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Abstract

Thalassemia involves gene mutation that causes the production of an insufficient amount of normal structure globin chains while Hb variant
involves gene mutation that causes the change in type or number of amino acid of the globin chain. It has been reported that some 200
million people worldwide had hemoglobinopathies of some sort. Attempts to develop effective and economical techniques for screening and
analysis of thalassemia and Hb variants have become very important. In this review, we report the different techniques available, ranging from
initial screening to extensive analysis, comparing advantages and disadvantages. Some indirect studies related to thalassemia indication an
treatment follow-up are also included. We hope that information on these various techniques would be useful for some scientists who are
working on development of a new technique or improving the existing ones.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction symptoms similar to homozygoysthalassemia, and com-

bination of Hb constant spring (CS) withthalassemia gene

Hemoglobin (Hb) is the molecule that carries and trans- will cause symptoms similar to HbH disease.
ports oxygen all through the body. It is composed of tetra-  Thalassemia can be categorized into three classes — ma-
globin chains, two alpha and two non-alpha chains. The alphajor, intermediate and minor — according to the severity of
(o) chains are encoded by the two closely related genes, alphahe symptomg2,3]. The two main thalassemia syndromes
1 and 2, on chromosome 16. The non-alpha chains — beta (8) (thalassemia major) areandp thalassemias, which involve
gamma (y) and delta (8) —are encoded by a cluster of genes orhomozygous genetic defectin thglobin and3 globin chain
chromosome 11. A fetus has a high amount of Hbgyfy production, respectivel@-Thalassemia and sickel cell ane-
as compared to other types of Hbs. A newborn has aboutmia have a wide distribution in tropical areas due to natural
80% HbF and at about 1 year of age, HbF reaches a normalselection by malarigs—8]. a-Thalassemia is most commonly
level. A few weeks after birth, the production of HbAx@e) found in Southeast Asia and Afri¢a]. Related thalassemia
becomes dominant with the elevated level of Hb&23,) minors or carriers ara-thal-1 (2 out of 4 globin gene dele-
[1-3]. In normal adults, HbA is the main type of hemoglobin tion) anda-thal-2 (1 out of 4 globin gene deletion). Type
(96-98%) while HbA and HbF are only present in 2-3% 1 has insignificant but observable anemia while type 2 is a
and less than 1%, respectivé;5]. silent carrier without any symptoms shoj#]. Compound

The failure in hemoglobin synthesis is a main cause of heterozygotes ai-thal-1 andx-thal-2 resultin HbH disease.
microcytosis and anemia in many population groups around HbH is composed o4 chains instead of2, chains as in
the world. Hemoglobin variants (Hb variants) are character- normal HbA. HbH is a relatively mild form of thalassemia
ized by the gene mutation of the globin chains that form and may go unnoticed. However, combination of HbH with
hemoglobin (i.e., the replacement of different amino acids at HbCS, a type of hemoglobin variant of the alpha gene that
a certain position). Thalassemia, which is slightly different has an elongated alpha chain with 31 extra amino acids, is
from Hb variants, involves the gene mutation that causes pro-severe and blood transfusion may be necessary. Homozygous
duction of an insufficient amount of normal structure globin «a-thal-1 causes Hb Bart's hydrops fetalis which consists of
chains. All types of thalassemias are considered quantitativey, chains instead af,y, chains as in normal HbF. Unborn

hemoglobin disease. infants with Hb Bart’s hydrops fetalis normally die before
Many types of hemoglobin variants have been found, de- birth or within a short time after birth.
pending on racial backgrourid-5]. Some types are not at B-Thalassemia major is not as widely spread through-

all a problem, for example HbE heterozygous, while some out Southeast Asia as-thalassemia, but thgd chain
types can cause severe anemia with serious clinical manifeshemoglobinopathy HbE and HbTak are quite common. In
tation, for example HbS homozygous or sickel cell disease. HbE, the 26th amino acid of a norm@lchain, glutamine,
Normally, Hb variants carriers, especially heterozygous, haveis replaced by lysin¢l,2,4]. HbTak is another common Hb
no symptoms. However, combination of Hb variants and tha- variant found in Asian population which is due to an insertion
lassemia gene on the same globin chain may result in se-of the dinucleotide CA into codon 146 [CAG CA(CA)C]
vere symptoms. For example, combination of HbE v@th resulting in elongation of th@ chain by 11 amino acids.
thalassemia gene becomes double heterozygote that showslbS and HbC are the main Hb variants in Africa but the



Table 1

S.K. Hartwell et al. / Talanta 65 (2005) 1149-1161

Causes of different types of thalassemia and examples of hemoglobin variants and the areas commonly found
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Thalassemia/Hb variants

Type

Cause/severity

Prevalent regions

Alpha-thalassemia

Hb variants related to
mutation in alpha
globin chain

Beta-thalassemia

Hb variants related to
mutation in beta
globin chain

a-thal 2 trait or heterozygous-thal 2
(—alaa or at)

a-thal 1 trait or heterozygous-thal 1
(/e or %)

homozygousx-thal 2 (—a/—a)

a-thal 1/a-thal 2 or HbH disease
(~/—aora*)

a-thal 1/a-thal 1 or homozygous
a-thal 1 or Hb Bart's hydrops fetalis

=)
HbCS

HbMabhidol (HbQ)
HbThailand

B* thal heterozygote ()
B* thal homozygote (B/*)
B thal heterozygote (BB)

B0 thal homozygote (B/B°)

HbE
HbC
HbS

Only one out of four genes is deleted/No
symptoms (silent carrier)

Two deleted genes are on the same chro-
mosome/observable anemia

Two deleted genes are on different chro-
mosomes/observable anemia

Three out of four genes are deleted and
excessB-chains formBa/significantly
big liver and spleen

There is no alpha chain production and
infants havey, instead of normal HbF
(a2y2)/die before or at birth

Alpha chain has extra 31 amino acids
0(74Asp»His

0L56Lys—> Thr

Less production of beta chain/insig-
nificant symptoms
Less production of beta chain/need
some blood transfusion
Complete failure on beta chain produc-
tion/need some blood transfusion
Complete failure on beta chain produc-
tion/severe symptoms and need blood
transfusion often

26Glu—Lys
BGGIueLys
BGGIu—>VaI

Southeast Asia, Africa

Southeast Asia
Southeast Asia
Thailand

Mediterranean, Middle
East, India, Southeast
Asia, and also found in
West and North Africa,
West Asia, Italy, Greece,
East and Central Europe
and USA

Southeast Asia
Africa, USA, Mediterranean and
Caribbean

most common major hemoglobinopathy is HbS homozygos- checked before or at the very beginning of pregndhby1 6].

ity. Both HbS and HbC affect the solubility of the hemoglobin  Attempts to develop effective and economic techniques for
by polymerization. HbC forms crystals and makes the red thalassemia screening and analysis have become very impor-
blood cell rigid which causes hemolytic anemia, while de- tant, especially in the countries that have populations with
oxygenated HbS polymerizes and forms fiber structure. Sim- high percentage of thalassemia trait, high birth rate and low
ilar to HbE, the glutamine at the sixth position on fhehain funding[17,18].
in HbC and HbS is substituted by lysine and valine, respec- There are many techniques that have been used to screen
tively [4,9]. Table 1summarizes the causes of differenttypes and diagnose for hemoglobin variants and thalassemia,
of commonly found Hb variants and shows the areas of their mostly done in combinations. In this article, the authors at-
prevalent existenciS]. tempt to report the different techniques available, ranging
In 1995, it was reported that nearly 200 million people from initial screening to extensive analysis, including a few
worldwide had thalassemia or Hb variants of some tyipe indirect studies. Screening techniques are the group of tech-
Intermarriage causes various combinations of globin chain niques that can initially indicate a defect in hemoglobin syn-
defects. Even though carriers of some types of hemoglobinthesis. Positive results from these tests need confirmation by a
defection do not have any health effect, if in combination more extensive analysis technique. Negative results normally
with thalassemia trait, then there would be a 25% chance thathelp in cutting down the number of subjects that need to be
their children could have thalassemia symptghty. further diagnosed by a more advanced and complicated test-
Thalassemia patients in severe cases normally have ironing. Extensive analysis techniques can give more precise in-
overloading of tissues and malfunctioning liver and spleen formation about types of Hb variants or types of thalassemia.
due to increased iron collection from blood transfusion treat- They normally involve higher technologies and instrumenta-
ment[11,12]. The symptoms (i.e., abnormal facial features, tion, and therefore are more expensive than screening tech-
big tummy and pale) and the treatment processes (i.e., regulaniques. In some cases, it is necessary to perform a more ex-
blood transfusion) usually have an affect mentally, physically tensive test instead of a combination of many cheaper tech-
and economically on the patients and their soc[&8;14]. nigues, such as in prenatal diagnosis where sampling pro-
The lack of education and knowledge aboutthe disease, alongcedures are difficult and the amount of sample is limited.
with the neglect of couples to have family planning, causes The flow chart shown ifFig. 1 summarizes the techniques
this genetic disease to spread widely. Therefore, in many for diagnosis of hemoglobinopathies that are commonly used
countries, couples are now encouraged to have their healthin most laboratories. Different laboratories may have differ-
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[ CBC or OFT |
I
MCV >80 MCV < 80
MCH > 27 MCH < 27
or negative OFT or positive OFT
check for
Hb variants
check for check for
Hb variants thalassemia
h 4
HPLC
Electrophoresis for different BCB test for HbH
IEF Hb variants lon exchange micro column for B-thal trait
Acid elution for HbF
DCIP for HbE

|

PCR for specific types of

ARMS thalassemia or Hb variant that

DNA sequencing cannot be confirmed by other
methods

Fig. 1. Flow chart summarizes the normal process of thalassemia and Hb variants diagnosis (see text).

ent choices of analysis techniques, depending on availability tion on the exact type of hemoglobinopathies, but can help
of instrumentation and funding. In the developing countries in cutting down the number of samples from unnecessary
where economic restrictions do not allow for the use ofthe rel- complicated and expensive testing.
atively more expensive technologies, the development of low
cost analysis techniques will always be needed. It is hoped2.1. Complete blood count (CBC)
that this will be useful information for those who are inter-
ested in learning about thalassemia and Hb variants diagnosis - Complete blood count, a screening test involving the mea-
techniques for general knowledge, for the development of a surement of important characteristics of the blood, has been
new technique or for the improvement of the existing ones. ysed as part of the diagnosis process for many diseases,
including blood disorders, heart disease, kidney problems
and nutritional statufl,19]. The main features of the blood
2. Initial screening techniques for thalassemia normally tested in the CBC are the total white blood cell
count (WBC), red blood cell count (RBC), hematocrit (Hct),
Initial screening techniques are defined as techniques thathemoglobin (Hb), red cell distribution width (RDW), periph-
are simple and relatively low cost which can indicate the pos- eralblood smear and otherimportant erythrocyte indices (El),
sibility of having thalassemia. These techniques should in- namely mean corpuscular volume (MCV), mean corpuscu-
volve the least sample pretreatment and be rapid, and may notar hemoglobin (MCH), and mean corpuscular hemoglobin
need special instrumentation. This would lead to low cost and concentration (MCHCJ19-22]. Among these parameters,
high sample throughput analysis. They provide a “yes/no” MCV and MCH are the most important ones that can indi-
type answer. Positive samples need further confirmatory testcate the existence of thalassemia trait, i.e., when MCV <80
while negative samples can be eliminated from further com- and MCH < 27.
plicated and expensive testing. The complete blood count Table 2summarizes the tests performed in the CBC, the
(CBC) or the alternative osmotic fragility test (OFT) can be calculation needed for each and the approximate normal cut-
used to screen for thalassemia. The negative result eliminateoff level. However, due to the similar low red blood cell count
the possibility of having thalassemia, but does not completely between the patients with thalassemia (iron overloading) and
exclude the possibility of having Hb variants. Therefore, if the ones with iron deficiency, it has been suggested that in
necessary, Hb variants testing is needed. Positive results rethe geographic regions where iron deficiency rate is high,
veal the possibility of having either thalassemia or Hb vari- the cutoffs for thalassemia interpretation should be adjusted
ants. These screening techniques cannot provide the informato more suitable values by using a receiver operator char-
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Table 2
Summary of tests done for CBC and the interpretation of results for thalassemia and hemoglobinopathies indication
Test Activity or calculation Normal level
WBC?2 Number of white blood cells in cubic milimeter 4500-10000 cellgl~1
(microliter) of blood
RBC Number of red blood cells in cubic millimeter (mi- Male 4.7-6.1, female 4.2-5.4 million cejl$ !
croliter) of blood
Hct MCV x RBC Male 40.7-50.3%, female 36.1-44.3% (varies with altitude)
Hb Spectrophotometric measurement at 540 nm of the Male 13.8-17.2 g di', female 12.1-15.1 g dt; using 64,500 g/mole Hb
cyamethemoglobin (Hb bound with cyanide)
MCV 10 (Hct/RBC) 80-95fl
Mentzer index MCV/RBC Less than 13 favors thalassemia over iron deficiency
MCH (10 Hb)/RBC 27-31 (>30) pg per cell
MCHC (100 Hb)/Hct 28-33%
Peripheral smear Visualinspection for shape and number of red blood

cells by staining with colored chemicals
Erythrocyte sedimen-  The rate that RBCs settled in the tube within 1 h Varies with age, gender and pregnancy; male age/2, (female age + 10)/2
tation raté (mmh1)
Platelet courit - 100000-300000 cellsl—*
Fibrinoge - 200-400 mg dt!

2 Parameters that are normally tested in CBC, but are not directly related to determination of thalassemia and Hb variants.

acteristic (ROC) curvé23]. The ROC curve is the plot of  red blood cells of thalassemia have higher osmotic resistance
the true-positive results (Y) against the false-positive resultsand thus have slower rupture rate, therefore the mixture re-
(X) for the various sets of results used for constructing the mains turbid even after 1-2[82]. This technique can be
decision threshold. It is used to statistically determine an op- carried out in one test tube and it is also called one tube
timal cutoff point for the medical test4—27], which in method. Different laboratories may be using slightly differ-
this case should better differentiate thalassemic microcyto- ent recipes for preparation of hypotonic salt solution, but
sis from non-thalassemic ones (i.e., iron deficiency patients).all are normally based on the same concept of kinetic os-
Other tests such as erythrocyte sedimentation rate, platelemotic fragility. The OFT is a quick preliminary and very
count, and fibrinogen may also be done along with the CBC economic test before performing further studies of the blood
[28,29]. cells.

Many laboratories use an automated CBC machine which
can provide many blood parameters in one run. However, the
high cost limits its use in many hospitals around the world.
Osmatic fragility test, an alternative screening test for tha-
lassemia, is therefore performed instead.

3. Conventional confirmatory tests for thalassemia
and Hb variants

These are useful tests to confirm the existence of certain
2.2. Osmotic fragility test (OFT) Hb variants or abnormal level of some Hb types. Confirma-
tory tests for Hb variants include deoxyhemoglobin solu-
The main purpose of this technique is to diagnose the bility test (DST) for detection of HbS and dichlorophenol
hereditary spherocytosis and it is also useful for screeningindophenol precipitation test (DCIP) for detection of HbE.
of thalassemia. This simple test utilizes osmosis, the move- HbH disease which relates éothalassemia can be detected
ment of water from lower to higher salt concentration region, by DCIP and brilliant cresyl blue test (BCB). Alkaline resis-
to test for the osmotic resistance of the red blood[&€]]. A tant hemoglobin test (ART) and acid elution stain (AES) are
single hypotonic saline solution can be prepared from dilu- used for detection of abnormal levels of HbF, which can help
tion of a Tyrode’s solution, which is composed of NaCl, KCI, identify some types of thalassemia. The ion exchange micro-
CaCb-6H,0, MgCh-6H,0, NaHCQ, NaHPOs, glucose column technique is used to quantify the amount of RHbA
and distilled watef31]. Whole blood is thoroughly mixed — and HbF to identify3-thal trait, E-trait and EE homozygotes.
with this solution. In a hypotonic condition, the concentra- These conventional techniques are relatively low cost and do
tion of salt on the outside of a cell is lower than that on Nhot require complicated instrumentation. However, some of

the inside, resulting in net water movement into cells. Nor- these techniques may need a highly experienced operator to
mal red blood cells are broken within 1—=2 min and the mix- translate the results. Therefore, availability of more modern
ture then turns clear and reddish. Abnormal red blood cells instrumentation that can provide more precise information
have deviated osmotic resistances as compared to normal retith less requirement of an experienced operator and less us-
cells. Spherocytes and erythrocytes with various membraneage of toxic chemicals diminishes the use of some of these
defects may show decreased osmotic resistance. Howeverconventional techniques such as DST and ART.
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3.1. Deoxyhemoglobin solubility test Similarly, the dichlorophenol indophenol (DCIP) precip-
itation test is also used widely to screen for HbE and HbH.
This is a simple test for HbS based on its insolubility in DCIP can oxidize HbE and HbH faster than any other type
a potassium phosphate saponin buffer solution (composed ofof hemoglobin, and therefore it can be used to screen for
K2HPQOy, KH2POy, saponin and distilled water). Turbidity HbE and HbH. Interpretation of results can be difficult since
would be observed within 5 min if the whole blood contain- it involves observing the cloudiness in a deep blue color of
ing HbS were mixed with sodium hyposulfite and saponin DPIC solution. However, a reducing agent may be added to
buffer. This test can discriminate samples with HbS from overcome this problem. For example, in the AOAC standard
samples with almost all other hemoglobins except Hb Bart’s titration method for ascorbic acid, the color of an oxidant
and some rare sickle Hb such as C-Georgetown and S-TravisDCIP is changed from dark blue to light blue on the way to
Therefore, if a positive test result is shown (i.e., high enough the end point pink40]. Therefore, if a small amount of ascor-
turbidity that newsprint cannot be seen through the test mix- bic acid were added to the DCIP thalassemia test, then the
ture when placed behind the tube), then a follow-up test by observation could be made more accurately under the light
electrophoresis is recommended. A false-negative result mayblue condition.
be from a high anemic conditig83—35]. Hemoglobin precipitation tests can be used to screen for
some hemoglobin variants but they may not be able to speci-
ate the types of hemoglobins (i.e., HbE and HbH show similar
3.2. Hemoglobin precipitation test results). Further tests are needed to pinpoint the exact type.
Some hemoglobin variants such as HbH; @ith «-
thalassemia) and Hb{n (3%8Val—~MeY) gre classified as un-
stable hemoglobins which can be precipitated by heating or  Both tests are based on the same procedures but with dif-
adding a chemical such as isopropanol or dichlorophenol in- ferent reagents. They are specifically performed for HbH di-
dophenol[2,36]. The heat stability test can be carried out agnosis, which cannot be indicated using other techniques
at either medium temperature (50) for 1-2 h or at high such as affinity column and electrophoresis. Polymerase
temperature (68C) with chemical reaction aids for 1 min.  chain reaction can be used to diagnose for HbH, but the

3.3. Brilliant cresyl blue test or new methylene blue test

Although taking longer time, the medium temperature sta-
bility test is very simple. The clear supernatant of erythro-
cyte hemolysate in Tris buffer medium, obtained after re-
moving plasma, hemolyzing with distilled water and remov-

cost is higher than these simple color tests. HbH is un-
stable and it precipitates in the red cells, giving the ap-
pearance of many small golf balls inside the cells that
can be observed when staining the blood film with bril-

ing stroma, is placed in the 5C water bath for 1 h. Nor- liant cresyl blue (g7H2OCIN3O) or new methylene blue
mal hemolysates remain completely clear, while unstable (C1gH22CIN3S:SCIZnC}) [41,42]. The incubation time of
hemoglobins cause flocculation of various turbidities. The blood and the reagents (brilliant cresyl blue in sodium citrate
test can be done much faster by using chemicals, i.e., KCNmedia) takes about 1 h in a controlled temperature setting
and KzFe(CN), to form hemolysate cyanmethemoglobin. of about 37C [43]. This test is very useful to confirm for

In a phosphate buffer medium, this hemolysate cyanmethe-a-thalassemia involving HbH inclusion body. However, the
moglobin is agitated rapidly in the 6& hot water bath. After  technique yields low sensitivity fat-thal trait and therefore

1 min, normal hemolysate may show slight cloudiness and it should only be used as a confirmatory test, but not for
therefore this high temperature method, even though very screening ofv-thalassemia.

fast, may need high experience in interpretation in order to
avoid a false-positive readirf@9,37].

Another way to demonstrate the instability of Hb is with
isopropanol precipitation. Packed erythrocytes, cold deion-  Thisis atest for abnormal level of fetal hemoglobin (HbF).
ized water and CGl(1:1:1.5ratio) are placed in a closed tube Normally hemoglobins are denatured at alkaline pH such asin
and vortexed for a few minutes, followed by centrifugation. NaOH solution and they can be precipitated readily with sat-
The clear supernatant is then mixed with isopropanol-Tris urated ammonium sulfate (NjbSQOs) solution. However,
buffer at a control temperature of about °®7. Unstable HbF is not denatured as easily and remains soluble. Dif-
hemoglobins cause more turbidity over time, while normal ferences in alkaline resistance of the normal Hb and fetal
hemoglobins remain clear for atleast 30 min. The isopropanol Hb allow for rapid testing for the amount of HbF in blood.
test is reported to have some limitations on the subjects thatThe procedure consists of a few experimental and calcula-
contain>5% HbF, and those that are inappropriately pre- tion steps as reported befdi9,44,45]. A suspended mix-
served (i.e., unrefrigerated or too old samples) may give false-ture of Hb-cyanide—ferricyanide (or cyanmethemoglobin) is
positive results. Adding anticoagulating reagent can help re- prepared by adding packed red cells, obtained from cen-
duce the false reading but it is suggested that the sampledrifugation of whole blood in isotonic saline solution, into a
with high HbF should be tested by heat stability, as it is not cyanide—ferricyanide solution (KCN andsRe(CN} in dis-
interfered by HbH19,38,39]. tilled water). Then NaOH is added and the solution is mixed

3.4. Alkaline resistant hemoglobin test
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for a few minutes before adding the saturated gh{SOy column along with other inexpensive tests can be used in
solution. Coagulated protein can be removed by filtering the combination to diagnose the type of thalassemia. This tech-
mixture until a clear filtrate is obtained. The percent of al- nique is based on ion exchange chromatography as a simpli-
kaline resistant hemoglobin is calculated based on the ab-fied version of high performance liquid chromatography. The
sorbance of the filtrate (Df) and the absorbance of the 1:10 use of diethylaminoethyl DEAE anion exchanger, packed in
dilution of the original cyanmethemoglobin without NaOH a relatively cheap and small syringe, and Tris—HCI mobile
and (NH;)2SO, added (Db) at 540 nm, using the following phase can be adapted to separate Héwdd HbF effectively.
equation: (100 Df)/(10 Db). In a normal person more than 1 The relative amounts of these Hbs can be estimated by calcu-
year old, the percentage of HbF should be expressed as beingdating the peak areas of the absorbance, measured at 415 nm,
less than 1-2% by using this method. Higher levels of HbF of fractions eluted from the column. It has been shown that
will be suspected of having a hemoglobin disorder of some the results obtained from the batchwise micro-column are in
kind. Although the method was found to mistakenly yield agreement with those from HPLC, though the method lacks
lower results for a subject with HbF higher than 30% of total automation and yields lower precisifgl—55]. However, the
hemoglobin, such as in umbilical cord blood of newborns, this result from ion exchange micro-column technique is accept-
method was sufficiently sensitive and reproducible for mea- ably accurate and precise and can be used to confirm some
suring 1-10% HbF, providing that final cyanmethemoglobin types of thalassemias such@thalassemia trait. In addition,
concentration is higher than 480 mg/100[#8]. Inthe cases  with its simplicity and low cost, some laboratories perform
where high amount of HbF is present, an alternative method this technique together with the OF tests as regular screening
such as immunological determination of HbF, e.g., by the gel techniques, especially where thalassemia cases related to ab-
precipitation orimmuno-diffusion, involving the use of mon- normal ratio of HbA and HbF is commonly found such as
oclonal antibody against HbF, may be used to avoid incorrect in Thailand.

results obtained from the alkaline resistant hemoglobin test It has been estimated that the cost for chemicals and mate-

[8,47,48]. rials per test of the micro-column technique is approximately
five times less than that of HPLC. Even though the total anal-
3.5. Acid elution stain (modified Kleihauer—Betke test) ysis time per run is longer than automated HPLC (4 h versus

20 min), many ion exchange micro-columns can be set up
Thisis asimple test for HbF and Hb Bart’s. After smearing and run at the same time. Therefore, the total analysis time
a blood sample on the slide and letting it dry, the slide is of, e.g., 50 tests using multiple micro-columns at one time is
immersed in an 80% alcohol solution (ethyl, methyl or propyl less than performing 50 continuous HPLC runs (16 h using
alcohol) for 2-3 min. After that, the slide is immersed in a HPLC and 4 h using ion exchange micro-columns). In addi-
staining solution of Amido Black 10B ($3H14NgOgSyNay) tion, an attempt to reduce the analysis time per run and to
prepared in alcohol with pH adjusted to 2.0. After 3 min, the make the micro-column technique more automated has been
slide is washed under running water for 1 min. In the acidic carried out. A flow injection analysis system was joined to-
condition, HbA, HbA, HbE, and HbH will be eluted out  gether with a much smaller ion exchange column to improve
of the blood cells, leaving the cells empty (ghost cells) and the analysis time for hemoglobin typing as compared to the
showing no color. HbF and Hb Bart’s can tolerate acid and batch proces$56]. More work needs to be done, but the
are stained by the Amido Black 10B, showing dark blue color preliminary results have suggested that the flow based and
of the cells which can be observed under the microscope. reduced volume ion exchange column system has the poten-
There are a few precautions that need to be taken whential to improve the analysis time per run and to greatly reduce
working with this technique. If the slide is left dry for too the amount of blood sample needed for the analysis.
long, HbA will not be eluted out. The concentration of alco-
hol is also important because alcohol higher than 85% will
cause HDbA to stay in the cell, while alcohol lower than 65% 4. Instrumental techniques for determination of
will cause vacuolization of HbF. In addition, if the pH of the thalassemia and Hb variants
solution is higher than 2.5, HbA will not be eluted. All these
cases will show false resulf49,50]. These techniques involve modern technologies of compli-
The drawbacks of this technique are time consuming and cated instrumentation. They can be automated and are usually
subjected to human error. Another possible way of detection faster and more reliable but more expensive than the conven-
of HbF is flow cytometry which is more precise as described tional techniques. Even though these techniques can provide

later. detailed information and can help in diagnosis of many types
of Hb variants, there are a few exceptional Hb variant cases
3.6. lon exchange micro-column that cannot be identified with these techniques, and more

extensive confirmatory tests are needed. Most instrumental
In the regions where economic restriction does not al- techniques can perform qualitative and quantitative analysis,
low for the use of a relatively higher cost instrument such as but with limited ways to accurately quantitate the signals,
HPLC, a cheaper method such as this ion exchange micro-such as in gel electrophoresis, these techniques have been
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used mainly for diagnosis of Hb variants rather than for de- tion steps and an automated data analysis syf@&mHPLC
tection of abnormal level of Hbs in thalassemia diagnosis, as has an overall performance better than electrophoresis.
shown in the flow chart ifrig. 1.
4.2. Electrophoresis
4.1. High performance liquid chromatography (HPLC)
Electrophoresis is one of the widely used techniques for

In high performance liquid chromatography, particle size analyzing hemoglobin variants based on the movement of
of the stationary phase packed in the column is quite small different Hb or different globin chains, containing different
(about 2-5.m). High pressure is required to force the mobile charges, in the electric field. At an alkaline pH, Hb is neg-
phase to continuously flow through the column. As the sam- atively charged and will move toward the anode (positively
ple solution flows with the liquid mobile phase through the charged) terminal. Electrophoresis of total Hb is different
stationary phase, the components of the sample will migratefrom electrophoresis of separated globin chains. To perform
according to the non-covalent interactions of the compoundselectrophoresis of globin chains, a few steps need to be done
with the stationary phase. The degree of interactions deter-in order to obtain free globin chains. First, heme is removed
mines the degree of migration and separation of the compo-from hemoglobin by treating with mercaptoethanol. Then the
nents (i.e., the component with a stronger interaction with four globin chains are split apart without denaturing them us-
the mobile phase than with the stationary phase will have aing 8 M urea. A cellulose acetate membrane is mainly used
shorter retention time and thus will be eluted from the column in alkaline pH electrophoresis. Normal operating voltage is
first and vice versap7,58]. about 250 mV and the approximate run time is about 90 min.

HPLC has become a very important tool for thalassemia After that, the membrane needs to be stained, de-stained and
and Hb variants diagnosis because of its ability to accurately air dried before separation of globin chains can be observed.
and rapidly qualitate and quantitate different types of Hbs. The main limitation of electrophoresis at alkaline pH is the
However, in most laboratories, HPLC has been used for di- inability to differentiate HbA, HbC, HbO and HbE from one
agnosis of Hb variants rather than for quantification of normal another, nor can HbD, HbG and Hb Lepore be differentiated
Hb or thalassemia diagnosis, except for the case of prenatafrom HbS[33,71,72]. Therefore, itis normally used to screen
analysis. The HPLC technique requires a very small amountfor some types of Hb variants. The confirmatory test can be
of blood samples (ul), therefore, it is very suitable for pre- done using electrophoresis in acidic media.
natal diagnosis of thalassenfit#®®—63]where sample may be At a lower pH of about 6.0, a better separation of differ-
limited and difficult to obtain. There are many reports show- ent hemoglobins is obtained. Those Hbs that co-migrate in
ing the agreement of results obtained from HPLC and those alkaline pH electrophoresis can be separated in acidic media.
obtained from other techniques such as the globin synthesisNevertheless, the main technique for Hb quantification by
technique, isoelectrofocusing, carboxymethylcellulose chro- densitometric scanning of the gel is still somewhat difficult
matography and DNA sequencifisf—64]. and unreliabld33] and therefore electrophoresis technique

Anion exchange resin DEAE and gradient Tris—HCl buffer has been used mainly for detection of Hb variants rather than
solution, pH 8.5-6.0, is a widely used stationary—mobile measuring level of Hb in thalassemia diagnosis. It is highly
phase system for HbAand HbF quantification to effec-  specific in the detection of certain Hb disorders such as sickle
tively diagnose-thalassemia and Hb Bart’s hydrop fatalis cell disease. Even though the electrophoresis in acidic media
that occur frequently in Southeast Ad@2,65]. The sys- is quite a powerful technique in separation of many types of
tem can also separate other Hb variants such as HbS, HbHbs, please keep in mind that not all Hb variants can be sep-
and HbJ[66,67]. Cation exchangers, such as CM-cellulose arated by electrophoresis in acidic media. For example, Hb
(CMC) and silica supported with carboxylic acid residues Okayama cannot be separated using electrophoresis, but can
with bis-Tris—KCN developer, can also be used for the same be done so in HPL{73].
purpose[60,68,69]. The system based on carboxymethy-  Capillary electrophoresis is the new format of elec-
lated poly(vinyl alcohol) resin and sodium phosphate buffer trophoresis where separation takes place in a small fused sil-
solution as a stationary—mobile phase has been developedca capillary. It is rapid, easily automated and consumes low
for separation and quantification of St-HbAlc, which is amounts of reagents, as compared to conventional gel elec-
a marker of blood glucose regulation in diabetic patients trophoresis. It also offers much higher throughput as com-
[70]. pared to HPL(74]. However, some researchers found that

The ratio of different globin chains (e.gR:y for B- CE has higher instrumentation cost and is less accurate as
thalassemia diagnosis) can also be determined with HPLCcompared to automated HPLT5].
using a reverse phase C18 column and shows similar results
to those obtained from CMC which is normally employed for 4.3. Isoelectric focusing (IEF)
this purposg59]. Determination of Hb types using HPLC
has gained high popularity over globin chains determination  This technique is based on the electrophoresis technique
using CMC because of HPLC's relatively easier and faster but with a higher degree of separation. Different Hbs migrate
analysis which is a result of its having fewer sample prepara- in a pH gradient to the point where their net charges are zero.
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The order of migration is the same as in alkaline electrophore-5.1. Polymerase chain reaction (PCR) with different
sis but the narrower bands obtained from this method (IEF) formats of gel electrophoresis
allow for the resolution of HbC, HbE, HbO, HbS, HbD and

HbG [76,77]. Polymerase chain reaction is a technique that allows a
Two different formats of IEF, thin layer gel and capillary, small amount of DNA to be amplified in vitro. The process
have been reportd@8-81]. Cossu et aJ82] applied the im- is composed of cycles of the three following steps: perform

mobilized pH gradient method (IPG) with a thin layer gel heat denaturing to separate the DNA sequence target into two
that has a pH range of 6.7-7.6 to differentiate heterozygousstrands, anneal each strand to the specific primers and then ex-
from homozygous3-thalassemia in newborns. The group tendthe polymerase chainfrom the primer terrfildi]. Once
suggested the use of umbilical cord blood because it containsthere are enough of the DNA target sequences produced, fur-
only HbF, HbA and acetylated HbF (HbFac) and the ratio of ther analysis can be performed. Gel electrophoresis is com-
HbA:HbFac or HbF:HbA is used instead of the conventional monly done following the PCR to separate different DNA
B:a ratio in the IEF of globin chains. fragments. Many additional methods can be coupled with gel
Capillary IEF showed very promising performance both electrophoresis and PCR to obtain better information such as
in qualitative and quantitative aspects. A single IEF run can those described briefly here.
replace the main tests that normally have to be carried outin  Direct DNA sequencing of PCR products is quite a
combination for qualitative and quantitative analysis of Hbs, straightforward method to indicate the mutation §,89].
for instance, alkaline and acid electrophoresis for major Hb  The restriction fragment length polymorphism (RFLP)
variants, ion exchange chromatography for Hlg@yantifica- technique can differentiate between different DNA sequences
tion and alkaline resistant test for Hj8,81]. It has been  based on the length of fragments yielded by a particular en-
provento have a comparable performance to chromatographyzyme restriction and can indicate the mutation point of a gene
or radioactive globin chain methofigd] and can be used for  in thalassemia patienf80,91].
analysis of hemoglobin variants in adult and newb&3i. The amplification refractory mutation system (ARMS-
PCR), also known as allele specific PCR, is another technique
that has been introduced to be used for thalassemia diagno-
4.4. Flow cytometry sis. This technique utilizes two PCR reactions: one contains
. . . _ ... aprimer specific for the normal allele and the other contains
Even though aC'O_' elution sta|.n testseems to be simple, it 'S one for the mutant allele. Gel electrophoresis is then em-
rathgr time consuming and ;gbje_ct to human error. The moreployed to separate specific DNA bands. Diagnosis of geno-
precise and sensitive quantification of HbF can be done us'typing is based on whether there is amplification in one or
‘N9 the instrumental based flow cytometric techniff#85]. both reactions (i.e., the band in normal reaction only indicates
The interested component of the cell is bound to a fluores- o) ajele, the band in mutant reaction only indicates mu-
cence label. Light scattering can identify the cell population tant allele, and bands in both reactions indicate a heterozy-

of interest. FIuore_scence intensity is measured to quantify gote)[92-94]. ARMS-PCR is more accurate as compared to
the component of interest. The discovery of monoclonal an- o o

tibo.dy produgtion has extended .the use of flow cytometry. Sin.gle stranded conformation polymorphism (SSCP) is
Antibody agf_;u_nst HbF tagged with fluorescent dye can be the technique that was developed based on the fact that the
used to specifically detern_wme the amount of HbF. It has bee_”mobility in gel electrophoresis of single strands of DNA dras-
demonstrated th_at detect_lon of both a fetal cell s.urfa.ce anti- tically depends on nucleotide sequence. Single stranded DNA
gen and HbF using two d|ﬁgrent monqclongl antibodies and is produced by adding one primer at a concentration higher
two colored dygs IS a precise way to |dept|fy the fetal cells than another primer in the PCR step. After the primer with
[86]. The techmque called gradient centrifugation has been lower amountis used up, the reaction will continue producing
proved to enr|ch_ Fh_e fetal cells from the a?'“'t b'°°‘_’ and can only the product of the excess primer. The mobilities of single
extend the sensitivity of the flow cytometric analysis of HbF strands are then compargg5]. Single stranded DNA may
[87]. also be produced by denaturing double stranded DNA, as in
the technique called denaturing gradient gel electrophoresis
(DGGE). The DGGE technique utilizes the gradient of low
5. Extensive analysis techniques for thalassemia and to high pH to denature different gene fragments and retard
Hb variants their mobilities in gel. A mobility shift can be detected even
with a slight difference in the base pair sequef8&96,97].
These are advanced techniques used to detect thalassemia
and Hb variants. They are complicated and expensive ands. 2. DNA technology: DNA probe/DNA microchip
therefore are used in the cases for which there are no other
ways to accurately confirm or identify the types of tha-  Analysis of nucleic acids has led to the understanding of
lassemia or Hb variants. They involve DNA technology that the gene expression that controls Hbs formation. This infor-
can provide in-depth detailed information of gene mutation. mation is more detailed as compared to information obtained
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from protein analysis that normally only suggests type and
amount of different Hbs production. The advance of DNA

studies and fabrication technology together has led to the de-

velopment of methods for diagnosis using a DNA microchip.
Normally the segment of a gene of interest first has to be
amplified by PCR to obtain a sufficient amount prior to hy-
bridization with allele specific oligonucleotide probesthat are
immobilized on the solid phase or cH@8-100]. The bound

S.K. Hartwell et al. / Talanta 65 (2005) 1149-1161

6.2. Skin tissue Fe concentration

Thalassemia patients have an increased amount of iron
storage that has been reported to cause an increased risk
of cardiovascular disease due to arterial stiffjé44—-113].
Evaluating the level of iron in the body over time is one way
to obtain additional information for thalassemia diagnosis
and to evaluate the efficiency of the treatment. The X-ray

target gene can be detected using either labels such as fluospectrometric techniques (diagnostic X-ray and X-ray fluo-

rescent substanc§s01,102]or electronic transducers such

rescence spectrometry) have been employed to rapidly and

as piezoelectronic and ion sensitive field effect transistors non-invasively quantify the amount of iron overload in the

(ISFETS)[103]. The attempt to pinpoint the DNA sequences

skin of thalassemia patient$14,115]. Since the amount of

thatbecome over-expressedin a patient has become importanton found in the outer body skin correlates to the amount

because it can lead to the cure or prevention of the diseaseof iron overloaded in the liver, heart and spleen, the results
In this case the precision and accuracy of detection requiresfrom the skin can be used as markers for iron-overload organs.
highly sophisticated devices. Therefore, development of a However, as mentioned previously, it is necessary to keep in
highly sensitive and accurate device or method of detection mind that iron deficiency does not exclude thalassemia.

is currently an important research trend.

One example of devices that has been used commonly is
a cytometer. Cytometry is a laser based technique that allows
for analysis of physical properties and fluorescence intensity

of an individual cell in a heterogeneous environment. The
image can differentiate different types of cells or DNA se-

quences that are labeled with different colors by comparing
the ratios of fluorescence of different targets. With the aid
of a computer, detection and visualization of many different
probes can be done simultaneoudl94,105].

6. Indirect studies related to thalassemia indication
and treatment follow-up

These studies are not intended to be used for thalassemia
diagnosis. However, the relevance of the variable of interest
and the existence of thalassemia may help open up a new way

to economically test for thalassemia or treatment follow-up.

6.1. Ferritin

Ferritin is the iron storage protein and its level in serum
directly relates to the amount of iron stored in the body, which
is important for red blood cell production. Normal ranges of
ferritin are 12—300 and 12—150 ngMlifor male and female,
respectively106]. The technique commonly used to quantify
ferritin is immunoassaj107,108]. A significantly high level
of ferritin is found in patients with iron overload and this may
help differentiate thalassemia patients from those with iron
deficiency, both of which will have a low red blood cell count
[109]. However, please note that iron deficiency does not

6.3. Magnetic behavior of erythrocytes

A study in physics based on observation of the change
in magnetic behavior of Hb at different states (i.e., normal,
oxidized and reduced states) has been conduteg]. The
reduced form of Hb induces paramagnetism while the oxi-
dized form of Hb shows diamagnetic behavior. It was found
that normal state Hb from3-thalassemia minors has lower
diamagnetic response as compared to that of Hb from iron
deficiency patients. This may indicate a low oxygen intake
of B-thalassemia minor blood.

6.4. Nuclear magnetic resonance spectroscopy

The nuclear magnetic resonance technique is based on the
magnetic properties of some nuclei that when placed in the
magnetic field, would take up radio frequency energy that
matches the magnetic field strength and later re-emit that en-
ergy[117]. The phenomenon is known as nuclear magnetic
resonance (NMR) because it involves the nucleus in a mag-
netic field that has its strength in resonance with the applied
radio frequency. Originally NMR spectroscopy was used for
the study of composition of chemical compounds. Later, the
technique was developed into the imaging technology, mag-
netic resonance imaging (MRI), that became a major break-
through in medical fields because it can reveal the image of
the parts of the body and seems to be the most sensitive means
at present. Contrast medium such as gadoteric acid may be
introduced to obtain better resu[tsl8].

NMR has been widely applied to study body iron overload
[119-128]. NMR spectroscopy has been employed mainly
for study of iron level in the fraction of tissue in vitro, while

exclude thalassemia disorder. In addition, any inflammatory NMR imaging has been used mainly for determination of iron

disorder can cause a high level of ferritin. Therefore, long
term monitoring of ferritin would be necessary, if its level is

in vivo. So far, there has been no report on health hazards
directly related to NMR and therefore the NMR technique is

chosen to be observed, to gain any additional information for considered a safe and non-invasive way to study body iron

thalassemia diagnosis or treatment followfupO].

content.
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7. Conclusion

There are many different techniques available for tha-

lassemia diagnosis, but used alone they may not be able to

satisfactorily answer every question. Therefore, it is quite

common to utilize more than one technique to ensure the

diagnostic resultFig. 1 summarizes techniqgues commonly

used for diagnosis of Hb variants and thalassemia in most

laboratories. If MCV, MCH or OFT screening test reveals a

normal result, the possibility of having thalassemia can be

eliminated, but analysis of Hb variants should be done. If
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