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The inherited disorders of haemoglobin are the commonest monogenic diseases. It has been estimated that 7% of the world's population are carriers and that over 300,000 babies affected by serious forms of these conditions are born every year [START_REF] Christianson | March of Dimes Global Report on Birth Defects[END_REF]. In many Asian countries the α and β thalassaemias, including haemoglobin (Hb) E, are producing an increasingly severe health burden [START_REF] Fucharoen | Hemoglobinopathies in Southeast Asia: molecular biology and clinical medicine[END_REF].

Programmes directed at the avoidance and better management of these conditions have the potential to significantly improve health indicators in many 3 developing countries (Modell andDarlison 2008, Weatherall, et al 2006).

Accurate population frequency data is a prerequisite for the development of these programmes. One of the major problems in studies of this type is the remarkable degree of variation in the gene frequencies, even over relatively short geographical distances (De Silva, et al 2000, Weatherall and[START_REF] Weatherall | The Thalassaemia Syndromes[END_REF].

The problems encountered in mapping the abnormal haemoglobin genes are well exemplified in the case of Vietnam, an ethically diverse country.

Although the Vietnamese Kinh make up 85% of the population, the remaining 15% comprise over 60 minority ethnic groups, which fall into five broad linguistically-defined categories: Mon-Khmer, Malayo-Polynesian, Tay-Thai, H'mong-Dao and Viet-Muong. Literature reviews of gene frequencies in the region have documented high levels of α and β thalassaemia and Hb E in some of these populations [START_REF] Fucharoen | Hemoglobinopathies in Southeast Asia[END_REF][START_REF] Fucharoen | Thalassemia in Southeast Asia: problems and strategy for prevention and control[END_REF][START_REF] Fucharoen | Hemoglobinopathies in Southeast Asia: molecular biology and clinical medicine[END_REF][START_REF] Livingstone | Frequencies of Hemoglobin Variants[END_REF][START_REF] Wasi | Hemoglobinopathies in Southeast Asia. In: Distribution and Evolution of the Hemoglobin and Globin Loci[END_REF]. Many of the studies quoted in these reviews were based on small samples, hospital populations, and other localised or potentially biased groups. More recently [START_REF] Flatz | The 'hot-spot' of Hb E [beta26(B8)Glu-->Lys] in Southeast Asia: betaglobin anomalies in the Lao Theung population of southern Laos[END_REF] have emphasised the unequal distribution of some of the haemoglobin variants in this part of Southeast Asia.

We report the results of screening approximately 9,000 individuals for β thalassaemia and Hb E. The sample includes significant numbers of individuals belonging to ethnic groups from four of the ethno-linguistic categories and the Kinh. We analysed the prevalence of α thalassaemia in smaller samples from three of the linguistic categories. Because of its importance in malaria control programmes, we also carried out a limited survey of glucose-6-phosphate dehydrogenase (G6PD) deficiency in two ethnic groups. A limited DNA-based survey was also carried out for the prevalence of seven common α thalassaemia mutations, --SEA , --THAI , --FIL , -α 3.7 , -α 4.2 , and the chain-termination mutations Hb Constant Spring and Hb Pakse. Methods for DNA preparation and analysis of the α globin genes by the multiplex polymerase chain reaction and restriction fragment length polymorphisms have been described previously [START_REF] Liu | Rapid detection of alpha-thalassaemia deletions and alphaglobin gene triplication by multiplex polymerase chain reactions[END_REF][START_REF] Viprakasit | Clinical phenotypes and molecular characterization of Hb H-Pakse disease[END_REF].

In surveys for the detection of G6PD deficiency, three different methods were used: the standard methylene blue test for the HCMC students, a qualitative formazan ring rapid test (Hirono et al, 1998) and a commercial quantitative kit (Sigma-Aldrich Co., Dorset, UK) for the Phuoc Long studies.

Exact binomial confidence intervals were calculated for gene frequencies.

Confidence intervals for compound heterozygous states were generated by Monte Carlo simulation (10,000 runs) of allelic combination, assuming a

Poisson distribution.

Results

The results of haemoglobin analysis by HPLC to detect haemoglobin variants and β thalassaemia in 9122 individuals of different ethnic groups are shown in gene was found to be in Hardy-Weinberg equilibrium in all the populations with a high prevalence.

The frequency of β thalassaemia trait also varied considerably among ethnic groups, being lower between those in which HbE was more frequent and vice versa. The Tay, Nung and Dao demonstrated the highest frequencies.

The results of DNA analysis of the α globin genes in 1261 subjects from four ethnic groups are shown in Table 2.

The highest frequencies of α thalassaemia were found among the S'Tieng, in whom the deletions -α 3.7

and --SEA were present at frequencies of 0.22 and 0.03, respectively. The α-chain termination mutation, Hb Constant Spring (α CS α), was also found in the S'Tieng at a frequency of 0.04 and three S'Tieng were heterozygous for another chain termination mutation, Hb Pakse (α PAK α). The --SEA deletion was found at similar frequencies in the other ethnic groups, but -α 3.7 was present at much lower frequencies in the Kinh, Tay and Nung. Only one individual, of Tay background, was found to carry the -α 4.2 deletion. No carriers of the --THAI or --FIL deletions were detected. Ten S'Tieng individuals had HbH disease, reflecting the high frequency of -α 3.7 and --SEA in this population.

The prevalence of G6PD deficiency is summarised in Table 3. The proportion of deficient females is much higher than the expected proportion of homozygous women. Many surveys conducted with qualitative screening tests have demonstrated similar relationships between male and female prevalences [START_REF] Allison | Glucose-6-phosphate dehydrogenase deficiency in red blood cells of East Africans[END_REF][START_REF] Singh | Glucose-6-phosphate dehydrogenase deficiency: a preventable cause of mental retardation[END_REF][START_REF] White | Frequency and clinical significance of erythrocyte genetic abnormalities in Omanis[END_REF] 

Discussion

The results of this study emphasise the difficulties entailed in estimating the burden on health resources of the inherited disorders of haemoglobin. The remarkable variation in the gene frequency between different ethnic groups and regions of Vietnam presumably reflects the complex effects of ancient migrations, variable exposure to selection by malaria and epistatic interactions between the different haemoglobin disorders themselves [START_REF] Penman | Why is the sickle cell gene uncommon in the Mediterranean?[END_REF][START_REF] Williams | Negative epistasis between the malaria-protective effects of alpha+-thalassemia and the sickle cell trait[END_REF]. For example, the lower frequency of β thalassaemia in regions where HbE is particularly common, and vice versa, could reflect different migration patterns but could also result from the variability in the selective effect of two different alleles. Similar relationships between HbE and β thalassaemia have been observed in Thailand, and between HbS and β thalassaemia in parts of Africa [START_REF] Weatherall | The Thalassaemia Syndromes[END_REF]. Where two alleles of this type occur together and the compound heterozygous state produces a severe phenotype with limited capacity for reproduction, the allele with the greatest net positive selective impact is likely to benefit [START_REF] Weatherall | The Thalassaemia Syndromes[END_REF]. Regardless of the mechanisms involved, it is clear that even an approximate estimate of the clinical burden of inherited red cell disorders necessitates a wide-scale survey of the type carried out.

Applying the prevalence data obtained in this study to estimated current ethnic group population numbers projects that 80 (95% confidence interval 50-124) homozygous β thalassaemic and 341 (257-438) HbE/β thalassaemic compound heterozygote babies will be born to Kinh parents every year. The population estimates were generated by extrapolating ethnic-group-specific for the Nung, 63 (17-187) and 0 for the Dao, 0 and 2 (1-4) for the S ' Tieng, 0 and 4 (0-12) for the M ' Nong, 0 and 1 (0-5) for the Rac Lay, and 1 (0-5) and 71

(19-155) for the Ede.

Assessing α thalassaemia prevalence is complicated by the lack of a reliable screening test for α + thalassaemia heterozygotes and the problem of identifying α o thalassaemia heterozygotes by their red cell indices in a population where iron deficiency is common. DNA analysis has the potential to yield more accurate estimates, but is limited by the choice of target mutations. We selected the seven alpha globin mutations documented to occur at appreciable frequencies across the region. α thalassaemia occurs frequently in these populations. Based on the gene frequencies presented here, approximately 743 (137-3060) Kinh and 56 (32-95) S'Tieng babies will be born with HbH disease each year, and 343 (92-1033) Kinh and 4 (2-6) S'Tieng babies will be stillborn with Hb Bart's Hydrops. Similar estimates for Tay and Nung would be 167 (18-798) and 67 (1-702) for HbH, and 45 (7-186)

and 33 (3-207) for Hb Bart's hydrops fetalis. The wide confidence intervals around all these estimates emphasises the need for still larger studies to more accurately predict healthcare burden.

Plasmodium vivax is an increasingly important cause of malaria in Vietnam and across Southeast Asia. Transmission intensity in Vietnam is sufficiently low to warrant consideration of eradication therapy for infected individuals, as the likelihood of relapse is expected to be much greater than that of The difficulties of establishing thalassaemia control and treatment programmes in developing countries have been reviewed recently [START_REF] Weatherall | Inherited Disorders of Hemoglobin. In: Disease Control Priorities in Developing Countries[END_REF]. This study emphasises some of these problems, illustrating the considerable heterogeneity of disease frequency of among sub-populations in the same country, and the wide dispersal of the severe clinical forms across rural areas with poor access to medical care. It is likely that these difficulties will face many countries with high frequencies of the thalassaemias and related disorders in Asia. Similar large scale prevalence studies are mandatory to quantify these problems, assess need and inform the design of control and management programmes.

As the developing countries pass through demographic and epidemiological transitions leading to improvements in sanitation, nutrition, and improved public health programmes, increasing numbers of babies with severe inherited disorders of haemoglobin will survive long enough to present for diagnosis and management. Together with an increase in population size these conditions are already beginning to present an increasingly severe health burden in these populations. It is vital therefore that services for the diagnosis and better management of these conditions, and where appropriate avoidance by prenatal detection, are established. Obtaining a reasonably accurate estimation of the gene frequency and, in particular, the geographical distribution of these conditions, is a vital pre-requisite, not just for establishing these services but also for informing governments about the likely future burden on the health services that they will pose. 

F

  individuals to materially affect malaria control programme design. The most remarkable finding was wide variation in the gene frequencies of these conditions among the ethnic groups sampled. The approximate number of babies expected to be born with clinically-significant haemoglobin disorders in Vietnam was estimated from the gene-frequency data. This study emphasizes the importance of wide-scale population screening, including ethnic subgroups, to establish the requirements for inherited haemoglobin disorder programmes in resource-limited settings.

  Blood samples were collected over a two-year period from community surveys conducted in seven communes of four districts and two provinces in southern and southern central Vietnam (Figure1). The S'Tieng and M'Nong are classified in the Mon-Khmer linguistic category, whilst the Rac Lay and E De are Malayo-polynesian speakers. These groups are of putatative highland origin. The Tay and Nung are Tai-Thai linguistically, and the Dao belong to the Hmong-Dao linguistic category. These groups have putatative origins in the plains of southern China. Many of these populations live in isolated rural regions with limited access to medical care. Parts of the survey were carried out in conjunction with the National Institute of Malariology, Parasitology and Entomology, Hanoi, the Khanh Hoa Provincial Malaria Control Programme, Nha Trang and the Institute for Malariology, Parasitology and Entomology, Ho Chi Minh City. Appropriate data were fed back to local public health teams, who were responsible for further follow up, including education and potential treatment. Volunteers were sought from Ho Chi Minh City (HCMC) University for mutation analysis of G6PD deficiency, and phenotypic prevalence data from this sample is reported here. The population studies, which form part of regular local malaria prevalence surveys, and the laboratory analyses were approved by the Ethics Committee of Hospital for Tropical Diseases, Ho Chi Minh City, the Central Oxford Hospitals Ethics Research Committee and the Oxford Tropical Research Ethics Committee.Methods A capillary blood sample was taken from all subjects using Microtainer Safety Flow Lancets (Beckton Dickinson, Oxford, UK). A thick and thin blood smear was taken for the Malaria Control Programme and the blood collected into 1.5 ml EDTA eppendorfs through EDTA plastic capillary tubes (Mini-Collect System, Greiner Labortechnik, Gloucester, UK). Samples were stored on wet or dry ice in the field, and then at -20 o C before transportation to Oxford on dry ice.Haemoglobin analysis was carried out by high performance liquid chromatography (HPLC) (Bio-Rad, Herts, UK) according to the instructions of the manufacturer. Haemoglobin E was identified from the appropriate fractions and β thalassaemia trait in samples with an Hb A 2 value in excess of 4%.

  during the interval between the 1994 and 1999 censuses, and applying them to population and accrued total birth figures for 2001 (the most recent year for which national population data by ethnic group are available). Estimates for the ethnic minority groups are 76 homozygous β thalassaemic babies and 55 (29-93) HbE/β thalassaemic compound heterozgote babies amongst theTay, 

  requires a protracted course of primaquine[START_REF] Mendis | The neglected burden of Plasmodium vivax malaria[END_REF], and the significant prevalence of G-6-PD deficiency documented here is of considerable clinical importance. Further population studies are warranted.

Figure 1

 1 Figure 1 Historical distribution of ethnic groups in this study. Khanh Hoa and Binh Phuoc provinces are expanded to indicate the survey sites (shaded areas within insets). The districts of Phuoc Long (1), BuDang (2) and Dong Phu (3) are indicated in Binh Phuoc.

Table I .

 I There was a remarkable variation in the gene frequencies for HbE, ranging from 0.36 and 0.31 in the S'Tieng and E De respectively to 0.01 in the Tay and Nung. No individuals with this variant were found in the Dao. The β E

  [START_REF] Luzzatto | Imbalance in X-chromosome expression: evidence for a human Xlinked gene affecting growth of hemopoietic cells[END_REF]. The validity of the formazan ring qualitative test appears to be confirmed by the quantitative testing amongst S'tieng males.
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, suggesting that a significant number of heterozygotes are detected by qualitative tests, possibly as a result of skewed Lyonization

(Ashmun, et al 1986, Beutler and Baluda 

Table 1 .

 1 HbE and β thalassaemia genotypes, with gene frequencies for β E and β thalassaemia (95% confidence intervals in parentheses).
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Table 2 .

 2 Subject α thalassaemia genotypes and gene frequencies (95% confidence intervals) for α thalassaemia mutations studied. In addition to the data shown, one Tay individual was found to be heterozygous for -α 4.2 .

	Ethnic group	Kinh	Tay	Nung	S'Tieng
	Number of subjects	358	128	58	887
	--SEA heterozygotes	12	7	4	43
	-α 3.7 heterozygotes	12	6	4	227
	-α 3.7 homozygotes	0	0	0	71
	α CS α Heterozygotes	1	2	0	30
	α CS α Homozygotes	0	2	0	6
	α PAK α Heterozygotes	0	0	0	3
	-α 3.7 /--SEA compound heterozygotes	0	0	0	9
	-α 3.7 /α CS α compound heterozygotes	0	0	0	11
	α CS α/--SEA compound heterozygotes	0	0	0	1
	α CS α/α PAK α compound heterozygotes	0	0	0	1
	--SEA gene frequency	0.017 (0.009-0.029)	0.027 (0.011-0.056)	0.034 (0.009-0.086)	0.030 (0.022-0.039)
	-α 3.7 gene frequency	0.017 (0.009-0.029)	0.023 (0.009-0.050)	0.034 (0.009-0.086)	0.220 (0.200-0.240)
	α CS α gene frequency	0.001 (0.00004-0.0077)	0.023 (0.009-0.050)	0 (0-0.031)	0.030 (0.023-0.040)
	α PAK α gene frequency	0 (0-0.005)	0 (0-0.014)	0 (0-0.031)	0.002 (0.0006-0.0057)

Table 3 .

 3 Prevalence of G6PD deficiency by ethnic group and testing methodology. The methylene blue test was conducted in students in Ho Chi Minh City; the other assays were conducted in survey subjects in Phuoc Long.

	G6PD method	Kinh males	Kinh females	S'tieng males	S'tieng females
	Formazan ring rapid test	6/159 (3.8%)	-	22/188 (11.7%)	14/228 (6.1%)
	Quantitative G6PD assay	-	-	22/198 (11.1%)	-
	Methylene blue test	10/161 (6.2%)	5/98 (5.1%)	-	-
	Total prevalence	5.0%	5.1%	11.4%	6.1%
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