding of the examiners to the
participants’ genotype and serum ferritin. The study had a good representation of the
general Caucasian population in Victoria and included different genotypes with a

control (wild type for HFE) group for comparison.

It is widely accepted that clinical and radiological abnormalities are observed in the
second and third MCP joints in HFE p.C282Y homozygotes (B, B, [8). Our study
confirms these earlier observations, and extends this knowledge by demonstrating an
increased frequency of abnormalities in the first MCP joint in p.C282Y homozygotes.
The frequency of first MCP joint arthropathy (22.02%) was similar to the more
commonly reported second and third MCP joint involvement (26.61%). It is possible
that the presence of bony spurs, joint effusions or tenderness in the first MCP joint
may be an indicator of HH arthropathy, especially in p.C282Y homozygotes. The

fourth and fifth MCP joints were the least affected in all genotype groups.

There was also an increased rate of arthropathy in the second and third MCP joints in

p-H63D heterozygotes, similar to the rate in p.C282Y homozygotes and
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p.C282Y/p.H63D compound heterozygotes. We were unable to explore the
corresponding risk in p.H63D homozygotes due to the small sample size in our study.
However, a previous study found that arthralgia was significantly increased in both
p-H63D homozygotes and heterozygotes at an early age, with an increase in
osteophytes in multiple joints (23). An increased incidence of osteoarthritis of the
ankle joints has also been associated with the p.H63D substitution, although the
p.H63D sample size in that study was small (R4). The mechanism by which the
presence of the p.H63D mutation increases the risk of developing hand arthropathy
compared to the general population remains unclear as this mutation confers only a

very low risk of developing iron overload-related disease.

Arthropathy has previously been reported to be unrelated to serum ferritin from this
cohort (B) and sub-analysis did not detect a relationship between MCP abnormalities
and those who had transferrin saturation of more than 50% at more than 12 years of
follow-up. This is contrary to the findings of Bardou-Jacquet et al. (Rd), who found an
association of worse self-reported joint symptoms if the p.C282Y homozygotes have
transferrin saturation more than 50%, for more than 6 years. This difference may be
explained by the different methods used to categorize abnormalities, whereby the
joints were examined objectively in our study, compared to self-reported

questionnaires of joint symptoms which may include arthralgia from different causes.

One of the limitations of our study was the lack of radiographic information to assess
bony changes, and examination was limited to MCP joints. Radiological examination
and clinical examination of joints other than the hand were beyond the scope of this

study due to the large number of participants and limited resources.
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Normalization of body iron does not appear to improve the symptoms of arthropathy,
so awareness of this complication of HH may not have a direct clinical benefit until
newer approaches based on an increased understanding of the joint disease emerge.
However, identifying hand arthropathy may lead to early diagnosis of HH for some
patients. Further studies with radiographic information on the joint changes are

needed to confirm our findings.

In conclusion, this is the first study to demonstrate an increased risk of arthropathy in
the first MCP joint in HFE p.C282Y homozygotes, in addition to the disease in the
second and third MCP joints. It also revealed increased rates of arthropathy in the
second and third MCP joints in p.H63D heterozygotes, p.C282Y homozygotes, and
p-C282Y/p.H63D compound heterozygotes, suggesting the p.H63D substitution may

also predispose to the development of arthropathy.
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Table 1. Number of participants and genotypes

Genotype Number
Wild type (CC) 260
p-C282Y heterozygote (CY) 197
p-H63D heterozygote (HD) 96
Compound heterozygote (p.C282Y/p.H63D) (YD) 144
p-H63D homozygote (DD) 12
p-C282Y homozygotes (YY) 109
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Table 2. Estimated odds ratio (95% confidence interval) of the presence of clinical

features of arthropathy (bony spurs and/or effusion and/or tenderness) in the

metacarpophalangeal (MCP) joints of either hand within different HFE genotypes

when compared to wild type controls, adjusted for gender and menopause status.

MCP Wwild p.C282Y p-H63D p-C282Y/p.H63D | p.C282Y
Joint type heterozygote | heterozygote compound homozygote
heterozygote
n=260 n=197 n=96 n=144 n=109
Ist ) 0.75 0.72 0.55 1.31
MCP (0.44,1.29) | (0.37,1.42) (0.29, 1.04) (0.74, 2.30)
n=_|4517.31%) | 25(12.69%) | 13 (13.54%) 15 (10.42%) 24 (22.02%)
2nd - 0.84 1.39 1.53 1.41
MCP (0.51,1.38) | (0.79,2.43) (0.94, 2.49) (0.83, 2.40)
n= 52 (20.0%) | 32(16.24%) | 25 (26.04%) 39 (27.08%) 29 (26.61%)
3rd 0.86 1.32 1.46 1.34
MCP i (0.53,1.40) | (0.76,2.31) (0.90, 2.37) (0.79, 2.28)
n=_| 54(20.77%) | 34 (17.26%) | 25 (26.04%) 39 (27.08%) 29 (26.61%)
4th ) 0.12 0.63 1.07 2.67
MCP (0.02,0.94) | (0.17,2.30) (0.41, 2.82) (1.15, 6.19)
n= 12 (4.62%) 1 (0.51%) 3 (3.13%) 7 (4.86%) 3 (2.75%)
5th ) 0.52 1.34 0.44 0.88
MCP (0.13,1.98) | (0.39,4.57) (0.09, 2.13) (0.23, 3.39)
n= 8 (3.08%) 3 (1.52%) 4 (4.17%) 2 (1.39%) 3 (2.75%)
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Chapter 5: Conclusions and Future directions

This PhD project aimed to investigate different areas in HH where the evidence had
been deficient or inconclusive. This included addressing if treatment should be
instituted for patients with moderately elevated serum ferritin (300 — 1000 pg/L),
understanding the relationship between serum ferritin and non-invasive methods to
assess liver fibrosis for use in clinical practice, as well as assessing the MCPs for

haemochromatosis arthropathy.

5.1 Reduction of body iron in HFE-related haemochromatosis and moderate
iron overload (Mi-lron): a multicentre, participant-blinded, randomised

controlled trial

The current guidelines suggest all patients with haemochromatosis and elevated iron
should have treatment, although data on treatment for moderately elevated iron in
haemochromatosis patients was lacking and no clinical trials had been conducted to

answer this question.

Mi-Iron is the first randomised, patient-blinded controlled trial to assess the benefits
of treatment in a cohort of HFE p.C282Y homozygotes with moderately elevated
iron. The findings from this study identified an improvement in the primary
outcome, fatigue, particularly in the cognitive component after removal of iron when
compared to the control group. This finding is further supported by an improvement
in the affect component of the arthritis score, suggesting there is an overall
improvement of the mental wellbeing of these patients after removal of iron. These
improvements are unlikely a placebo effect as the participants were blinded to their

groups and blinding was found to be successful in the trial.
Fatigue and arthritis are common problems in the community. However, there is no

data on MFIS and AIMS2-SF in the normal population to serve as a baseline.

Therefore, it may be of interest to assess the baseline MFIS and AIMS2-SF of the
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general population and compare the effects of phlebotomy to the

haemochromatosis cohort, although such a trial may be difficult to conduct.

Apart from improvements in the patient-reported outcomes, the study also found
biochemical evidence of improvement in the liver fibrosis marker, Hepascore and
oxidative stress marker, plasma F2-isoprostanes, in the treatment group. Although
some of the outcomes in the treatment group did not reach statistical significance
when compared to the control group, there was still an overall improvement. A
study with higher power may be able to elicit a more obvious difference. Seventy
percent of the participants were apparently asymptomatic, diagnosed either through
family history or routine blood testing. The results demonstrated that treatment is

beneficial, even in those who are asymptomatic.

The study was a short-term study. It would be of interest to engage in a long-term
follow-up study to further assess these outcomes and to assess if there are any

changes in liver fibrosis status.

The target end point of treatment remains controversial. The current guidelines
recommend a target SF of 50 pg/L. The study reduced SF in the treatment group to
the normal range of less than 300 pug/L and was able to show improvements in MFIS,
AIMS2-SF, Hepascore and plasma F2-isoprostanes. Whether there are further
benefits to decrease SF to a lower limit remains questionable as lower SF may have
the risk of anaemia and fatigue. Further studies with different target end points are

recommended to determine the target SF.

In summary, the study strongly suggests that there are benefits in returning the total
body iron to normal levels in haemochromatosis patients, including those with
moderate iron overload and provide evidence for the current guidelines that

recommend iron normalization in all individuals with iron overload.
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5.2 The relationship between serum ferritin and non-invasive markers of

liver fibrosis in HFE-haemochromatosis

There has been an increased use of non-invasive markers of liver fibrosis in other
liver diseases such as Hepatitis C, and there is a need to assess these markers in
haemochromatosis, for prognosis and disease monitoring, especially with liver
biopsies being less commonly performed due to its invasive nature and associated

risks.

This study examined the relationship between SF with TE, Hepascore, APRI and FIB-4.
The majority of the cohort did not exhibit evidence of significant fibrosis as most of
the participants had SF <1000 ug/L, a level known to have a low risk of iron-overload
related complications. The availability of genetic testing means that early diagnosis
and treatment is more common than in the past and thus progression to severe
disease is less often seen. Our results support the recommendation that liver
biopsies are not indicated in individuals with haemochromatosis and SF <1000 ug/L

(Legros, Bardou-Jacquet et al. 2015).

SF is a marker of iron stores and had been found to be a good predictor of hepatic
fibrosis progression in HH (Wood, Crawford et al. 2017). Our study found a positive
correlation between SF and Hepascore, APRI and FIB-4, with a higher likelihood of
significant liver fibrosis or cirrhosis with higher SF levels. Although the relationship
between SF and TE did not reach statistical significance, there was a positive trend
and TE has been shown to be reliable in HH with SF >1000 pg/L and other iron
overload diseases such as B-thalassemia (Fraquelli, Cassinerio et al. 2010, Legros,
Bardou-Jacquet et al. 2015). The limitations of this study include the lack of liver
histology as the “gold standard” to assess liver fibrosis stage to compare to non-
invasive markers. However, regional and assessment variability continues to be a
concern for liver histology. Moreover, SF has been found to be a better predictor of
liver fibrosis than hepatic iron concentration obtained from liver biopsies (Wood,

Crawford et al. 2017). Legros et al. demonstrated that an algorithm that
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incorporated TE and SF can reliably determine fibrosis in 61% in individuals with HH
who have SF >1000 pg/L (Legros, Bardou-Jacquet et al. 2015). It would be of interest
if future studies can confirm these findings and include other biochemical panels
such as enhanced liver fibrosis biomarker and Forns index for assessment since TE

may not be available in some facilities.

In summary, understanding the relationship between SF and different non-invasive
liver fibrosis markers enables clinicians to utilise these tests more confidently in

clinical practice for determining prognosis and disease monitoring in HH.

5.3 The incidence of first metacarpophalangeal joint arthropathy is increased

in HFE p.C282Y homozygotes

This study found that there was an increased incidence of bony spurs, tenderness or
effusion features in the first MCP joint of p.C282Y homozygotes, similar to the
incidence seen in the second and third MCP joints, which are commonly described in
HH. The study physicians who examined these features, were blinded to the
genotypes and SF levels of subjects, providing an objective assessment. However,
the lack of radiographic information may underestimate the number of
asymptomatic individuals who had joint changes, as demonstrated by a study which
showed 15% of asymptomatic patients had small erosions, joint space narrowing or
osteophytes on MRI (Frenzen, Schafer et al. 2013). As the scope of the study was
limited to MCP joints, abnormalities in other joints such as wrists, ankles, hips and
knees were not examined, potentially affecting the assessment of HA. A study to
include various joints to assess its association with different genotypes, including
imaging may be difficult to conduct due to availability, costs and radiation exposure,

depending on the type of imaging utilised.
The study also found that p.H63D may confer a risk to the development of HA as the

study demonstrated that there was an increased rate of abnormalities in the second

and third MCP joints in p.H63D heterozygotes. Similarly, this mutation had been
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associated with joint abnormalities in other studies (Carroll 2006, Alizadeh, Njajou et
al. 2007). However, there is a lack of understanding of how the p.H63D mutation
may increase the risk of HA compared to the general population as this mutation has
a very low risk of causing iron overload related disease. The current evidence
remains controversial and requires a larger study of p.C282Y homozygotes and

p.H63D homozygotes to assess HA.

A recent study reported an association of worse joint symptoms with the presence
of TS >50% for more than 6 years (Bardou-Jacquet, Laine et al. 2017). Our study did
not demonstrate the association between abnormal MCP joints and TS >50% in our
12 year follow-up period. The discrepancy may be due to more self-reported joint
symptoms in the other study, including the possibility of symptoms due to non-

haemochromatosis arthritis.

In summary, the new finding of increased abnormalities in the first MCP joint in HH
provides a potential avenue for clinicians to detect HA allowing earlier diagnosis of
HH enabling earlier treatment and prevention of complications such as liver

cirrhosis.

121



Bibliography

The UK Haemochromatosis Consortium (1997). "A simple genetic test identifies 90%
of UK patients with haemochromatosis. The UK Haemochromatosis Consortium."
Gut 41(6): 841-844.

Abbaspour, N., R. Hurrell and R. Kelishadi (2014). "Review on iron and its importance
for human health." ) Res Med Sci 19(2): 164-174.

Adams, L. A., M. Bulsara, E. Rossi, B. DeBoer, D. Speers, J. George, J. Kench, G. Farrell,
G. W. McCaughan and G. P. Jeffrey (2005). "Hepascore: an accurate validated
predictor of liver fibrosis in chronic hepatitis C infection." Clin Chem 51(10): 1867-
1873.

Adams, P. C. (2017). "The Irony of Long-term Acid Suppression." Gastroenterology
153(3): 637-638.

Adams, P. C. and J. C. Barton (2010). "How | treat hemochromatosis." Blood 116(3):
317-325.

Adams, P. C., Y. Deugnier, R. Moirand and P. Brissot (1997). "The relationship
between iron overload, clinical symptoms, and age in 410 patients with genetic
hemochromatosis." Hepatology 25(1): 162-166.

Adams, P. C.,, D. M. Reboussin, J. C. Barton, C. E. Mclaren, J. H. Eckfeldt, G. D.
MclLaren, F. W. Dawkins, R. T. Acton, E. L. Harris, V. R. Gordeuk, C. Leiendecker-
Foster, M. Speechley, B. M. Snively, J. L. Holup, E. Thomson and P. Sholinsky (2005).
"Hemochromatosis and iron-overload screening in a racially diverse population." N
EnglJ Med 352(17): 1769-1778.

Adams, P. C., D. M. Reboussin, R. D. Press, J. C. Barton, R. T. Acton, G. C. Moses, C.
Leiendecker-Foster, G. D. Mclaren, F. W. Dawkins, V. R. Gordeuk, L. Lovato and J. H.
Eckfeldt (2007). "Biological variability of transferrin saturation and unsaturated iron-
binding capacity." Am J Med 120(11): 999 €991-997.

Adams, P. C. and M. Speechley (1996). "The effect of arthritis on the quality of life in
hereditary hemochromatosis." J Rheumatol 23(4): 707-710.

Adhoute, X., J. Foucher, D. Laharie, E. Terrebonne, J. Vergniol, L. Castera, B. Lovato,
E. Chanteloup, W. Merrouche, P. Couzigou and V. de Ledinghen (2008). "Diagnosis of
liver fibrosis using FibroScan and other noninvasive methods in patients with
hemochromatosis: a prospective study." Gastroenterol Clin Biol 32(2): 180-187.

122



Aleman, S., S. Endalib, P. Stal, L. Loof, S. Lindgren, H. Sandberg-Gertzen, S. Almer, S.
Olsson, A. Danielsson, S. Wallerstedt and R. Hultcrantz (2011). "Health check-ups and
family screening allow detection of hereditary hemochromatosis with less advanced
liver fibrosis and survival comparable with the general population." Scand J
Gastroenterol 46(9): 1118-1126.

Alizadeh, B. Z., O. T. Njajou, J. M. Hazes, A. Hofman, P. E. Slagboom, H. A. Pols and C.
M. van Duijn (2007). "The H63D variant in the HFE gene predisposes to arthralgia,
chondrocalcinosis and osteoarthritis." Ann Rheum Dis 66(11): 1436-1442.

Allen, K. J., N. A. Bertalli, N. J. Osborne, C. C. Constantine, M. B. Delatycki, A. E.
Nisselle, A. J. Nicoll, D. M. Gertig, C. E. Mclaren, G. G. Giles, J. L. Hopper, G. J.
Anderson, J. K. Olynyk, L. W. Powell and L. C. Gurrin (2010). "HFE Cys282Tyr
homozygotes with serum ferritin concentrations below 1000 microg/L are at low risk
of hemochromatosis." Hepatology 52(3): 925-933.

Allen, K. J., L. C. Gurrin, C. C. Constantine, N. J. Osborne, M. B. Delatycki, A. J. Nicoll,
C. E. MclLaren, M. Bahlo, A. E. Nisselle, C. D. Vulpe, G. J. Anderson, M. C. Southey, G.
G. Giles, D. R. English, J. L. Hopper, J. K. Olynyk, L. W. Powell and D. M. Gertig (2008).
"Iron-overload-related disease in HFE hereditary hemochromatosis." N Engl J Med
358(3): 221-230.

Allen, K. J., A. E. Nisselle, V. R. Collins, R. Williamson and M. B. Delatycki (2008).
"Asymptomatic individuals at genetic risk of haemochromatosis take appropriate
steps to prevent disease related to iron overload." Liver Int 28(3): 363-369.

Andersen, E. S., P. B. Christensen and N. Weis (2009). "Transient elastography for
liver fibrosis diagnosis." Eur J Intern Med 20(4): 339-342.

Andersen, R. V., A. Tybjaerg-Hansen, M. Appleyard, H. Birgens and B. G.
Nordestgaard (2004). "Hemochromatosis mutations in the general population: iron
overload progression rate." Blood 103(8): 2914-2919.

Andriopoulos, B., Jr., E. Corradini, Y. Xia, S. A. Faasse, S. Chen, L. Grgurevic, M. D.
Knutson, A. Pietrangelo, S. Vukicevic, H. Y. Lin and J. L. Babitt (2009). "BMP6 is a key
endogenous regulator of hepcidin expression and iron metabolism." Nat Genet
41(4): 482-487.

Babitt, J. L. and H. Y. Lin (2011). "The molecular pathogenesis of hereditary
hemochromatosis." Semin Liver Dis 31(3): 280-292.

Bacon, B. R. (2001). "Hemochromatosis: diagnosis and management."
Gastroenterology 120(3): 718-725.

123



Bacon, B. R.,, P. C. Adams, K. V. Kowdley, L. W. Powell and A. S. Tavill (2011).
"Diagnosis and management of hemochromatosis: 2011 practice guideline by the
American Association for the Study of Liver Diseases." Hepatology 54(1): 328-343.

Bacon, B. R., L. W. Powell, P. C. Adams, T. F. Kresina and J. H. Hoofnagle (1999).
"Molecular medicine and hemochromatosis: at the crossroads." Gastroenterology
116(1): 193-207.

Bardou-Jacquet, E., F. Laine, P. Guggenbuhl, J. Morcet, C. Jezequel, D. Guyader, R.
Moirand and Y. Deugnier (2017). "Worse Outcomes of Patients With HFE
Hemochromatosis With Persistent Increases in Transferrin Saturation During
Maintenance Therapy." Clin Gastroenterol Hepatol 15(10): 1620-1627.

Bardou-Jacquet, E., J. Morcet, G. Manet, F. Laine, M. Perrin, A. M. Jouanolle, D.
Guyader, R. Moirand, J. F. Viel and Y. Deugnier (2015). "Decreased cardiovascular
and extrahepatic cancer-related mortality in treated patients with mild HFE
hemochromatosis." J Hepatol 62(3): 682-689.

Barton, J. C. and P. C. Adams (2010). "Clinical guidelines: HFE hemochromatosis-
screening, diagnosis and management." Nat Rev Gastroenterol Hepatol 7(9): 482-
484,

Beaton, M. D. and P. C. Adams (2006). "Prognostic factors and survival in patients
with hereditary hemochromatosis and cirrhosis." Can J Gastroenterol 20(4): 257-260.

Beaton, M. D. and P. C. Adams (2012). "Treatment of hyperferritinemia." Ann
Hepatol 11(3): 294-300.

Beutler, E., V. J. Felitti, J. A. Koziol, N. J. Ho and T. Gelbart (2002). "Penetrance of
845G--> A (C282Y) HFE hereditary haemochromatosis mutation in the USA." Lancet
359(9302): 211-218.

Bezwoda, W. R., T. H. Bothwell, L. A. Van Der Walt, S. Kronheim and B. L. Pimstone
(1977). "An investigation into gonadal dysfunction in patients with idiopathic
haemochromatosis." Clin Endocrinol (Oxf) 6(5): 377-385.

Boursier, J., J. Vergniol, A. Sawadogo, T. Dakka, S. Michalak, Y. Gallois, V. Le Tallec, F.
Oberti, |. Fouchard-Hubert, N. Dib, M. C. Rousselet, A. Konate, N. Amrani, V. de
Ledinghen and P. Cales (2009). "The combination of a blood test and Fibroscan
improves the non-invasive diagnosis of liver fibrosis." Liver Int 29(10): 1507-1515.

Brissot, P., S. Ball, D. Rofail, H. Cannon and V. W. lJin (2011). "Hereditary
hemochromatosis: patient experiences of the disease and phlebotomy treatment."
Transfusion 51(6): 1331-1338.

124



Brissot, P., A. Pietrangelo, P. C. Adams, B. de Graaff, C. E. MclLaren and O. Loreal
(2018). "Haemochromatosis." Nat Rev Dis Primers 4: 18016.

Buzzetti, E., M. Kalafateli, D. Thorburn, B. R. Davidson, E. Tsochatzis and K. S.
Gurusamy (2017). "Interventions for hereditary haemochromatosis: an attempted
network meta-analysis." Cochrane Database Syst Rev 3: CD011647.

Byrnes, V., E. Ryan, S. Barrett, P. Kenny, P. Mayne and J. Crowe (2001). "Genetic
hemochromatosis, a Celtic disease: is it now time for population screening?" Genet
Test 5(2): 127-130.

Cales, P., J. Boursier, S. Bertrais, F. Oberti, Y. Gallois, |. Fouchard-Hubert, N. Dib, J. P.
Zarski and M. C. Rousselet (2010). "Optimization and robustness of blood tests for
liver fibrosis and cirrhosis." Clin Biochem 43(16-17): 1315-1322.

Cales, P., J. Boursier, A. Ducancelle, F. Oberti, I. Hubert, G. Hunault, V. de Ledinghen,
J. P. Zarski, D. Salmon, F. Lunel and A. H. E. F. Study (2014). "Improved fibrosis
staging by elastometry and blood test in chronic hepatitis C." Liver Int 34(6): 907-
917.

Cales, P., J. Boursier, F. Oberti, |. Hubert, Y. Gallois, M. C. Rousselet, N. Dib, V. Moal,
L. Macchi, A. Chevailler, S. Michalak, G. Hunault, J. Chaigneau, A. Sawadogo and F.
Lunel (2008). "FibroMeters: a family of blood tests for liver fibrosis." Gastroenterol
Clin Biol 32(6 Suppl 1): 40-51.

Cales, P., F. Oberti, S. Michalak, |I. Hubert-Fouchard, M. C. Rousselet, A. Konate, Y.
Gallois, C. Ternisien, A. Chevailler and F. Lunel (2005). "A novel panel of blood
markers to assess the degree of liver fibrosis." Hepatology 42(6): 1373-1381.

Carroll, G. J. (2006). "HFE gene mutations are associated with osteoarthritis in the
index or middle finger metacarpophalangeal joints." ) Rheumatol 33(4): 741-743.

Carroll, G. J. (2006). "Primary osteoarthritis in the ankle joint is associated with finger
metacarpophalangeal osteoarthritis and the H63D mutation in the HFE gene:
evidence for a hemochromatosis-like polyarticular osteoarthritis phenotype.” J Clin
Rheumatol 12(3): 109-113.

Carroll, G. J.,, W. H. Breidahl, M. K. Bulsara and J. K. Olynyk (2011). "Hereditary
hemochromatosis is characterized by a clinically definable arthropathy that
correlates with iron load." Arthritis Rheum 63(1): 286-294.

Carroll, G. J.,, W. H. Breidahl and J. K. Olynyk (2012). "Characteristics of the
arthropathy described in hereditary hemochromatosis." Arthritis Care Res (Hoboken)
64(1): 9-14.

125



Cauza, E., M. Peck-Radosavljevic, H. Ulrich-Pur, C. Datz, M. Gschwantler, M.
Schoniger-Hekele, F. Hackl, C. Polli, S. Rasoul-Rockenschaub, C. Muller, F. Wrba, A.
Gangl and P. Ferenci (2003). "Mutations of the HFE gene in patients with
hepatocellular carcinoma." Am J Gastroenterol 98(2): 442-447.

Charbonnel, B., M. Chupin, A. Le Grand and J. Guillon (1981). "Pituitary function in
idiopathic haemochromatosis: hormonal study in 36 male patients." Acta Endocrinol
(Copenh) 98(2): 178-183.

Chou, R. and N. Wasson (2013). "Blood tests to diagnose fibrosis or cirrhosis in
patients with chronic hepatitis C virus infection: a systematic review." Ann Intern
Med 158(11): 807-820.

Chrostek, L. and A. Panasiuk (2014). "Liver fibrosis markers in alcoholic liver disease."
World J Gastroenterol 20(25): 8018-8023.

Chua, A. C.,, D. Trinder and J. K. Olynyk (2011). "Liver and serum iron: discrete
regulators of hepatic hepcidin expression." Hepatology 54(1): 16-19.

Creighton Mitchell, T. and D. A. McClain (2014). "Diabetes and hemochromatosis."
Curr Diab Rep 14(5): 488.

Dallos, T., E. Sahinbegovic, T. Stamm, E. Aigner, R. Axmann, A. Stadlmayr, M.
Englbrecht, C. Datz, G. Schett and J. Zwerina (2013). "Idiopathic hand osteoarthritis
vs haemochromatosis arthropathy--a clinical, functional and radiographic study."
Rheumatology (Oxford) 52(5): 910-915.

Dar, F. S., W. Faraj, M. B. Zaman, A. Bartlett, A. Bomford, A. O'Sullivan, J. O'Grady, M.
Heneghan, M. Rela and N. D. Heaton (2009). "Outcome of liver transplantation in
hereditary hemochromatosis." Transpl Int 22(7): 717-724.

Delatycki, M., K. Allen and R. Williamson (2002). "Insurance agreement to facilitate
genetic testing." Lancet 359(9315): 1433.

Delatycki, M. B., K. J. Allen, A. E. Nisselle, V. Collins, S. Metcalfe, D. du Sart, J.
Halliday, M. A. Aitken, I. Macciocca, V. Hill, A. Wakefield, A. Ritchie, A. A. Gason, A. J.
Nicoll, L. W. Powell and R. Williamson (2005). "Use of community genetic screening
to prevent HFE-associated hereditary haemochromatosis." Lancet 366(9482): 314-
316.

Delatycki, M. B., L. C. Gurrin, S. Y. Ong, G. A. Ramm, G. J. Anderson, J. K. Olynyk, K. J.
Allen, A. J. Nicoll and L. W. Powell (2015). "Reduced mortality due to phlebotomy in
moderately iron-loaded HFE haemochromatosis? The need for clinical trials." )
Hepatol 63(1): 282-283.

126



Dever, J. B., M. A. Mallory, J. E. Mallory, D. Wallace and K. V. Kowdley (2010).
"Phenotypic characteristics and diagnoses of patients referred to an iron overload
clinic." Dig Dis Sci 55(3): 803-807.

Di Marco, V., F. Bronte, D. Cabibi, V. Calvaruso, G. Alaimo, Z. Borsellino, F.
Gagliardotto, P. L. Almasio, M. Capra and A. Craxi (2010). "Noninvasive assessment
of liver fibrosis in thalassaemia major patients by transient elastography (TE) - lack of
interference by iron deposition." Br J Haematol 148(3): 476-479.

Ellervik, C., T. Mandrup-Poulsen, B. G. Nordestgaard, L. E. Larsen, M. Appleyard, M.
Frandsen, P. Petersen, P. Schlichting, T. Saermark, A. Tybjaerg-Hansen and H. Birgens
(2001). "Prevalence of hereditary haemochromatosis in late-onset type 1 diabetes
mellitus: a retrospective study." Lancet 358(9291): 1405-1409.

Ellervik, C., T. Mandrup-Poulsen, A. Tybjaerg-Hansen and B. G. Nordestgaard (2014).
"Total and cause-specific mortality by elevated transferrin saturation and
hemochromatosis genotype in individuals with diabetes: two general population
studies." Diabetes Care 37(2): 444-452.

Elmberg, M., R. Hultcrantz, J. F. Simard, A. Carlsson and J. Askling (2013). "Increased
risk of arthropathies and joint replacement surgery in patients with genetic
hemochromatosis: a study of 3,531 patients and their 11,794 first-degree relatives."
Arthritis Care Res (Hoboken) 65(5): 678-685.

Evers, D., J. L. Kerkhoffs, L. Van Egmond, M. R. Schipperus and P. W. Wijermans
(2014). "The efficiency of therapeutic erythrocytapheresis compared to phlebotomy:
a mathematical tool for predicting response in hereditary hemochromatosis,
polycythemia vera, and secondary erythrocytosis." J Clin Apher 29(3): 133-138.

Evers, D., J. L. Kerkhoffs, L. Van Egmond and P. W. Wijermans (2013). "The efficiency
of therapeutic erythrocytapheresis compared to phlebotomy in relation to blood
volume and delta-hematocrit: an evaluation in hereditary hemochromatosis
polycythemia vera and secondary erythrocytosis." Transfus Apher Sci 48(2): 187.

Falize, L., A. Guillygomarc'h, M. Perrin, F. Laine, D. Guyader, P. Brissot, B. Turlin and
Y. Deugnier (2006). "Reversibility of hepatic fibrosis in treated genetic
hemochromatosis: a study of 36 cases." Hepatology 44(2): 472-477.

Feder, J. N., A. Gnirke, W. Thomas, Z. Tsuchihashi, D. A. Ruddy, A. Basava, F.
Dormishian, R. Domingo, Jr., M. C. Ellis, A. Fullan, L. M. Hinton, N. L. Jones, B. E.
Kimmel, G. S. Kronmal, P. Lauer, V. K. Lee, D. B. Loeb, F. A. Mapa, E. McClelland, N. C.
Meyer, G. A. Mintier, N. Moeller, T. Moore, E. Morikang, C. E. Prass, L. Quintana, S.
M. Starnes, R. C. Schatzman, K. J. Brunke, D. T. Drayna, N. J. Risch, B. R. Bacon and R.
K. Wolff (1996). "A novel MHC class I-like gene is mutated in patients with hereditary
haemochromatosis." Nat Genet 13(4): 399-408.

127



Flanagan, J. M., H. Peng and E. Beutler (2007). "Effects of alcohol consumption on
iron metabolism in mice with hemochromatosis mutations." Alcohol Clin Exp Res
31(1): 138-143.

Fraquelli, M., E. Cassinerio, A. Roghi, C. Rigamonti, G. Casazza, M. Colombo, S.
Massironi, D. Conte and M. D. Cappellini (2010). "Transient elastography in the
assessment of liver fibrosis in adult thalassemia patients." Am J Hematol 85(8): 564-
568.

Frenzen, K., C. Schafer and G. Keysser (2013). "Erosive and inflammatory joint
changes in hereditary hemochromatosis arthropathy detected by low-field magnetic
resonance imaging." Rheumatol Int 33(8): 2061-2067.

Friedrich-Rust, M., M. F. Ong, S. Martens, C. Sarrazin, J. Bojunga, S. Zeuzem and E.
Herrmann (2008). "Performance of transient elastography for the staging of liver
fibrosis: a meta-analysis." Gastroenterology 134(4): 960-974.

Gandon, Y., D. Olivie, D. Guyader, C. Aube, F. Oberti, V. Sebille and Y. Deugnier
(2004). "Non-invasive assessment of hepatic iron stores by MRI." Lancet 363(9406):
357-362.

Ganz, T. and E. Nemeth (2011). "Hepcidin and disorders of iron metabolism." Annu
Rev Med 62: 347-360.

Gordeuk, V. R,, L. Lovato, J. Barton, M. Vitolins, G. McLaren, R. Acton, C. Mclaren, E.
Harris, M. Speechley, J. H. Eckfeldt, S. Diaz, P. Sholinsky and P. Adams (2012).
"Dietary iron intake and serum ferritin concentration in 213 patients homozygous for
the HFEC282Y hemochromatosis mutation." Can J Gastroenterol 26(6): 345-349.

Guechot, J., E. Lasnier, N. Sturm, A. Paris and J. P. Zarski (2010). "Automation of the
Hepascore and validation as a biochemical index of liver fibrosis in patients with
chronic hepatitis C from the ANRS HC EP 23 Fibrostar cohort." Clin Chim Acta 411(1-
2): 86-91.

guidelines, E. (2010). "EASL clinical practice guidelines for HFE hemochromatosis." J
Hepatol 53(1): 3-22.

Gurrin, L. C., N. J. Osborne, C. C. Constantine, C. E. MclLaren, D. R. English, D. M.
Gertig, M. B. Delatycki, M. C. Southey, J. L. Hopper, G. G. Giles, G. J. Anderson, J. K.
Olynyk, L. W. Powell and K. J. Allen (2008). "The natural history of serum iron indices
for HFE C282Y homozygosity associated with hereditary hemochromatosis."
Gastroenterology 135(6): 1945-1952.

128



Halsall, D. J., I. McFarlane, J. Luan, T. M. Cox and N. J. Wareham (2003). "Typical type
2 diabetes mellitus and HFE gene mutations: a population-based case - control
study." Hum Mol Genet 12(12): 1361-1365.

Harty, L. C., D. Lai, S. Connor, A. Dunne, M. Ali, J. Ryan, P. G. O'Connell and F. E.
Murray (2011). "Prevalence and progress of joint symptoms in hereditary
hemochromatosis and symptomatic response to venesection." J Clin Rheumatol
17(4): 220-222.

Hatunic, M., F. M. Finucane, A. M. Brennan, S. Norris, G. Pacini and J. J. Nolan (2010).
"Effect of iron overload on glucose metabolism in patients with hereditary
hemochromatosis." Metabolism 59(3): 380-384.

Hatunic, M., F. M. Finucane, S. Norris, G. Pacini and J. J. Nolan (2010). "Glucose
metabolism after normalization of markers of iron overload by venesection in
subjects with hereditary hemochromatosis." Metabolism 59(12): 1811-1815.

Hernando, D., Y. S. Levin, C. B. Sirlin and S. B. Reeder (2014). "Quantification of liver
iron with MRI: state of the art and remaining challenges." J] Magn Reson Imaging
40(5): 1003-1021.

Husar-Memmer, E., A. Stadlmayr, C. Datz and J. Zwerina (2014). "HFE-related
hemochromatosis: an update for the rheumatologist." Curr Rheumatol Rep 16(1):
393.

Kaltwasser, J. P., E. Werner, K. Schalk, C. Hansen, R. Gottschalk and C. Seidl (1998).
"Clinical trial on the effect of regular tea drinking on iron accumulation in genetic
haemochromatosis." Gut 43(5): 699-704.

Kim, K. H. and K. Y. Oh (2016). "Clinical applications of therapeutic phlebotomy." J
Blood Med 7: 139-144.

Kowdley, K. V., D. J. Brandhagen, R. G. Gish, N. M. Bass, J. Weinstein, M. L. Schilsky,
R. J. Fontana, T. McCashland, S. J. Cotler, B. R. Bacon, E. B. Keeffe, F. Gordon and N.
Polissar (2005). "Survival after liver transplantation in patients with hepatic iron
overload: the national hemochromatosis transplant registry." Gastroenterology
129(2): 494-503.

Kremastinos, D. T. and D. Farmakis (2011). "Iron overload cardiomyopathy in clinical
practice." Circulation 124(20): 2253-2263.

Kremastinos, D. T., D. Farmakis, A. Aessopos, G. Hahalis, E. Hamodraka, D. Tsiapras
and A. Keren (2010). "Beta-thalassemia cardiomyopathy: history, present
considerations, and future perspectives." Circ Heart Fail 3(3): 451-458.

129



Lagergren, K., K. Wahlin, F. Mattsson, D. Alderson and J. Lagergren (2016).
"Haemochromatosis and gastrointestinal cancer." Int J Cancer 139(8): 1740-1743.

Lane, D. J. and D. R. Richardson (2014). "The active role of vitamin C in mammalian
iron metabolism: Much more than just enhanced iron absorption!" Free Radic Biol
Med 75C: 69-83.

Legros, L., E. Bardou-Jacquet, M. Latournerie, A. Guillygomarc'h, B. Turlin, C. Le Lan,
Y. Desille, F. Laine, R. Moirand, P. Brissot, Y. Deugnier and D. Guyader (2015). "Non-
invasive assessment of liver fibrosis in C282Y homozygous HFE hemochromatosis."
Liver Int 35(6): 1731-1738.

Leitman, S. F. (2013). "Hemochromatosis: the new blood donor." Hematology Am
Soc Hematol Educ Program 2013: 645-650.

Leroy, V., N. Sturm, P. Faure, C. Trocme, A. Marlu, M. N. Hilleret, F. Morel and J. P.
Zarski (2014). "Prospective evaluation of FibroTest(R), FibroMeter(R), and
HepaScore(R) for staging liver fibrosis in chronic hepatitis B: comparison with
hepatitis C." J Hepatol 61(1): 28-34.

Lim, E. M., E. Rossi, W. B. De Boer, W. D. Reed and G. P. Jeffrey (2004). "Hepatic iron
loading in patients with compound heterozygous HFE mutations.” Liver Int 24(6):
631-636.

Lowry, T. J. and K. I. Pakenham (2008). "Health-related quality of life in chronic
fatigue syndrome: predictors of physical functioning and psychological distress."
Psychol Health Med 13(2): 222-238.

Manning, D. S. and N. H. Afdhal (2008). "Diagnosis and quantitation of fibrosis."
Gastroenterology 134(6): 1670-1681.

McClain, D. A., D. Abraham, J. Rogers, R. Brady, P. Gault, R. Ajioka and J. P. Kushner
(2006). "High prevalence of abnormal glucose homeostasis secondary to decreased
insulin secretion in individuals with hereditary haemochromatosis." Diabetologia
49(7): 1661-1669.

McDermott, J. H. and C. H. Walsh (2005). "Hypogonadism in hereditary
hemochromatosis." J Clin Endocrinol Metab 90(4): 2451-2455.

McDonnell, S. M., A. J. Grindon, B. L. Preston, J. C. Barton, C. Q. Edwards and P. C.
Adams (1999). "A survey of phlebotomy among persons with hemochromatosis."
Transfusion 39(6): 651-656.

130



McDonnell, S. M., B. L. Preston, S. A. Jewell, J. C. Barton, C. Q. Edwards, P. C. Adams
and R. Yip (1999). "A survey of 2,851 patients with hemochromatosis: symptoms and
response to treatment." Am J Med 106(6): 619-624.

MclLaren, G. D., C. E. Mclaren, P. C. Adams, J. C. Barton, D. M. Reboussin, V. R.
Gordeuk, R. T. Acton, E. L. Harris, M. R. Speechley, P. Sholinsky, F. W. Dawkins, B. M.
Snively, T. M. Vogt and J. H. Eckfeldt (2008). "Clinical manifestations of
hemochromatosis in HFE C282Y homozygotes identified by screening." Can J
Gastroenterol 22(11): 923-930.

Merryweather-Clarke, A. T., J. J. Pointon, A. M. Jouanolle, J. Rochette and K. J.
Robson (2000). "Geography of HFE C282Y and H63D mutations." Genet Test 4(2):
183-198.

Merryweather-Clarke, A. T., J. J. Pointon, J. D. Shearman and K. J. Robson (1997).
"Global prevalence of putative haemochromatosis mutations." J Med Genet 34(4):
275-278.

Moczulski, D. K., W. Grzeszczak and B. Gawlik (2001). "Role of hemochromatosis
C282Y and H63D mutations in HFE gene in development of type 2 diabetes and
diabetic nephropathy." Diabetes Care 24(7): 1187-1191.

Morrison, E. D., D. J. Brandhagen, P. D. Phatak, J. C. Barton, E. L. Krawitt, H. B. El-
Serag, S. C. Gordon, M. V. Galan, B. Y. Tung, G. N. loannou and K. V. Kowdley (2003).
"Serum ferritin level predicts advanced hepatic fibrosis among U.S. patients with
phenotypic hemochromatosis." Ann Intern Med 138(8): 627-633.

Muckenthaler, M. U., S. Rivella, M. W. Hentze and B. Galy (2017). "A Red Carpet for
Iron Metabolism." Cell 168(3): 344-361.

Nemeth, E., M. S. Tuttle, J. Powelson, M. B. Vaughn, A. Donovan, D. M. Ward, T. Ganz
and J. Kaplan (2004). "Hepcidin regulates cellular iron efflux by binding to ferroportin
and inducing its internalization." Science 306(5704): 2090-2093.

Niederau, C., R. Fischer, A. Purschel, W. Stremmel, D. Haussinger and G. Strohmeyer
(1996). "Long-term survival in patients with hereditary hemochromatosis."
Gastroenterology 110(4): 1107-1119.

Niederau, C., R. Fischer, A. Sonnenberg, W. Stremmel, H. J. Trampisch and G.
Strohmeyer (1985). "Survival and causes of death in cirrhotic and in noncirrhotic
patients with primary hemochromatosis." N EnglJ Med 313(20): 1256-1262.

Niewiadomski, O., A. Rode, N. Bertalli, L. Gurrin, K. Allen and A. J. Nicoll (2013). "The

Effectiveness of Venesection Therapy for Haemochromatosis Symptoms." J Liver: Dis
Transplant 2(1): 1-5.

131



Ohtake, T., H. Saito, Y. Hosoki, M. Inoue, S. Miyoshi, Y. Suzuki, Y. Fujimoto and Y.
Kohgo (2007). "Hepcidin is down-regulated in alcohol loading." Alcohol Clin Exp Res
31(1 Suppl): S2-8.

Olynyk, J. K., D. J. Cullen, S. Aquilia, E. Rossi, L. Summerville and L. W. Powell (1999).
"A population-based study of the clinical expression of the hemochromatosis gene."
N EnglJ Med 341(10): 718-724.

Olynyk, J. K., S. E. Hagan, D. J. Cullen, J. Beilby and D. E. Whittall (2004). "Evolution of
untreated hereditary hemochromatosis in the Busselton population: a 17-year
study." Mayo Clin Proc 79(3): 309-313.

Osborne, N. J., L. C. Gurrin, K. J. Allen, C. C. Constantine, M. B. Delatycki, C. E.
MclLaren, D. M. Gertig, G. J. Anderson, M. C. Southey, J. K. Olynyk, L. W. Powell, J. L.
Hopper, G. G. Giles and D. R. English (2010). "HFE C282Y homozygotes are at
increased risk of breast and colorectal cancer." Hepatology 51(4): 1311-1318.

Pankow, J. S., E. Boerwinkle, P. C. Adams, E. Guallar, C. Leiendecker-Foster, J.
Rogowski and J. H. Eckfeldt (2008). "HFE C282Y homozygotes have reduced low-
density lipoprotein cholesterol: the Atherosclerosis Risk in Communities (ARIC)
Study." Transl Res 152(1): 3-10.

Phatak, P., P. Brissot, M. Wurster, P. C. Adams, H. L. Bonkovsky, J. Gross, P.
Malfertheiner, G. D. Mclaren, C. Niederau, A. Piperno, L. W. Powell, M. W. Russo, U.
Stoelzel, W. Stremmel, L. Griffel, N. Lynch, Y. Zhang and A. Pietrangelo (2010). "A
phase 1/2, dose-escalation trial of deferasirox for the treatment of iron overload in
HFE-related hereditary hemochromatosis." Hepatology 52(5): 1671-1779.

Pietrangelo, A. (2004). "Hereditary hemochromatosis--a new look at an old disease."
N EnglJ Med 350(23): 2383-2397.

Pietrangelo, A. (2007). "Hemochromatosis: an endocrine liver disease." Hepatology
46(4): 1291-1301.

Porto, G., P. Brissot, D. W. Swinkels, H. Zoller, O. Kamarainen, S. Patton, |. Alonso, M.
Morris and S. Keeney (2016). "EMQN best practice guidelines for the molecular
genetic diagnosis of hereditary hemochromatosis (HH)." Eur J Hum Genet 24(4): 479-
495.

Powell, L. W., J. L. Dixon, G. A. Ramm, D. M. Purdie, D. J. Lincoln, G. J. Anderson, V. N.
Subramaniam, D. G. Hewett, J. W. Searle, L. M. Fletcher, D. H. Crawford, H. Rodgers,
K. J. Allen, J. A. Cavanaugh and M. L. Bassett (2006). "Screening for hemochromatosis
in asymptomatic subjects with or without a family history." Arch Intern Med 166(3):
294-301.

132



Regev, A., M. Berho, L. J. Jeffers, C. Milikowski, E. G. Molina, N. T. Pyrsopoulos, Z. Z.
Feng, K. R. Reddy and E. R. Schiff (2002). "Sampling error and intraobserver variation
in liver biopsy in patients with chronic HCV infection." Am J Gastroenterol 97(10):
2614-2618.

Rehacek, V., M. Blaha, H. lJirousova, J. Cernohorska and P. Papousek (2012).
"Therapeutic erythrocytapheresis in the initial treatment of hereditary
hemochromatosis." Acta Medica (Hradec Kralove) 55(4): 180-185.

Richardson, A. C., A. L. Heath, J. J. Haszard, M. A. Polak, L. A. Houghton and T. S.
Conner (2015). "Higher Body Iron Is Associated with Greater Depression Symptoms
among Young Adult Men but not Women: Observational Data from the Daily Life
Study." Nutrients 7(8): 6055-6072.

Rombout-Sestrienkova, E., F. H. Nieman, B. A. Essers, P. A. van Noord, M. C. Janssen,
C. T. van Deursen, L. P. Bos, F. Rombout, R. van den Braak, P. W. de Leeuw and G. H.
Koek (2012). "Erythrocytapheresis versus phlebotomy in the initial treatment of HFE
hemochromatosis patients: results from a randomized trial." Transfusion 52(3): 470-
477.

Ross, J. M., R. M. Kowalchuk, J. Shaulinsky, L. Ross, D. Ryan and P. D. Phatak (2003).
"Association of heterozygous hemochromatosis C282Y gene mutation with hand
osteoarthritis." J Rheumatol 30(1): 121-125.

Rossi, E. (2005). "Hepcidin--the iron regulatory hormone." Clin Biochem Rev 26(3):
47-49,

Rossi, E. and G. P. Jeffrey (2004). "Clinical penetrance of C282Y homozygous HFE
haemochromatosis." Clin Biochem Rev 25(3): 183-190.

Ruddell, R. G., D. Hoang-Le, J. M. Barwood, P. S. Rutherford, T. J. Piva, D. J. Watters,
P. Santambrogio, P. Arosio and G. A. Ramm (2009). "Ferritin functions as a
proinflammatory cytokine via iron-independent protein kinase C zeta/nuclear factor
kappaB-regulated signaling in rat hepatic stellate cells." Hepatology 49(3): 887-900.

Ryan, E., C. O'Keane and J. Crowe (1998). "Hemochromatosis in Ireland and HFE."
Blood Cells Mol Dis 24(4): 428-432.

Ryan, F. and J. Vaughan (2000). "Haemochromatosis mutation analysis in a normal
Irish population.” Br J Biomed Sci 57(4): 315-316.

Sahinbegovic, E., T. Dallos, E. Aigner, R. Axmann, B. Manger, M. Englbrecht, M.
Schoniger-Hekele, T. Karonitsch, T. Stamm, M. Farkas, T. Karger, U. Stolzel, G.
Keysser, C. Datz, G. Schett and J. Zwerina (2010). "Musculoskeletal disease burden of
hereditary hemochromatosis." Arthritis Rheum 62(12): 3792-3798.

133



Schumacher, H. R., Jr. (1964). "Hemochromatosis and Arthritis." Arthritis Rheum 7:
41-50.

Sinakos, E., V. Perifanis, E. Vlachaki, I. Tsatra and M. Raptopoulou-Gigi (2010). "Is
liver stiffness really unrelated to liver iron concentration?" Br J Haematol 150(2):
247-248.

St Pierre, T. G., P. R. Clark, W. Chua-anusorn, A. J. Fleming, G. P. Jeffrey, J. K. Olynyk,
P. Pootrakul, E. Robins and R. Lindeman (2005). "Noninvasive measurement and
imaging of liver iron concentrations using proton magnetic resonance." Blood 105(2):
855-861.

Statistics., A. B. 0. (2008). National Survey of Mental Health and Wellbeing: Summary
of Results. C. ABS.

Strohmeyer, G., C. Niederau and W. Stremmel (1988). "Survival and causes of death
in hemochromatosis. Observations in 163 patients." Ann N Y Acad Sci 526: 245-257.

Talwalkar, J. A., D. M. Kurtz, S. J. Schoenleber, C. P. West and V. M. Montori (2007).
"Ultrasound-based transient elastography for the detection of hepatic fibrosis:
systematic review and meta-analysis." Clin Gastroenterol Hepatol 5(10): 1214-1220.

Tavill, A. S. (2001). "Diagnosis and management of hemochromatosis." Hepatology
33(5): 1321-1328.

Turbino-Ribeiro, S. M., M. E. Silva, D. A. Chianca, Jr., H. De Paula, L. M. Cardoso, E.
Colombari and M. L. Pedrosa (2003). "lron overload in hypercholesterolemic rats

affects iron homeostasis and serum lipids but not blood pressure." J Nutr 133(1): 15-
20.

Uitz, P. M., S. Hartleb, S. Schaefer, N. Al-Fakhri and P. H. Kann (2013). "Pituitary
function in patients with hereditary haemochromatosis." Horm Metab Res 45(1): 54-
61.

Valenti, L., A. L. Fracanzani, V. Rossi, C. Rampini, E. Pulixi, M. Varenna, S. Fargion and
L. Sinigaglia (2008). "The hand arthropathy of hereditary hemochromatosis is
strongly associated with iron overload." J Rheumatol 35(1): 153-158.

Vanclooster, A., C. van Deursen, R. Jaspers, D. Cassiman and G. Koek (2017). "Proton
Pump Inhibitors Decrease Phlebotomy Need in HFE Hemochromatosis: Double-Blind
Randomized Placebo-Controlled Trial." Gastroenterology 153(3): 678-680 e672.

Wallace, D. F. (2016). "The Regulation of Iron Absorption and Homeostasis." Clin
Biochem Rev 37(2): 51-62.

134



Walsh, A, J. L. Dixon, G. A. Ramm, D. G. Hewett, D. J. Lincoln, G. J. Anderson, V. N.
Subramaniam, J. Dodemaide, J. A. Cavanaugh, M. L. Bassett and L. W. Powell (2006).
"The clinical relevance of compound heterozygosity for the C282Y and H63D
substitutions in hemochromatosis." Clin Gastroenterol Hepatol 4(11): 1403-1410.

Walsh, C. H., A. D. Wright, J. W. Williams and G. Holder (1976). "A study of pituitary
function in patients with idiopathic hemochromatosis." J Clin Endocrinol Metab
43(4): 866-872.

Wang, Y., L. C. Gurrin, A. E. Wluka, N. A. Bertalli, N. J. Osborne, M. B. Delatycki, G. G.
Giles, D. R. English, J. L. Hopper, J. A. Simpson, S. Graves, K. J. Allen and F. M. Cicuttini
(2012). "HFE C282Y homozygosity is associated with an increased risk of total hip
replacement for osteoarthritis." Semin Arthritis Rheum 41(6): 872-878.

Weinberger, A. H.,, M. Gbedemah, A. M. Martinez, D. Nash, S. Galea and R. D.
Goodwin (2018). "Trends in depression prevalence in the USA from 2005 to 2015:
widening disparities in vulnerable groups." Psychol Med 48(8): 1308-1315.

Wenzel, L. B., R. Anderson, D. C. Tucker, S. Palla, E. Thomson, M. Speechley, H.
Harrison, O. Lewis-Jack, M. Fadojutimi-Akinsiku, J. H. Eckfeldt, J. A. Reiss, C. A. Rivers,
E. Bookman, B. M. Snively and C. E. McLaren (2007). "Health-related quality of life in
a racially diverse population screened for hemochromatosis: results from the
Hemochromatosis and Iron Overload Screening (HEIRS) study." Genet Med 9(10):
705-712.

Willis, G., V. Bardsley, I. W. Fellows, R. Lonsdale, J. Z. Wimperis and B. A. Jennings
(2005). "Hepatocellular carcinoma and the penetrance of HFE C282Y mutations: a
cross sectional study." BMC Gastroenterol 5: 17.

Willis, G., D. G. Scott, B. A. Jennings, K. Smith, M. Bukhari and J. Z. Wimperis (2002).
"HFE mutations in an inflammatory arthritis population." Rheumatology (Oxford)
41(2): 176-179.

Winters, A. C., D. Tremblay, S. Arinsburg, J. Mascarenhas and T. D. Schiano (2018).
"Reassessing the safety concerns of utilizing blood donations from patients with
hemochromatosis." Hepatology 67(3): 1150-1157.

Wong, K. and P. Adams (2006). "The diversity of liver diseases among outpatient
referrals for elevated serum ferritin." Can J Gastroenterol 20(7): 467-470.

Wood, J. C. (2008). "Cardiac iron across different transfusion-dependent diseases."
Blood Rev 22 Suppl 2: S14-21.

135



Wood, M. J., D. H. G. Crawford, L. F. Wockner, L. W. Powell and G. A. Ramm (2017).
"Serum ferritin concentration predicts hepatic fibrosis better than hepatic iron
concentration in human HFE-Haemochromatosis." Liver Int 37(9): 1382-1388.

Yen, A. W.,, T. L. Fancher and C. L. Bowlus (2006). "Revisiting hereditary
hemochromatosis: current concepts and progress." Am J Med 119(5): 391-399.

Ziol, M., A. Handra-Luca, A. Kettaneh, C. Christidis, F. Mal, F. Kazemi, V. de
Ledinghen, P. Marcellin, D. Dhumeaux, J. C. Trinchet and M. Beaugrand (2005).
"Noninvasive assessment of liver fibrosis by measurement of stiffness in patients
with chronic hepatitis C." Hepatology 41(1): 48-54.

136



Appendix

European Journal of Internal Medicine 33 (2016) 21-27

journal homepage: www.elsevier.com/locate/ejim

Contents lists available at ScienceDirect

European Journal of Internal Medicine

Review Article

How should hyperferritinaemia be investigated and managed?

@ CrossMark

Sim Y. Ong **“*, Amanda J. Nicoll >*f, Martin B. Delatycki *>¢

2 Bruce Lefroy Centre, Murdoch Childrens Research Institute, Flemington Road, Parkville, Victoria 3052, Australia

" The University of Melbourne, Parkville, Victoria 3010, Australia

© Department of Gastroenterology and Hepatology, Royal Melbourne Hospital, 300 Grattan Street, Parkville, Victoria 3050, Australia

d Clinical Genetics, Austin Health, 145 Studley Road, Heidelberg, Victoria 3084, Australia

¢ Department of Gastroenterology, Eastern Health, Arnold Street, Box Hill, Victoria 3128, Australia

f Monash University, Clayton, Victoria 3800, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 15 February 2016

Received in revised form 18 April 2016
Accepted 12 May 2016

Available online 23 June 2016

Keywords:

Hyperferritinaemia
Haemochromatosis
Non-alcoholic fatty liver disease
Alcohol liver disease
Phlebotomy
Erythrocytapheresis

Hyperferritinaemia is commonly found in clinical practice. In assessing the cause of hyperferritinaemia, it is im-
portant to identify if there is true iron overload or not as hyperferritinaemia may be seen in other conditions such
as excess alcohol intake, inflammation and non-alcoholic fatty liver disease. Assessment of whether the serum
ferritin level is elevated or not should take into account body mass index, gender and age. This review article pro-
vides an overview of the different causes of hyperferritinaemia, differentiating those due to iron overload from
those not due to iron overload, and provides an algorithm for clinicians to use in clinical practice to carry out ap-
propriate investigations and management.
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1. Introduction

Hyperferritinaemia is a common finding during a medical assess-
ment and has a number of causes. It can be difficult to determine if
the finding is due to iron overload or whether it is part of the acute
phase response. It is important to perform appropriate investigations
to assist in diagnosis and management. This review provides an ap-
proach to investigation and management of hyperferritinaemia and
highlights the common clinical conditions causing this.

A comprehensive search for relevant articles was performed
through PubMed until September 2015 with keywords related to
hyperferritinaemia, haemochromatosis, non-alcoholic fatty liver dis-
ease, alcohol liver disease, phlebotomy and erythrocytapheresis.

Abbreviations: SF, serum ferritin; HH, hereditary haemochromatosis; NAFLD, non-
alcoholic fatty liver disease; HCC, hepatocellular carcinoma; TS, transferrin saturation;
HJV, hemojuvelin; NASH, non-alcoholic hepatic steatohepatitis; HHCS, hereditary
hyperferritinaemia-cataract syndrome; PCT, porphyria cutanea tarda; UROD,
uroporphyrinogen decarboxylase; CRP, C-reactive protein; ESR, erythrocyte sedimenta-
tion rate; ANA, anti-nuclear antibody; SMA, smooth muscle antibody; MRI, magnetic res-
onance imaging; TE, therapeutic erythrocytapheresis.

* Corresponding author at: Bruce Lefroy Centre, Murdoch Childrens Research Institute,
Flemington Road, Parkville, Victoria 3052, Australia. Tel.: +61 3 9496 3027; fax: +61 3
9496 4385.

E-mail addresses: Simyee.ong@mcri.edu.au (S.Y. Ong),
Amanda.Nicoll@easternhealth.org.au (AJ. Nicoll), martin.delatycki@ghsv.org.au
(M.B. Delatycki).
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2. Serum ferritin and hyperferritinaemia

Ferritin is an intracellular protein shell that contains about 4000 iron
atoms. There is about 3-4 g of iron in a human adult and the majority is
incorporated into haem that forms haemoglobin, which transports oxy-
gen in red blood cells. Ferritin measured in the serum (SF) is a reflection
of body iron stores such that the more iron present in the body, the
higher SF tends to be.

A reference range is defined as a set of interval values which 95% of
the target population falls into [1]. Conventionally, the reference range
for SF is considered to be 30-300 pg/L for men and postmenopausal
women and 15-200 pg/L for premenopausal women, although different
laboratories have different reference ranges [2]. Age, gender, meno-
pausal status, weight and lifestyle factors, such as alcohol intake and
smoking can influence SF [2-5].

An Australian population study compared the levels of SF between
age-matched cohorts in 1995 and 2005 and demonstrated SF increased
by 21% in men and 10% in women over time with a significant increase
in the number of individuals with elevated SF above the conventional
300 pg/L [2]. This trend was similarly detected in an American and Cana-
dian population study where 26% of men and 13% of women without
HFE mutations had an SF above the conventional cut off of 300 pg/L
and 200 pg/L respectively [6]. Thus, considering different age, gender
and lifestyle factors is important when interpreting the normal refer-
ence range of SF, and to establish if there is true iron overload.

0953-6205/© 2016 European Federation of Internal Medicine. Published by Elsevier B.V. All rights reserved.
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3. What causes hyperferritinaemia?

The main causes of hyperferritinaemia are shown in Table 1. Iron over-
load, the most common cause of which is hereditary haemochromatosis
(HH), is often assumed to be the cause of hyperferritinaemia. However,
between 58%-70% of those referred for hyperferritinaemia do not have
iron overload [7]. This is because SF is an acute phase reactant and can
be elevated in conditions due to infective or inflammatory processes.
The most common causes of non- iron overload hyperferritinaemia
include non-alcoholic fatty liver disease (NAFLD) and alcohol ingestion
[7,8]. In patients with inflammatory disorders such as sepsis, malignancy
or autoimmunity, the SF may also be raised. Other rare causes of
hyperferritinaemia include hereditary hyperferritinaemia-cataract syn-
drome, porphyria cutanea tarda and acaeruloplasminaemia.

4. Hyperferritinaemia due to iron overload
4.1. Primary iron overload

4.1.1. Hereditary haemochromatosis

HH refers to a group of inherited conditions of iron dysregulation
characterised by excessive iron absorption. As the human body has no
means of excreting iron, in HH, total body accumulation occurs, with
subsequent damage to a wide range of organs. There are four types of
HH (Table 1) with type 1 being by far the most common.

4.1.1.1. Type 1 HH. Type 1 HH is due to mutations in HFE on chromosome
6 and is the most common cause of HH. There are two HFE mutations
that account for almost all type 1 HH, ¢.845G — A and ¢.187C — G that
result in HFE p.C282Y and p.H63D respectively. p.C282Y homozygosity
represents the most common genotype in individuals with HH and is
found in 60-95% of affected individuals [6,9-11]. The disease is most
common in people of northern European ancestry with the incidence
of p.C282Y homozygosity ranging from 1 in 80 to 1 in 200 [6,12,13].
Compound heterozygosity for p.C282Y and p.H63D accounts for ~2%
of HH and studies have demonstrated that p.C282Y homozygotes have
significantly higher SF and transferrin saturation (TS) compared to
other HFE genotypes (p.C282Y/p.H63D, p.H63D/p.H63D) [6,14]. Homo-
zygosity for ¢.187C — G (p.H63D) does not cause clinically significant
iron overload and is not a cause of haemochromatosis.

Untreated, type 1 HH can result in serious complications including
hepatic cirrhosis, hepatocellular carcinoma (HCC), cardiomyopathy,

Table 1
Major causes of hyperferritinaemia.

Iron overload

Primary iron overload

* Type 1 haemochromatosis: autosomal recessive. Gene: HFE

« Type 2 haemochromatosis: autosomal recessive. Genes: HJV; HAMP

« Type 3 haemochromatosis: autosomal recessive. Gene: TFR2

« Type 4 haemochromatosis: autosomal dominant. Gene: SLC40A1
(Ferroportin disease)

« Acaeruloplasminaemia. Gene: CP (caeruloplasmin)

Secondary iron overload

« Multiple blood transfusions

 Excess parenteral iron administration

Inflammatory and immunological causes

NAFLD and/or obesity

Alcohol

Infections

Systemic inflammation including autoimmune and rheumatological conditions
Malignancy

Hepatic failure

Others

Hereditary hyperferritinaemia-cataract syndrome
Porphyria cutanea tarda

diabetes mellitus and hypogonadotropic hypogonadism. In addition,
symptoms including arthritis and fatigue can have a significant impact
on the quality of life of affected individuals. A longitudinal population
study found that a minimum of 28.4% of male and 1.2% of female
p.C282Y homozygotes had iron overload related diseases [14]. A far
lower proportion of those compound heterozygous (p.C282Y/p.H63D)
have evidence of iron overload disease compared to those who are
p.C282Y homozygous [6,14-16].

Severe disease including hepatic cirrhosis and HCC is almost exclu-
sively seen in those with a SF>1000 pg/L [14,17-19], and those who de-
velop SF >1000 pg/L will generally have done so by 55 years of age [20].
However, the majority of p.C282Y homozygotes have SF <1000 ug/L [6,
14] and not everyone with type 1 HH with SF <1000 pg/L develops
symptoms of iron overload [14,20-25]. To date, there are three pub-
lished longitudinal studies with a range of follow up period from 12 to
25 years comprising a total of 105 p.C282Y homozygotes [14,22,23]. An-
dersen and colleagues found that the mean SF and TS only increased
slightly in their cohort of p.C282Y homozygotes over a follow up period
of up to 25 years [22]. Olynyk and colleagues found that among ten
p.C282Y homozygotes, only four had increased SF over 17 years whilst
the other six had stable or decreased SF [23]. Subsequently, Gurrin
and colleagues predicted that there is a 25% chance of developing SF
>1000 pg/L in males and 18% chance in females over 12 years in those
with baseline SF <1000 pg/L and those with normal SF at baseline has
less than 15% chance of developing SF >1000 pg/L over 10 to 15 years
[20].

While there is strong evidence that individuals with HFE-related HH
and SF 21000 pg/L should be treated to prevent complications [14,17-
19], there is a lack of evidence about the optimal management for
p.C282Y homozygotes with SF <1000 pg/L. Thus, further research is re-
quired to provide evidence for the management of this group.

4.1.1.2. Type 2 HH. Type 2 HH or juvenile haemochromatosis is a rare au-
tosomal recessive disease that has an onset of symptoms between the
first to third decades of life, and affects males and females equally. The
predominant features are hypogonadotropic hypogonadism and cardio-
myopathy, with cardiac involvement being the most common cause of
death [26]. Other manifestations include liver fibrosis or cirrhosis, dia-
betes mellitus and arthropathy [27,28]. In Type 2 HH, the SF concentra-
tion is usually >1000 pg/L and TS close to 100%. Mutations in two genes
are known to be responsible for type 2 HH. Hemojuvelin (HJV)
mutations account for more than 90% of type 2 HH, while mutations
in HAMP, the gene that encodes hepcidin, accounts for the remainder
[29].

4.1.1.3. Type 3 HH. Type 3 HH is a rare autosomal recessive condition
caused by mutations in TFR2 that maps to chromosome 7q22. It was
first described in 1999 by Camaschella and colleagues in two Sicilian
families [30]. The clinical presentations are similar to type 1 HH and
onset occurs in adulthood in most individuals although earlier onset
has been described [31,32].

4.1.14. Type 4 HH. Type 4 HH, also known as the ferroportin disease, is an
autosomal dominant condition, and is due to mutations in SLC40A1 on
chromosome 2. SLC40A1 encodes ferroportin, which is a transmem-
brane iron transporter that mediates iron export out of enterocytes
[33]. Similar to HFE, ferroportin is regulated by hepcidin [34]. Most mu-
tations lead to loss of protein function, therefore reducing iron export
from cells particularly from reticuloendothelial macrophages. Conse-
quently, iron accumulation occurs resulting in high SF and decreased
availability of iron for transferrin, reflected in low or normal TS. This
form of Type 4 HH is described as “classical ferroportin disease” where
SF can be extremely high (>10,000 pg/L). Mild anaemia is often present
and hence there may be decreased tolerance to therapeutic phlebotomy
[35]. The less common “non-classical ferroportin disease” is associated
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with hepcidin resistant ferroportin and affected individuals present
with features similar to type 1 HH with raised SF and TS [36].

4.1.2. Acaeruloplasminaemia

Acaeruloplasminaemia is a rare autosomal recessive disease that
typically presents in adulthood with various neurological symptoms in-
cluding involuntary movements and ataxia, diabetes mellitus and reti-
nal degeneration. Due to the homozygous/compound heterozygous
mutations in CP, the gene that encodes caeruloplasmin, there is an ab-
sence of caeruloplasmin ferroxidase activity, affecting iron transport
and processing, and subsequently results in iron accumulation in vari-
ous organs, including the brain, liver and pancreas. SF is usually very
high and is accompanied by absent or low serum caeruloplasmin and
copper levels [37,38].

4.2. Secondary iron overload

Several haematological disorders cause ineffective erythropoiesis re-
quiring multiple blood transfusions. The most common of these is -
thalassaemia major and intermedia [39]. These autosomal recessive
conditions cause abnormal haemoglobin formation, subsequent de-
struction of red blood cells and anaemia. Regular blood transfusions
for anaemia result in secondary iron accumulation and an elevated SF.

5. Non-iron overload causes of hyperferritinaemia
5.1. Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a major global health
problem in populations with high rates of obesity and type 2 diabetes,
and is now one of the most common causes of liver disease. It is estimat-
ed to affect 20-30% of the adult population in developed countries [40-
42]. NAFLD is the hepatic manifestation of the metabolic syndrome, and
consists of a wide spectrum of liver damage severity ranging from sim-
ple steatosis to non-alcoholic hepatic steatohepatitis (NASH), and may
progress to liver cirrhosis. HCC can develop in individuals with NAFLD
with or without cirrhosis [43].

Increased SF is found in 30% of individuals with NAFLD [44] and an
Australian population study found a positive correlation between SF and
body mass index (BMI) [2]. A BMI of >25 kg/m? was associated with
higher levels of SF in men aged more than 35 years of age and post-
menopausal women, when compared to those with a BMI < 25 kg/m?
of similar age. The range of SF was 413 to 696 pg/L in men greater than
35 years of age with BMI > 25 kg/m? and 249 ug/L to 422 pg/L in post-
menopausal women with BMI of >25 kg/m? [2]. Comparatively, the
range of SF was 350 to 511 pg/L in men more than 35 years of age with
BMI < 25 kg/m? and 222 pg/L to 323 pg/L in post-menopausal women
with BMI of <25 kg/m? [2].

There has been increasing evidence of an association between in-
creased SF and increased glucose levels, hyperlipidaemia and insulin
resistance in NAFLD in various populations [4,45-47]. Oxidative
stress caused by iron has been proposed as the mechanism of the de-
velopment of steatosis and fibrosis in NAFLD [48-52]. Studies have
also examined SF as a biomarker to predict the development of
NAFLD and NASH, and to predict advanced fibrosis [53-56]. In addi-
tion, high SF levels have also been shown to be associated with the
presence of type 2 diabetes mellitus in the general population [57].

5.2. Alcohol

Alcohol consumption increases oxidative stress and iron stores sec-
ondary to down-regulation of hepcidin [58]. Excess alcohol consumption
accounts for about 10-20% of hyperferritinaemia [7,8,58]. Liver injury
from alcohol consumption ranges from simple steatosis, steatohepatitis,
through to liver cirrhosis. Alcoholic liver disease is usually observed
when consumption exceeds 60 g/day of alcohol but may occasionally be

seen in individuals who consume less than this. Steatosis is usually
reversible following 4-6 weeks of abstinence although progression
to fibrosis with or without cirrhosis occurs in up to 15% despite absti-
nence [59,60].

Regular alcohol consumption can elevate SF up to 50% [61]. A cross
sectional study showed alcohol consumption of one standard drink
per day (10 g alcohol) is associated with 21% higher SF in women
aged <49 years compared to women who abstain from alcohol con-
sumption [2-4]. Thus, it is critical to ascertain the amount, frequency
and pattern of alcohol intake in hyperferritinaemia. It is advisable to re-
peat measurement of SF following four weeks of abstinence if regular al-
cohol intake is occurring.

5.3. Systemic inflammation, infections and malignancy

SF is an acute phase reactant and is often elevated in systemic in-
flammation caused by autoimmune diseases, rheumatological dis-
eases, infections and malignancy [62]. Proinflammatory cytokines,
especially interleukin 6, stimulate the production of hepcidin
resulting in internalisation and degradation of ferroportin and
decrease in iron export and sequestration of iron in cells [63]. As a re-
sult, there is decreased availability of iron for erythropoiesis even
though iron stores are paradoxically increased in cells, causing ele-
vated SF and anaemia of inflammation [64]. This is also known as
the anaemia of chronic disease.

5.4. Hepatic failure

Hepatic iron accumulation is commonly seen in the presence of
hepatic cirrhosis. This tends to be most marked in those with cirrhosis
due to excess alcohol consumption [65]. High SF in those with hepatic
cirrhosis is a predictor of poor prognosis and early mortality in hepatic
failure [66].

5.5. Hereditary hyperferritinaemia-cataract syndrome

Hereditary hyperferritinaemia-cataract syndrome (HHCS) is an
autosomal dominant condition caused by mutations in the FTL gene
that encodes the light chain of ferritin. These individuals have
hyperferritinaemia with normal or low TS, and early onset of cata-
racts due to precipitation of ferritin in the lens [67]. The cataracts
may be asymptomatic but can be diagnosed in children [68,69].
Some L-ferritin mutations can cause benign hyperferritinaemia with-
out cataracts but with a very high glycosylation of SF, compared to
low glycosylation of SF in HHCS [70,71]. There is no iron overload
in HHCS.

5.6. Porphyria cutanea tarda

Porphyria cutanea tarda (PCT) is the most common form of por-
phyria. It affects the haem biosynthesis pathway. Eighty percent of
PCT is sporadic, and is a result of inhibition of uroporphyrinogen de-
carboxylase (UROD) activity in the liver (type I PCT). In a minority,
PCT is due to heterozygous mutation of UROD that encodes
uroporphyrinogen decarboxylase (type II PCT) [72]. Bullous skin le-
sions and increased sensitivity to light are the classical features of
PCT [73]. Hepatitis C infection is considered one of the most common
associations with PCT and other triggers include excessive alcohol
consumption, oestrogen use, or HIV infection [73,74]. Increased
iron deposition in the liver due to reduced production of hepcidin
plays arole in the development of PCT and thus, there is an increased
risk of PCT in individuals with HH [75].
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6. Approach to investigation of hyperferritinaemia

A systematic approach is required to determine the cause of
hyperferritinaemia such as shown in Fig. 1. A critical question in evalu-
ation of hyperferritinaemia is whether or not it is due to iron overload.

6.1. Clinical history/physical examination

Pertinent clinical details include existing or past medical problems,
family history to delineate hereditary causes, use of iron supplements,
alcohol consumption and blood transfusions. Physical examination
should include measuring weight and height to calculate BMI and to
check for the presence of bullous skin lesions.

6.2. Blood tests

TS is the ratio of serum iron to total iron binding capacity, and is use-
ful to differentiate between iron overload and other causes of
hyperferritinaemia. A TS > 45% for women and TS > 50% for men may
suggest the presence of iron overload in the setting of raised SF [76].
However, a population study of 101,168 participants found that approx-
imately 30% of p.C282Y homozygotes had normal TS even though 40% of
them had raised SF levels [77]. Fasting TS is not necessarily more accu-
rate than a non-fasting test [77]. It is important to note that a normal
TS does not exclude iron overload. Individuals with ferroportin disease
generally have a normal or low TS in the setting of iron overload and el-
evated SF [35,78,79]. Thus, TS is a useful clinical tool, but it is neither
100% specific or sensitive in differentiating between iron overload and
non-iron overload causes of hyperferritinaemia.

Fasting glucose and lipid profile, the inflammatory markers C-reactive
protein (CRP) and erythrocyte sedimentation rate (ESR) and HFE testing
for p.C282Y and p.H63D should be requested in hyperferritinaemia even
with normal liver function. These tests will indicate if there is an inflam-
matory, infective, malignant or hereditary cause.

Elevated Serum Ferritin

Transferrin saturation (TS) >45%

can help to identify iron overload. l

If there is elevation of SF with abnormal liver function, the following
investigations should also be considered: (1) serum caeruloplasmin and
copper to assess for Wilson disease or acaeruloplasminaemia; (2) IgG
levels, anti-nuclear antibody (ANA), smooth muscle antibody (SMA)
and liver kidney microsomal antibodies for autoimmune liver diseases
(3) hepatitis A IgM, hepatitis B surface antigen, hepatitis C antibody,
and cytomegalovirus and Epstein-Barr virus IgM for infective causes
and (4) protease inhibitor typing for alpha-1-antitypsin deficiency.

6.3. Liver imaging

Imaging can be helpful in investigating the cause and hepatic impact
of hyperferritinaemia. Liver ultrasound can reveal hepatomegaly, fatty
infiltration of liver, biliary disease, liver cirrhosis and the presence of
portal hypertension reflected by recanalisation of the umbilical vein,
portal vein flow reversal, and splenomegaly [80].

Magnetic resonance imaging (MRI) techniques provide a non-
invasive method for the detection of iron overload, quantification of
liver iron concentration and the degree of fibrosis. FerriScan® has
been validated against liver biopsy and is widely used to measure liver
iron concentration, however, the software for this is not available in
all centres. It can aid in treatment planning with the quantification of
iron levels. It has a specificity of 92% to 100%, and a sensitivity of 85%
to 94% in quantifying liver iron concentration [81]. Alternatively, the
T2* MRI sequence used to quantitate cardiac iron concentration in pa-
tients with haemoglobinopathy disorders, is now increasingly being
used to quantitate liver iron levels [82]. MR elastography and MRI
diffusion-weighted imaging are both accurate ways to estimate liver fi-
brosis and hence degree of liver damage [83].

6.4. What to do if an individual with hyperferritinaemia is HFE homozy-
gous/compound heterozygous?

If the individual is HFE p.C282Y homozygote or p.C282Y/p.H63D
compound heterozygote, and has SF >1000 pg/L particularly if liver

Blood tests to be undertaken in the setting of raised
serum ferritin only

* HFE gene testing including p.C282Y and p.H63D
 Fasting glucose/ lipids

«CRP/ESR

Note: Normal TS does not exclude
iron overload. «Clinical History

- Alcohol; Multiple blood

Consider repeating serum ferritin
after reduction of alcohol intake
if history identifies moderate to

heavy alcohol use

height for BMI, Obesity;
e [nvestigations
- Blood testing
- Liver Ultrasound

transfusions; Haemoglobinopathies;
Infections; Malignancy; Inflammatory causes
- Other liver diseases; Family history
+ Physical examination including weight and

Additional blood tests to be undertaken in the

setting of raised serum ferritin and abnormal LFTs

* Autoimmune antibodies: Anti-nuclear antibody
(ANA); Smooth muscle antibody (SMA); Anti-
mitochrondrial antibody (AMA); Liver-kidney
microsomal antibody (LKM) if <25 years old;
Immunoglobulin G level

« Hepatitis B & C serology

o Cytomegalovirus IgM and Epstein-Barr virus IgM

*Serum caeruloplasmin and serum copper

i

* Alpha-1-antitrypsin phenotype

| HFE mutation(s) detected | |

No HFE mutation detected

7 N\ I
C282Y Homozygous (C282Y/C282Y) * | P —— b ::r}f::d'm’emg"m" forlron
Compound heterozygous (C282Y/H63D) * forC2z82Yor | ] « Consider other diagnosis: -Liver biopsy
/ \ H63D Inflammatory/ Infective causes/ -MRIand hepatic iron
Non-alcoholic fatty liver disease/ |1fno uantification
Malignancy diagnosis i

¢ Ferritin >1000pg/L and/or
abnormal LFTs

e and/or abnormal imaging
(signs of liver cirrhosis)

Ferritin <1000ug/L
and normal LFTs

Strongly consider liver biopsy

|—> Phlebotomy

 +/- Opthalmological review for
HHCS (rare)

Fig. 1. Algorithm of approach to hyperferritinaemia. *Recommend family screening.

-Diagnostic phlebotomy

If confirmed iron overload,
refer for phlebotomy and
other genetic tests:
Haemojuvelin; HAMP;
Transferrin receptor 2;
SLC40A1
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function is abnormal or liver imaging shows suggestive signs of liver cir-
rhosis, a liver biopsy should be performed to assess if liver fibrosis and/
or cirrhosis is present. Such individuals should be referred for specialist
care. Liver biopsy is not required in HFE homozygous/compound het-
erozygous individuals with SF <1000 pg/L unless there is hepatomegaly
and/or abnormal liver function, as a number of studies have shown that
liver cirrhosis is very unlikely to be present in this setting [14,20-25].

Liver biopsy is considered the gold standard for diagnosis, staging
and grading of liver damage. Although a generally safe procedure, it is
invasive and carries a small risk of adverse events including bleeding
and pain and has a mortality risk of 0.1% to 0.3% [84,85]. There is also
sample and observer variability that can lead to potential misdiagnosis
[86]. Thus, routine liver biopsy is now no longer used for diagnostic pur-
poses unless the aetiology is unclear or it is required for assessing hepat-
ic injury (fibrosis and cirrhosis). In addition to assessing liver injury,
liver biopsy can also be utilised to measure the hepatic iron index
(HII = micromoles per gramme divided by patient age) to confirm
iron overload. A HII of more than 1.9 indicates iron overload [87].

6.5. What to do if the individual with hyperferritinaemia does not have HFE
mutations?

If the individual has no HFE mutations detected or is only a carrier of a
single p.C282Y or p.H63D mutation, hyperferritinaemia is very unlikely to
be due to HH. Other common causes of hyperferritinaemia (without iron
overload) such as NAFLD, alcoholic liver disease, inflammatory and infec-
tive causes (Table 1) need to be considered as outlined in the algorithm
(Fig. 1). HHCS is a rare disorder but an ophthalmological review for the
presence of cataracts can help to exclude the condition if no other causes
are found. Other forms of HH need to also be considered.

Further investigations to assess whether iron overload is present
may be appropriate if no cause is apparent from the initial investiga-
tions. This can be by liver biopsy with hepatic iron quantitation, liver
iron quantitation by MRI imaging of the liver or quantitative phleboto-
my. Quantitative phlebotomy can diagnose iron overload by removing
blood and assessing the impact on SF and haemoglobin. One unit of
red blood cell (450mls of whole blood) is equivalent to removing ap-
proximately 250 mg of iron [88]. Since there is 3-4 g of iron in humans,
removal of 3-4 g of iron (12-16 phlebotomies) without causing anae-
mia from iron deficiency, is diagnostic of iron overload [89]. If iron over-
load is confirmed, testing of HJV, HAMP, TR2 and SLC40AT1 for types 2-4
HH should be considered.

7. Treatment of iron overload
7.1. Phlebotomy

Phlebotomy is the mainstay of treatment for removing excess iron in
individuals with hyperferritinaemia due to iron overload. Typically, one
unit of whole blood (approximately 250 mg of iron) is removed and the
decrease in haemoglobin triggers erythropoiesis and mobilises stored
iron to make more red blood cells. Therefore a decrease in total body
iron is reflected by a decrease in SF. SF is used to monitor iron reduction
as TS is a poor marker of iron stores [88]. The frequency of phlebotomy
depends on the individual's haemoglobin, haematocrit and SF and can
be up to twice weekly when SF is more than 1000 pg/L. Haemoglobin
and haematocrit are measured at every treatment and SF is measured
approximately every three months, or more often when the SF is ap-
proaching the normal range. Treatments are postponed when the indi-
vidual is anaemic or has low haematocrit to decrease the risk of adverse
events [90-92]. Problems that can be associated with such therapy in-
clude anaemia, severe cardiac failure, hypoproteinaemia, vasovagal re-
actions, difficulty with venous access, bruising and nerve damage [93-
95]. From a survey of 2851 HH patients, 12% had issues with phleboto-
mies mainly because of venous access and the time required to have
the procedure [96].

The clinical benefits of phlebotomy have not been fully assessed, as
there have been no randomised controlled trials in HH. There are sug-
gestions that some symptoms such as fatigue, skin pigmentation, de-
pression and hepatic fibrosis can improve with phlebotomy and
reduction in iron overload [96-98]. The current recommendations
from the European Association for the Study of the Liver (EASL) and
the American Association of the Study of Liver Diseases (AASLD) are to
treat all individuals with HH, who have elevated SF even if they are
asymptomatic [90,92]. There is a consensus to initiate phlebotomy in in-
dividuals with HH with SF>1000 pg/L since this cohort is at a high risk of
complications from HH including hepatic cirrhosis [91]. There is some
evidence that individuals with HH who have moderate elevations of
SF (<1000 pg/L) may not have manifestations of HH and their SF may
not further increase over many years [24]. As a result, some have sug-
gested that in these individuals, SF can be monitored rather than insti-
tuting therapy [22-24]. A French study concluded that phlebotomy
decreases the mortality in individuals with HFE-related HH with moder-
ately raised SF when compared to the general population [99]. If this
was the case, individuals with HH with normal SF at diagnosis should
have decreased mortality but this was not found in the study. The
study also had a short follow up duration and information on one
third concerning the amount of iron removed was missing, thus likely
affecting the interpretation of data on mortality [100].

The literature does not provide any guidance on the ideal target SF at
the end of phlebotomy treatment, although, most guidelines recom-
mend a target of either 50 or 100 pg/L [90,92]. This is based on the the-
ory that reducing iron levels to the lower end of the normal reference
range will mean that there is little or no iron overload in tissues [101].
It is possible that a higher final SF of between 200 and 300 pig/L is accept-
able [88].

7.2. Erythrocytapheresis

Therapeutic erythrocytapheresis (TE) is a procedure employed
mainly in haematological conditions such as sickle cell disease and poly-
cythaemia to remove predominantly red blood cells through an auto-
mated cell separator, while returning other blood components such as
platelets, plasma and coagulation factors to the individual. However,
TE is increasingly used as a treatment in HH especially in individuals
who are intolerant of phlebotomy. As each procedure can remove up
to 800 ml of red blood cells, more iron can be removed than by standard
phlebotomy [93]. Its efficiency was shown in a randomised trial com-
paring TE and phlebotomy in individuals with HFE-related HH where
an average of nine TE treatments were required to normalise SF com-
pared to 27 phlebotomies [102]. The frequency of TE treatment is
every two to three weeks and thus is less frequent compared to twice-
weekly phlebotomies. The other advantages of TE are an overall shorter
duration of therapy to normalise SF [102,103], its feasibility in patients
with hypoproteinaemia and cardiac failure and a lower rate of
hypovolaemia related reactions [93]. TE can maintain a euvolaemic
state even with a larger volume of red cells removed as volume can be
replaced by saline. Thus, it is a generally well-tolerated and efficacious
procedure [101-103]. The major drawbacks are the need for apheresis
equipment and expertise in administering the treatment, and that
each treatment is more expensive than phlebotomy [104]. However,
one study found the overall cost of treatment was similar to phlebotomy
due to the reduced number of treatments [102].

7.3. Iron chelation therapy

Iron chelation is the main treatment for secondary iron overload,
such as 3-thalassaemia, and is the second-line treatment in HH when
phlebotomy is not tolerated. Desferrioxamine is an iron chelator admin-
istered as a continuous subcutaneous infusion for 8-24 h. The limita-
tions of using desferrioxamine are the compliance of patients, the
need for parenteral administration, discomfort during administration
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[91] and side effects including neurotoxicity, and opportunistic infec-
tions [105]. A more widely used iron chelator is deferasirox, which can
be administered orally as a daily dose. It is effective in reducing excess
iron from secondary iron overload [106,107]. Deferasirox may be con-
sidered in HH where affected individuals cannot tolerate phlebotomy
and clinical trials have shown that it is well tolerated and effective in re-
ducing iron overload in HH [108,109]. Adverse events from deferasirox
are dose dependent and include diarrhoea, headache, nausea and rise in
ALT and/or creatinine, although these side effects occur in less than 10%
of individuals with HH and they generally resolved either with dose re-
duction or cessation [108].

8. Conclusions

Hyperferritinaemia is a common clinical presentation and it is im-
portant to have a systemic approach to identify the cause, particularly
to confirm whether or not it is due to iron overload. Although HH is a
common cause of hyperferritinaemia, it is important to exclude other
common aetiologies including NAFLD, alcohol consumption and inflam-
matory conditions. When the aetiology of hyperferritinaemia is unclear,
referral to a specialist such as a hepatologist or haematologist is advised
for further investigations and treatment. Phlebotomy is the first line
treatment for decreasing iron overload but other modalities such as TE
and iron chelation should be considered in individuals who do not tol-
erate phlebotomy.
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