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Abstract
Thalassaemia major (TM) and Friedreich’s ataxia (FA) 
are autosomal recessive inherited diseases related to 
the proteins haemoglobin and frataxin respectively. In 
both diseases abnormalities in iron metabolism is the 
main cause of iron toxicity leading to increased morbid-
ity and mortality. Major efforts are directed towards the 
prevention of these diseases and also in their treatment 
using iron chelation therapy. Both TM and FA are en-
demic in Cyprus, where the frequency per total popula-
tion of asymptomatic heterozygote carriers and patients 
is the highest worldwide. Cyprus has been a pioneering 
nation in preventing and nearly eliminating the birth of 
TM and FA patients by introducing an organized health 
structure, including prenatal and antenatal diagnosis. 
Effective iron chelation therapy, improved diagnostic 
methods and transfusion techniques as well as sup-
portive therapy from other clinical specializations have 
improved the survival and quality of life of TM patients. 

Despite the tiresome clinical management regimes 
many TM patients are successful in their professional 
lives, have families with children and some are now 
living well into their fifties. The introduction of deferi-
prone led to the elimination of cardiac failure induced 
by iron overload toxicity, which was the major cause of 
mortality in TM. Effective combinations of deferiprone 
with deferoxamine in TM patients caused the fall of 
body iron to normal physiological ranges. In FA differ-
ent mechanisms of iron metabolism and toxicity apply 
to that of TM, which can be targeted with specific iron 
chelation protocols. Preliminary findings from the in-
troduction of deferiprone in FA patients have increased 
the hopes for improved and effective therapy in this 
untreatable condition. New and personalised treat-
ments are proposed in TM and FA. Overall, advances in 
treatments and in particular of chelation therapy using 
deferiprone are transforming TM and FA from fatal to 
chronic conditions. The paradigm of Cyprus in the pre-
vention and treatment of TM can be used for applica-
tion worldwide. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Thalassaemia; Friedreich ataxia; Prenatal 
diagnosis; Survival; Chelation therapy; Deferiprone; 
Deferoxamine; Cyprus

Core tip: Thalassaemia major (TM) and Friedreich’s 
ataxia (FA) are inherited diseases related to iron toxic-
ity, with high morbidity and mortality rates. Cyprus has 
the highest frequency of TM and FA worldwide. Prena-
tal diagnosis and other health policies almost abolished 
the birth of TM and FA patients in Cyprus. Deferiprone 
has increased the survival and quality of life of TM pa-
tients, who are now reaching normal life expectancy 
and it is also promising for FA patients. Personalised 
treatments are proposed for TM and FA. The Cyprus 
experience can be used as a paradigm for the preven-
tion and treatment of TM worldwide. 
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INTRODUCTION
Thalassaemia major (TM) and Friedreich’s ataxia (FA) are 
autosomal recessive inherited diseases with serious patho-
logical complications, morbidity and mortality. Although 
the two diseases are genetically different they are both 
related to abnormalities in proteins of  iron metabolism 
namely frataxin in FA and haemoglobin in TM[1-5]. 

Adult haemoglobin is composed of  two alpha and 
two beta globin chains, each containing an iron molecule 
embedded in a protoporphyrin ring, which is responsible 
for the transport of  oxygen to all cells of  the body[1]. 
Frataxin is a mitochondrial matrix protein which func-
tions in iron-sulfur cluster containing enzymes within the 
chain assembly responsible for respiration and energy 
transduction[3,4].

While frataxin is encoded by the gene of  chromo-
some 9, the beta globin chains of  haemoglobin are en-
coded by a single gene on chromosome 11 and the alpha 
globin chains of  haemoglobin are encoded by two genes 
which are closely linked on chromosome 16[1,3,4]. 

In patients with TM, insufficient or no beta globin 
chains of  haemoglobin are produced and the abnormal 
haemoglobin cannot deliver oxygen efficiently to the tis-
sues. TM is a fatal disease if  it is not treated with regular 
blood transfusions every 1-4 wk and chelation therapy[5]. 

FA is a progressive neurodegenerative disease with 
significant morbidity and has no effective treatment[6]. 
In FA patients the production of  frataxin is severely re-
duced. Frataxin is a highly conserved mitochondrial ma-
trix protein composed of  130 amino acids, has MWt 14.2 
kDa and weakly binds iron[3,4]. In almost all FA patients 
there is an expansion of  the guanine-adenine-adenine 
(GAA) trinucleotide in the first intron of  both alleles of  
the frataxin gene. While in normal individuals the alleles 
of  the frataxin gene have 36 or fewer GAA repeats, in 
FA disease the alleles have approximately 70 to more than 
1200 to 1700 GAA repeats[3,4,6]. 

Major efforts have been taken worldwide for the 
control and reduction of  births of  TM and FA patients. 
Prenatal and antenatal diagnoses are increasingly being 
used in certain endemic areas and in ethnic groups for 
the prevention of  these and other inherited diseases. Cy-
prus has the highest rate of  asymptomatic heterozygote 
carriers and patients per population of  both TM and FA 
by comparison to any other nation[7-11]. There is a 25% 
chance of  TM or FA child being born from a pairing of  
asymptomatic heterozygote carrier parents. Within this 
context an effective prevention programme is needed 
for the containment of  TM and FA in endemic areas like 
Cyprus. 

Regarding patient treatment, recent developments 
involving primarily iron chelation therapy using the iron 
chelating drug deferiprone (L1) suggest that major ad-
vances have taken place in reducing morbidity and mor-
tality in TM and also promising steps towards improve-
ment in the treatment of  FA[5,12]. The strategy responsible 
for these advances and the transition of  these diseases 
from the fatal to the chronic stage can better be described 
using the paradigm of  Cyprus[9]. Within this context the 
recent developments in the past few years in TM and FA 
in Cyprus have been reviewed with particular emphasis 
on the strategies regarding the health organisation struc-
tures, educational efforts, prevention measures and the 
overall clinical management. Related epidemiological and 
socioeconomic consequences are also described. 

Special emphasis is also given to the mechanisms and 
pathogenesis of  gross or focal iron overload toxicity in 
both TM and FA[5]. The treatment of  gross or focal iron 
overload toxicity using chelation appears to be the major 
therapeutic option for decreasing the associated high 
mortality and morbidity observed in these two categories 
of  iron metabolic diseases. The role of  L1 is highlighted, 
since it is considered as one of  the major factors in the 
transition of  TM from a fatal disease to a chronic disease 
and also increases the prospects of  effective treatment in 
FA[5]. 

EPIDEMIOLOGY, TREATMENT AND 
SURVIVAL OF THALASSAEMIA PATIENTS
TM is classified as a haemoglobinopathy, the most com-
mon group of  inherited diseases in humans. More than 
200 mutations of  the haemoglobin genes have been 
reported, causing a range of  pathological abnormalities 
from asymptomatic to fatal states[1,2]. Patients with TM 
can only survive if  they are regularly transfused with 
normal red blood cells from appropriate blood donors. 
Iron accumulated from regular long term red blood cell 
transfusions is toxic to many organs and becomes fatal 
unless removed by chelating drugs. Iron overload toxicity 
in TM has one of  the highest metal related morbidity and 
mortality rates globally[13]. 

The geographic distribution and prevalence of  thal-
assaemia is mostly in developing countries found in the 
Mediterranean, Middle East and South East Asia, where 
over 90% of  thalassaemia patients are born. More than 
100000 thalassaemia babies is estimated to be born an-
nually and there are 100 millions of  thalassaemia hetero-
zygote asymptomatic carriers worldwide[2]. In India alone 
the annual birth rate of  TM is estimated at 9000[14]. 

Thalassaemia is considered as an orphan disease in 
the European Union (EU), the United States and other 
developed countries due to the low number of  patients 
compared to the total population, which is mainly Cauca-
sian[2,15-17]. The treatment of  TM patients in EU countries 
(e.g., Cyprus, United Kingdom, Greece and Italy) is sup-
ported by the state, while in most developing countries 
insufficient funds are available for their treatment. 
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In the case of  Cyprus, epidemiological data suggest 
that the indigenous population is numbered at around 
800000 thousand and an extra 200000 thousand are most-
ly immigrants from developing countries working in Cy-
prus. The thalassaemia heterozygote frequency, which is 
associated mainly with the beta globin chain trait is 1 in 6 
Cypriots. There are about 800 TM and thalassaemia inter-
media patients ie (1 in 1000) who are regularly transfused 
and treated in specialist thalassaemia clinics in the main 
cities of  Cyprus (Nicosia, Limassol, Larnaca, Paphos)[9]. 

Historically, the introduction of  government policies 
to control thalassaemia came about after Cyprus gained 
independence in 1960. Before this period TM patients in 
Cyprus had a similar fate to TM patients in developing 
counties, where there is inadequate treatment including 
blood transfusions and chelation therapy[14,18,19]. 

Estimates from the health budgets for the treatment 
of  TM patients were colossal for the size of  Cyprus at 
the time of  independence. Projections for the rate of  
birth of  TM children and the associated expenditure on 
treatment predicted the collapse of  the national health 
service or abandonment of  the treatment due to unaf-
fordable costs. The socioeconomic consequences for the 
families with TM children were devastating. 

Based on these dilemmas the government of  Cyprus 

introduced a new policy about 35 years ago for the set 
up of  a thalassaemia centre, an educational campaign for 
population screening for thalassaemia trait, for the need 
of  prenatal diagnosis of  affected mothers, in addition to 
better clinical management for existing TM patients. An 
outline of  the organization health structure, the collabo-
rating bodies involved in the prevention, diagnosis and 
treatment of  thalassaemia in Cyprus as well as a historic 
perspective is shown in Figure 1.

The plan for the prevention of  births of  TM babies 
includes the option of  prenatal diagnosis, which provides 
an opportunity to the pregnant mother to decide about 
the course of  the pregnancy, usually before the 3rd month 
of  pregnancy. In the case of  birth of  a TM child, the 
survival prospects are directly related to the treatment 
options available at the country of  residence. Non trans-
fused TM patients die from ineffective erythropoiesis of  
normal red blood cells and related complications usually 
by the age of  2-7 years. If  regular red blood cell transfu-
sions are available from matched blood donors, survival 
is expected to increase to about 15-20 years. At this stage 
TM patients usually die from excess iron accumulation 
and iron overload toxicity induced organ damage. Cardiac 
failure due to excess iron deposition in the heart is the 
major cause of  death in regularly transfused TM patients 

199 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Organisation structure and collaborating bodies involved with the coordination for the prevention diagnosis and treatment of thalassaemia in Cyprus

Bone Marrow 
Transplantation Laboratory 

Research Institutes

Cyprus
Thalassaemia

Association (1977)

Orthodox Church (1983)

Thalassaemia International 
Federation (1986)

Hospital Medical 
and Paramedical Staff

Blood Donors 
Co-ordination 

Committee (1977)

European Union WHO

Ministry of Education Schools,
Society, Mass Media (1983)

Thalassaemia centre (Nicosia 1980)
Thalassaemia clinics (1993) 

Ministry of health 
Government-state

Blood Bank

Thalassaemia Prenatal 
Diagnosis Laboratory

Cyprus Institute of 
Neurology and Genetics

Bone Marrow Transplantation 
Centres-national and 

International

Hospital Departments 
Psychiatric Unit

First Aid and 
Casualty Departments

Figure 1  The organisational health structure and the chronological development of Thalassaemia in Cyprus. WHO: World Health Organization.
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The FA carrier rate in Cyprus is estimated to be about 
1:10, where in a cluster in the villages Kathikas and Arod-
hes in the Paphos district of  Cyprus it is 1:5 or 1:6[10,39]. A 
total of  26 patients with FA were identified in Cyprus in 
a study in 2009[11]. 

There are individual variations in the onset and the se-
verity of  FA, which is characterised by progressive tissue 
and organ damage and significant morbidity. The onset 
of  FA is early and almost always present before the age 
of 20 years. Loss of  ambulation occurs about 15 years 
after the onset of  the disease. More than 95% of  patients 
are wheelchair bound by the age of  45 years. Frequent 
clinical findings of  FA include the incoordination of  limb 
movements, impairment of  position and vibration, dys-
arthria, nystagmus, diminished or absent tendon reflexes, 
scoliosis, etc. In general, FA has progressive multipatho-
logical effects with a life span of  approximately 30-40 
years and the most frequently reported causes of  death 
are diabetes mellitus and cardiomyopathy[3,4,33,34]. 

The socioeconomic consequences for the FA patients 
and their families and the costs associated with the treat-
ment and care of  these patients requires state intervention 
including steps for its prevention, diagnosis and treatment 
at the local level and worldwide. Within this context, pre-
liminary scientific and epidemiological evidence prompted 
the introduction of  government measures for the preven-
tion or decrease in the number of  births of  FA patients in 
Cyprus similar to the adopted model of  TM. These pre-
vention measures were concentrated in the Paphos district 
where most of  the patients and carriers of  FA were previ-
ously identified and also to descendants from the Paphos 
district living elsewhere in Cyprus[11]. 

THE ROLE OF DIAGNOSIS AND 
PREVENTION OF THALASSAEMIA AND 
FRIEDREICH ATAXIA IN CYPRUS 
Prenatal and antenatal diagnoses are widely used for the 
prevention of  many inherited diseases with serious or 
fatal clinical complications, which are endemic in certain 
areas or ethnic groups. Both TM and FA belong to this 
category of  diseases and Cyprus has the highest rate of  
asymptomatic heterozygote carriers of  these diseases in 
comparison to any other nation. Within this context the 
prevention programme for TM started about 35 years 
ago whereas for FA it was recently adopted by the gov-
ernment in 2011 using the same guidelines as for TM.

In Cyprus the fate of  TM patients prior to indepen-
dence in 1960 was similar to that of  a large majority of  
TM patients in the developing countries today, namely 
early death at 2-7 years due to lack of  blood transfusions 
and other treatments. Following the independence of  
Cyprus and the initiation of  a transfusion programme 
the survival rate of  the TM patients increased. How-
ever, blood supplies were insufficient due to the high 
demand and the high annual birth rate of  TM children 
at that period which was about 70 new cases per year[7]. 

who do not receive adequate iron chelation therapy[20-23]. 
Life expectancy in TM increases following the appli-

cation of  effective chelation therapy within a period of  
a few years having started transfusions. A few compliant 
TM patients who adhered to the recommended protocol 
of  sc deferoxamine (DF) (40-60 mg/kg per day, at least 5 
d per week) were treated successfully since birth and have 
now exceeded 50 years of  age. Compliance with sc DF 
for the majority of  TM patients is poor and the average 
life expectancy is much shorter. Within this context, be-
fore deferiprone (L1) was introduced the mean life span 
of  TM patients in the United Kingdom, was estimated 
to be 30-35 years[24]. In contrast, following the introduc-
tion of  L1 in 1999, an improvement in compliance and 
efficacy as well as a reduction of  cardiac deaths was 
observed in Cyprus and many other countries[25-29]. The 
prospects of  compliance in relation to chelation therapy 
have also increased following the introduction of  defera-
sirox (DFRA) in 2007. Chelation therapy with DFRA 
may mostly benefit TM patients who are intolerant or 
have other complications with both DF and L1 chelation 
therapy[18]. Several aspects are influencing the morbidity 
and mortality of  TM patients worldwide including the ef-
ficacy, toxicity, availability and cost of  all chelating drugs. 
In particular, access to these drugs may especially influ-
ence the overall survival of  TM patients most of  who 
live in the developing countries[18].

EPIDEMIOLOGY, TREATMENT AND 
SURVIVAL OF FRIEDREICH ATAXIA 
PATIENTS 
FA is the most common autosomal recessive ataxia co
ndition. It was identified by the German physician Niko-
laus Friedreich in 1863 and only recently in 1996 the 
genetic mutation as well as the affected protein namely 
frataxin was identified and characterized[30-32]. This neu-
rodegenerative inherited disease related to low produc-
tion of  frataxin appears to cause abnormalities in iron 
metabolism including the accumulation of  iron in the 
mitochondria and consequential pathological complica-
tions of  different severity in various organs. In particular, 
it causes progressive damage to both the central and 
peripheral nervous system resulting in a variety of symp-
toms ranging from gait disturbance and speech problems 
to diabetes and heart disease[3,4,33,34]. 

The geographic distribution and prevalence of  FA 
is mainly in countries with Caucasian populations. It ac-
counts for almost 50% of  all the cases of  hereditary 
ataxia. The FA carriers in Europe are estimated to be 
about 1:90, where in the United States it affects 1 in 50000 
people. Apart from Europe and the United States, cases 
of  FA have been recorded in the indigenous population 
of  Mexico, Iran and India[35-37]. However, FA appears not 
to exist among the indigenous populations of  sub-Saharan 
Africans, American Indians, Chinese, Japanese and South-
east Asians[38].
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The alarming rate of  TM births and the socioeconomic 
consequences for the small population of  Cyprus at that 
period prompted the initiation of  new measures by the 
government in conjunction with institutions and organi-
sations that could facilitate the process of  prevention and 
the improvement of  the treatment of  patients. 

Several initiatives including educational and publicity 
measures were taken to inform the general public of  the 
campaign for the prevention of  births of  TM children 
and its implications in the families affected and society 
in general. Within this context a programme for the 
prevention of  TM has been operating in Cyprus since 
1973[7]. However, the major and most effective strategy 
for prevention was founded on thalassaemia trait com-
pulsory screening for premarital couples. The strategy 
of  compulsory screening was introduced in 1983, after 
an agreement between the government of  Cyprus and 
the church, which carried out almost all weddings at that 
time. Accordingly a medical certificate was required by 
the church from all the premarital couples for confirming 
their thalassaemia status before proceeding to marriage. 

In the meantime, the doctor managing the thalassae-
mia clinic where the diagnosis was carried out had to 
screen and inform the premarital couples of  the possibil-
ity of  having children with TM if  they were both thal-
assaemia carriers and also to inform them of  the available 
options to them including the option to decide the course 
of  the pregnancy. Following marriage the prevention 
programme included genetic counselling and screening 
tests which were offered only for couples with thalassae-
mia trait, including chorionic villus sampling at about 11 
wk of  gestation of  the pregnant mother[40,41]. If  the test 
indicated a TM foetus, then the various options available 
were discussed and the final choice made. 

Recent TM preventive measures for couples with thal-
assaemia trait included other possibilities, for example the 
pre-implantation diagnosis procedure[40]. This procedure 
was brought in to effect in Cyprus in the last 17 years 
and involves in vitro fertilisation for the analysis of  early 
embryos and also the selection of  an egg free of  haemo-
globin disorders. Following selection, further procedures 
include fertilisation of  the egg in the laboratory and im-
plantation into the womb[40,42]. Another possible option 
for future application is in utero allogeneic bone marrow 
transplantation.

The screening for thalassaemia trait is in most cases 
relatively simple and inexpensive, involving the electro-
phoresis of  haemoglobin from blood samples[43-46]. Simi-
larly, a blood sample is used in the case of  FA screening 
but a more expensive DNA analysis is required to iden-
tify an FA carrier[47-49]. The strategy adopted for screening 
for the FA trait status involves in the first instance only 
persons with origins from the areas in Paphos where high 
prevalence of  FA was identified[11]. 

The screening for thalassaemia carriers and the intro-
duction of  prenatal and antenatal diagnosis resulted in a 
significant drop in the number of  births of  patients with 
TM. The birth rate of  TM children in Cyprus between 

1970 and 1980 was estimated to be about 30-50 per 
year and a total of  about 400 TM births were recorded. 
Following the implementation of  the government and 
church policy on thalassaemia in 1983, the birth rate of  
TM babies between 1984 and 1994 dropped to about 25, 
i.e., a rate 2-3 per year[7-9]. 

However, new trends have arisen in the last 20 years 
in Cyprus including major demographic changes, which 
had a major influenced in the birth rate of  TM patients. 
It is estimated that 20% of  the people residing in Cyprus 
are foreign workers and the total population has increased 
to approximately 1 million. Cyprus became a member 
country of  the EU in 2004 and as a result of  implemen-
tation of  EU laws a medical certificate for thalassaemia 
is not obligatory for civic weddings, unlike church wed-
dings[9]. Similarly, many couples are deciding to have TM 
children instead of  abortion, because of  emotional, reli-
gious and ethical reasons and also as a result of  the newly 
improved treatments, which lead to an increase in the life 
expectancy of  TM patients. As a result of  these trends 
and also the marriage of  Cypriots with non-Cypriot car-
riers the number of  births of  TM children has increased 
slightly in the last few years[50]. It is estimated that there 
were about 25 births of  TM children from 2005 to 2011, 
i.e., a rate of  3-4 per year. The trend on the birth rate of  
TM patients is set to persist at present, unless the law 
on civic weddings is changed and one similar to that of  
church weddings is adopted[9]. In the meantime, further 
reduction in the birth rate of  TM children in Cyprus 
is expected following the recent introduction of  other 
techniques such as that of  the pre-implantation diagno-
sis. This procedure is costly but allows the selection of  a 
non TM foetus by parents with thalassaemia trait or by 
parents where one is a TM patient and the other has the 
thalassaemia trait[42]. 

The prevention programme for FA is similar to TM 
but with slight modifications. The major difference is that 
the screening programme for FA carriers is concentrated 
in premarital couples in the Paphos district and individu-
als living in other areas of  Cyprus but originating from 
the Paphos district. In a previous study involving the 
Paphos district a total of  1050 persons aged 18 and over 
were screened and 98 (9.33%) FA carriers were identi-
fied[11]. More FA carriers have been identified since 2011, 
when the government prenatal screening programme for 
FA on premarital members of  couples originating from 
Paphos was initiated. In this case the partners of  those 
identified as FA carriers were also screened. 

While major efforts have been taken in Cyprus for the 
diagnosis of  carriers of  TM and FA and the prevention 
of  births of  TM and FA patients, there are still a small 
number of  births with these inherited diseases and espe-
cially of  TM patients every year. The small number of  
births of  TM patients is related to cases of  non prenatal 
screening and the choice of  parents to have a TM child. 
Within this context the treatment of  the newly born and 
existing patients is another continuous challenge in the 
day to day running of  the thalassaemia clinics and the 
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government health structure adopted in general.

ORGANISED HEALTH STRUCTURES FOR 
THE TREATMENT OF THALASSAEMIA 
AND FRIEDREICH ATAXIA PATIENTS IN 
CYPRUS 
The developmental model of  an organised health struc-
ture for the prevention, diagnosis and treatment of  TM 
in Cyprus was primarily based on an initiative of  the 
parents of  TM children and also the physicians in charge 
of  the patients, other scientists, the church, the govern-
ment and other non governmental organisations (Figure 
1). The cornerstone of  the health structure was based on 
the organisation of  the Cypriot thalassaemia society and 
the blood donors association in 1977. Further milestones 
in the development of  an organised health structure was 
the organisation in Nicosia (the capital of  Cyprus) of  the 
thalassaemia centre in 1980 and thereafter the gradual 
evolution of  the thalassaemia clinics in each of  the dis-
tricts of  Cyprus in 1993. 

In the postnatal phase an organised health structure 
for the treatment of  TM patients in Cyprus involving 
many health sectors and other organisations has been 
designed and developed over many years with the cen-
tre of  activity based in the district thalassaemia clinics 
(Figure 1). The structure was based on the main form 
of  treatment of  TM patients, namely chronic red blood 
cell transfusions and iron chelation therapy. A continu-
ous programme of  biochemical and clinical monitoring 
involving many common laboratory tests and other clini-
cal specialists was organised by the thalassaemia clinics 
(Table 1). 

A major aspect of  the treatment and the survival of  
TM patients is blood transfusion. Blood donation and 
collection in Cyprus is organized successfully by the 
volunteer blood donor co-ordination committee in con-
junction with the blood bank of  the ministry of  health. 
The blood donors co-ordination committee in Cyprus 
was initiated in 1977 by the local thalassaemia society and 
a number of  clinicians with the slogan “give blood and 

save lives” with a reference to the TM patients[7-9]. 
Blood donation and collection was coordinated and 

progressively covered all towns and villages in all dis-
tricts and community sectors in Cyprus. It involved both 
state and private organisations such as the army, schools, 
universities, police, banks, businesses and many others. 
Blood donation is strictly on a volunteer basis and is or-
ganised and carried out in each district by the local blood 
donor coordination committee involving thousands of  
blood donors. It is a purely volunteer organization with 
no financial budget or treasurer. Blood supplies are gen-
erally sufficient but in the summer holidays for example 
problems may arise in blood donation and blood supply 
may be at a shortage. In the latter case the state media call 
for an emergency blood donation of  the relevant blood 
groups in shortage to be donated at the nearest district 
hospital.

Continuous biochemical and clinical monitoring as 
well as supportive specialist care involving a multi-disci-
plinary team is available in all the thalassaemia clinics in 
Cyprus for the follow up treatment of  TM patients (Table 
1). The multi-disciplinary clinical team include almost all 
clinical sectors such as specialists in cardiology, endocri-
nology, haematology, paediatrics, nutrition, gynaecology, 
psychology, etc.[9]. 

Iron chelation therapy introduced within a few years 
of  beginning the red blood cell transfusions is essential 
for the survival of  TM patients. In the absence of  iron 
chelation therapy the life expectancy of  TM patients 
is less than 20 years. Under these circumstances TM 
patients usually die from excess iron accumulation and 
organ damage. In particular cardiac failure due to excess 
iron deposition in the heart is the major cause of  death 
in regularly transfused TM patients who do not receive 
effective iron chelation therapy[20-24]. 

Iron chelation therapy is widely available for both the 
use of  DF and L1 and also in many cases for DFRA in 
different countries including Cyprus[51]. The T2 and T2* 
relaxation time magnetic resonance imaging techniques 
have been used over the past decade for the routine di-
agnosis of  excess iron load in the liver, the heart and also 
other organs[52-56]. Monitoring of  serum ferritin levels is 
also routinely used for estimating body iron overload. 
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Table 1  Biochemical and clinical monitoring of Thalassaaemia major patients

Determination of thalassaemia mutation and blood group (ABO, rhesus) 
Vaccination: Flu, pneumonia, haemophilous influenza, meningitis a + c and hepatitis B
Cardiac: Physical examination, echocardiography, holter, stress test, muga scan, (once a year or earlier if required) 
Liver and kidney function tests, urate, cholesterol, triglycerides, Ca, PO4, fasting glucose test and prothrombin time (every six months)
Blood glucose tolerance test and screening for hepatitis B antibodies, hepatitis C and HIV (every year)
Bone densitometry, chest X-ray, Endocrine (T3, T4, TSH, PTH), ophthalmology, ear, nose, throat and echo of the abdomen examination (every year)
Iron load estimation: Serum ferritin and Zn (every 3-4 mo), serum ferritin for patients with normal physiological iron range (every month), MRI T2 and 
T2* of the heart and liver (once a year)
Full blood count (every 1-1.5 wk for those treated with L1 and L1/DF combination)
Supporting specialist therapy team: Cardiologist, endocrinologist, haematologist, paediatrician, dietician, gynaecologist, psychologist. Other clinical 
faculties if required

The table was adapted from ref. [9]. HIV: Human immunodeficiency virus; MRI: Magnetic resonance imaging; DF: Deferoxamine; TSH: Thyroid-stimulat-
ing hormone; PTH: Parathyroid hormone.
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Organ function and other biochemical tests are also rou-
tinely performed at different intervals as shown in Table 1.

Bone marrow transplantation has also been consid-
ered as a therapeutic option especially for young patients 
(usually under 7 years) when a matched human leukocyte 
antigen sibling is identified by the bone marrow trans-
plantation laboratory. It is estimated that a total of  about 
20 Cypriot TM patients received bone marrow trans-
plantations and in most cases were successful except for 
one death and two graft rejections[9]. Similar results were 
reported in TM clinics in other countries[57-60]. 

Treatment problems and other complications associ-
ated with the life of  TM patients are frequently assessed 
by arranging interviews between the clinician in charge 
of  the thalassaemia clinic and each TM patient around 
every other week[9].

The small number of  FA patients by comparison 
to the large number of  TM patients in Cyprus required 
the adoption of  a smaller different organisational health 
structure for treatment provision in FA. Despite the 
abscence of  effective therapy in FA, major efforts are 
directed towards the therapy of  the symptoms of  FA 
patients. Clinical and biochemical monitoring, as well as 
supportive therapy for the FA patients is carried out in 
a specialised neurology centre in Nicosia the capital of  
Cyprus[11,39,61]. 

In relation to treatment it appears that gross body or 
focal iron overload toxicity is the main cause of  death in 
both TM and FA. A better understanding of  the normal 
iron metabolic pathways and the detection and charac-
terisation of  the iron abnormalities and iron overload 
toxicity in both TM and FA can lead to effective treat-
ments and reduction of  the morbidity and mortality in 
these diseases. 

IRON METABOLISM IN NORMAL AND 
ABNORMAL CONDITIONS INCLUDING 
THALASSAEMIA AND FRIEDREICH 
ATAXIA 
Iron is an essential metal required by all mammalian cells 
for many biological processes and normal physiological 
functions. The solubility of  ferric (Fe3+) iron in aqueous 
solution at pH 7.4 is negligible (10-18 mol/L) and iron 
precipitation rapidly occurs in biological media in the 
absence of  chelating proteins or low molecular weight 
(LMwt) chelators. Ferric iron is deposited in cells in a 
polynuclear form as ferritin, which is water soluble and 
haemosiderin which is not water soluble. Ferrous (Fe2+) 
iron is more soluble than ferric iron in physiological 
conditions. In biological systems ferrous iron is found in 
mononuclear form bound to proteins but not in poly-
nuclear form as precipitates or deposits. Ferrous iron 
is a major catalyst of  free radical reactions. In contrast, 
ferritin and other protein bound iron does not appear to 
facilitate the catalysis of  free radical reactions. However, 
haemosiderin and haemosiderin-like ferric iron deposits 

(focal iron), as well as other forms of  labile, LMwt fer-
ric iron are considered to be toxic. The latter provide a 
continuous source of  catalytic iron which under certain 
conditions can readily give rise to free radical reactions 
and cascades leading to oxidative stress damage.

There are many conditions associated with iron meta-
bolic imbalance, which are caused by genetic, nutritional, 
iatrogenic, environmental, disease and other factors and 
their combinations[5,13]. These factors can cause deficiency 
or overload or abnormal distribution of  iron and a corre-
sponding pathological effect from the molecular to tissue 
levels[5,13,62]. Examples of  such changes in iron metabolic 
disorders is nutritional iron deficiency anaemia, idiopathic 
haemochromatosis which is a genetic iron overloading 
condition, Hallervorden-Spatz syndrome where iron ac-
cumulation in the brain is observed, anaemia of  chronic 
disease where iron is diverted and deposited in macro-
phages of  the reticuloendothelial system, sideroblastic 
anaemia where iron is deposited in ring sideroblasts, FA 
where excess iron is deposited in mitochondria, atrans-
ferrinemia where the iron transport protein transferrin is 
not produced leading to abnormal iron distribution and 
many others[5,13]. Abnormalities in iron metabolism can 
also be observed in relation to changes in the many pro-
teins involved in the regulation of  iron metabolism and 
of  changes involving iron containing proteins including 
the haemoglobinopathies[1,5,13]. 

Body iron levels and iron distribution in the organs 
are governed under normal conditions by homeostatic 
controls of  iron uptake, distribution and storage. In gen-
eral, these levels are regulated by dietary iron absorption 
in the gastrointestinal tract, the erythropoietic activity of  
the bone marrow and the rate of  iron excretion[5,13,62]. The 
absorption of  iron mostly takes place from the intestine 
and is regulated by several metabolic pathways involving 
regulatory proteins such as hepcidin and ferroportin[63]. 
Following the uptake of  iron into the enterocytes from 
the gut lumen, iron is then taken by plasma transferrin 
and transported in blood for delivery to all the cells of  all 
tissues[63,64]. 

The total body iron of  normal adult humans is esti-
mated at 3-5 g and is present in different forms mainly 
as haemoglobin (58%), which is found in red blood cells, 
myoglobin (9%) which is found in muscle tissue and 
also as intracellular ferritin/haemosiderin (30%) which is 
found mainly in the liver but also other organs (15-17). 
The uptake, transport and distribution of  iron is tightly 
controlled. For example, the uptake of  iron from trans-
ferrin by cells and its storage intracellularly is regulated 
by specific iron regulatory proteins based on the transla-
tional control of  the transferrin receptor synthesis at the 
cell surface and also that of  intracellular ferritin, as well 
as by hepcidin[5,13]. 

The amount of  iron delivered to cells is mainly deter-
mined by the number of  transferrin receptors and also 
the iron saturation of  transferrin. Transferrin iron satura-
tion under normal physiological conditions is 25%-35%. 
However, in transfusional iron overload or primary hae-
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mochromatosis the saturation of  transferrin with iron 
is much higher and usually exceeds 100%. At this stage 
where transferrin is saturated with iron, non-transferrin 
bound iron can be detected in the plasma[65-67].

The iron released from the continuous breakdown of  
effete red blood cells and the catabolism of  haemoglo-
bin, as well as of  other cells of  the body is transported in 
the blood by transferrin, which in conjunction with hep-
cidin and other regulatory proteins of  iron metabolism 
maintains equilibrium between the sites of  iron absorp-
tion from the gut, intracellular storage and also utilisa-
tion. Iron uptake by cells is accomplished by the binding 
of  transferrin iron to a transferrin receptor on the cell 
surface. Usually two molecules of  monoferric or diferric 
transferrin is bound to each transferrin receptor, which 
subsequently is incorporated into the cell within an endo-
some. The release of  iron from transferrin is carried out 
through acidification of  the endosome from pH 7.4 to 5.6. 
The iron molecules released are in a LMwt form and are 
incorporated in the “transit iron pool”. Iron is then trans-
ported to all parts of  the cell including the mitochondria, 
for storage in ferritin or haemosiderin and for incorpora-
tion into apoproteins for the formation of  iron contain-
ing proteins. 

The LMwt intracellular transit iron pool is thought 
to be composed mainly by LMwt chelator iron com-
plexes[62,68]. Some LMwt naturally occurring chelators are 
found in cells, e.g., citrate, ATP, ADP, glutathione, amino 
acids and some absorbed from food eg phytic acid, poly-
phenols and ascorbate. These and other similar molecules 
are thought to be involved in the transfer of  iron in dif-
ferent intracellular compartments affecting intracellular 
iron metabolism. For example, they can form ternary 

metal complexes with apo-proteins or facilitate the incor-
poration of  iron into the metal domain of  proteins. The 
mechanisms and processes of  iron uptake, release and 
exchange are governed by the same kinetic and thermo-
dynamic parameters as for those applied to other chela-
tors and their iron or other metal complexes[68]. Within 
this context, it is anticipated that chelators present at high 
concentrations eg citrate (10 mmol/L, in plasma) and 
glutathione in cells (5 mmol/L in liver cells) may play a 
significant role in these processes. 

One of  the most important functions of  iron and 
some iron containing proteins is the catalysis of  free radi-
cal reactions, and formation of  related byproducts which 
are essential for physiological processes[69]. Free radicals 
and other nitrogen and oxygen activated products such 
as the nitrogen oxide, superoxide, hydroxyl radical, lipid 
peroxides and hydrogen peroxide are constantly and con-
tinuously generated in aerobic organisms during normal 
metabolism and physiological functions and also in re-
sponse to both internal and external stimuli. However, if  
free radical reactions and related by-products are continu-
ously overproduced and are not regulated or controlled 
by the antioxidant pathways and molecules, this can cause 
free radical toxicity and damage from the molecular level 
to the organ level as shown in many diseases including 
TM and FA[69-71]. 

The catalytic effects of  iron can cause free radical tox-
icity cascades and biomolecular damage including damage 
to sugars, lipids, proteins, DNA and also widespread sub-
cellular, cellular, tissue and organ damage (Figure 2). Such 
free radical cascades are not sufficiently neutralized by 
antioxidants but can usually be prevented by iron binding 
or chelation[69,70].
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Figure 2  The mode of chelating and antioxidant activity of deferiprone in Friedreich Ataxia. Deferiprone can chelate intracellular and intramitochondrial iron de-
posits and labile low molecular weight (LMwt) iron, which are responsible for the catalytic formation of toxic free radicals and toxic byproducts. It can inhibit iron toxicity 
related damage to the heart and brain of Friedreich ataxia patients.
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Iron absorption and transferrin iron delivery appears 
to be normal in FA patients, with the general iron meta-
bolic parameters such as serum ferritin and transferrin 
iron saturation to be within the normal physiological 
ranges. The frataxin abnormality appears to affect selec-
tively certain organs and tissues and the damage to be 
manifested slowly over many years, in a time scale similar 
to the case of  iron overload in hereditary haemochro-
matosis patients[13,62,63]. In the affected cells the frataxin 
abnormality appears to cause the increased uptake and 
deposition of  iron in mitochondria.

The transport of  iron from the cytosol to the mito-
chondria and its incorporation into the apoproteins for 
the formation of  mitochondrial iron containing proteins 
or incorporation into mitochondrial ferritin is not well 
characterised or understood in FA[72-74]. Similarly, there 
are controversies as to the presence of  only mitochon-
drial iron deposits or both cytosolic and mitochondrial 
iron deposits in the affected cells. Accordingly, some in-
vestigators have reported the presence of  excess iron in 
mitochondria but not the cytosol and others excess iron 
deposits in both sites[75,76].

A possible pathway can be suggested to explain these 
differences. Within this context and under normal condi-
tions a pathway is operating involving the transport of  
LMwt iron complexes from the cytosol or protein bound 
iron, across the mitochondrial membrane and the forma-
tion of  “intra-mitochondrial transit LMwt iron pool” 
before iron incorporation into the mitochondrial apopro-
teins or mitochondrial ferritin. 

Incorporation of  iron into ferritin including mito-
chondrial ferritin is usually in the reduced mononuclear 
ferrous form which is then oxidised and polymerised 
inside ferritin in an oxohydroxide iron phosphate poly-
nuclear form[77,78]. Polynuclear iron cannot be incorporated 
inside ferritin but can be deposited as a haemosiderin-like 
polynuclear iron in the cytosol or mitochondria. In the lat-
ter case deposits of  iron oxyhydroxy phosphate and sul-
phur polymers were identified in an animal model of  FA, 
which were different from the forms of  iron incorporated 
into mitochondrial ferritin[73]. Similarly, haemosiderin-like 
iron can also be formed from the breakdown of  the fer-
ritin protein shell and exposure of  the intra-ferritin iron 
core[77,78]. Based on these observarions two different stages 
of  iron deposition appear to be taking place in FA in a 
time dependent manner. In the initial stages there is an in-
creased uptake of  cytosolic iron into mitochondria, where 
cytosolic iron deficiency may also occur[75]. In the second 
stage, saturation of  mitochondria with iron can cause pro-
gressive increase in cytosolic iron accumulation and the 
formation of  iron deposits in the cytosol[76].

The iron deposition process in FA may be facilitated 
by several factors including the low production of  ATP 
in mitochondria which decreases both the intra-mito-
chondrial LMwt transit iron pool and iron incorporation 
in mitochondrial ferritin, thus leading progressively to the 
increased polymerisation and deposition of  haemosider-
in-like iron in mitochondria[79]. Similarly, decreased pro-

duction of  ATP could cause a decrease in the cytosolic 
LMwt leading to progressive iron polymerisation and 
deposition in cytosol[78].

An additional factor that may facilitate excess iron 
deposition in mitochondria is the presence of  oxidative 
environment which causes iron oxidation and precipita-
tion. Ferrous iron is more water soluble than ferric iron 
and the former can be oxidised and precipitate forming a 
haemosiderin-like polynuclear iron inside the mitochon-
dria. Other similar factors may possibly be involved in the 
intra-mitochondrial recycling of  iron, where for example 
iron re-utilisation from the turnover of  mitochondrial 
iron containing proteins is blocked and it undergoes 
polymerisation and accumulation as iron deposits in the 
mitochondria[80]. 

Another possibility for the excess iron deposition in 
mitochondria is the presence of  a mechanism of  iron 
loading of  mitochondria similar to that observed in 
primary or hereditary haemochromatosis involving the 
malfunction of  regulatory proteins like herceptin and fer-
roportin. In the case of  chronic iron overload disorders, 
iron deposition progressively results in increased forma-
tion of  haemosiderin polynuclear iron complexes which 
are difficult to mobilise. In such cases polynuclear iron 
removal from ferritin, haemosiderin and other forms of  
iron deposits follows the “last in-first out” general prin-
ciple. Similarly, newly formed polynuclear iron forma-
tions and precipitates can be mobilised faster and more 
efficiently by chelation than older ones[81]. 

In addition to the toxic iron deposits and the in-
creased oxidative stress observed in the mitochondria of  
FA patients, low frataxin levels can also cause other meta-
bolic abnormalities such as the insufficient production 
of  iron-sulfur clusters that are required for mitochondrial 
electron transport and energy transduction, as well as 
the functioning of  aconitase and other iron containing 
enzymes or iron related metabolic pathways[79]. The dis-
tortion of  these processes and in particular of  mitochon-
drial electron transport is an additional powerful source 
of  free radical production, which if  not controlled can 
cause free radical cascades, toxicity and damage (Figure 2).

Organs such as the heart and the brain with high en-
ergy consumption and increased numbers of  mitochon-
dria appear to be particularly sensitive to these forms of  
abnormalities. Cardiac, brain and other organ damage, 
resulting in insufficient organ functioning levels is the 
overall cause of  increased morbidity and mortality in FA. 

PATHOGENIC EFFECTS OF THE IRON 
METABOLIC ABNORMALITIES IN 
THALASSAEMIA AND FRIEDREICH 
ATAXIA 
There are many differences between TM and FA in rela-
tion to the iron metabolic pathways involved, such as 
the cellular and body distribution of  iron, the origin and 
quantity of  iron accumulated, the biochemical parameters 
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related to iron imbalance, the target organs of  iron toxic-
ity and many others. In assessing these differences it is 
important to specify some of  the pathways, properties 
and characteristics of  iron metabolism which are relevant 
to the diagnosis and treatment of  each of  these two con-
ditions. Within this context the characterisation of  the 
molecular pathways involved under normal physiological 
conditions and the pathological effects observed in both 
TM and FA, including the pathogenesis of  gross or focal 
iron overload toxicity are considered essential in the un-
derstanding of  the mechanisms involved in both diseases 
and also for the proposed treatment options. 

Gross body iron overload is one of  the most com-
mon metal overload toxicity condition which can be 
caused by increased iron absorption from the gut (primary 
haemochromatosis) or regular transfusions of  red blood 
cells (secondary haemochromatosis) or a combination of  
both these two processes. Thalassaemia patients or pa-
tients with other refractory anaemias are regularly trans-
fused every 1-4 wk, usually with 1-3 units (1 unit = 200 
mg of  iron) of  red blood cells for maintaining haemoglo-
bin levels above 9-10 mg/dL. Iron overload in refractory 
anaemias including TM has the highest morbidity and 
mortality rate worldwide in comparison to other iron 
or other metal overloading condition. One of  the most 
seriously affected group of  iron overloaded transfused 
patients are the TM patients.

The accumulated iron from transfusions cannot be 
excreted and is stored intracellularly as ferritin and es-
pecially as haemosiderin. The latter protein increases in 
concentration in some main organs, particularly in the 
liver as well as the heart and spleen of  the transfused 
TM patients. Previous electron microscopy studies in 
cardiomyocytes and hepatocytes of  TM patients have 
shown that in iron overloaded conditions iron loaded fer-
ritin arrays are formed intracellularly mainly in primary 
lysosomes and haemosiderin iron aggregates in second-
ary lysosomes[21,82,83]. Further ultrastructural observations 
suggest that in heavy iron overload in TM there are some 
iron-laden lysosomes which are ruptured into the cell 
sap and may be a cause of  toxicity. Other forms of  sub-
cellular damage which are identified for example in car-
diomyocytes of  TM who suffered congestive cardiac fail-
ure, include the presence of  large cytoplasmic vacuoles, 
increase in the electron density of  nuclei and increased 
amounts of  heterochromatin, substantial loss of  myofila-
ments, swollen mitochondria with loss of  their cristae but 
with no iron deposits within them[84].

The damaging effects of  iron overload and the rup-
ture of  iron-laden lysosomes into the cell sap can also 
cause the release of  hydrolytic enzymes and potentially 
toxic forms of  labile iron. The latter can catalyse the 
production of  free radical cascades and cause further 
free radical damage which can progressively lead to a vi-
cious cycle of  further cellular, tissue and organ damage 
(Figure 2)[69,70]. 

Iron overload and toxicity causes organ damage, 
which is generally detectable when approximately 50-100 

units of  red blood cells have been transfused. This dam-
age is reversible in the early stages but in many cases is 
so extensive that it can become irreversible[84]. Regularly 
transfused iron loaded TM patients usually die from iron 
overload related cardiomyopathy[20,23,26]. The possibility 
of  congestive cardiac failure due to iron overload deposi-
tion in the heart is observed in TM patients with cardiac 
magnetic resonance imaging (MRI) T2* values of  lower 
than 9 ms[53-55]. In addition to heart complications, other 
forms of  iron overload toxicity include liver fibrosis and 
cirrhosis, splenomegaly, endocrine organ damage leading 
to diabetes, retarded growth and sexual immaturation. A 
major difference between TM and FA is that there is no 
iron accumulation in the brain or related toxic side ef-
fects involving the nervous system in TM patients. 

Different molecular factors and pathological effects 
due to iron toxicity are observed in FA patients. Fried-
reich ataxia is an autosomal recessive disease like TM, 
which is caused by a mutation involving homozygous 
GAA trinucleotide intronic repeat expansions in the 
gene in chromosome 9, which encodes the mitochondri-
al matrix protein frataxin[3,4]. The repeat expansions in-
terfere with transcription of  the protein frataxin. About 
97% of  patients with FA have expansions of  a GAA 
repeat in the first intron of  both alleles of  the frataxin 
gene. In normal individuals the alleles of  the frataxin 
gene have 36 or fewer GAA repeats, while in the FA 
disease the alleles have from approximately 70 to about 
1700 GAA repeats. It appears that regarding pathogen-
esis the age of  onset correlates inversely to the size of  
the GAA repeat of  the expansions, and directly with the 
rate of  disease progression.

Frataxin appears to play an important role in mito-
chondrial iron homeostasis and is involved in the bio-
synthesis and structural assembly of  iron-sulfur cluster 
proteins and also in haem synthesis. It is severely reduced 
to about 5%-20% of  normal in FA patients but the level 
of  its deficiency needed to cause disease is still unknown. 
The decreased production of  frataxin in FA patients ap-
pears to be associated with many clinical abnormalities[3,4]. 

Variations in the levels of  frataxin are observed be-
tween different tissues and the tissues mostly affected 
are expected to have severely reduced levels. A detailed 
description of  the symptoms or signs and the anatomic 
localization involved is reviewed elsewhere[85]. The se-
verity of  the disease in FA and other inherited diseases 
seems to also depend on many other factors. Variations 
in compensatory mechanisms and alternative metabolic 
pathways which are in operation in affected cells and tis-
sues may contribute to minimising the severity of  FA[85]. 
Similar variations are observed in other inherited and 
metabolic diseases including TM and hereditary haemo-
chromatosis[13,62,85-87]. 

Deficit of  frataxin is mostly related to many abnor-
malities associated with mitochondrial structure and 
function. The main and characteristic abnormality in FA 
is an increased iron accumulation and deposition in the 
mitochondria matrix and a corresponding increase in 
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oxidative stress[3,4,88,89]. There is also deficit of  mitochon-
drial respiratory chain complex activities and impairment 
of  tissue energy metabolism, decrease in production 
of  ATP, effects on the function of  aconitase and other 
abnormalities which lead to mitochondrial misfunction, 
including also to a further increase in the production of  
free radicals and other reactive oxygen species. Increased 
cytosolic iron in cells of  specific tissues is observed 
despite that the general body iron stores and metabolic 
parameters are within the normal physiological range in 
FA[90].

Histopathological and MRI studies have shown that 
iron primarily accumulates in heart muscle, dentate nuclei 
(spinocerebellar tracts) and spinal cord of  patients with 
FA[76,91,92]. In these studies, focal localised iron deposits 
have been detected by MRI T2* in the brain and the 
heart of  FA patients[76,91]. In histopathological studies 
stainable positive iron deposits have been identified in the 
cardiomyocytes in autopsy and biopsy specimens of  FA 
patients[76]. It is important to note that patients with short 
GAA repeat expansions and long survival have neither 
heart disease nor focal localised iron deposits.

Many contributory factors appear to be involved in 
the observed variation in the onset and progression of  
disease in FA patients. In addition to the size of  the GAA 
repeat expansions and the focal localised iron deposits in 
the heart and brain, other such factors include the pos-
sibility of  frataxin isoforms, distribution of  iron in other 
tissues or organs, dietary habits and many other[62,63,93]. 
The pathogenesis of  the disease and the high level of  
toxicity observed mainly in the heart and the brain of  FA 
patients may also be related to the high requirements and 
consumption but insufficient utilization of  oxygen due 
to mitochondrial malfunctioning in these main target or-
gans. Other organs appear not to be affected to the same 
extent because of  reduced requirements, consumption 
and utilisation of  oxygen. 

There are many differences in the distribution and 
pathogenic effects of  iron in TM and FA. In both condi-
tions gross or focal iron overload deposits appear to be a 
major factor in the cause of  the toxicity. Furthermore, in 
TM iron overload is in the form of  ferritin and more so 
in the form of  haemosiderin and situated in lysosomes 
in the cytosol and not the mitochondria[84]. In contrast, 
polynuclear iron deposits of  mainly ferritin and haemo-
siderin have been identified in both the mitochondria 
and cytosol of  cardiac and other biopsy samples of  FA 
patients[76,88,89]. 

Despite that cardiomyopathy is the main cause of  
death in both diseases, iron accumulation in the hearts of  
patients with FA is overall much lower in comparison to 
TM patients. However, cardiomyocytes in FA appear to 
be more susceptible to toxicity and damage arising mainly 
from focal iron deposition, mitochondrial iron overload 
and respiratory chain protein malfunction in comparison 
to mainly cytosolic gross body iron overload deposition 
and toxicity in TM.

Iron deposition in the pancreas may also be partly the 
cause of  the increased incidence of  diabetes in both the 

TM and FA categories of  affected patients[34,94,95]. Pancre-
atic damage due to iron overload is well documented in 
TM and in some cases it may be reversible with chelation 
therapy at the early stages, whereas in FA it is still under 
investigation[96]. 

Iron deposition in the cerebellum in the brain of  
FA patients, as well as in other parts of  the central and 
peripheral nervous system may play a major part in the 
cause of  the observed pathology of  FA and especially 
the ataxia[85]. Neurons appear to be more susceptible to 
iron toxicity than other cells. In contrast iron accumula-
tion in the hypophysis (pituitary gland) in the brain of  
TM patients affects body growth and delays puberty. No 
other parts of  the brain or of  the nervous system in gen-
eral appear to accumulate and deposit iron in TM and no 
neurological effects have been reported in severely iron 
loaded TM patients. 

In general, the clinical problems arising from the ab-
normalities of  frataxin are not equally affecting the FA 
patients or the various organs with the exception of  the 
heart, the brain and other parts of  the nervous system[97]. 
For example the serum iron and haemoglobin levels of  
FA patients appear to be within the normal physiological 
range despite that haem synthesis is carried out in mito-
chondria mainly in the bone marrow and spleen[90]. This 
suggests that the haemopoietic tissues are not affected or 
targeted by the toxicity mechanisms related to low levels 
frataxin and also of  other related abnormalities including 
iron deposition observed in the mitochondria and cytosol 
of  FA patients[97].

Overall, the iron deposition rate in the mitochondria 
of  the tissues affected in FA patients appears to be very 
slow. Similarly, the process of  iron toxicity may take years 
to reach the stage for pathological symptoms to be ex-
pressed and identified. Similar time scales are observed 
in the deposition of  excess gross body iron load, as well 
as the expression of  iron toxicity and pathological symp-
toms in hereditary haemochromatosis patients[13].

Whatever the rate or mechanisms of  iron accumula-
tion and deposition in TM and FA, it appears that gross 
body or focal localised iron overload is the major source 
of  pathogenesis and the major factor of  the increased 
morbidity and mortality observed in both diseases. With-
in this context iron chelation is considered at present as 
the first line therapy for the treatment of  TM and FA 
patients.

THE ROLE OF DEFERIPRONE IN 
CHANGING THALASSAEMIA FROM 
FATAL TO A CHRONIC DISEASE
Regularly transfused TM patients not receiving iron che-
lation therapy have a poor prognosis and usually die from 
congestive cardiac failure and other iron overload compli-
cations by the age of  20 years[20-24]. 

There are three main iron chelating drugs which are 
regularly used for the treatment of  transfusional iron 
overload in TM and other conditions namely DF, L1 
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and DFRA. Both DF and L1 are generic drugs, whereas 
DFRA is a relatively new patented drug and all three are 
marketed in many countries worldwide[13]. 

Deferiprone was invented in 1981 in the United King-
dom and selected as a leading chelating compound out 
of  about 150 related analogues and other chelating com-
pounds (Figure 3)[13,98-101]. Many preclinical studies have 
shown promising results in the ability of  L1 to mobilise 
iron from iron containing proteins, cells and animals and 
to prevent iron induced free radical toxicity[13,99-101]. 

The first clinical trials in iron loaded myelodysplasia 
and TM patients in 1987 in London, United Kingdom 
showed that oral L1 can cause equivalent iron excretion 
to subcutaneous DF[102,103]. The academic initiatives in 
the development of  L1 continued and multicenter clini-
cal trials were initiated by academic departments in many 
European countries, in Canada and in India, confirming 
the earlier results in London, United Kingdom[104-108]. The 
multicenter clinical trials involved mainly thalassaemia pa-
tients who were unable to receive DF due to toxicity, low 
compliance or both. Deferiprone was first registered in 
India in 1994 and then in the EU, Asian and other coun-
tries in 1999 and the United States in 2011[109].

The introduction of  iron chelation therapy has in-
creased the survival of  TM patients. In a United King-
dom report prior to the introduction of  L1 and DFRA 
the mean life expectancy of  TM patients treated with DF 
was reported to be 35 years[24]. Deferoxamine was freely 
available to all TM patients in the United Kingdom and 
the main reasons of  fatalities were iron overload cardiac 
failure due to non-compliance with the daily subcutane-
ous administration of  DF and the inability of  DF to re-
move effectively iron from the heart[24]. Similar outcomes 
with the DF treatment were observed in other countries 
such as Italy, Greece and Cyprus where DF was also 
freely available from the state to all TM patients[24-26].

Substantial reduction in morbidity and mortality 
has been observed since the introduction of  L1 due to 
increased compliance and the effectiveness of  L1 to re-
move excess cardiac iron. This improvement has been 
observed in many countries such as Cyprus, Greece, Italy, 
United Kingdom and Hong Kong where monotherapy 

of  L1 or combinations with DF were used[25-29]. This was 
also encouraging evidence that iron overload toxicity is 
reversible and can be prevented in most cases especially 
when appropriate chelation therapy protocols using L1 
and DF are introduced at an early age. Recent evidence 
suggests that the use of  the appropriate chelation proto-
cols and especially of  specific combinations of  L1 and 
DF could achieve the main aim of  iron chelation therapy, 
namely the complete elimination of  excess iron load and 
the associated iron overload toxicity complications[110]. 

However, the progress in the treatment of  TM pa-
tients in developed countries including iron chelation 
therapy is not reflected in developing countries. It is es-
timated that more than 90% of  TM patients worldwide, 
who mostly live in developing countries do not receive 
regular red blood transfusions and iron chelation therapy 
due to the high cost of  treatment. Similar problems were 
encountered in Cyprus prior to 1977, when regular trans-
fusions or chelation therapy were not accessible to the 
majority of  patients due to the high cost, lack of  facilities 
and lack of  an organised health structure system. 

Much progress has taken place in the treatment of  
TM and particularly regarding iron chelation therapy in 
the last 20 years in Cyprus that has changed the prog-
nosis of  TM from a fatal to a chronic disease. Since the 
introduction of  L1 in Cyprus in 1999 many patients (70%) 
with poor compliance and adverse toxic effects to DF 
have either included L1 as a part of  a combination proto-
col or switched over to L1 monotherapy[25]. The advances 
in chelation therapy with the introduction of  L1 has led 
to the overall decrease in iron overload including serum 
ferritin levels, in improved compliance with chelation 
therapy, which was previously characterised as poor, as 
well as improved quality of  life for patients[9,25].

The transition from a fatal to a chronic disease can 
be illustrated by the follow up of  TM patients in the 
thalassaemia clinics of  Cyprus. The TM patients undergo 
regular clinical and biochemical monitoring related to the 
complications of  the underlying disease and the associ-
ated therapeutic applications including chelation therapy 
(Table 1)[9]. Similarly, the introduction of  clinical studies 
and clinical trials involving TM patients in some of  the 
clinics has played an important role in the development 
of  general and personalised optimal therapies for the 
benefit of  all patients[9,51].

Within this context clinical studies have shown that 
the most effective treatment of  transfusional iron over-
load is the use of  L1/DF combination protocols and 
particularly the International Committee On Chelation 
(ICOC) protocol (L1 at 75-100 mg/kg per day and DF at 
40-60 mg/kg at least 3 d per week). This protocol appear 
to reduce serum ferritin and to increase MRI T2* of  the 
heart and liver progressively to physiological normal lev-
els[110-114]. Furthermore L1 monotherapy (85-100 mg/kg 
per day) appears to be sufficiently effective for maintain-
ing the body iron stores at normal physiological levels 
in most TM patients[112,114]. This development is a major 
breakthrough in iron chelation therapy because it allevi-
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Figure 3  The chemical structure of the iron chelating drug deferiprone 
(L1). Deferiprone can bind iron through the two molecules of oxygen. It is a 
bidentate chelator and at physiological pH three molecules of L1 are used for 
binding one molecule of iron. 
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ates TM patients from all the toxic side effects associated 
with iron overload toxicity and reduces substantially the 
overall morbidity and mortality to levels similar to those 
observed in the normal population[110,113]. 

An increase in compliance in TM patients was noted 
following the introduction of  L1, in addition to the effi-
cacy in iron removal. The majority of  TM patients appear 
to receive satisfactory treatment with L1 in Cyprus either 
in combination with DF (> 50%) or as monotherapy (< 
20%)[9,25]. Increase in compliance is also observed in TM 
patients receiving DFRA, despite that in some reports the 
efficacy in the overall iron removal and in particular iron 
removal from the heart is substantially reduced in com-
parison to the L1/DF combination[115,116]. Similarly, im-
proved compliance and reduced episodes of  local allergic 
reactions were also noted in many TM patients using an 
elastomeric pump as opposed to an electronic pump for 
the subcutaneous infusion of  DF (< 20%)[9]. 

Important progress has also been observed following 
the introduction of  the MRI T2* and T2 relaxation time 
techniques which have shown to be very valuable for 
monitoring excess iron load and for improving iron che-
lation therapy for the TM patients in Cyprus and other 
countries[9,52-56].

The most important finding in relation to chelation 
therapy in TM is that since the introduction of  L1 the 
quality of  life for most patients has greatly improved and 
most adult TM patients in Cyprus have developed profes-
sional careers, got married and had families. Characteristi-
cally about half  of  the 50 adult TM patients attending the 
thalassaemia clinic in Paphos have married, had in total 
29 children and of  note one female patient treated with 
L1 has successfully given birth to 4 children and also has 
two grandchildren[9].

The paradigm of  Cyprus and the adopted organisa-
tional health structure for the prevention, diagnosis and 
treatment of  TM including the protocols on iron chela-
tion therapy with L1 in particular, could be used as an 
example to be followed by many countries where there is 
a high incidence of  TM. Similarly, the high safety profile 
of  L1 prompted its clinical application in many other non 
iron loaded conditions with focal localised iron deposits 
such as acute kidney disease, neurodegeneration with 
brain iron accumulation, Parkinson’s disease and FA[117-120]. 

THE ROLE OF DEFERIPRONE IN THE 
TREATMENT OF FRIEDREICH ATAXIA 
The general clinical care of  FA patients is primarily con-
centrated on the treatment of  the symptoms of  the un-
derlying disease. There is no established or effective treat-
ment available for FA at present and no clear therapeutic 
targets or strategies developed to reverse the pathogen-
esis of  the disease. Most efforts until recently were con-
centrated on the use of  antioxidants for the treatment of  
the oxidative stress related pathology of  FA. The most 
widely used antioxidants in FA are vitamin E, idebenone, 
coenzyme Q10, selenium and N-acetyl cysteine[121,122]. 

Despite that these antioxidants are used at random and in 
many cases for prophylaxis by FA patients the results are 
not encouraging and in most cases do not delay the onset 
or the progression of  the disease[121,122].

The suggestion of  the use of  specific iron chelation 
therapy and especially L1 for the removal of  excess iron 
from mitochondria for the prevention of  pathogenesis 
and the treatment of  FA in general was originally pro-
posed in 2003[5]. The proposed mechanism for the mode 
of  action of  L1 was removal of  localised excess depos-
ited iron and inhibition of  the iron induced catalytic 
activity and free radical cascades which caused increase 
in oxidative stress and cellular damage. This proposal 
was based on in vitro findings, animal studies and clinical 
results suggesting that L1 had access to all major organs 
and tissues including the heart and the brain[5,69,70]. The 
ability of  L1 to remove excess deposited iron from the 
hearts of  FA patients similar to TM patients, was also 
suggested since focal or gross iron overload appears to 
be the main cause of  mortality in both diseases[5,69,70]. 
Similarly, it was also suggested that the application of  L1 
was a more appropriate therapy than the use of  antioxi-
dants for the toxicity arising from focal or localised ex-
cess deposited iron and also that the therapeutic options 
included drug combinations[5,69,70]. 

The suitability of  L1 for clinical use in FA was until 
recently questioned, mainly because of  lack of  experience 
and knowledge on L1 chelation by those involved with 
the care of  FA patients. Within this context a number of  
concerns were expressed regarding possible toxicities. 

One of  the major concerns in the use of  iron chelat-
ing drugs in non iron loaded conditions including those 
with focal or localised excess deposited iron such as FA, 
Parkinson’s disease, Alzheimer’s disease and Hallevorden-
Spatz syndrome is the induction of  iron deficiency anae-
mia and other related toxicity. Despite that such hypothe-
ses may be theoretically valid, each case should have been 
evaluated separately and background information on the 
clinical use of  chelators thoroughly investigated. Within 
this context many wrong assumptions, expectations and 
conclusions can be made that may effect future investiga-
tions. In particular, the physicochemical, pharmacological 
and toxicological properties as well as the mode of  action 
of  chelators need to be taken into consideration for tar-
geting each one of  such conditions. 

The specific properties of  iron chelating drugs re-
quired for targeting iron toxicity and the risk/benefit 
assessment for use in each clinical condition have been 
previously reviewed[5,13]. Similarly, the suitability of  L1 in 
FA and other non iron loaded conditions with focal or 
localised excess deposited iron as well as the concerns in 
relation to iron deficiency and related toxicity have also 
been previously addressed[5,69,70]. In such cases the inter-
actions of  chelators and especially L1 with tranferrin is 
essential in understanding the mechanisms and pathways 
involved[64,123]. 

In vitro and in vivo studies have previously shown that 
L1 can donate iron to unsaturated or partially saturated 
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tranferrin provided L1 is in the form of  an iron complex 
and is present at a concentration of  about the same level 
or lower than what is required to saturate tranferrin with 
iron[64,123]. Monitoring of  plasma samples of  normal in-
dividuals have shown that the oral administration of  L1 
causes a progressive increase of  tranferrin iron saturation 
from the normal physiological range level (20%-35%) to 
a level of  up to 80% over a period of  7 h[124]. This coin-
cides with the results of  pharmacokinetic studies where 
L1 has been shown to be cleared from plasma over a 
period of  6-7 h[67]. These findings suggest that L1 can 
mobilise iron from cytosolic intracellular storage sites or 
in the case of  FA from focal iron deposits in mitochon-
dria also and donate it to apotransferrin or monoferric 
transferrin in plasma, resulting in an increase of  tranfer-
rin iron saturation[64,124,125]. 

The above study suggests that the iron mobilised 
by L1 in individuals with normal body iron store levels 
including focal iron deposits in FA patients could be 
redistributed in the body via transferrin instead of  being 
excreted. Measurement of  urinary iron excretions have 
shown that usually only about 1-3 mg iron can be excret-
ed by normal individuals of  about 75 kg body weight, per 
a 3 g dose of  L1[67,124-126]. In comparison, in iron loaded 
TM patients of  approximately the same body weight, 
substantial increases in iron excretion of  up to 71.5 mg 
can be observed by using the same dose of  L1[67,123-126].

Despite that the net amount of  iron excreted by L1 
in normal individuals is small, continuous administration 
over prolonged periods of  many months and years may 
cause iron deficiency, unless iron can be replaced from di-
etary sources or from iron supplements[64,123]. Monitoring 
of  the biochemical parameters related to the iron status is 
particularly important for FA patients treated with L1 or 
other chelating drugs. The same monitoring applies for 
Parkinson’s disease and other non iron loaded groups of  
patients, as well as for individuals using L1 as an antioxi-
dant or anti-ageing drug, where administration of  L1 may 
continue for many months and years[69,127]. 

Following the original proposal for the use of  L1 in 
the treatment of  FA several studies and clinical trials have 
been carried out confirming the selection and suitability 
of  L1 as a promising therapeutic agent in this condition[5]. 
In cell studies using the HEK-293 FA model in which 
frataxin mRNA was knocked down, L1 (50 μmol/L) 
caused an increased in ATP production, mitochondrial 
membrane redox potential and resistance to staurospo-
rine-induced apoptosis[128]. In the same model L1 out-
performed DFRA, DF and salicylaldehyde isonicotinoyl 
hydrazone confirming its role as an effective iron chelator 
and antioxidant. The superiority of  L1 in this model is 
based on its higher iron binding potential (log β3 = 36), 
the increased access to intracellular and intramitochon-
drial compartments, the iron mobilising and antioxidant 
properties and the efficient cellular exit of  the L1 iron 
complex[13].

A number of  clinical trials examining possible thera-
peutic effects of  L1 in FA patients have been reported 

in the last few years. In one clinical trial nine Friedreich 
ataxia patients were treated with a dose of  L1 of  20-30 
mg/kg per day for 6 mo. In this study L1 has been shown 
to reduce excess toxic iron in the brain as determined by 
MRI T2*, and also to reduce ataxic gait and neuropathy 
in general[118]. Similar encouraging results were observed 
in patients with FA using a combination therapy of  L1 
with the antioxidant drug idebenone[129]. In another study 
13 patients were treated with triple therapy using deferi-
prone at 5-25 mg/kg per day, idebenone at 10-20 mg/kg 
per day and riboflavin at 10-15 mg/kg per day for 15-45 
mo[130]. Both neurological and heart function benefits 
were noted in some patients. Some adverse effects due 
to L1 were observed in four of  the patients[130]. Further-
more, a double-blind, randomised, placebo-controlled 
phase 2 trial of  L1 in a group of  80 individuals with FA 
was reported[6]. Full details of  this study have not yet 
been published[6]. No significant overall changes in the 
ataxia scale scores in this study were observed, despite 
that improvement in posture, gait, and kinetic function 
were observed in some patients. Similarly, the L1 treat-
ment was associated with cardiac improvement such as a 
decrease in the left ventricular mass. Decrease in serum 
ferritin levels was observed in a few patients. There was 
also one case of  neutropenia which was resolved on L1 
withdrawal[6]. 

Overall major therapeutic outcomes have been gener-
ally observed in FA patients treated with L1 during the 
clinical trials with both neurological and heart function 
improvements. It should be emphasised that complete 
clearance of  excess cardiac iron in TM and brain iron in 
neurodegenerative disease patients has been previously 
achieved using higher doses of  L1 over longer periods 
and the same result is expected in FA patients[112-114,119,131]. 
These optimistic results offer hope to FA patients who 
otherwise have no other effective treatment.

There are several concerns on the protocols used so 
far in FA patients including the low doses of  L1 and the 
combinations with other antioxidant drugs. In particular, 
there is a scope of  major improvements in the use of  L1 
in FA patients, including the prospects of  personalised 
medicine. In the latter case the therapeutic targets have to 
be clearly defined and the appropriate L1 dose protocols 
selected based on the focal iron load in the brain, heart, 
pancreas and other organs, as well as the overall risk/
benefit assessment in each patient. In general, the elimi-
nation of  focal or localised iron deposits in the heart, the 
brain and other organs of  FA patients are considered as 
a major therapeutic target in FA because it is a source of  
continuous toxicity and cause of  pathological symptoms.

Previous clinical studies with L1 in non iron loaded 
patients or normal volunteers can serve as an example 
for designing appropriate treatment protocols of  FA pa-
tients. For example, focal or labile iron deposits have also 
been targeted in kidney diseases patients. In clinical stud-
ies using doses of  L1 of  50-75 mg/kg per day in about 
50 non iron loaded patients with acute kidney disease for 
up to 9 mo, L1 improved kidney function, caused a de-
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crease in proteinuria and no serious toxic side effects[117]. 
Overall L1 was well tolerated despite that the doses used 
were two or three times higher than those used in the FA 
studies. It is anticipated that similar higher doses of  L1 
at 50-75 mg/kg per day can also be used in most FA pa-
tients, especially those with increased focal iron deposits 
in the brain, heart and pancreas. The prospects of  other 
improved therapies including chelator combination thera-
pies, combinations with other drugs and the introduction 
of personalised medicine based on the focal iron deposits 
and the stage of  the underlying disease should also be 
considered for future clinical investigations.

FUTURE PROSPECTS IN THE 
TREATMENT OF THALASSAEMIA AND 
FRIEDREICH ATAXIA 
Major progress has been achieved in the diagnosis, pre-
vention and treatment of  TM and FA in the last two 
decades. The paradigm of  Cyprus shows the way forward 
for the prevention and treatment of  these pathological 
inherited diseases. However, these achievements have 
not yet been realised for most patients and in particular 
the vast majority of  TM patients who live in developing 
countries. Similar developments have occurred in FA, but 
the lack of  clear approaches and suitable strategies may 
undermine the efforts for prevention and effective thera-
peutic interventions, especially in relation to the removal 
of  focal toxic iron deposits in the heart and the brain. 

One of  the major achievements of  the last two de-
cades is the substantial reduction in the births of  TM 
children in Cyprus and many other countries worldwide 
using similar birth prevention measures. Public education 
policies and especially consultations with the heterozy-
gote couples at risk of  giving birth to TM children played 
a major role in this achievement. Similarly, the availability 
of  prenatal and antenatal diagnoses substantially reduced 
the rate of  births of  TM children. 

The quality of  life and survival of  TM patients have 
increased substantially in the last 20 years as a conse-
quence of  the introduction of  effective therapeutic 
postnatal measures and especially diagnostic advances in 
the estimation of  iron overload using the MRI T2* and 
T2 techniques and especially the effective treatment of  
iron overload with L1 and its combinations[86,132]. These 
changes and related improvements are more obvious in 
Cyprus and other countries where government health au-
thority intervention is significant and appropriate by-laws 
as well as appropriate procedures are implemented using 
effective organisational health structures. 

The organisational health structure adopted in Cyprus 
led to the decrease and almost the total elimination of  
births of  TM children. The birth of  a few TM children in 
Cyprus by those not adhering to the prenatal and antena-
tal screening programmes has highlighted the importance 
of  the implementation of  health policies related to the 
government’s strategy for the prevention of  thalassaemia. 

The introduction of  other interventions such as pre-
implantation diagnosis has also shown in many cases 
an extra effective measure in reducing the birth of  TM 
children[42]. However, it is a more difficult and risky pro-
cedure than prenatal diagnosis with low success rate and 
is also more expensive. The prospects of  use of  in utero 
allogeneic bone marrow transplantation in the future may 
decrease further the birth of  TM children but this still 
requires further research[60,133]. 

The treatment of  TM patients is also entering a new 
phase. Bone marrow transplantation offers a cure for 
TM patients but the risk of  rejection of  the transplant 
and of  fatalities is still high[57-60]. The vast majority of  TM 
patients follow the treatment of  regular red blood cell 
transfusion and chelation therapy. Complete treatment of  
iron overload in TM patients is now envisaged from the 
use of  the ICOC L1/DF combination protocol, which 
is leading progressively to the elimination of  all excess 
toxic iron load and the attainment of  normal iron levels, 
which are within the physiological range. This outcome 
increases the prospects of  living free of  iron related tox-
icity complications and with longer-term survival, similar 
to that observed in the general normal population[110,134]. 

In addition to the increased survival, the quality of  
life of  TM patients has drastically changed in Cyprus and 
other countries adopting similar policies. The improve-
ment in treatment, which mainly involved the introduc-
tion of  L1 and other advances such as the introduction 
of  elastomeric pumps for the delivery of  subcutaneous 
DF and also the set up of  a specialist multi-disciplinary 
team for the clinical follow up of  TM patients has also 
contributed to this transition. For example, some of  the 
TM patients have been attending tertiary education and 
many are employed in different professional sectors. In 
addition the marital and family status of  the TM patients 
has also changed and most adults are married and have 
children. For example, in a fertility report of  Cypriot TM 
women in 2004, improved attainment of  reproductive 
capacity has been observed with a total of  358 successful 
pregnancies[134]. An increasing number of  TM patients are 
now over 50 years of  age and have become grandparents. 
This development followed the introduction of  L1 and 
the L1/DF combination, where there was a significant 
drop in the mortality rate of  TM patients from cardiac 
complications and also the reversal of  iron overload tox-
icity in other organs[9,25-29,113,134]. 

The apparent increase in survival of  TM patients is 
observed in Cyprus, and also many other countries using 
related chelation therapy and similar supportive therapy 
protocols[25-29]. The transition leading to the longer term 
survival outcome appears to be related to the improved 
compliance in the oral chelation therapy and more im-
portantly to the ability of  L1 to mobilise rapidly excess 
iron deposits from the heart, which has also been repeat-
edly confirmed in several thalassaemia centers using the 
T2* and T2 relaxation time MRI techniques[54,55,111,116]. 

The ability of  L1 to reverse cardiac, liver, kidney and 
possibly other organ or tissue iron related damage in dif-
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ferent categories of  patients and its antioxidant proper-
ties provide further evidence of  its potent therapeutic 
effects[69,70]. This therapeutic option may also apply to FA 
patients at present where so far no effective treatment 
has become available and L1 appears to offer the most 
promising therapeutic option, especially if  used at the ap-
propriate doses and protocols.

The exceptional therapeutic properties of  L1 by 
comparison to other therapeutics in FA include several 
advantages such as its ability to enter most tissues and 
organs including the heart and the brain and also sub-
cellular organelles such as mitochondria and cytosolic 
compartments at high therapeutic concentrations and to 
remove progressively and effectively toxic iron depos-
its. The efficacy of  L1 in targeting iron toxicity arising 
from labile toxic iron forms and also from gross body 
or focal localised iron deposits, as well as its ability to 
redistribute iron via transferrin and reach iron balance in 
tissues, can make L1 a universal iron detoxifier and iron 
metabolic regulatory drug in many diseases including 
FA[64,69,117,135,136]. In addition, L1 can also act as an antioxi-
dant by inhibiting iron catalysed free radical reactions and 
cascades arising from mitochondrial malfunction, which 
is considered a major cause of  toxicity in the pathology 
of  FA and also of  other diseases (Figure 2)[5,69,70]. 

There are many other therapeutic advantages in the 
clinical use of  L1 in FA and other conditions[64,69,70,137]. 
For example, the role of  other metals in addition to iron 
in the cause and acceleration of  neurodegeneration in 
FA and also other diseases is an expanding area under in-
vestigation[138-141]. Within this context, L1 can chelate and 
mobilise aluminium and copper and eliminate their as-
sociated toxicity as shown in cell and animal studies and 
also in clinical conditions[64,142-144]. 

Future prospects regarding the treatment of  FA 
include the identification of  all the molecular targets as-
sociated with the pathological mechanisms, the design of  
new therapeutics and protocols, as well as the optimisa-
tion of  the existing experimental treatments. Within this 
context the importance of  mitochondrial and cytosolic 
iron deposition and its significance in the neuropathy, 
cardiomyopahy as well as other organ damage needs to 
be further investigated, qualified, quantified and the asso-
ciated toxicity defined similar to the iron overload toxicity 
in TM[54-56]. 

The optimisation of  chelation therapy in FA needs to 
be further investigated. More effective removal of  iron 
in FA can be achieved using higher doses of  L1 than 
those used in the reported clinical trials. In this case two 
or three divided doses to a total of  50-75 mg/kg per day 
of  L1 can be used depending on the level of  focal iron 
deposition, which can be determined by the MRI T2 and 
T2* techniques[54-56]. Similarly, prophylactic use of  lower 
doses of  L1 (e.g., 10 mg/kg per day) can also be used 
at the early stages in young diagnosed patients to delay 
or prevent focal iron load deposition and the onset of  
pathological symptoms. 

Alternative and complimentary experimental treat-

ments to that of  iron chelation therapy could also be 
considered. For example, regular venesection treatment 
at an early age can be investigated in FA patients not only 
for prophylaxis but also as a form of  main treatment at 
later stages. This treatment may be more appropriate for 
FA patients with excess mitochondrial and cytosolic iron 
deposition. Chronic venesection treatment is simple and 
inexpensive and can be well tolerated and used before 
and after the onset of  the symptoms in FA patients. The 
rate of  venesection can vary from that of  regular blood 
donors to a more intensive one similar to that of  heredi-
tary haemochromatosis patients[13]. Reduction in the rate 
of  organ and mitochondrial focal iron load deposition 
and associated toxicity as well as delay in the onset of  
pathological symptoms is expected using this form of  
treatment. 

The therapeutic use of  hyperbaric oxygen as a pro-
phylactic measure in asymptomatic FA patients before 
the onset of  mitochondrial focal iron load could also be 
considered for improvement of  neuronal function[145]. 
Relative improvements were previously observed follow-
ing the therapeutic use of  hyperbaric oxygen in some 
stroke patients who had focal neuronal damage and sub-
stantial reduction of  ATP production[145]. This method 
can also be applied to FA patients with focal iron depos-
its and pathological symptoms but special safety proce-
dures may be required because of  possible exacerbation 
of  the mitochondrial induced oxidative stress. Combina-
tion therapies of  chelating drugs, antioxidants, hyperbaric 
oxygen and venesection could provide an alternative in-
vestigational approach to the treatment of  FA patients. 

Gene therapy is the ultimate target for the complete 
treatment of  both TM and FA[146,147]. However, such 
experimental therapies have been tried in many diseases 
with no optimistic outcome so far[146,147]. In all cases of  
the proposed introduction of  new protocols or new 
treatments for FA or TM patients, a risk/benefit assess-
ment is necessary for comparison of  the existing and the 
new treatments. This assessment is particularly important 
for FA patients where no effective treatments are avail-
able at present. 

The recent progress in the prevention, diagnosis and 
treatment of  TM and FA patients in Cyprus can serve as 
a model by other countries and worldwide organisations 
such as the World Health Organization for minimising 
the births of  TM and FA children and for improving the 
treatment of  these and other inherited diseases world-
wide. In particular, the organisational health structures 
adopted and the new treatments provided are shifting the 
disease profile of  TM from a fatal disease to chronic one, 
in Cyprus and other countries using similar models. It is 
also hoped that the same model could be adopted for FA, 
including the introduction of  effective new treatments.

Further efforts are needed for the development and 
improvement of  organisational health structures for the 
prevention, diagnosis and treatment of  TM and FA pa-
tients in developing countries, where health resources are 
extremely limited. Similarly, further advances in the de-
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sign of  personalised medicine which can provide optimal 
therapies for individual patients are also in progress and 
are the subject of  in depth investigation.

CONCLUSION
The experience of  the Cypriot model of  organisational 
health structure implies that prenatal and antenatal diag-
noses can be successfully used for reducing substantially 
the birth rate of  TM and FA patients and the overall pre-
vention of  the incidence of  these inherited pathological 
diseases worldwide. The introduction of  new treatment 
methods, particularly the use of  effective therapeutic pro-
tocols of  L1, resulted in many improvements including 
better compliance with chelation therapy and improved 
the quality of  life, as well as reduction or reversal of  iron 
overload related organ damage and an overall increase 
in the survival of  the TM patients in Cyprus and other 
countries using similar iron chelation protocols. 

Similarly, the introduction of  L1 in the treatment 
of  FA patients increases the prospects of  reducing the 
morbidity and mortality rates observed in this disease. 
New possible treatments for FA patients such as im-
proved chelation dose protocols of  L1, venesection and 
hyperbaric oxygen could be investigated and selected on 
individual patient cases based on a risk/benefit assess-
ment. Improved diagnostic techniques for the detection 
of  stored iron such as MRI and of  iron toxicity could 
improve the therapeutic targeting methods for both TM 
and FA. 

It appears that recent advances in the diagnosis of  the 
pathogenesis and the treatment are changing TM and FA 
from fatal to chronic diseases.

REFERENCES
1	 Weatherall DJ, Clegg JB. Inherited haemoglobin disorders: 

an increasing global health problem. Bull World Health Organ 
2001; 79: 704-712 [PMID: 11545326]

2	 Community control of hereditary anaemias: memorandum 
from a WHO meeting. Bull World Health Organ 1983; 61: 
63-80 [PMID: 6601544]

3	 Koeppen AH, Mazurkiewicz JE. Friedreich ataxia: neuro-
pathology revised. J Neuropathol Exp Neurol 2013; 72: 78-90 
[PMID: 23334592 DOI: 10.1097/NEN.0b013e31827e5762]

4	 Payne RM, Wagner GR. Cardiomyopathy in Friedreich 
ataxia: clinical findings and research. J Child Neurol 2012; 27: 
1179-1186 [PMID: 22764179 DOI: 10.1177/0883073812448535]

5	 Kontoghiorghes GJ, Neocleous K, Kolnagou A. Benefits and 
risks of deferiprone in iron overload in Thalassaemia and 
other conditions: comparison of epidemiological and thera-
peutic aspects with deferoxamine. Drug Saf 2003; 26: 553-584 
[PMID: 12825969]

6	 Wilson RB. Therapeutic developments in Friedreich ataxia. 
J Child Neurol 2012; 27: 1212-1216 [PMID: 22791549 DOI: 
10.1177/0883073812449691]

7	 Angastiniotis MA, Hadjiminas MG. Prevention of thalassae-
mia in Cyprus. Lancet 1981; 1: 369-371 [PMID: 6109998]

8	 Angastiniotis M, Kyriakidou S, Hadjiminas M. The Cyprus 
Thalassemia Control Program. Birth Defects Orig Artic Ser 
1988; 23: 417-432 [PMID: 3390571]

9	 Kolnagou A, Kontoghiorghes GJ. Advances in the preven-
tion and treatment are changing thalassemia from a fatal to a 

chronic disease. experience from a Cyprus model and its use 
as a paradigm for future applications. Hemoglobin 2009; 33: 
287-295 [PMID: 19814674 DOI: 10.3109/03630260903212043]

10	 Dean G, Chamberlain S, Middleton L. Friedreich’s ataxia 
in Kathikas-Arodhes, Cyprus. Lancet 1988; 1: 587 [PMID: 
2894517]

11	 Zamba-Papanicolaou E, Koutsou P, Daiou C, Gaglia E, 
Georghiou A, Christodoulou K. High frequency of Fried-
reich’s ataxia carriers in the Paphos district of Cyprus. Acta 
Myol 2009; 28: 24-26 [PMID: 19772192]

12	 Kontoghiorghes GJ. Oral iron chelation is here. BMJ 1991; 
303: 1279-1280 [PMID: 1747667]

13	 Kontoghiorghes GJ, Eracleous E, Economides C, Kolnagou 
A. Advances in iron overload therapies. prospects for ef-
fective use of deferiprone (L1), deferoxamine, the new ex-
perimental chelators ICL670, GT56-252, L1NA11 and their 
combinations. Curr Med Chem 2005; 12: 2663-2681 [PMID: 
16305464]

14	 Verma IC. Burden of genetic disorders in India. Indian J Pedi-
atr 2000; 67: 893-898 [PMID: 11262988]

15	 US Department of Health and Human Services. A Valuable 
Resource for Drug Developers: The Rare Disease Repur-
posing Database (RDRD). 2013. Available from: URL: http: 
//www.fda.gov/ForIndustry/DevelopingProductsforRare-
DiseasesConditions/Howtoapplyfor OrphanProductDesig-
nation/ucm216147.htm

16	 Orphanet. List of orphan drugs in Europe [Online]. Avail-
able from: URL: http: //www.orpha.net/orphacom/ca-
hiers/docs/GB/list of orphan drugs in europe.pdf

17	 US Department of Health and Human Services. Genetic 
and Rare Diseases Information Center. Available from: URL: 
http: //www.rarediseases.info.nih.gov/RareDiseaseList.
aspx?StartsWith=A

18	 Kontoghiorghes GJ. Ethical issues and risk/benefit assess-
ment of iron chelation therapy: advances with deferiprone/
deferoxamine combinations and concerns about the safety, 
efficacy and costs of deferasirox. Hemoglobin 2008; 32: 1-15 
[PMID: 18274978 DOI: 10.1080/03630260701726533]

19	 Teawtrakul N, Chansung K, Sirijerachai C, Wanitpongpun 
C, Thepsuthammarat K. The impact and disease burden of 
thalassemia in Thailand: a population-based study in 2010. J 
Med Assoc Thai 2012; 95 Suppl 7: S211-S216 [PMID: 23130457]

20	 Zurlo MG, De Stefano P, Borgna-Pignatti C, Di Palma A, 
Piga A, Melevendi C, Di Gregorio F, Burattini MG, Terzoli 
S. Survival and causes of death in thalassaemia major. Lancet 
1989; 2: 27-30 [PMID: 2567801]

21	 Kyriacou K, Michaelides Y, Senkus R, Simamonian K, Pav-
lides N, Antoniades L, Zambartas C. Ultrastructural pathol-
ogy of the heart in patients with beta-thalassaemia major. 
Ultrastruct Pathol 2000; 24: 75-81 [PMID: 10808552]

22	 Aessopos A, Farmakis D, Hatziliami A, Fragodimitri C, 
Karabatsos F, Joussef J, Mitilineou E, Diamanti-Kandaraki 
E, Meletis J, Karagiorga M. Cardiac status in well-treated 
patients with thalassemia major. Eur J Haematol 2004; 73: 
359-366 [PMID: 15458515]

23	 Kremastinos DT, Farmakis D, Aessopos A, Hahalis G, 
Hamodraka E, Tsiapras D, Keren A. Beta-thalassemia car-
diomyopathy: history, present considerations, and future 
perspectives. Circ Heart Fail 2010; 3: 451-458 [PMID: 20484195 
DOI: 10.1161/CIRCHEARTFAILURE.109.913863]

24	 Modell B, Khan M, Darlison M. Survival in beta-thalassae-
mia major in the UK: data from the UK Thalassaemia Regis-
ter. Lancet 2000; 355: 2051-2052 [PMID: 10885361]

25	 Telfer PT, Warburton F, Christou S, Hadjigavriel M, Sitarou 
M, Kolnagou A, Angastiniotis M. Improved survival in thal-
assemia major patients on switching from desferrioxamine 
to combined chelation therapy with desferrioxamine and de-
feriprone. Haematologica 2009; 94: 1777-1778 [PMID: 19815834 
DOI: 10.3324/haematol.2009.009118]

26	 Borgna-Pignatti C, Cappellini MD, De Stefano P, Del Vec-
chio GC, Forni GL, Gamberini MR, Ghilardi R, Piga A, 

213 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



Romeo MA, Zhao H, Cnaan A. Cardiac morbidity and 
mortality in deferoxamine- or deferiprone-treated patients 
with thalassemia major. Blood 2006; 107: 3733-3737 [PMID: 
16373663]

27	 Au WY, Lee V, Lau CW, Yau J, Chan D, Chan EY, Cheung 
WW, Ha SY, Kho B, Lee CY, Li RC, Li CK, Lin SY, Ling AS, 
Mak V, Sun L, Wong KH, Wong R, Yuen HL. A synopsis of 
current care of thalassaemia major patients in Hong Kong. 
Hong Kong Med J 2011; 17: 261-266 [PMID: 21813892]

28	 Voskaridou E, Ladis V, Kattamis A, Hassapopoulou E, 
Economou M, Kourakli A, Maragkos K, Kontogianni K, La-
fioniatis S, Vrettou E, Koutsouka F, Papadakis A, Mihos A, 
Eftihiadis E, Farmaki K, Papageorgiou O, Tapaki G, Maili P, 
Theohari M, Drosou M, Kartasis Z, Aggelaki M, Basileiadi 
A, Adamopoulos I, Lafiatis I, Galanopoulos A, Xanthopou-
lidis G, Dimitriadou E, Mprimi A, Stamatopoulou M, Haile 
ED, Tsironi M, Anastasiadis A, Kalmanti M, Papadopoulou 
M, Panori E, Dimoxenou P, Tsirka A, Georgakopoulos D, 
Drandrakis P, Dionisopoulou D, Ntalamaga A, Davros I, 
Karagiorga M. A national registry of haemoglobinopathies 
in Greece: deducted demographics, trends in mortality and 
affected births. Ann Hematol 2012; 91: 1451-1458 [PMID: 
22526366]

29	 Modell B, Khan M, Darlison M, Westwood MA, Ingram D, 
Pennell DJ. Improved survival of thalassaemia major in the 
UK and relation to T2* cardiovascular magnetic resonance. 
J Cardiovasc Magn Reson 2008; 10: 42 [PMID: 18817553 DOI: 
10.1186/1532-429X-10-42]

30	 Campuzano V, Montermini L, Moltò MD, Pianese L, Cossée 
M, Cavalcanti F, Monros E, Rodius F, Duclos F, Monticelli A, 
Zara F, Cañizares J, Koutnikova H, Bidichandani SI, Gellera 
C, Brice A, Trouillas P, De Michele G, Filla A, De Frutos R, 
Palau F, Patel PI, Di Donato S, Mandel JL, Cocozza S, Koe-
nig M, Pandolfo M. Friedreich’s ataxia: autosomal recessive 
disease caused by an intronic GAA triplet repeat expansion. 
Science 1996; 271: 1423-1427 [PMID: 8596916]

31	 Dürr A, Cossee M, Agid Y, Campuzano V, Mignard C, Penet 
C, Mandel JL, Brice A, Koenig M. Clinical and genetic ab-
normalities in patients with Friedreich’s ataxia. N Engl J Med 
1996; 335: 1169-1175 [PMID: 8815938]

32	 Campuzano V, Montermini L, Lutz Y, Cova L, Hindelang C, 
Jiralerspong S, Trottier Y, Kish SJ, Faucheux B, Trouillas P, 
Authier FJ, Dürr A, Mandel JL, Vescovi A, Pandolfo M, Koe-
nig M. Frataxin is reduced in Friedreich ataxia patients and 
is associated with mitochondrial membranes. Hum Mol Genet 
1997; 6: 1771-1780 [PMID: 9302253]

33	 Weidemann F, Störk S, Liu D, Hu K, Herrmann S, Ertl G, 
Niemann M. Cardiomyopathy of Friedreich ataxia. J Neuro-
chem 2013; 126 Suppl 1: 88-93 [PMID: 23859344 DOI: 10.1111/
jnc.12217]

34	 Cnop M, Mulder H, Igoillo-Esteve M. Diabetes in Fried-
reich ataxia. J Neurochem 2013; 126 Suppl 1: 94-102 [PMID: 
23859345 DOI: 10.1111/jnc.12216]

35	 Rasmussen A, Gómez M, Alonso E, Bidichandani SI. Clini-
cal heterogeneity of recessive ataxia in the Mexican popula-
tion. J Neurol Neurosurg Psychiatry 2006; 77: 1370-1372 [PMID: 
17110750]

36	 Mukerji M, Choudhry S, Saleem Q, Padma MV, Mahesh-
wari MC, Jain S. Molecular analysis of Friedreich’s ataxia 
locus in the Indian population. Acta Neurol Scand 2000; 102: 
227-229 [PMID: 11071107]

37	 Salehi MH, Houshmand M, Aryani O, Kamalidehghan B, 
Khalili E. Molecular and clinical investigation of Iranian 
patients with Friedreich ataxia. Iran Biomed J 2014; 18: 28-33 
[PMID: 24375160]

38	 Labuda M, Labuda D, Miranda C, Poirier J, Soong BW, 
Barucha NE, Pandolfo M. Unique origin and specific ethnic 
distribution of the Friedreich ataxia GAA expansion. Neurol-
ogy 2000; 54: 2322-2324 [PMID: 10881262]

39	 Christodoulou K, Deymeer F, Serdaroğlu P, Ozdemir C, 

Poda M, Georgiou DM, Ioannou P, Tsingis M, Zamba E, 
Middleton LT. Mapping of the second Friedreich’s ataxia 
(FRDA2) locus to chromosome 9p23-p11: evidence for 
further locus heterogeneity. Neurogenetics 2001; 3: 127-132 
[PMID: 11523563]

40	 Petrou M, Ward RH, Modell B, Karagozlu F, Ozunlü VA, 
Hunt K, Old J, Weatherall DJ. Obstetric outcome in first tri-
mester fetal diagnosis for the haemoglobinopathies. Lancet 
1983; 2: 1251 [PMID: 6139594]

41	 Petrou M. Preimplantation genetic diagnosis. Hemoglobin 
2009; 33 Suppl 1: S7-S13 [PMID: 20001634 DOI: 10.3109/0363
0260903344838]

42	 Kuliev A, Rechitsky S, Verlinsky O, Tur-Kaspa I, Kalakoutis 
G, Angastiniotis M, Verlinsky Y. Preimplantation diagnosis 
and HLA typing for haemoglobin disorders. Reprod Biomed 
Online 2005; 11: 362-370 [PMID: 16176679]

43	 Cotton F, Lin C, Fontaine B, Gulbis B, Janssens J, Vertongen F. 
Evaluation of a capillary electrophoresis method for routine 
determination of hemoglobins A2 and F. Clin Chem 1999; 45: 
237-243 [PMID: 9931046]

44	 Mario N, Baudin B, Aussel C, Giboudeau J. Capillary iso-
electric focusing and high-performance cation-exchange 
chromatography compared for qualitative and quantita-
tive analysis of hemoglobin variants. Clin Chem 1997; 43: 
2137-2142 [PMID: 9365399]

45	 Efremov CD, Huisman TH, Bowman K, Wrightstone RN, 
Shroeder WA. Microchromatography of hemoglobins. II. A 
rapid method for the determination of hemoglobin A2. J Lab 
Clin Med 1974; 83: 657-664 [PMID: 4817785]

46	 Galanello R, Melis MA, Muroni P, Cao A. Quantitation of 
Hb a2 with DE-52 microchromatography in whole blood as 
screening test for beta-thalassemia heterozygotes. Acta Hae-
matol 1977; 57: 32-36 [PMID: 402762]

47	 Filla A, De Michele G, Cavalcanti F, Pianese L, Monticelli 
A, Campanella G, Cocozza S. The relationship between 
trinucleotide (GAA) repeat length and clinical features in 
Friedreich ataxia. Am J Hum Genet 1996; 59: 554-560 [PMID: 
8751856]

48	 Ciotti P, Di Maria E, Bellone E, Ajmar F, Mandich P. Triplet 
repeat primed PCR (TP PCR) in molecular diagnostic test-
ing for Friedreich ataxia. J Mol Diagn 2004; 6: 285-289 [PMID: 
15507666]

49	 Puccio H, Koenig M. Recent advances in the molecular 
pathogenesis of Friedreich ataxia. Hum Mol Genet 2000; 9: 
887-892 [PMID: 10767311]

50	 Angastiniotis M, Vives Corrons JL, Soteriades ES, Elefthe-
riou A. The impact of migrations on the health services 
for rare diseases in Europe: the example of haemoglobin 
disorders. ScientificWorldJournal 2013; 2013: 727905 [PMID: 
23576907 DOI: 10.1155/2013/727905]

51	 Kontoghiorghes GJ. A new era in iron chelation therapy: 
the design of optimal, individually adjusted iron chelation 
therapies for the complete removal of iron overload in thal-
assemia and other chronically transfused patients. Hemoglo-
bin 2009; 33: 332-338 [PMID: 19814679 DOI: 10.3109/0363026
0903217182]

52	 Mavrogeni SI, Gotsis ED, Markussis V, Tsekos N, Politis C, 
Vretou E, Kermastinos D. T2 relaxation time study of iron 
overload in b-thalassemia. MAGMA 1998; 6: 7-12 [PMID: 
9794284]

53	 Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC, 
Bunce NH, Firmin DN, Wonke B, Porter J, Walker JM, Pen-
nell DJ. Cardiovascular T2-star (T2*) magnetic resonance for 
the early diagnosis of myocardial iron overload. Eur Heart J 
2001; 22: 2171-2179 [PMID: 11913479]

54	 Kolnagou A, Yazman D, Economides C, Eracleous E, Kon-
toghiorghes GJ. Uses and limitations of serum ferritin, mag-
netic resonance imaging T2 and T2* in the diagnosis of iron 
overload and in the ferrikinetics of normalization of the iron 
stores in thalassemia using the International Committee on 

214 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



Chelation deferiprone/deferoxamine combination protocol. 
Hemoglobin 2009; 33: 312-322 [PMID: 19814677 DOI: 10.3109/
03630260903213231]

55	 Kolnagou A, Fessas C, Papatryphonas A, Economides C, 
Kontoghiorghes GJ. Prophylactic use of deferiprone (L1) and 
magnetic resonance imaging T2* or T2 for preventing heart 
disease in thalassaemia. Br J Haematol 2004; 127: 360-361; au-
thor reply 361-362 [PMID: 15491300]

56	 Kolnagou A, Kontoghiorghes GJ. Future challenges in the 
use of magnetic resonance imaging for the diagnosis of iron 
overload. Blood Transfus 2010; 8: 309-310 [PMID: 20967176 
DOI: 10.2450/2010.0017-10]

57	 Di Bartolomeo P, Santarone S, Di Bartolomeo E, Olioso P, 
Bavaro P, Papalinetti G, Di Carlo P, Papola F, Nicolucci A, Di 
Nicola M, Iacone A. Long-term results of survival in patients 
with thalassemia major treated with bone marrow transplan-
tation. Am J Hematol 2008; 83: 528-530 [PMID: 18383328 DOI: 
10.1002/ajh.21175]

58	 Hongeng S, Pakakasama S, Chuansumrit A, Sirachainan N, 
Sura T, Ungkanont A, Chuncharunee S, Jootar S, Issaragisil 
S. Reduced intensity stem cell transplantation for treatment 
of class 3 Lucarelli severe thalassemia patients. Am J Hematol 
2007; 82: 1095-1098 [PMID: 17674372]

59	 Issaragrisil S, Visudhisakchai S, Suvatte V, Chandanay-
ingyong D, Piankijagum A, Mahasandana C, Tanphaichitr 
VS. Bone marrow transplantation for thalassemia in Thai-
land. Bone Marrow Transplant 1993; 12 Suppl 1: 42-44 [PMID: 
8374559]

60	 Andreani M, Nesci S, Lucarelli G, Tonucci P, Rapa S, Ange-
lucci E, Persini B, Agostinelli F, Donati M, Manna M. Long-
term survival of ex-thalassemic patients with persistent 
mixed chimerism after bone marrow transplantation. Bone 
Marrow Transplant 2000; 25: 401-404 [PMID: 10723583]

61	 Votsi C, Zamba-Papanicolaou E, Middleton LT, Pantzaris 
M, Christodoulou K. A novel GBA2 gene missense muta-
tion in spastic ataxia. Ann Hum Genet 2014; 78: 13-22 [PMID: 
24252062 DOI: 10.1111/ahg.12045]

62	 Kontoghiorghes GJ, Kolnagou A. Molecular factors and 
mechanisms affecting iron and other metal excretion or 
absorption in health and disease: the role of natural and syn-
thetic chelators. Curr Med Chem 2005; 12: 2695-2709 [PMID: 
16305466]

63	 Kontoghiorghes GJ, Spyrou A, Kolnagou A. Iron chelation 
therapy in hereditary hemochromatosis and thalassemia in-
termedia: regulatory and non regulatory mechanisms of in-
creased iron absorption. Hemoglobin 2010; 34: 251-264 [PMID: 
20524815 DOI: 10.3109/03630269.2010.486335]

64	 Kontoghiorghe CN, Kolnagou A, Kontoghiorghes GJ. Po-
tential clinical applications of chelating drugs in diseases 
targeting transferrin-bound iron and other metals. Expert 
Opin Investig Drugs 2013; 22: 591-618 [PMID: 23586878 DOI: 
10.1517/13543784.2013.787408]

65	 Hershko C, Graham G, Bates GW, Rachmilewitz EA. Non-
specific serum iron in thalassaemia: an abnormal serum iron 
fraction of potential toxicity. Br J Haematol 1978; 40: 255-263 
[PMID: 708645]

66	 al-Refaie FN, Wickens DG, Wonke B, Kontoghiorghes GJ, 
Hoffbrand AV. Serum non-transferrin-bound iron in beta-
thalassaemia major patients treated with desferrioxamine 
and L1. Br J Haematol 1992; 82: 431-436 [PMID: 1419825]

67	 Kontoghiorghes GJ, Goddard JG, Bartlett AN, Sheppard L. 
Pharmacokinetic studies in humans with the oral iron chela-
tor 1,2-dimethyl-3-hydroxypyrid-4-one. Clin Pharmacol Ther 
1990; 48: 255-261 [PMID: 2401124]

68	 Kontoghiorghes GJ. Iron chelation in biochemistry and 
medicine. In C Rice-Evans (Ed.). Free radicals, oxidant stress 
and drug action. Rechelieu press, London, 1987: 277-303

69	 Kontoghiorghes GJ. Prospects for introducing deferiprone 
as potent pharmaceutical antioxidant. Front Biosci (Elite Ed) 
2009; 1: 161-178 [PMID: 19482634]

70	 Kontoghiorghes GJ, Efstathiou A, Kleanthous M, Michae-
lides Y, Kolnagou A. Risk/benefit assessment, advantages 
over other drugs and targeting methods in the use of deferi-
prone as a pharmaceutical antioxidant in iron loading and 
non iron loading conditions. Hemoglobin 2009; 33: 386-397 
[PMID: 19814684 DOI: 10.3109/03630260903217141]

71	 Halliwell B, Gutteridge JM. Free radicals and antioxidant 
protection: mechanisms and significance in toxicology and 
disease. Hum Toxicol 1988; 7: 7-13 [PMID: 3278973]

72	 Richardson DR, Lane DJ, Becker EM, Huang ML, Whitnall 
M, Suryo Rahmanto Y, Sheftel AD, Ponka P. Mitochondrial 
iron trafficking and the integration of iron metabolism be-
tween the mitochondrion and cytosol. Proc Natl Acad Sci 
USA 2010; 107: 10775-10782 [PMID: 20495089 DOI: 10.1073/
pnas.0912925107]

73	 Whitnall M, Suryo Rahmanto Y, Huang ML, Saletta F, Lok 
HC, Gutiérrez L, Lázaro FJ, Fleming AJ, St Pierre TG, Mikhael 
MR, Ponka P, Richardson DR. Identification of nonferritin 
mitochondrial iron deposits in a mouse model of Friedreich 
ataxia. Proc Natl Acad Sci USA 2012; 109: 20590-20595 [PMID: 
23169664 DOI: 10.1073/pnas.1215349109]

74	 Lane DJ, Huang ML, Ting S, Sivagurunathan S, Richardson 
DR. Biochemistry of cardiomyopathy in the mitochondrial 
disease Friedreich’s ataxia. Biochem J 2013; 453: 321-336 
[PMID: 23849057 DOI: 10.1042/BJ20130079]

75	 Huang ML, Becker EM, Whitnall M, Suryo Rahmanto Y, Pon-
ka P, Richardson DR. Elucidation of the mechanism of mito-
chondrial iron loading in Friedreich’s ataxia by analysis of a 
mouse mutant. Proc Natl Acad Sci USA 2009; 106: 16381-16386 
[PMID: 19805308 DOI: 10.1073/pnas.0906784106]

76	 Ramirez RL, Qian J, Santambrogio P, Levi S, Koeppen 
AH. Relation of cytosolic iron excess to cardiomyopathy of 
Friedreich’s ataxia. Am J Cardiol 2012; 110: 1820-1827 [PMID: 
23000103 DOI: 10.1016/j.amjcard.2012.08.018]

77	 Kontoghiorghes GJ. Iron mobilization from ferritin using 
alpha-oxohydroxy heteroaromatic chelators. Biochem J 1986; 
233: 299-302 [PMID: 3954731]

78	 Kontoghiorghes GJ, Chambers S, Hoffbrand AV. Compara-
tive study of iron mobilization from haemosiderin, ferritin 
and iron(III) precipitates by chelators. Biochem J 1987; 241: 
87-92 [PMID: 3566714]

79	 Lodi R, Cooper JM, Bradley JL, Manners D, Styles P, Taylor 
DJ, Schapira AH. Deficit of in vivo mitochondrial ATP pro-
duction in patients with Friedreich ataxia. Proc Natl Acad Sci 
USA 1999; 96: 11492-11495 [PMID: 10500204]

80	 Napier I, Ponka P, Richardson DR. Iron trafficking in the 
mitochondrion: novel pathways revealed by disease. Blood 
2005; 105: 1867-1874 [PMID: 15528311]

81	 Kontoghiorghes GJ. Decrease solubilisation of ferritin iron 
and fresh iron (III) precipitate following repeated chelator 
treatments. Inorg Chim Acta 1987; 138: 36-40 [DOI: 10.1016/S
0020-1693(00)81178-0]

82	 Iancu TC, Deugnier Y, Halliday JW, Powell LW, Brissot P. 
Ultrastructural sequences during liver iron overload in ge-
netic hemochromatosis. J Hepatol 1997; 27: 628-638 [PMID: 
9365038]

83	 Iancu TC, Neustein HB. Ferritin in human liver cells of ho-
mozygous beta-thalassaemia: ultrastructural observations. 
Br J Haematol 1977; 37: 527-535 [PMID: 603778]

84	 Kolnagou A, Michaelides Y, Kontos C, Kyriacou K, Kon-
toghiorghes GJ. Myocyte damage and loss of myofibers is 
the potential mechanism of iron overload toxicity in conges-
tive cardiac failure in thalassemia. Complete reversal of the 
cardiomyopathy and normalization of iron load by deferi-
prone. Hemoglobin 2008; 32: 17-28 [PMID: 18274979 DOI: 
10.1080/03630260701726491]

85	 Lynch DR, Deutsch EC, Wilson RB, Tennekoon G. Unan-
swered questions in Friedreich ataxia. J Child Neurol 2012; 27: 
1223-1229 [PMID: 22832776 DOI: 10.1177/0883073812453498]

86	 Kolnagou A, Natsiopoulos K, Kleanthous M, Ioannou A, 

215 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



Kontoghiorghes GJ. Liver iron and serum ferritin levels are 
misleading for estimating cardiac, pancreatic, splenic and 
total body iron load in thalassemia patients: factors influenc-
ing the heterogenic distribution of excess storage iron in or-
gans as identified by MRI T2*. Toxicol Mech Methods 2013; 23: 
48-56 [PMID: 22943064 DOI: 10.3109/15376516.2012.727198]

87	 Kolnagou A, Kleanthous M, Kontoghiorghes GJ. Efficacy, 
compliance and toxicity factors are affecting the rate of nor-
malization of body iron stores in thalassemia patients using 
the deferiprone and deferoxamine combination therapy. 
Hemoglobin 2011; 35: 186-198 [PMID: 21599431 DOI: 10.3109/
03630269.2011.576153]

88	 Delatycki MB, Camakaris J, Brooks H, Evans-Whipp T, 
Thorburn DR, Williamson R, Forrest SM. Direct evidence 
that mitochondrial iron accumulation occurs in Friedreich 
ataxia. Ann Neurol 1999; 45: 673-675 [PMID: 10319894]

89	 Ashley CN, Hoang KD, Lynch DR, Perlman SL, Maria BL. 
Childhood ataxia: clinical features, pathogenesis, key unan-
swered questions, and future directions. J Child Neurol 2012; 
27: 1095-1120 [PMID: 22859693 DOI: 10.1177/0883073812448
840]

90	 Wilson RB, Lynch DR, Fischbeck KH. Normal serum iron 
and ferritin concentrations in patients with Friedreich’s 
ataxia. Ann Neurol 1998; 44: 132-134 [PMID: 9667602]

91	 Waldvogel D, van Gelderen P, Hallett M. Increased iron in 
the dentate nucleus of patients with Friedrich’s ataxia. Ann 
Neurol 1999; 46: 123-125 [PMID: 10401790]

92	 Michael S, Petrocine SV, Qian J, Lamarche JB, Knutson MD, 
Garrick MD, Koeppen AH. Iron and iron-responsive pro-
teins in the cardiomyopathy of Friedreich’s ataxia. Cerebellum 
2006; 5: 257-267 [PMID: 17134988]

93	 Xia H, Cao Y, Dai X, Marelja Z, Zhou D, Mo R, Al-Mahdawi 
S, Pook MA, Leimkühler S, Rouault TA, Li K. Novel frataxin 
isoforms may contribute to the pathological mechanism of 
Friedreich ataxia. PLoS One 2012; 7: e47847 [PMID: 23082224 
DOI: 10.1371/journal.pone.0047847]

94	 Greeley NR, Regner S, Willi S, Lynch DR. Cross-sectional 
analysis of glucose metabolism in Friedreich ataxia. J Neu-
rol Sci 2014; 342: 29-35 [PMID: 24819921 DOI: 10.1016/j.
jns.2014.04.015]

95	 Li MJ, Peng SS, Lu MY, Chang HH, Yang YL, Jou ST, Lin 
DT, Lin KH. Diabetes mellitus in patients with thalassemia 
major. Pediatr Blood Cancer 2014; 61: 20-24 [PMID: 24115521 
DOI: 10.1002/pbc.24754]

96	 Platis O, Anagnostopoulos G, Farmaki K, Posantzis M, Got-
sis E, Tolis G. Glucose metabolism disorders improvement 
in patients with thalassaemia major after 24-36 months of 
intensive chelation therapy. Pediatr Endocrinol Rev 2004; 2 
Suppl 2: 279-281 [PMID: 16462711]

97	 Selak MA, Lyver E, Micklow E, Deutsch EC, Onder O, Se-
lamoglu N, Yager C, Knight S, Carroll M, Daldal F, Dancis 
A, Lynch DR, Sarry JE. Blood cells from Friedreich ataxia 
patients harbor frataxin deficiency without a loss of mito-
chondrial function. Mitochondrion 2011; 11: 342-350 [PMID: 
21147271 DOI: 10.1016/j.mito.2010.12.003]

98	 Kontoghiorghes GJ. The design of orally active iron chela-
tors for the treatment of thalassaemia. PhD thesis. Colches-
ter UK: University of Essex, British Library Microfilm No 
D66194/86, 1982: 1-243

99	 Kontoghiorghes GJ. Design, properties, and effective use of 
the oral chelator L1 and other alpha-ketohydroxypyridines 
in the treatment of transfusional iron overload in thalasse-
mia. Ann N Y Acad Sci 1990; 612: 339-350 [PMID: 2291562]

100	 Kontoghiorghes GJ, Pattichis K, Neocleous K, Kolnagou A. 
The design and development of deferiprone (L1) and other 
iron chelators for clinical use: targeting methods and appli-
cation prospects. Curr Med Chem 2004; 11: 2161-2183 [PMID: 
15279556]

101	 Kontoghiorghes GJ, Barr J, Nortey P, Sheppard L. Selection 
of a new generation of orally active alpha-ketohydroxypyri-

dine iron chelators intended for use in the treatment of iron 
overload. Am J Hematol 1993; 42: 340-349 [PMID: 8493983]

102	 Kontoghiorghes GJ, Aldouri MA, Sheppard L, Hoffbrand 
AV. 1,2-Dimethyl-3-hydroxypyrid-4-one, an orally ac-
tive chelator for treatment of iron overload. Lancet 1987; 1: 
1294-1295 [PMID: 2884415]

103	 Kontoghiorghes GJ, Aldouri MA, Hoffbrand AV, Barr J, 
Wonke B, Kourouclaris T, Sheppard L. Effective chelation of 
iron in beta thalassaemia with the oral chelator 1,2-dimethyl-
3-hydroxypyrid-4-one. Br Med J (Clin Res Ed) 1987; 295: 
1509-1512 [PMID: 3122880]

104	 Vreugdenhil G, Swaak AJ, Kontoghiorghes GJ, van Eijk HG. 
Efficacy and safety of oral iron chelator L1 in anaemic rheu-
matoid arthritis patients. Lancet 1989; 2: 1398-1399 [PMID: 
2574342]

105	 Agarwal MB, Viswanathan C, Ramanathan J, Massil DE, 
Shah S, Gupte SS, Vasandani D, Puniyani RR. Oral iron che-
lation with L1. Lancet 1990; 335: 601 [PMID: 1968588]

106	 Olivieri NF, Templeton DM, Koren G, Chung D, Hermann C, 
Freedman MH, McClelland RA. Evaluation of the oral iron 
chelator 1,2-dimethyl-3-hydroxypyrid-4-one (L1) in iron-
loaded patients. Ann N Y Acad Sci 1990; 612: 369-377 [PMID: 
2291564]

107	 Töndury P, Kontoghiorghes GJ, Ridolfi-Lüthy A, Hirt A, 
Hoffbrand AV, Lottenbach AM, Sonderegger T, Wagner HP. 
L1 (1,2-dimethyl-3-hydroxypyrid-4-one) for oral iron chela-
tion in patients with beta-thalassaemia major. Br J Haematol 
1990; 76: 550-553 [PMID: 2265118]

108	 Goudsmit R. [Long-term treatment of patients with transfu-
sion hemosiderosis using oral iron chelator 1,2-dimethyl-
3-hydroxypyrid-4-one (L1)]. Ned Tijdschr Geneeskd 1991; 135: 
2133-2136 [PMID: 1944690]

109	 Kontoghiorghes GJ. The proceedings of the 20th Interna-
tional Conference on Chelation held in the USA: advances on 
new and old chelation therapies. Toxicol Mech Methods 2013; 
23: 1-4 [PMID: 22900514 DOI: 10.3109/15376516.2012.720305]

110	 Kolnagou A, Kontoghiorghes GJ. New golden era of chela-
tion therapy in thalassaemia: the achievement and main-
tenance of normal range body iron stores. Br J Haematol 
2010; 150: 489-490; author reply 491 [PMID: 20507309 DOI: 
10.1111/j.1365-2141.2010.08229]

111	 Kolnagou A, Economides C, Eracleous E, Kontoghiorghes 
GJ. Long term comparative studies in thalassemia patients 
treated with deferoxamine or a deferoxamine/deferiprone 
combination. Identification of effective chelation therapy 
protocols. Hemoglobin 2008; 32: 41-47 [PMID: 18274982 DOI: 
10.1080/03630260701727085]

112	 Kolnagou A, Kleanthous M, Kontoghiorghes GJ. Reduction 
of body iron stores to normal range levels in thalassaemia 
by using a deferiprone/deferoxamine combination and their 
maintenance thereafter by deferiprone monotherapy. Eur J 
Haematol 2010; 85: 430-438 [PMID: 20662901 DOI: 10.1111/
j.1600-0609.2010.01499.x]

113	 Farmaki K, Tzoumari I, Pappa C, Chouliaras G, Berdoukas 
V. Normalisation of total body iron load with very intensive 
combined chelation reverses cardiac and endocrine complica-
tions of thalassaemia major. Br J Haematol 2010; 148: 466-475 
[PMID: 19912219 DOI: 10.1111/j.1365-2141.2009.07970.x]

114	 Kolnagou A, Kontoghiorghes GJ. Maintenance of normal 
range body iron store levels for up to 4.5 years in thalassemia 
major patients using deferiprone monotherapy. Hemoglobin 
2010; 34: 204-209 [PMID: 20524810 DOI: 10.3109/03630269.20
10.485890]

115	 Wood JC, Kang BP, Thompson A, Giardina P, Harmatz P, 
Glynos T, Paley C, Coates TD. The effect of deferasirox on 
cardiac iron in thalassemia major: impact of total body iron 
stores. Blood 2010; 116: 537-543 [PMID: 20421452 DOI: 10.1182/
blood-2009-11-250308]

116	 Tanner MA, Galanello R, Dessi C, Smith GC, Westwood 
MA, Agus A, Pibiri M, Nair SV, Walker JM, Pennell DJ. 

216 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



Combined chelation therapy in thalassemia major for the 
treatment of severe myocardial siderosis with left ventricu-
lar dysfunction. J Cardiovasc Magn Reson 2008; 10: 12 [PMID: 
18298856 DOI: 10.1186/1532-429X-10-12]

117	 Rajapurkar MM, Hegde U, Bhattacharya A, Alam MG, Shah 
SV. Effect of deferiprone, an oral iron chelator, in diabetic 
and non-diabetic glomerular disease. Toxicol Mech Methods 
2013; 23: 5-10 [PMID: 22978744 DOI: 10.3109/15376516.2012.
730558]

118	 Boddaert N, Le Quan Sang KH, Rötig A, Leroy-Willig A, 
Gallet S, Brunelle F, Sidi D, Thalabard JC, Munnich A, Ca-
bantchik ZI. Selective iron chelation in Friedreich ataxia: 
biologic and clinical implications. Blood 2007; 110: 401-408 
[PMID: 17379741]

119	 Abbruzzese G, Cossu G, Balocco M, Marchese R, Murgia 
D, Melis M, Galanello R, Barella S, Matta G, Ruffinengo U, 
Bonuccelli U, Forni GL. A pilot trial of deferiprone for neu-
rodegeneration with brain iron accumulation. Haematologica 
2011; 96: 1708-1711 [PMID: 21791473 DOI: 10.3324/haema-
tol.2011.043018]

120	 Devos D, Moreau C, Devedjian JC, Kluza J, Petrault M, 
Laloux C, Jonneaux A, Ryckewaert G, Garçon G, Rouaix N, 
Duhamel A, Jissendi P, Dujardin K, Auger F, Ravasi L, Hopes 
L, Grolez G, Firdaus W, Sablonnière B, Strubi-Vuillaume I, 
Zahr N, Destée A, Corvol JC, Pöltl D, Leist M, Rose C, Defeb-
vre L, Marchetti P, Cabantchik ZI, Bordet R. Targeting chelat-
able iron as a therapeutic modality in Parkinson’s disease. 
Antioxid Redox Signal 2014; 21: 195-210 [PMID: 24251381]

121	 Myers L, Farmer JM, Wilson RB, Friedman L, Tsou A, Perl-
man SL, Subramony SH, Gomez CM, Ashizawa T, Wilmot 
GR, Mathews KD, Balcer LJ, Lynch DR. Antioxidant use 
in Friedreich ataxia. J Neurol Sci 2008; 267: 174-176 [PMID: 
17988688]

122	 Kearney M, Orrell RW, Fahey M, Pandolfo M. Antioxi-
dants and other pharmacological treatments for Friedreich 
ataxia. Cochrane Database Syst Rev 2012; 4: CD007791 [PMID: 
22513953 DOI: 10.1002/14651858.CD007791.pub3]

123	 Kontoghiorghes GJ. Iron mobilization from transferrin and 
non-transferrin-bound-iron by deferiprone. Implications in 
the treatment of thalassemia, anemia of chronic disease, can-
cer and other conditions. Hemoglobin 2006; 30: 183-200 [PMID: 
16798643]

124	 Evans RW, Sharma M, Ogwang W, Patel KJ, Bartlett AN, 
Kontoghiorghes GJ. The effect of α-ketohydroxypyridine 
chelators on transferrin saturation in vitro and in vivo. Drugs 
Today 1992; 28 (Suppl A): 9-23

125	 Sheppard L, Kontoghiorghes GJ. Synthesis and metabolism 
of L1 and other novel alpha-ketohydroxypyridine iron chela-
tors and their metal complexes. Drugs Today 1992; 28 (Suppl 
A): 3-10

126	 Kontoghiorghes GJ, Bartlett AN, Hoffbrand AV, Goddard 
JG, Sheppard L, Barr J, Nortey P. Long-term trial with the 
oral iron chelator 1,2-dimethyl-3-hydroxypyrid-4-one (L1). I. 
Iron chelation and metabolic studies. Br J Haematol 1990; 76: 
295-300 [PMID: 2094333]

127	 Kontoghiorghes GJ, Kolnagou A, Peng CT, Shah SV, Aesso-
pos A. Safety issues of iron chelation therapy in patients 
with normal range iron stores including thalassaemia, neu-
rodegenerative, renal and infectious diseases. Expert Opin 
Drug Saf 2010; 9: 201-206 [PMID: 20059374 DOI: 10.1517/147
40330903535845]

128	 Kakhlon O, Manning H, Breuer W, Melamed-Book N, Lu C, 
Cortopassi G, Munnich A, Cabantchik ZI. Cell functions im-
paired by frataxin deficiency are restored by drug-mediated 
iron relocation. Blood 2008; 112: 5219-5227 [PMID: 18796625 
DOI: 10.1182/blood-2008-06-161919]

129	 Velasco-Sánchez D, Aracil A, Montero R, Mas A, Jiménez 
L, O’Callaghan M, Tondo M, Capdevila A, Blanch J, Artuch 
R, Pineda M. Combined therapy with idebenone and deferi-
prone in patients with Friedreich’s ataxia. Cerebellum 2011; 

10: 1-8 [PMID: 20865357 DOI: 10.1007/s12311-010-0212-7]
130	 Arpa J, Sanz-Gallego I, Rodríguez-de-Rivera FJ, Domínguez-

Melcón FJ, Prefasi D, Oliva-Navarro J, Moreno-Yangüela M. 
Triple therapy with deferiprone, idebenone and riboflavin in 
Friedreich’s ataxia - open-label trial. Acta Neurol Scand 2014; 
129: 32-40 [PMID: 23668357 DOI: 10.1111/ane.12141]

131	 Cossu G, Abbruzzese G, Matta G, Murgia D, Melis M, Ricchi 
V, Galanello R, Barella S, Origa R, Balocco M, Pelosin E, Mar-
chese R, Ruffinengo U, Forni GL. Efficacy and safety of de-
feriprone for the treatment of pantothenate kinase-associated 
neurodegeneration (PKAN) and neurodegeneration with 
brain iron accumulation (NBIA): results from a four years 
follow-up. Parkinsonism Relat Disord 2014; 20: 651-654 [PMID: 
24661465 DOI: 10.1016/j.parkreldis.2014.03.002]

132	 Kolnagou A, Economides C, Eracleous E, Kontoghiorghes 
GJ. Low serum ferritin levels are misleading for detecting 
cardiac iron overload and increase the risk of cardiomyopa-
thy in thalassemia patients. The importance of cardiac iron 
overload monitoring using magnetic resonance imaging T2 
and T2*. Hemoglobin 2006; 30: 219-227 [PMID: 16798647]

133	 Hayashi S, Peranteau WH, Shaaban AF, Flake AW. Com-
plete allogeneic hematopoietic chimerism achieved by a 
combined strategy of in utero hematopoietic stem cell trans-
plantation and postnatal donor lymphocyte infusion. Blood 
2002; 100: 804-812 [PMID: 12130490]

134	 Skordis N, Petrikkos L, Toumba M, Hadjigavriel M, Sitarou 
M, Kolnakou A, Skordos G, Pangalou E, Christou S. Update 
on fertility in thalassaemia major. Pediatr Endocrinol Rev 2004; 
2 Suppl 2: 296-302 [PMID: 16462715]

135	 Vreugdenhil G, Kontoghiorghes GJ, Van Eijk HG, Swaak 
AJ. Impaired erythropoietin responsiveness to the anaemia 
in rheumatoid arthritis. A possible inverse relationship with 
iron stores and effects of the oral iron chelator 1,2-dimethyl-
3-hydroxypyrid-4-one. Clin Exp Rheumatol 1991; 9: 35-40 
[PMID: 2054965]

136	 Mohanty D, Ghosh K, Pathare AV, Karnad D. Deferiprone 
(L1) as an adjuvant therapy for Plasmodium falciparum ma-
laria. Indian J Med Res 2002; 115: 17-21 [PMID: 12424933]

137	 Pandolfo M, Hausmann L. Deferiprone for the treatment of 
Friedreich’s ataxia. J Neurochem 2013; 126 Suppl 1: 142-146 
[PMID: 23859349 DOI: 10.1111/jnc.12300]

138	 Koeppen AH, Ramirez RL, Yu D, Collins SE, Qian J, Parsons 
PJ, Yang KX, Chen Z, Mazurkiewicz JE, Feustel PJ. Fried-
reich’s ataxia causes redistribution of iron, copper, and zinc 
in the dentate nucleus. Cerebellum 2012; 11: 845-860 [PMID: 
22562713 DOI: 10.1007/s12311-012-0383-5]

139	 Adhemar JP, Laederich J, Jaudon MC, Masselot JP, Galli 
A, Kleinknecht D. Removal of aluminium from patients 
with dialysis encephalopathy. Lancet 1980; 2: 1311 [PMID: 
6108489]

140	 Wu Z, Du Y, Xue H, Wu Y, Zhou B. Aluminum induces 
neurodegeneration and its toxicity arises from increased iron 
accumulation and reactive oxygen species (ROS) produc-
tion. Neurobiol Aging 2012; 33: 199.e1-199.12 [PMID: 20674094 
DOI: 10.1016/j.neurobiolaging.2010.06.018]

141	 Weigel KJ, Lynch SG, Levine SM. Iron chelation and mul-
tiple sclerosis. ASN Neuro 2014; 6: e00136 [PMID: 24397846 
DOI: 10.1042/AN20130037]

142	 Kontoghiorghes GJ. Comparative efficacy and toxicity of 
desferrioxamine, deferiprone and other iron and aluminium 
chelating drugs. Toxicol Lett 1995; 80: 1-18 [PMID: 7482575]

143	 Kontoghiorghes GJ, Barr J, Baillod RA. Studies of alu-
minium mobilization in renal dialysis patients using the oral 
chelator 1,2-dimethyl-3-hydroxypyrid-4-one. Arzneimittel-
forschung 1994; 44: 522-526 [PMID: 8011008]

144	 Pashalidis I, Kontoghiorghes GJ. Competition studies of L1-
deferiprone with copper and iron. Possible implications on 
efficacy, toxicity and new therapeutic applications. Transfus 
Sci 2000; 23: 259-261 [PMID: 11099910]

145	 Efrati S, Ben-Jacob E. Reflections on the neurotherapeutic 

217 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



effects of hyperbaric oxygen. Expert Rev Neurother 2014; 14: 
233-236 [PMID: 24471697 DOI: 10.1586/14737175.2014.884928]

146	 Evans-Galea MV, Pébay A, Dottori M, Corben LA, Ong 
SH, Lockhart PJ, Delatycki MB. Cell and gene therapy for 
Friedreich ataxia: progress to date. Hum Gene Ther 2014; 25: 

684-693 [PMID: 24749505]
147	 Drakopoulou E, Papanikolaou E, Georgomanoli M, Anag-

nou NP. Towards more successful gene therapy clinical trials 
for β-thalassemia. Curr Mol Med 2013; 13: 1314-1330 [PMID: 
23865429]

P- Reviewer: Gassler N    S- Editor: Ji FF    
L- Editor: A    E- Editor: Liu SQ  

218 December 26, 2014|Volume 4|Issue 4|WJM|www.wjgnet.com

Kolnagou A et al . Advances in Thalassaemia and Friedreich ataxia



Methodical and pre-analytical characteristics of a multiplex 
cancer biomarker immunoassay

Natalie Hermann, Katja Dreßen, Frank A Schildberg, Christopher Jakobs, Stefan Holdenrieder

Natalie Hermann, Katja Dreßen, Christopher Jakobs, Stefan 
Holdenrieder, Institute of Clinical Chemistry and Clinical Phar-
macology, University Hospital Bonn, 53127 Bonn, Germany
Frank A Schildberg, Institutes of Molecular Medicine and Ex-
perimental Immunology, University Hospital Bonn, 53127 Bonn, 
Germany
Author contributions: Hermann N and Dreßen K contributed 
equally; Hermann N, Dreßen K and Holdenrieder S designed the 
present study and coordinated the logistic process; Hermann N, 
Dreßen K and Holdenrieder S were responsible for defined blood 
sampling and storing; Hermann N, Dreßen K, Schildberg FA 
and Jakobs C were responsible for immunoassay measurements; 
Statistical analysis was performed by Hermann N and Dreßen 
K; Hermann N, Dreßen K and Holdenrieder S were involved in 
the interpretation of the data, the conception of the manuscript 
as well as the revision; all authors read and approved the final 
manuscript.
Correspondence to: Stefan Holdenrieder, MD, Institute of 
Clinical Chemistry and Clinical Pharmacology, University Hos-
pital Bonn, Sigmund-Freud Str. 15, 53127 Bonn, 
Germany. stefan.holdenrieder@uni-bonn.de
Telephone: +49-228-28712126  Fax: +49-228-28712159
Received: December 2, 2013      Revised: September 11, 2014
Accepted: October 14, 2014
Published online: December 26, 2014

Abstract
AIM: To test the methodical and pre-analytical perfor-
mance of a new multiplex cancer biomarker panel us-
ing magnetic beads. 

METHODS: The MILLIPLEX® MAP Human Circulating 
Cancer Biomarker Magnetic Bead Panel 1 comprises the 
tumor markers carcinoembryonic antigen, alpha-feto-
protein, total prostate-specific antigen, cancer antigen 
15-3, cancer antigen 19-9, cancer antigen 125, cyto-
keratine 19-fragment, β-human chorionic gonadotropin, 
human epididymis protein 4, osteopontin, prolactin, the 
cell death and angiogenesis markers soluble Fas, solu-
ble Fas-ligand, tumor necrosis factor related apoptosis-
inducing ligand, vascular endothelial growth factor and 

the immunological markers interleukin-6 (IL-6), IL-8, 
tumor necrosis factor-α, transforming growth factor α, 
fibroblast growth factor-2, macrophage migration inhib-
itory factor, leptin, hepatocyte growth factor, and stem 
cell factor. We determined intra- and inter-assay impre-
cision as well as dilution linearity using quality controls 
and serum pools. Furthermore, the stability of the 24 
biomarkers examined in this panel was ascertained by 
testing the influence of different storage temperatures 
and time span before centrifugation.

RESULTS: For all markers measured in the synthetic 
internal quality controls, the intra-assay imprecision 
ranged between 2.26% and 9.41%, while for 20 of 24 
measured markers in the physiological serum pools, it 
ranged between 1.68% and 12.87%. The inter-assay 
imprecision ranged between 1.48%-17.12% for 23 bio-
markers in synthetic, and between 4.59%-23.88% for 
18 biomarkers in physiological quality controls. Here, 
single markers with very low concentration levels had 
increased imprecision rates. Dilution linearity was ac-
ceptable (70%-130% recovery) for 20 biomarkers. Re-
garding pre-analytical influencing factors, most markers 
were stable if blood centrifugation was delayed or if 
serum was stored for up to 24 h at 4 ℃ and 25 ℃ after 
centrifugation. Comparable results were obtained in 
serum and plasma for most markers. However, great 
changes were observed for single markers.

CONCLUSION: MILLIPLEX® MAP Human Circulating 
Cancer Biomarker Magnetic Bead Panel 1 assay is a 
stable and precise method for detection of most bio-
markers included in the kit. However, single markers 
have to be interpreted with care.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Multiplex immunoassay; Tumor marker; Cy-
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particularly designed for cancer diagnosis, was evaluat-
ed. This attractive panel includes 24 biomarkers: estab-
lished as well as auspicious tumor markers and markers 
deriving from the fields of apoptosis, immunology and 
angiogenesis. Herewith, the complexity and multifacto-
rial background of a cancer disease is depicted. Mea-
surements were performed with physiological serum 
pools and intra- and inter-assay imprecision as well as 
dilution linearity were assessed. Furthermore, the influ-
ence of preanalytical factors was investigated.

Hermann N, Dreßen K, Schildberg FA, Jakobs C, Holdenrieder S. 
Methodical and pre-analytical characteristics of a multiplex cancer 
biomarker immunoassay. World J Methodol 2014; 4(4): 219-231  
Available from: URL: http://www.wjgnet.com/2222-0682/full/v4/
i4/219.htm  DOI: http://dx.doi.org/10.5662/wjm.v4.i4.219

INTRODUCTION
Despite of  essential achievements in cancer research 
concerning diagnosis, therapy options and follow up 
methods, cancer diseases still present a global health 
problem[1]. A great variety of  clinical and imaging tools 
are applied to diagnose tumor masses and screening pro-
grams have been established for certain entities[2]. Some 
serum tumor markers, such as alpha-fetoprotein (AFP), 
cancer antigen 125 (CA 125), CA 15-3, CA 19-9, carcino-
embryonic antigen (CEA) or prostate-specific antigen 
(PSA), have been introduced as supplementary diagnostic 
tools, but none of  the above is recommended as a singu-
lar method to define a cancer diagnosis[3-5]. 

Cancer is nowadays perceived as a complex disease 
involving inflammatory and immunological systems and 
programs of  cell death[6,7]. Thus, the diagnostic opportu-
nity could be greatly enhanced by measurement of  more 
than one marker as a fraction of  information required 
to understand a complex pathological state[8,9]. Based on 
these findings, methods for parallel tumor marker testing 
have become more and more interesting in cancer re-
search. Here, biomarkers, representing different systemic 
processes, such as inflammation, angiogenesis or cell 
death, can be combined with established tumor markers in 
one panel and potentially increase diagnostic accuracy[10-12].

Multiplex based immunoassays belong to the leading 
methods in this field. They are based on flow cytometry 
principles applied to labeled microspheres and depict an 
“ELISA on a bead”[13]. They offer several advantages, 
such as high-throughput performance, low material re-
quirement, wide range application and cost- and time-
effective multiplexing of  more than 20 parameters[8,13].

However, the implementation of  bead based multi-
plex assays has not yet been established in clinical rou-
tine[14]. Currently used tumor markers are mainly tested 
with single parameter assays. Not least due to the great 
potential of  differently composed assays or marker pan-
els, respectively, this field requires further research in 

order to assess assay quality, increase comparability of  
multiplex assays, and to encourage consistent guidelines 
which as of  yet are non-existent[3,9,15]. 

As already shown by other research groups marker 
combination has the potential to greatly improve the 
quality of  early diagnosis and other therapeutically rel-
evant applications[12,16,17]. Several manufacturers offer 
diverse panels of  markers, mainly for the combined mea-
surement of  many immunological and metabolic markers. 
For oncological purposes, the MILLIPLEX® Map Hu-
man Circulating Cancer Biomarker Magnetic Bead Panel 
Kit (EMD Millipore) was recently released. It represents 
an attractive option particularly for study settings. This 
kit includes reagents for the detection of  24 biomarkers, 
which portray a widespread spectrum of  already validated 
as well as upcoming auspicious oncological, cell death, 
angiogenesis and immunological biomarkers, such as 
CEA, AFP, total prostate-specific antigen (total-PSA), CA 
15-3, CA 19-9, CA 125, cytokeratine 19-fragment (CY-
FRA 21-1), β-human chorionic gonadotropin (β-HCG), 
human epididymis protein 4 (HE4), osteopontin (OPN), 
prolactin, soluble Fas (sFas), soluble Fas-ligand (sFasL), 
tumor necrosis factor related apoptosis-inducing ligand 
(TRAIL), vascular endothelial growth factor (VEGF), in-
terleukin-6 (IL-6), IL-8, tumor necrosis factor-α (TNFα), 
transforming growth factor α (TGFα), fibroblast growth 
factor-2 (FGF2), macrophage migration inhibitory factor 
(MIF), leptin, hepatocyte growth factor (HGF) and stem 
cell factor (SCF).

However, in order to be used in studies and for clini-
cal measurements, this panel must fulfill certain require-
ments, such as high reliability, accuracy, robustness as 
well as high analytical and clinical sensitivity and specific-
ity[18,19]. Furthermore, the analytes must be stable against 
potentially influencing pre-analytical factors[3]. This study 
was carried out to critically test whether all or only some 
of  the markers fulfill these basic methodical quality crite-
ria and can thus be recommended for application in clini-
cal or study conditions.

MATERIALS AND METHODS
In order to assess the methodological performance of  
MILLIPLEX® MAP Human Circulating Cancer Bio-
marker Magnetic Bead Panel 1, 96 Well Plate Assay we 
tested intra- and inter-assay imprecision as well as dilution 
linearity. 

Standard samples plus quality controls QC 1 and QC 
2 delivered by the kits were used for the internal method-
ological control. Standard 7 depicted the basis for a dilu-
tion line with the factor 1:3 from high to lower biomarker 
concentrations. The standard dilution line as well as the 
concentrations of  QC 1 and QC 2 were predefined by 
the manufacturer.

For external control, we produced two serum pools 
with levels in the moderate to high and in the very low 
value range for most markers (pool 1 and pool 2). To 
create pool 1, 37 residual and anonymized sera of  daily 
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clinical routine diagnostics were combined. Inclusion 
criteria were present high levels of  the inflammation pa-
rameter C-reactive protein and well above average levels 
of  the biomarkers AFP, β-HCG, CA 15-3, CA 125, CA 
19-9, CEA, NSE and PSA. Here, patient history was not 
considered. Pool 2 is a combination of  two sera taken 
from young healthy women (mean age 23.5 years). The 
sera pools, standard samples and quality controls QC 1 
and QC 2 were run in duplicate as minimum within each 
plate.

In order to evaluate the linearity of  dilution, a 50% 
dilution of  the higher concentrated pool 1 was prepared 
by mixing the pool 1 sample with the appropriate amount 
of  serum matrix enclosed in our kit. We defined the ac-
ceptable range for the recoveries as values between 70% 
and 130%. 

Next, the estimation of  possible affecting pre-ana-
lytical issues was tested. Briefly, samples of  two different 
patients were stored at 25 ℃ (room temperature) for 6 
and 24 h prior to centrifugation and subsequent freezing 
at -80 ℃. In a further experiment, samples were stored 
at 4 ℃ and 25 ℃ for 6, 24 and 48 h, respectively, after 
centrifugation and before freezing at -80 ℃. As reference 
control we used the corresponding samples, which were 
directly frozen after centrifugation. Finally, biomarkers 
were tested in serum and EDTA-plasma samples that 
were taken in parallel from the two healthy donors. All 
different conditions were measured in a single plate at a 
later time point to avoid inter-assay interferences.

MILLIPLEX® MAP Kit on the Bio-Plex® 200 System
The MILLIPLEX® MAP Human Circulating Cancer 
Biomarker Magnetic Bead Panel 1, 96 well plate assay 
purchased from EMD Millipore included all the reagents 
as well as an appropriate plate required by the assay. The 
procedure was conducted by experienced staff  accord-
ing to the manufacturer’s protocol. For washing steps, 
the Bio-Plex® Pro Ⅱ wash station was applied. All plates 
were run on the Bio-Plex® 200 System. Before each as-
say run, the system was calibrated with the Bio-Plex® 
calibration kit and validated with the Bio-Plex® validation 
kit 4.0. Bio-Plex® sheath fluid served as the delivery me-
dium for the samples. Analysis was performed with Bio-
Plex® manager 6.1. Within the device settings, 50 events 
per bead region were defined as minimum criterion.

Principle
MILLIPLEX® MAP Kit Human Circulating Cancer Bio-
marker Magnetic Bead Panel 1 was developed as an im-
munoassay on the surface of  fluorescent-coded magnetic 
beads (MagPlex™-C microspheres). The proportion 
of  two fluorescent dyes on these beads forms the code 
and determines in such way up to 100 different kinds of  
beads. Here, we have 24 differently coded bead groups, 
each of  which is coated with a specific capture antibody 
to detect one of  the 24 biomarkers which are CEA, AFP, 
PSA, CA 15-3, CA 19-9, CA 125, CYFRA 21-1, β-HCG, 
HE4, osteopontin and prolactin, the cell death and angio-

genesis markers sFas, sFasL, TRAIL and VEGF as well 
as the immunological markers IL-6, IL-8, TNFα, TGFα, 
FGF-2, MIF, leptin, HGF and SCF.

The binding of  specific analytes begins in the bead 
mixture suspended with a test sample. Next, a biotinylated 
detection antibody is introduced and subsequent incuba-
tion with streptavidin-phycoerythrin (PE) conjugate is 
performed to complete the reaction on the microspheres.

Finally, the assay is analyzed by the Bio-Plex® 200 sys-
tem. Here, the beads coupled with the capture antibody 
bound to the specific analyte, biotinylated detection an-
tibody and streptavidin-PE on its surfaces pass through 
a laser, which excites the internal dyes. A second laser 
excites the signal of  PE. High-speed digital-signal proces-
sors identify the beads and detect the fluorescent signal 
intensity in order to quantify the assay result.

Procedures
All reagents and sera were brought to room temperature 
before use. Wash buffer, assay buffer, serum matrix, stan-
dard 7, quality controls 1 and 2, beads, detection antibod-
ies, and streptavidin-PE were prepared as recommended 
by the manufacturer. Serum samples were thawed and 
individually vortexed for 15 s. Thereafter, they were cen-
trifuged (Eppendorf  centrifuge 581OR) at 3500 rpm 
for one min. Next, 15 µL of  sample was mixed with 
75 µL of  serum matrix creating a 1:6 dilution. To cre-
ate a homogeneous mixture of  all antibody conjugated 
beads, every vial containing one set of  microspheres was 
sonicated for 30 s and then vortexed for one minute. 
One hundred and fifty microliter of  each vial was trans-
ferred into a mixing bottle that was vortexed again for 
one minute. The beads were protected from exposure to 
light throughout the assay. For pre-wetting, 200 µL assay 
buffer was pipetted into each well, the plate was covered 
with a sealer and then shaken at 700 rpm for 10 min. The 
fluid was removed by tapping the plate on a paper towel 
and centrifuging it briefly at 3500 rpm lying top down 
on a paper sheet in the centrifuge. Twenty-five microliter 
of  background, standard 1-7 and quality controls 1 and 
2 were pipetted in duplicate into the appropriate wells 
and 25 µL of  serum matrix was added. Next, sample 
wells were filled with 25 µL of  assay buffer and 25 µL of  
the diluted sera was pipetted into the appropriate wells. 
Finally, the magnetic bead mixture was vortexed for 1 
min and 25 µL were pipetted into each well. The plate 
was sealed, covered with aluminum foil and then shaken 
at 700 rpm for 16 h at 4 ℃. After incubation time the 
magnetic bead plates were washed as recommended by 
the method protocol three times using assay buffer by 
means of  Bio-Plex® Pro Ⅱ wash station. Then 25 µL of  
detection antibodies were added to each well, the plate 
was sealed and covered with aluminum foil and shaken 
at 700 rpm for 1 h. Now 25 µL of  streptavidin-PE per 
well were added and the plate was again sealed, covered 
with aluminum foil and shaken at 700 rpm for 30 min. 
Thereon the three washing steps were performed as de-
scribed above. One hundred microliter of  sheath fluid 
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RESULTS
Intra-assay imprecision
The intra-assay imprecision as the mean CV (in %) over 
all plates for synthetic quality controls QC 1, QC 2 and 
standard 5 as well as for physiological serum pools 1 and 
2 was calculated for five different magnetic plates relating 
to each tested biomarker. Here, only results within the 
measuring range were included.

In QC 1 and QC 2, 22 and 24 markers had an FI-
based CV below 10%. In QC 2, 21 biomarkers were mea-
sured with a CV less than 5%. The CVs ranged between 
3.81% (AFP) and 13.38% (FGF2) for QC 1 and between 
2.06% (total PSA) and 5.56% (β-HCG) for QC 2. Ob-
served concentration-based CVs ranged between 4.23% 
(AFP) and 9.41% (FGF2) for QC 1 and between 2.26% 
(TRAIL) and 7.69% (CA 19-9) for QC 2 (Table 1).

In the standard 5-sample, all of  the 24 biomarkers 
were measured with CV values below 5%. The range was 
between 0.91% (OPN)-4.41% (VEGF). 

In the physiological serum pool 1, all biomarkers 
showed an FI-based CV below 10%, while 13 biomark-
ers had a CV below 5%. The values ranged from 1.89% 
(MIF) to 8.71% (FGF2). Observed concentration-based 
CVs ranged from 1.68% (MIF) to 36.09% (β-HCG) with 
12 biomarkers measured with a CV below 5% and four 
biomarkers exceeding the 10% range (Table 1).

In physiological serum pool 2, FI-based imprecision 
ranged from 1.65% (CA 19-9) to 14.31% (MIF) with only 
one CV (MIF) found to be higher than 10%. CVs of  11 
biomarkers fell below 5%. Observed concentration-based 
imprecision ranged from 1.47% (sFas)-15.66% (MIF) 
with seven biomarkers measured with a CV below 5% 
and seven biomarkers exceeding the 10% range (Table 1).

When intra-assay imprecision was evaluated for all ten 
plates, the CVs were somewhat higher for pools and QC 
samples (Table 2).

Inter-assay imprecision
FI-based imprecision: The inter-assay imprecision was 
performed by calculating the CV in % involving all fluo-
rescence intensity results for QC 1, QC 2, standard 5, 
pool 1 and pool 2 over five different magnetic plates re-
lating to each tested marker. Here, only results within the 
measuring range were included.

For synthetic QC 1, QC 2 and standard 5, 16, 17 and 
18 markers had imprecision below 20%, ranging between 
8.85% (IL-8) and 45.75% (OPN), 8.88% (CEA) and 
29.04% (OPN) as well as between 8.61% (total PSA) and 
42.71% (CYFRA 21-1) (Table 3).

In the higher-concentrated physiological serum pool 
1, the inter-assay imprecision fell below 20% for 18 bio-
markers with the total range between 4.49% (β-HCG) 
and 46.72% (OPN). In the very low serum pool 2, only 
four biomarkers were measured with a CV below 20%, 
collectively ranging between 10.19% (HGF) and 85.54% 
(OPN) (Table 3).

were pipetted into each well, the plate sealed and covered 
with aluminum foil and shaken at 700 rpm for 5 min in 
order to resuspend the beads. Lastly, the plates were run 
on the Bio-Plex® 200 system.

Expected concentrations of  each tested biomarker 
for standards 1-7 were entered into the system prior to 
running the assay. The device detects appropriate fluo-
rescence intensities (FI) and creates a standard curve for 
each marker. These curves are generated by linking the 
measured FI values with the expected concentration of  
markers in standards 1-7. Further translation of  FI-values 
in concentration levels of  all the following samples is 
based on these curves. Depending on the five parameter 
logistic, the function possesses predefined points of  ac-
cepted extrapolation, which are the minimum and maxi-
mum asymptotes. For the lower limits in our study, we 
accepted an extrapolation in round terms in the middle 
between the lowest standard and the minimum asymptote 
point. Due to the phenomenon of  heteroscedasticity to-
wards higher concentrations, here, the accepted extrapo-
lation was defined as an approximation of  the highest 
standard value. These limits consequently illustrate our 
measuring range.

As all physiological serum samples were diluted 1:6 
with serum matrix included into the kit, the dilution fac-
tor 6 was considered by the software before yielding the 
final concentration of  the samples. For convenience of  
comparability in added tables, we multiplied all non diluted 
concentrations (accepted measuring range, observed con-
centration of  QC 1, QC 2 and standard 5) with the factor 6.

The results from the software of  Bio-Plex® 200 con-
tain the measured FI and when duplicates were run, also 
the corresponding means, standard deviation and coef-
ficients of  variation (CV in %) as well as the correspond-
ing concentrations.

Statistical analysis 
In order to assess intra- and inter-assay imprecision FI-
based CVs were used. We also determined the CVs based 
on the observed concentration for the analysis. Means 
and ranges were calculated for all comparisons. In order 
to quantify the dilution linearity, we determined observed 
concentration-based recoveries related to the correspond-
ing expected values for the 50% dilution of  pool 1. The 
evaluation of  the pre-analytical influence of  different 
storage conditions is represented by calculated recoveries 
based on FI results. 

All in all, we tested ten kits or rather ten plates. The 
first five plates were ordered as a batch and were mea-
sured subsequently and strictly under the same condi-
tions. The following five plates were of  the same lot, but 
were ordered and measured about six months later under 
different conditions. Therefore, the main method evalua-
tion in our study is based on the first five kits. However, 
results of  the overall evaluation are also shown. In one 
assay, a pipetting error of  the pool samples occurred and 
the respective values were omitted.
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All in all, ten plates were run. The first five kits were 
ordered in one batch and applied subsequently under 
strictly identical conditions. The following plates were or-
dered and run six months later under the same standards 
of  procedure. However, we perceived a striking discrep-
ancy when comparing the results of  the first five and the 
last five plates. As the lot number was the same, we as-
sume an influence of  surrounding conditions, e.g., room 
temperature, pipettes used and different laboratory staff  
constellation. In order to represent accurate and relevant 
results in our main method evaluation, we divided our 
evaluation into two steps: First, we considered only the 
first five assays as they were done under homogeneous 
conditions. In the second step, an overall analysis of  all 
assays was performed. Nevertheless, this critical fact elu-
cidates once more the importance of  standardized pro-
cedures in clinical routine laboratories, the application of  
internal quality controls and the participation in external 
quality assessment programs[3,18].

In general, the assay showed an acceptable intra- and 
inter-assay imprecision. Apart from the synthetic internal 
controls QC 1 and QC 2 we included the physiological 
external control samples pool 1 and pool 2 as a further 
reference source. In comparison to the internal controls 
QC 1 and QC 2 this resulted in an interesting finding. 
As expected, the method precision was slightly more 
accurate for the synthetic samples. Although evidently 
the composition of  serum pools is more complex, this 
physiological type of  quality control is more relevant as 
it reflects the situation of  the clinical samples more accu-
rately. Nevertheless, the comparability between synthetic 
and physiological samples was still given. However, we 
perceived higher variation in samples with lower con-
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centrations of  the biomarkers, particularly seen in the 
imprecision results of  pool 2 where most marker concen-
trations were below or at the lower end of  the accepted 
range.

Comparing the precision data provided by the manu-
facturer (range: 4.9% to 15.0% and 4.1% to 16.2% for 
intra- and inter-assay imprecision, respectively) with our 
results a very good accordance concerning the intra-assay 
results was observed.

The inter-assay imprecision is partly higher in our 
tests. However, for most markers we could achieve the 
corresponding coefficients of  variation considering the 
results of  the quality controls provided by the manufac-
turer. CYFRA 21-1, a highly valuable tumor marker for 
non small cell lung cancer[16,23,24], was found to be the only 
marker exceeding the 20% limit of  CV concurring with 
the given imprecision by the manufacturer where it also 
yields the maximum coefficient of  variation in the panel. 
As the marker concentration is within the appropriate 
range and the variation is found to be not acceptable we 
assume a non-applicability of  this biomarker in the as-
sessed method. In our higher concentrated pool 1, five 
markers were found to be measured with a non-accept-
able CV. Close observation of  these biomarkers revealed 
that the observed concentrations were very low, even be-
low the first standard (such as for FGF2) indicating only 
limited clinical relevance in these cases. In conclusion, 

with an inter-assay imprecision in a reasonable range be-
tween 4.59% (total PSA)-23.88% (TGFα), this is a rather 
satisfying result.

Comparing the values of  variance of  fluorescence 
intensity and observed concentration revealed some strik-
ing discrepancies. This phenomenon is obviously based 
on the transformation of  measured fluorescence inten-
sity into biomarker concentration, which is neither linear 
nor predetermined to be equal in all the tests, but corre-
sponding to the course of  the standard curve calculated 
anew for every single test. FI values are matched to the 
concentrations that are provided by the standard curve. 
Thus, the same FI values in two different plates could 
lead to two different concentrations and are therefore less 
comparable when it comes to a crossover comparison 
between the plates. This phenomenon is shown in the 
attached Table 3 comparing FI values and observed con-
centration-based CVs. Hence, the inter-assay imprecision 
based on concentration values provided a more relevant 
result for the methodological evaluation. 

Testing the dilution linearity, our study yields satisfy-
ing results with a tendency to a recovery in the upper 
field of  the defined acceptable range.

Within the Bio-Plex® 200 System, it is possible to 
vary the minimal number of  events needed for measure-
ment. With 50 events as minimum per bead we chose a 
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compromise between a time-effective measurements and 
sufficiently precise results. Obviously, the accuracy of  
measurements increases with higher number of  events. 
Nevertheless, our findings could achieve acceptable CV 
values in most cases despite the low minimum number 
of  events set. Therefore, we did not compare absolute 
number of  detected events and their calculated CVs. 

The MILLIPLEX® MAP Human Circulating Cancer 
Biomarker Magnetic Bead Panel 1 offers a wide spectrum 
of  applicable biomarkers. However, it is obviously neither 
clinically relevant nor cost-effective to apply the com-
plete panel in diagnostics. After definition of  the relevant 
markers for each tumor type, the panel must be focused 
and applied as a biomarker pattern of  clinical interest de-
pending on the contemplated entity of  disease.

For implementation into clinical diagnostics, further 
studies evaluating its performance in a large cohort of  
cancer patients and appropriate control groups, which are 
relevant for differential diagnosis, i.e., healthy individuals 
and patients with organ related benign disease, are defi-
nitely required. Currently, we are performing such clinical 
validation studies with cohorts of  patients suffering from 
gastrointestinal, gynecological and urological cancers.

Apart from the method quality itself, preanalytical 
handling of  samples prior to analysis in the laboratory 
can influence the final results, as is known for several re-
search and routine parameters[25-27]. Hence, we examined 
the stability of  the tested markers. As often observed in 
the clinical routine, samples are not directly transferred 
to the central laboratory and instead remain exposed to 
room temperature without centrifugation. In order to 
depict this highly relevant situation, samples were centri-
fuged after 6 and 24 h. However, most markers remained 

stable, except MIF and IL-8. These two markers pre-
sented a considerable increase in marker levels. Our find-
ings for IL-8 agree with the recommendations made by 
Hoch et al[28] to centrifuge the blood samples within less 
than 2 h to avoid interactions between IL-8 and blood 
cells. An increase of  MIF levels in samples, which were 
not directly prepared, is also predescribed by Sobierajski 
et al[29]. These pre-analytical facts must be observed by the 
clinicians as prolonged storage before processing could 
lead to fatal misinterpretation in these markers.

Sample storage up to 48 h after centrifugation at a tem-
perature of  4 ℃ showed a good outcome for all markers 
except OPN, which presented a decline after 6 h storage. 

Storage at 25 ℃ after centrifugation showed a stronger 
effect on marker levels. While stability is given until 24 h, a 
more or less increase of  marker concentrations can be ob-
served after longer storage time. For example, the recov-
ery of  HE4 rises over 200% after 48 h. Again, OPN is the 
only marker showing a decline to nearly 80% in recovery 
supporting our above mentioned findings. Also, Cristaudo 
et al[30] found an instable performance of  OPN after stor-
age of  serum samples at room temperature.

Furthermore, we observed good comparability be-
tween serum and EDTA-plasma samples. Only OPN 
and leptin-recoveries exceeded the 130% mark of  the ac-
cepted range. These results correspond with the findings 
of  Lanteri et al[31] and Gröschl et al[32] where an increase 
of  these biomarkers in plasma samples compared with 
serum samples was observed. HGF presented a recovery 
of  60.7% as the unique marker undergoing the accepted 
70% mark, also concurring with previous HGF stability 
analysis[33].

In our study, the evaluated method is demonstrated 
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to be a stable and precise tool for detection of  most bio-
markers included in the kit. Unfortunately, for CYFRA 
21-1, the method did not achieve acceptable inter-assay 
precision values. This should be further investigated. In 
general, we recommend that “research use only”-tests 
are assessed before implementation into further research 
and clinical routine. Here, certain preconditions, such as 
ordering tests in a batch, use of  physiological quality con-
trols in addition to the provided control samples as well 
as relevant pre-analytical aspects of  some markers, should 
be observed. 

All in all, this study shows that the MILLIPLEX® 
MAP Human Circulating Cancer Biomarker Magnetic 
Bead Panel 1 could offer new diagnostic perspectives 
while further studies are necessary to show its clinical ap-
plicability, usefulness and comparability with established 
routine assays.
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are assessed in body fluids and it allows the parallel measurement of multiple 
markers. An ELISA is an enzyme-linked immunosorbent assay which is another 
detection method for tumor markers but limited to the measurement of only one 
marker per test. Both are antibody-based detection procedures and enzymatic 
color-reactions are used to quantify the results.
Peer review
The manuscript is very well presented and highlights factors influencing the 
measurements of the key performance indicators of the multiplex cancer bio-
marker panel, which constitutes a highly interesting study. The findings from the 
comparison of the critical measurement parameters between physiological sera 
in parallel with synthetic internal controls will be of particular interest to a wide 
audience. The technical details are clearly defined and the interpretations are 
thorough with robust scientific conclusions.
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