
  This paper review the most important aspects of car-
rier detection procedures, genetic counselling, population 
screening and prenatal diagnosis of -thalassemias.
  Carrier detection can be made retrospectively, follow-
ing the birth of an affected child or prospectively. Se-
veral programmes, with the aim of preventing homo-
zygous  thalassemia, based on carrier screening and 
counselling of couples at marriage; preconception or early 
pregnancy, are operating in several Mediterranean at-risk 
populations.
  These programmes have been very effective, as in-
dicated by increasing knowledge on thalassemia and its 
prevention by the target population and by the marked 
decline of the incidence of thalassemia major. Carrier 
detection is carrierd out by haematological methods fol-
lowed by mutation detection by DNA analysis. Prenatal 
diagnosis is accomplished by mutation analysis on PCR- 
amplified DNA from chorionic villi.
  Future prospects include automation of the process of 
mutation-detection, simplification of preconception and 
preimplantation diagnosis and fetal diagnosis by analysis 
of fetal cells in maternal circulation.

1. Introduction

  The -thalassemias are a markedly heterogeneous group 
of autosomal recessive disorders resulting from reduced 
( +) or absent ( ) production of the -globin chains, 
which together with the n-chains make up the 
hemoglobin tetramere ( 2 2) [1,2]. The shortage of - 
chains results in an excess of unassembled -chains, 
which precipitate damaging the membrane and deter-
mining premature apoptosis of the red blood cell pre-
cursors, thereby resulting in ineffective erythropoiesis.
  Three different clinical and haematological conditions 
are recognized i.e. the -thalassemia carrier state (het-
erozygous -thalassemia), thalassemia intermedia, and 
thalassemia major. The latter two result from homo-
zygosity or compound heterozygosity for -thalassemia 
alleles, Homozygosity refers to the presence of the same 
mutation in both copies of the gene. Compound hetero-
zygosity refers to the concept that each copy of the 
gene is mutated, but the mutation is distinctly different.
  The -thalassemias have a remarkably high frequency 
in the Mediterranean area the Middle East, the Far East, 
and East Asia. A relatively high incidence is also ob-
served in people of African origin. However, due to 
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population flow, the β-thalassemias are now widespread 
and also occur in Continental Europe, North and South 
America, and Australia. The best available estimate in-
dicates that approximately 240 million people world- 
wide are heterozygous for β-thalassemia and at least 
200,000 affected homozygotes are born every year [1-3].
  The homozygous state for β-thalassemia usually result 
in transfusion-dependent thalassemia major and less fre-
quently in milder forms referred to as thalassemia inter-
media whose molecular mechanism and criteria for iden-
tification will be discussed later on. In thalassemia ma-
jor life expectancy with a regular blood transfusion pro-
gram and iron chelation with Desferrioxamina B extend 
into the 3rd decade.
  An alternative to traditional management is bone 
marrow transplantation from HLA identical siblings 
which, in patients at low risk (absence of iron overload 
and iron mediated parenchimal damage) result in a 
disease-free survival of about 90-95%.
  In the past decades, the molecular pathology of the 
β-thalassemias and the mutation-phenotype relationships 
has largely been elucidated. This knowledge has been 
applied to carrier identification and prenatal diagnosis in 
a number of Mediterranean populations and has resulted 
in a dramatic reduction in the homozygous state in sev-
eral populations at risk.
  Herein, we review the most important aspects of 
carrier detection procedures, genetic counseling popula-
tion screening and prenatal diagnosis.

2. Carrier Detection

  In preventive genetics, a carrier detection procedure 
should be designed that should be precise enough to 
avoid missing any couple at risk. If even a single car-
rier is missed, the entire preventive programme may be 
discredited.
  Heterozygous β-thalassemia, either the βo or the β+ 
type, is characterized by high red blood cell count, 
microcytosis, hypochromia, increased haemoglobin A2 
(HbA2) levels and unbalanced u-globin/non-u-globin chain 
synthesis. However several environmental or genetics fac-
tors may modify this haematological phenotype, thereby 
causing problems in carrier identification (Table 1).
  Although iron deficiency may decrease the high HbA2 
levels typical of heterozygous β-thalassemia, in our ex-
perience these levels remain within the β-thalassemia 
carrier range unless a severe anemia is present.4 In any 
case, iron studies may lead to the ruling out of asso-
ciated iron deficiency.
  In many carrier detection procedures the preliminary 
selection of individuals at risk of being heterozygous for 
a form of thalassemia is based on MCV-MCH deter-
mination. However, it is worth noting that double hetero-
zygotes for β-thalassemia and α-thalassemia could have 
normal MCV and MCH values and may therefore be 
missed by this approach [5.6]. In carriers of β-thalas-
semia the α-thalassemia determinants that can give this 
effect are the deletion of 2 of the 4 α-globin structural 
gene and the non-deletion mutations affecting the major 

α2- globin gene.
  It is therefore imperative that, at least in populations 
in which both α and β-thalassemia are prevalent; in 
addition to MCVand MCH determination, the first set of 
tests of the carrier detection procedure should include 
HbA2 quantitation. In the Sardinian population, for in-
stance, because of the high frequency of α-thalassemia 
approximately 3.5% of β-thalassemia heterozygotes have 
normal MCH and MCV values and could be missed by 
MCH and MCV basal screening procedures. A high 
frequency of α and β thalassemia is common in many 
populations at risk in the Mediterranean area, the Mid-
dle and the Far East.
  Elevation of HbA2 is the most important feature in 
identifying heterozygous β-thalassemia [2]. However, a 
number of heterozygotes for β-thalassemia may have 
normal or borderline HbA2 levels [7] (Table 1). The 
first groups of these atypical carriers are heterozygotes 
for some mild β+ thalassemia mutations, i.e. mutations 
associated with a consistent residual output of β-globin 
chains from the affected β locus. Typical examples in 
this category is that of the heterozygotes for the β+
IVS1 nt6 T→C mutation. A normal HbA2 level is also 
a feature of the β and α-thalassemia double hetero-
zygotes who, nevertheless, maintain low MCV and MCH 
values. These double heterozygotes should be differen-
tiated from α-thalassemia carrier by globin chain synthe-
sis analysis and or gene analysis. γδβ and δβ-thalas-
semias also have normal HbA2. However δβ-thalasse-
mia is easily defined by the presence of thalassemia-like 
hematological features and by the marked increase of 
the HbF, which is heterogeneously distributed (Table 2).
  Another major problem in carrier screening is the 
identification of the silent β-thalassemia or the triple α- 
globin gene arrangement, both of which may lead to the 
production of intermediate forms of thalassemia by 

Table 1.
Heterozygous β-thalassemia: Phenotype Modifications.
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Phenotype Genotype
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Normal red cell indices α and β thalassemia interaction
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Normal Hb A2 level ∙iron deficiency

∙coinheritance of δ and β

  thalassemia

∙some mild β thalassemia mutations

∙γδβ thalassemia
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Normal red cell indices and∙silent β thalassemia mutations

  Hb A2 level (silent)   α globin gene triplication
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Severe heterozygous β ∙hyperunstable haemoglobin

thalassemia ∙coinheritance of heterozygous β

  thalassemia and triple α

  globin gene
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ
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interacting with typical heterozygous β-thalassemia.
  Silent β-thalassemias are characterized by having 
normal MCV and MCH values normal HbA2 and HbF, 
and are solely defined by the slight imbalance in the α- 
globin/non α-globin synthesis [7,8]. However, on 
examining the hematological features of these carriers, it 
should be possible sometime to find some borderline 
HbA2 or MCV and MCH values which may signal the 
presence of atypical β-thalassemia, thus calling for 
further studies. The most common silent β-thalassemia 
is the β+- 101 C→T mutation, the other types being 
very rare [8]. Nevertheless, the phenotype resulting from 
the triple α- globin gene arrangement is at times 
completely silent, according to globin chain synthesis 
analysis. It is worth nothing, however, that compound 
heterozygotes for silent and typical β-thalassemia and 

double heterozygous for typical β-thalassemia and the 
triple α-globin gene arrangement result in attenuated 
form of thalassemia [9-11].
  An extreme, although rare, instance of thalassemia 
gene combination, which may result in in carrier di-
agnosis pitfalls is the presence of α, δ, and β- thal-
assemia together which may lead to a complete silent 
phenotype.
  On the basis of this analysis in carrier identification 
we suggest of the use the flow chart outlined in the 
Figure 1 [12].
  The first group of tests includes MCV and MCH 
determination and Hb chromatography by HPLC. HPLC 
may lead to detection of the most common clinically 
relevant Hb variants, such as HbS, HbC, HbD Punjab, 
HbO Arab and HbE, all of which may result in a 
sickle disorder in homozygosity or compound heterozy-
gosity.
  HPLC may also be used to quantative HbA2 and HbF 
[l3]. It should be noted that HPLC is also capable to 
detecting Hb Knossos, a mild β-thalassemia allele, 
which is not defined by the commonly used electro-
phoretic procedures in Hb analysis. With this flow chart, 
only the silent β-thalassemia and the triple α-globin 
gene arrangement may be missed. In the presence of 
low MCH and MCV and elevated HbA2 levels, a diag-
nosis of heterozygous β-thalassemia is made.
  A phenotype characterized by microcytosis, hypo-
chromia, normal/borderline HbA2 and normal HbF may 
result from iron deficiency, α-thalassemia, γδβ-thalas-

Table 2.
β-thalassemia Heterozygotes with Normal or Borderline Hb A2.

ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ
Reduced MCV Normal MCV

ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

IVS I-6 T→C -101 C→T
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

δ-thalassemia+β thalassemia -92 C→T

IVS II -844 C→G

Triplicated α gene

ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Figure 1. Flow chart used in the carrier detection program at the Ospedale Regionale per le Microcitemie in Cagliari.
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semia, +  thalassemia or mild -thalassemia. After 
exclusion of iron deficiency by erythrocyte ZnPP deter-
mination and evaluation of transferring saturation, the 
different thalassemia determinants leading to this pheno-
type are discriminated by globin chain synthesis analysis 
and eventually by , and -globin gene analysis.
  In the presence of normal MCV and borderline HbA2 
levels, we suspect the presence of a silent mutation (for 
instance +-101 C T, + -92 C T, or +IVS2 
nt844 C G) or the triple -globin gene arrangement 
and proceed directly to and -globin gene analysis 
because in many of these cases the /  ratio could be 
normal.
  Definition of the type of thalassemia in these carriers 
is recommended solely when they mate with a someone 
with a typical high HbA2/-thalassemia or with a carrier 
of an undetermined type of thalassemia.
  In those rare cases showing normal or low MCH and 
MCV, normal or reduced HbA2 levels and high HbF, 
we suspect the presence of -thalassemia which 
should be differentiated from HPFH. The distinction 
between -thalassemia and HPFH is accomplished by 
the analysis of the red blood cell distribution of HbF, 
which is heterogeneous in -thalassemia and homoge-
neous in HPFH, by globin chain synthesis analysis 
(normal in HPFH at unbalanced in -thalassemia) 
and/or cluster gene analysis.
  In population with a relatively low incidence of both 

and -thalassemia screening by MCV and MCH or 
osmotic fragility could be acceptable, because in this 
condition the number of false negative resulting from 
double heterozygosity for  and thalassemia may be 
very low.

3. Awareness Raising and Population Education

  Since the late 1970s, population screening programs 
of adults at child-bearing age, genetic counselling, and 
prenatal diagnosis have been introduced among the pop-
ulations at risk in the Mediterranean area, including 
Sardinians, continental Italians, Greeks, and Cypriots. 
Although details regarding these programs have been 
described elsewhere, the most relevant characteristics are 
discussed herein, focusing on those that have been 
operating over a long period, and about which a larger 
amount of data is available (Sardinia, Greece, Cyprus) 
[1,l4-17]. These programs were directed either to 
couples with previous affected children (retrospective 
diagnosis) or to childless couples (prospective diagnosis). 
Though very useful for individual families, retrospective 
diagnosis has a limited effect on the control of ho-
mozygous -thalassemia at the population level. All these 
programs have been characterised by intensive education 
campaigns with the population. Education has been 
conducted mostly through mass media, including local 
newspapers, radio, television, and magazines (Figure 2). 
In some programs, especially in Sardinia at the begin-
ning, lectures have been
  Organized for the general public in factories, large 
stores, and shops. Family physicians, obstetricians, pedi-

atricians, midwives, and nurses have all been trained in 
this new field of preventive genetics. Posters and infor-
mation pamphlets have been made available at marriage 
registry offices, general practitioners and obstetricians of-
fices, as well as family clinics. The pamphlets provide 
the following information: (a) that the -thalassemia 
carrier state can be easily identified with the appropriate 
methodology; (b) who should get the test, where, and 
how carrier tests are available; (c) that heterozygotes are 
not at a disadvantage; (d) the natural history of the ho-
mozygous condition is described and it is stressed that 
this is a severe disease for which a continuous trans-
fusion program combined with iron chelation therapy is 
needed for survival, and that cure may be achieved 
through bone marrow transplantation in the limited pro-
portion of homozygotes that have an HLA identical do-
nor sibling; and (e) that the homozygous state can be 
safely prevented by that fact that couples identified as 
being at risk, in the case of both members being car-
riers, have a number of options, including fetal diag-
nosis, to avoid giving birth to affected children. Every 
year in Cyprus, magazines and booklets are distributed. 
Seminars with parents' associations are held periodically 
with the purpose of planning proper means of infor-
mation to educate the population. In addition, community- 
based parents' associations have played an invaluable 
role as an influential group, by increasing the financial 
support for public education and providing psychological 
assistance to patients and families. In Cyprus the Greek 
Orthodox Church has made a substantial contribution by 
requiring marriage candidates to produce a certificate 
stating that -thalassemia carrier testing has been car-
rierd out. Educational videotapes have also been intro-
duced in secondary schools to teach students about in-
herited anemias and especially -thalassemias. In Sar-
dinia, for the past three years this educational session 
has been followed by carrier testing at the end of sec-
ondary school (see later), This procedure has indirectly 
led to raise the awareness of -thalassemia among the 
tested children's parents. Since 1980 the educational 
campaign has not been held at the population level in 

Figure 2. Prevention of -thalassemia in Mediterranean at-risk 
population.
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Sardinia. The only educational activity carrierd out at 
present is the teaching of β-thalassemia in secondary 
schools and the introduction of β-thalassemia as a topic 
in courses for doctors, nurses, and obstetricians.
  A critical evaluation of the information channel through 
which the population at large has been informed has 
been carrierd out twice in Sardinia; once at the begin-
ning of the program and again more recently [12]. At 
the start of the program most spouses were informed 
through the mass media (44%), general practitioners 
(31%), and obstetricians (23%). This trend has been modi-
fied recently, since the information is now given by 
physicians (family doctors, obstetricians, and genetic 
counsellors), and reaches more than 70% of the 
population.

4. Target Population

  The target population for screening has been couples 
at marriage, preconception, or early pregnancy, Neverth-
eless, even nowadays a limited number of couples 
request testing where already pregnant, which may lead 
to marked emotional stress. In Cyprus and Sardinia the 
number of young unmarried people requesting screening 
is increasing steadily, this being a clear indication of 
improved awareness of the disease and related preven-
tion methodology. As mentioned above, both in Cyprus 
and in Sardinia screening of adolescents and school 
children has been introduced recently [1,14].
  In these populations, heterozygote screening has been 
carrierd out on a voluntary basis. Though informed con-
sent was not requested in these programs, every effort 
has been made to inform the patient about the meaning 
of the carrier state and the potential adverse effect 
associated with its detection.

5. Efficacy of Carrier-Screening

  At present, in Cyprus and Sardinia at least, the large 
majority of couples both before and after marriage 
present voluntarily at the screening centres for testing 
and counselling. In both countries adequate facilities for 
screening have been provided; in Sardinia for instance 
we have 13 centres spread all over the country (Figure 
3). Screening of relatives, informed about the risks by 
He counselled carrier, has strengthened the efficacy of 
the screening process. In Sardinia, for instance we 
managed to detect most of the couples at risk, i.e. 
approximately 90% of those predicted on the basis of 
the carrier rate, by screening only a small proportion 
(~11%) of the population at child-bearing age [14].

6. Counselling

  Counselling has been non-directive and generally 
based on a private interview with the individual or 
couple [1,14]. The provided information is aimed at 
giving an informed basis on which to make a 
reproductive choice, i.e. birth control, mate selection, 
adoption, fetal testing or artificial selection by a donor. 

Particular emphasis has been given to details of fetal 
analysis, i.e. sampling procedure, risk for the fetus, 
failure, and misdiagnosis. An explanatory booklet is 
usually provided. The predicted natural history of the 
disease based on the genotype at the α, β, and γ loci 
is usually discussed. In Sardinian families with previous 
normal or heterozygous children, we propose and 
eventually carry out HLA typing on fetal DNA, to 
assess whether a sibling is HLA-identical, and thus a 
suitable bone marrow donor. This information allows the 
parents to have further alternatives in the event of an 
affected fetus, i.e. bone marrow transplantation. Prenatal 
diagnosis uptake has been very high since first trimester 
diagnosis became available (see later) [18]. Finally, in 
the counselling session, we inform the carriers about the 
risks to their relatives and recommend that they should 
inform them so that they can choose to take the test as 
well. In Sardinia most relatives opted to be tested.

7. Molecular Diagnosis

  In couples at risk identified by the above described 
carrier detection procedure, the specific β-thalassemia 
mutation is defined by one of the several available 
PCR-based methods [l9]. The most widely used pro-
cedures are primer-specific amplification (ARMS) [20], 
and reverse dot blot analysis (RDB) [21] (Table 2) with 
a series of primers or probes complementary to the 
most common mutations in the specific population [14]. 
As mentioned above, in each population at risk, β- 
thalassemia results from a limited number (4-20) of 
common mutations and a variable number of rare 
mutations. Alternatively, the specific mutation may be 
defined by denaturing gradient gel electrophoresis 
(DGGE), which has the additional advantage of detect-
ing also the unknown mutations [3,24]. Following 
localisation by DDGE, the mutation is defined through 
direct sequencing of the DNA contained in the abnormal 
migrating fragment. If the mutation is not detected by 
DDGE, we search for the presence of small deletions 
through polyacrylamide gel electrophoresis of the PCR- 
amplified products prepared for ARMS or RDB analysis, 
which may lead to the detection of small deletions of 
the -globin gene, whose presence may be suspected by 
finding very high HbA2 levels. Larger deletions of the 
cluster may be identified with restriction fragment length 
polymorphism analysis carrierd out with PCR-based 
procedures. In a very limited number of cases (0.1% in 
our experience), direct sequencing from position -600 
bp to 60 bp downstream from the β-globin gene failed 
to detect a disease- causing mutation which may lie 
elsewhere in the genome (locus control region or genes 
coding far transcription factors). Counselling and 
decision-making can be quite difficult in these cases 
(see later) [25]. Finally mutation detection by either 
DNA high pressure liquid chromatography (DHPLC) or 
oligonucleotide microchip array are very appealing, new 
approaches [26,27].
  As previously mentioned, δ-globin gene analysis may 
be necessary to define double heterozygotes for δ and 
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β-thalassemia which may be mistaken for α-thalassemia 
heterozygotes. The suspicion of interacting δ-thalassemia 
may arise when borderline HbA2 levels are found or 
when family studies show segregating δ-thalassemia 
(characterised by normal MCV-MCV and low HbA2) 
and β-thalassemia. Identification of δ and β double 
heterozygotes, however, may be accomplished by globin 
chain synthesis analysis and/or α, β and δ-globin gene 
analysis.
  Definition of the δ-thalassemia mutation may be car-
rierd out using one of the previously mentioned PCR- 
based methods. As in β-thalassemia, also in δ-thal-
assemia, each population at risk has its own spectrum 
of common δ-thalassemia mutations, that may be defined 
through a limited number of specific primers/probes. In 
Sardinians, for instance, only three δ-thalassemia muta-
tions have been detected so far. The list of δ-thal-
assemia mutations is available at the repository of the 
human β and δ-globin gene mutation [28]. Though 
most of the δ-thalassemia determinants are in trans (on 
opposite chromosomes) to β-thalassemia, some have 
also been detected in cis (on the same chromosome) 
[29-34].
  Definition of the α-globin gene arrangement may be 
carrierd out to discriminate between heterozygosity for 
α-thalassemia and double heterozygosity for δ and β- 
thalassemia or γδβ-thalassemia. This analysis could 
also be useful in defining co-inherited α-thalassemia in 
homozygous β-thalassemia, which may lead to the pre-
diction of a mild clinical condition. Deletion αo or α+- 
thalassemias are detected by PCR using two primers 
flanking the deletion breakpoint, which amplify a DNA 
segment only in presence of specific deletions. As a 
control, DNA from a normal chromosome is simul-
taneously amplified using one of the primers flanking 
the breakpoint and a primer homologous to a DNA 
region deleted by the mutations. Non-deletion α-thal-
assemia may be detected by restriction endonuclease 
analysis or allelic oligonucleotide specific probes on 
selectively amplified α1 and α2-globin genes [35-36].
  Definition of co-inherited HPFH determinants can be 
useful in predicting the development of the phenotype 
of an affected fetus. As mentioned above in fact, on 
increasing the γ-chain output, co-inherited HPFH with 
homozygous β-thalassemia may lead to a milder phe-
notype.
  The presence of high HbF in the parents may lead to 
the suspicion of double heterozygosity for -thalassemia 
and HPFH. At present, the molecular definition of 
HPFH is limited to two forms of non-deletion HPFH, 
namely -196 C→T Aγ and -158 C→T Gγ, which 
have been proved to be capable of ameliorating the 
clinical phenotype of homozygous β-thalassemia. These 
HPFH determinants may easily be detected through 
restriction endonuclease or dot blot analysis with 
oligonucleotide-specific probes on PCR-amplified DNA. 
In the future, the identification of the HPFH deter-
minants as linked or unlinked to the -cluster may lead 
to improving the capability of predicting the phenotype.

8. Prediction of a Mild Phenotype

  Informative and reliable genetic counselling requires 
an accurate description of the clinical phenotype. This is 
particularly important when evaluating carriers whose 
offspring are at risk for thalassemia intermedia [37-39]. 
Under the diagnosis of thalassemia intermedia we com-
prehend a spectrum of disorders of varying severity that 
lies between that seen for the β-thalassemia carrier state 
and thalassemia major. The large majority of patients 
with thalassemia intermedia are homozygotes or com-
pound heterozygotes for β-thalassemia. By identifying 
those capable of molecular compensation, clinical disease 
severity can be predicted. Studies carrierd out in the 
past few years have delineated a number of molecular 
mechanisms capable of reducing the ration of α: non 
α (β+γ) haemoglobin chains. Importantly, this ratio 
correlates with the clinical phenotype. An example is 
the inheritance, in homozygosity or compound heterozy-
gosity, of a mild or silent β-thalassemia mutation. 
These are associated with a substantial residual output 
of β-thalassemia from the affected locus (Table 3). 
Another example is homozygosity or compound hetero-
zygosity for typical β-thalassemia and δβ-thalassemia. 
This is associated with high γ-chain production. An 
alteration of the α: non-α ratio may occur as a result 
of co-inheritance of α-thalassemia [37,40,41]. This leads 
to a reduction in α-globin gene output and hence to a 
reduced/non inbalance. Co-inheritance of a genetic deter-
minant capable of sustaining continuous production of 
γ-chains in adult life (deletion and non-deletion here-
ditary persistence of fetal Hb [HPFH)), may also cause 
altered ratios of the α: non-α globin chains. finally, 
some cases of mild β-thalassemias result from the co- 
inheritance with homozygous β-thalassemia of hetero-
cellular HPFH (alterations at loci other than the globin 
chain loci)). This condition is genetically heterogeneous 
and may be linked or unlinked to the α-globin gene 
cluster. To date, three loci have been mapped: one on 
the Xq 22.2-22.3 region, one on chromosome 6 (6q22.3- 

Table 3.
PCR Based Procedure.
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

Known mutations
ARMS (amplification refractory mutation system)

RDB (reverse dot blot)

OLA (oligonucleotide ligation assay)
Enzyme restriction digestion
Primer specific restriction map modification

Unknown mutations

DGGE (denaturing gradient gel electrophoresis)

SSCP (single strand conformation polymorphism)

PTT (protein truncation test)

CCM (chemical cleavage method)

ECM (enzyme cleavage method)
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23.1) and one on chromosome [8,42,43] Nevertheless, 
many others are likely to exist as well [44]. More 
rarely thalassemia intermedia results from double hetero-
zygosity for the triple α-globin gene arrangement, 
which is associated with high α-chain output, and 
typical β-thalassemia, or also from the presence of 
highly hyper unstable β-globin (dominant β-thalassemia) 
[45,48].
  We may conclude that, besides β-globin gene anal-
ysis, and γ globin gene analysis has the potential to 
better define the phenotype thus improving genetic coun-
selling. However, it should be noted that only inheri-
tance of homozygosity for mild/silent β-thalassemia is 
consistently associated with a mild phenotype.

9. Prenatal Dignosis

  Prenatal diagnosis for the β-thalassemias was carrierd 
out successfully in the 1970s, through the use of globin 
chain synthesis analysis of foetal blood [49]. Thanks to 
the molecular characterisation of the β-thalassemias, the 
introduction of chorionic villous analysis, and the 
development of PCR-based methods for DNA analysis, 
it became possible to assess the fetal genotype within 
the first trimester of pregnancy by foetal trophoblast 
analysis [24,50-51].

10. Fetal Sampling

  In the 1970s fetal blood for analysis was obtained by 
placentocentesis, later in the early 1980s by foetoscopy, 
and finally since 1984 by cordocentesis. With the intro-
duction of the methodologies that allowed the direct 
detection of fetal DNA mutations, we used amniocen-
tesis (1983-1984), transcervical chorionic villous sampl-
ing (TC-CVS) (1984-1986), and, since 1986 transabdo-
minal chorionic villous sampling (TA-CVS) with the 
free hand technique [52-54]. In our experience TA-CVS 
appears to be the safest and most reliable procedure. 
Additional advantages are simplicity, speed, better pa-
tient acceptance [55], and lower risk of infection and 
bleeding. Moreover TA-CVS can be performed at any 
gestation period, which is particularly important for cou-
ples who present late in gestation. The use of prenatal 
diagnosis increased dramatically (99.4% versus 93%) 
after the introduction of CVS [55].

11. Fetal DNA Analysis

  Nowadays fetal DNA is analysed by one of the 
above mentioned PCR-based methods [14,24,56]. In 
order to reduce the occurrence of misdiagnoses, in our 
centre we use two different PCR-based procedures for 
each case (e.g. RDB hybridisation and primer-specific 
amplification).
  DNA analysis gave very accurate results. We ob-
served misdiagnosis only by fetal blood analysis and by 
oligonucleotide hybridisation on electrophoretically sep-
arated non-amplified DNA fragments, but never by 
PCR-based methods. However, misdiagnosis may occur 

for several reasons: such as failure to amplify the target 
DNA fragment, false paternity, maternal contamination, 
and sample exchange. Misdiagnosis due to failure of 
DNA amplification may obviously be less frequent with 
the duplicate methodology used in our Centre. In order 
to limit the possibility of misdiagnosis due to false 
paternity or maternal contamination, besides mutation 
analysis, we also carry out studies of an appropriate 
polymorphic sequence. The effect of maternal conta-
mination can also be limited by careful dissection of the 
maternal decidua from the foetal blood trophoblast under 
the inverted microscope.

12. Efficacy of Prevention Programs

  All prevention programs have been very successful, 
since the large majority of populations at risk improved 
their knowledge of β-thalassemia and practised its pre-
vention without any substantial adverse effect [39]. 
Following non-directive counselling the large majority of 
couples at risk opted in favour of prenatal diagnosis. 
Moreover, in all the populations in whom education and 
counselling was introduced in the Mediterranean area, 
we observed a substantial decline in the birth rate of 
thalassemia major. For example, in Sardinia, the in-
cidence of thalassemia major declined from 1 in 250 
live births to 1:4000, with an effective prevention of the 
large majority of cases who would have probably been 
born had a prevention program not been in place 
(Figure 2).
  The most frequent reasons for the limited number of 
births affected with thalassemia major in our population 
today include the absence of information, misdiagnosis, 
false paternity, and adverse attitude towards prenatal 
diagnosis and/or unwillingness to terminate pregnancy. 
Very similar results have been obtained in all the other 
Mediterranean populations in whom screening and coun-
selling have been introduced [1,14,16].

13. The Reason(s) for Success

  If all these programs have been successful, it is first 
of all due to the educational campaign, that fully in-
formed the large majority of adults about thalassemia at, 
or before, marriage, thus offering them the opportunity 
of making an informed decision about reproduction. This 
population education programme, at least in Sardinia, 
took advantage of the fact that most of the population 
was distributed in small villages of 2,000-3,000 in-
habitants, where it was easier to spread the knowledge 
of thalassemia. As mentioned above, the efficacy of the 
screening program was magnified by the fact that the 
relatives of carriers and patients were also screened. 
Lately, the introduction of teaching on thalassemia in 
secondary schools may also have played a role in 
further reinforcing the knowledge of thalassemia. Since 
screening, counselling, and prenatal diagnosis were in-
troduced through the Social Health Service, they are 
completely free of charge. This obviously removed po-
tential economic access barriers to health facilities. An-
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other very important prerequisite for success was the 
implementation of adequate facilities to meet the 
demand for screening, counselling, and prenatal diag-
nosis before the educational campaign. Finally we believe 
the program would not have been so successful without 
the collaboration of a very motivated staff, especially at 
critical times, such as for counselling and prenatal 
diagnosis.

14. Further Prospects

  Technical speaking, the oligonucleotide microchip 
procedure [27] is very likely to be introduced. This may 
lead to direct mutation detection as a screening pro-
cedure and subsequent elimination of carrier detection 
based on haematological studies. Thanks to microchip 
analysis, moreover, other common disorders of our pop-
ulation, such as G6PD deficiency, Wilson's disease, 
cystic fibrosis and autoimmune polyendocrinopathy type 
I, may be included in the carrier screening process.
  Chorionic-villous DNA analysis could be simplified by 
using an automated procedure, such as DNA high 
pressure liquid chromatography analysis (DHPLC) [26]. 
We have already set up the procedure of pre-im-
plantation diagnosis through the analysis of a single 
blastomere from an eight cell embryo following in vitro 
fertilizaion [57]. The option for pre-implantation diagno-
sis will soon be discussed in the counselling session, 
especially with couples who have had several interrupted 
pregnancies due to affected fetuses and are therefore 
against further pregnancy termination. It is worth men-
tioning that in a study carrierd out at our Centre on 
preimplantation genetic diagnosis, the large majority of 
women who underwent CVS with subsequent pregnancy 
interruption prefer preimplantation diagnosis in future 
pregnancies [58].
  As at other centres, we too are carrying out studies 
to make prenatal diagnosis feasible in clinical practice 
through the analysis of foetal cells in maternal cir-
culation [59,60]. Promising and encouraging results have 
been obtained by isolation of nucleated-red blood cells 
by micro dissection under light microscopy and non- 
radioactive PCR analysis following density gradient sep-
aration of mononuclear cells from maternal blood, enri-
chment of fetal cells by magnetically activated cell sort-
ing using the anti-transferrin receptor antibody, and im-
munostaining of fetal cells by anti-foetal or embryonic 
Hb antibodies.
  Nevertheless, the most important challenge for the 
future is the organisation of this kind of program in 
populations where β-thalassemia is prevalent; such an 
enterprise is still not possible at the present state of 
development.
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