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Introduction: The high frequencies of carriers of severe haemoglobinopathies and
of iron deficiency in Southeast Asia require reliable and affordable tests to improve on
current screening procedures.

Objectives: We evaluate a “one stop” approach using the THALCON
dichlorophenolindophenol (DCIP) and one-tube osmotic fragility (OF) tests and
measurement of Zinc Protoporphyrin (ZPP) to detect and distinguish HbE and
B-thalassaemia traits from iron deficiency. We compare findings with current screening
practice in Sri Lanka that relies on the identification of low mean red cell volume and/or
mean red cell hemoglobin for this purpose.

Methods: Between November 2017 and May 2018, we undertook a cross-sectional
survey of secondary school students in Gampaha district, Sri Lanka. The
THALCON-DCIP and OF tests were compared to capillary electrophoresis (CE),
used as a gold standard to detect haemoglobinopathies. ZPP was measured in whole
blood. Plasma ferritin and C-reactive protein (CRP) were measured in students with a
raised ZPP concentration.

Results: We collected venous blood samples from 1,324/1,332 (99.4%) students. The
median age of the students was 17 (IQR 16-18) years, all were Sinhalese and 814/1,324
(61.5%) were female. CE identified 3 students with HbE trait and 26 students with
B-thalassaemia trait. The THALCON-DCIP test was positive only in the 3 students with
HbE (sensitivity 100%, 95% Cl 29.2—-100.0; specificity 100%, 95% Cl 99.7-100.0). The
THALCON-OF test identified all 26 students with B-thalassaemia trait (sensitivity = 100%,
95% CI 86.8-100.0) and 287 students with a normal CE result (specificity = 77.9%; 95%
Cl 75.5-80.1). It was also positive in 2/3 (66.7 %) students with HbE trait. Iron deficiency
(ZPP > 70 pmol/mol heme) was present in 118/1,240 (9.5%) students with a normal
hemoglobin genotype, all of whom had plasma ferritin <15ng/ml and CRP <5 mg/L.

Frontiers in Molecular Biosciences | www.frontiersin.org 1

August 2019 | Volume 6 | Article 66


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2019.00066
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2019.00066&domain=pdf&date_stamp=2019-08-09
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://creativecommons.org/licenses/by/4.0/
mailto:angie.allen@lstmed.ac.uk
https://doi.org/10.3389/fmolb.2019.00066
https://www.frontiersin.org/articles/10.3389/fmolb.2019.00066/full
http://loop.frontiersin.org/people/762590/overview
http://loop.frontiersin.org/people/765990/overview
http://loop.frontiersin.org/people/775586/overview

Allen et al.

One-Stop Screening in Sri Lanka

Conclusion: This one—stop approach offers reliable and affordable population screening
for both haemoglobinopathy traits and iron deficiency in resource-limited settings where
these conditions are common and ensures that iron supplements are targeted only to
those who require them. Further work is warranted to refine the OF test to reduce the
number of false positive results.

Keywords: haemoglobinopathy traits, iron deficiency, osmotic fragility, dichlorophenolindophenol, red cell indices

INTRODUCTION

It is estimated that >7% of the worlds population carry a
hemoglobin variant, resulting in 300,000-500,000 babies born
each year with a significant hemoglobin disorder. Ninety percent
of these births occur in low or middle-income countries
(Weatherall, 2010). Hemoglobin disorders are estimated to
account for at least 3.4% of under-five deaths (Modell and
Darlison, 2008).

A recent survey of 23 thalassaemia treatment centers
in Sri Lanka identified 1,219 patients with PB-thalassaemia
major, 360 with HbE/B-thalassaemia, and 50 with sickle p-
thalassemia (A Premawardhena, personal communication).
Patients with p-thalassaemia major require life-long intensive
clinical management and monthly blood transfusion (now
referred to as transfusion-dependent thalassaemia TDT). The
clinical course of HbE/B-thalassaemia is more variable, ranging
from mild (non-transfusion dependent thalassaemia NTDT)
to severe anemia. In both conditions, in the absence of
early and effective iron-chelation therapy, transfusional iron
overload may result in liver and cardiac dysfunction, and
endocrine abnormalities including growth disturbances and
glucose intolerance. Often, patients experience a severely reduced
quality of life, suffer from social stigmatization, and may have
difficulties in securing employment. In higher-resource settings,
survival now extends to the fifth or sixth decade, but this is not
true in lower income settings where the costs and complexities of
care mean that survival is curtailed (Cunningham et al., 2004).
The cost of care for thalassaemia in Sri Lanka is estimated
to be more than 5% of the national health budget each year
(de Silva et al., 2000). In a survey of 7,526 school children in Sri
Lanka, the frequency of p-thalassaemia and HbE traits varied
from 0.0 to 8.1% and 0.0 to 1.9%, respectively, according to
district (Premawardhena et al., 2017).

Iron deficiency is the most common micronutrient disorder
and causes anemia in up to 30% of individuals throughout the
world. In adolescents, anemia impairs school performance and
resistance to infection (WHO/UNICEF/UNU Iron deficiency
anaemia: Assessment, Prevention and Control, 2001; Black, 2003;
Zimmerman and Hurrell, 2007). In the above survey of Sri
Lankan school children and adolescents, the frequency of iron
deficiency was 19.2% (Allen et al., 2017).

A national haemoglobinopathy screening programme began
in Sri Lanka in 2005 with the goal of reducing births of severely
affected children. The screening programme targets school
children, adolescents and young people, to allow individuals
to make informed choices regarding future marriage partners

and child-bearing. In view of the high cost of the definitive
tests for haemoglobinopathy detection (Capillary Electrophoresis
(CE), high-performance liquid chromatography and DNA
analysis), in Sri Lanka, as in many Asian countries, population
screening relies on detecting low mean red cell volume and/or
mean red cell hemoglobin (hereafter “low red blood cell
indices”) to identify possible carriers of haemoglobinopathies
who require further investigation. However, this approach has
several limitations. Reliable measurement of red cell indices
requires automated hematology analysers that are maintained
and calibrated regularly, with quality controls run daily.
Accuracy may vary according to the instrument used. Low
red cell indices also occur in iron deficiency, complicating
differentiation from haemoglobinopathy traits. Finally, red
cell indices may be normal in carriers of unusually mild
B-thalassaemia alleles and in HDbE trait (Weatherall, 2001;
Fucharoen et al., 2004; Sanchaisuriya et al., 2005; Galanelo, 2012;
Singha et al., 2019) and in people who inherit more than one
haemoglobinopathy trait (e.g., a-thalassaemia together with -
thalassaemia (Penman et al., 2015).

The DCIP and OF tests have been proposed as simple
visual screening tests for the detection of carriers of HbE and
B-thalassaemia, respectively (Sanchaisuriya et al., 2005). The
DCIP test, first described in 1976 (Kulapongs et al., 1976), is
based on the principle that HbE is an unstable hemoglobin
that when added to the blue dye dichlorophenolindophenol,
at neutral pH, is oxidized, forming a precipitate (Kulapongs
et al, 1976; Old, 2012). In the OF test, thalassaemic red
blood cells are more resistant to haemolysis than normal
red blood cells because of their small size and low cellular
hemoglobin content, and when added to hypotonic buffered
saline, typically of 0.36% (w/v) concentration, produce a turbid
solution (Parpart et al., 1947; Winichagoon et al.,, 2002; Old,
2012; Ansari et al., 2014). Both the DCIP and OF tests have
been successfully used as screening tests in Thailand since
1990, and reagents available in kit form have been developed
and extensively validated. In previous studies, the sensitivity
and specificity of the tests when used in combination for the
detection of HbE and P-thalassaemia traits ranged between
99.2 and 100% and 79.3-97.1%, respectively (Sangkitporn et al.,
2005; Savongsy et al, 2008; Viprakasit and Ekwattanakit,
2018).

We have evaluated the THALCON-DCIP and THALCON-
OF tests in 60 parents of patients with either f thalassaemia or
HbE/B- thalassaemia attending the Thalassemia Care Unit, North
Colombo Teaching Hospital, Ragama, Sri Lanka. The DCIP test
identified all 15 parents with HbE-trait. The OF test correctly
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identified all 45 parents with B-thalassaemia trait and was also
positive in 5/15 HbE traits. There were no false negatives in
either test.

The ZPP test is based on the principle that during the final
stage of heme synthesis in the bone marrow, if the iron supply
is limited or unavailable, zinc, instead of iron, is incorporated
into the protoporphyrin ring of the hemoglobin molecule and
accumulates in red blood cells (WHO, 2007). The World Health
Organization recognizes the usefulness of ZPP as a screening test
for iron deficiency in population surveys in low-resource settings
(WHO, 2007), and ZPP was used to identify iron deficiency in
one of the largest randomized control studies of iron supplements
in children in Zanzibar (Sazawal et al., 2006).

We took the opportunity to join the national
haemoglobinopathy screening program during its annual
survey of secondary schools in Gampaha district, Sri Lanka
to evaluate the THALCON-DCIP and THALCON-OF test
kits and the measurement of ZPP as a “one-stop” screening
procedure for the detection of haemoglobinopathy traits and
iron deficiency. We compared this approach to the measurement
of low red cell indices, the test currently used by the national
screening program.

METHODS

School Surveys

Between November 2017 and May 2018 we recruited students
attending 9/172 secondary schools with Advanced Level classes
from Gampaha district, Sri Lanka. Schools were purposefully
selected so that they were geographically spaced within the
Gampabha district. Study personnel visited each school to explain
the purpose of the study to students and teachers. All students
in grades 10-13 (>14 years of age) were invited to partake.
Signed, informed consent was obtained from parents/guardians;
all students also provided verbal consent. Any student who
reported feeling un-well on the day of the survey was not enrolled
into the study. Approximately 150 students, drawn from across
the four school years were enrolled from each school. Age, sex,
ethnicity, and place of residence were recorded. In students with
mixed ethnicity, that of the father was recorded.

Laboratory Procedures

A 25ml venous blood sample was collected into EDTA
anticoagulant from each student. Samples were stored in a cool
box and transferred to the laboratory within 3h of collection
for measurement of hemoglobin concentration, red cell indices
(Beckman Coulter Ac.T diff analyser, Luton, UK), detection
of hemoglobin variants by CE (Capillarys 2 Flex Piercing
Instrument, Sebia, Lisses, France), and the THALCON- DCIP
and THALCON-OF tests (Surathin International Company Ltd.,
Thailand), in accordance with the manufacturer’s guidelines.
Briefly, for the DCIP test, 20 pl whole blood was added to
2 ml DCIP solution, gently mixed by inversion and incubated at
37°C for 15min. 20 pl of clearing solution was then added to
each reaction and the results interpreted immediately. For the
THALCON-OF test, 20 pl whole blood was added to 2ml of a
0.36% buffered saline solution, gently mixed by inversion and

incubated at room temperature for 5 min before the results were
read. In both tests, a turbid pink solution indicated a positive
result and a clear pink solution indicated a negative/normal result
(see Figure 1). Positive and negative control blood samples were
included for each set of tests.

ZPP was measured in whole blood using a front-faced
haematofluorimeter and Protofluor reagent system (Helena
BioSciences, South Shields, UK). The remaining samples were
centrifuged, the bufty coats and plasma removed and stored
at —20°C for further analyses. Plasma CRP and ferritin were
measured by Enzyme Linked Immunosorbent assay (DCRPO0O0,
Biotechne, UK and DB59111, Tecan, UK, respectively) in samples
with a raised ZPP to confirm iron deficiency and to explore
whether inflammation may have resulted in a raised ZPP result.

To investigate possible causes of a positive OF test in samples
with a normal CE result, DNA was extracted from buffy coat
samples using QIAGEN DNA mini-kit (QIAGEN, UK) and
a- globin genotype determined by Multiplex polymerase chain
reaction (Tan et al., 2001; Shaji et al., 2003).

Statistical Methods

Categorical variables were summarized using counts and
percentages. Continuous variables tended to have skewed
distributions; they were described using median and interquartile

FIGURE 1 | The clear pink solution observed in the tube on the left indicates a
normal test result, whereas the turbid pink appearance of the tube on the right
indicates a positive test result.
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range and compared using the Mann-Whitney U test. Sensitivity
and specificity and the corresponding 95% confidence intervals
(CI) of the DCIP and OF tests were calculated with capillary
electrophoresis (CE) as the gold standard. Considering the small
number of positive results for the DCIP test, the exact 95% Cls
were obtained. All the estimates whose corresponding 95% CI did
not span 50% (i.e., proportion = 0.5) were considered significant
and all tests were performed at 5% significance level. All data
analysis was performed using SPSS statistical software version 25.

Ethical Approval

The study and the consent procedures were approved by the
Ethics Committee, University of Kelaniya, Sri Lanka and Oxford
University Tropical Research Ethics Committee, Oxford, UK.
The study was conducted in accordance with the declaration of
World Medical Association (2008).

RESULTS

A total of 1,332 students were enrolled and venous blood samples
were collected from 1,324 (99.4%). The 8 students for whom it
was not possible to obtain a blood sample have been excluded
from the analysis. The median age of the students was 17
(IQR 16-18) years; all were Sinhalese and 814/1,324 (61.5%)
were female.

The sensitivity and specificity for the screening tests are
shown in Table 1. Laboratory findings according to hemoglobin
genotype and sex are shown in Supplementary Table S1.

Haemoglobinopathy Traits

CE identified hemoglobin variants in 29 (2.2%) students. Three
students were HbE trait and the DCIP test was positive only in
these 3 samples (sensitivity = 100%, 95% confidence interval (CI)
29.2-100.0; specificity = 100%, 95% CI 99.72-100.0). Twenty-six
students had raised HbA,, indicative of B-thalassaemia trait. The
OF test correctly identified all 26 students with B-thalassaemia
trait but was also positive in 287 samples with normal CE results
(sensitivity = 100%, 95% CI 86.8-100.0; specificity = 77.9%, 95%
CI 75.5-80.1). The OF test was also positive in 2 of 3 students
with HbE trait. Overall, in the detection of either B-thalassaemia
trait or HbE trait, the combination of the DCIP and OF tests had
a sensitivity of 100% (95% CI 88.1-100.0) and specificity of 77.8%
(95% CI 75.5-80.1).

Low Red Cell Indices

Low red cell indices (mean cell volume (MCV) <80 fl or mean
cell hemoglobin (MCH) < 27 pg) were present in all 26 students
with B-thalassaemia trait and the 3 students with HbE trait but
were also present in 409/1,293 (31.6%) students with a normal
CE result (sensitivity = 100%; 95% CI 88.1-100.0; specificity =
68.4%, 95% CI 65.8-70.9).

Iron Deficiency

ZPP was raised (>70 pwmol/mol heme) in 141/1,314 (10.7%)
students including 14/26 (53.8%) with PB-thalassaemia trait
and 9 students with a-thalassaemia trait. In 118/1,240 (9.5%)
students with a normal hemoglobin genotype and raised ZPP,

TABLE 1 | Sensitivity and specificity of screening tests for haemoglobinopathy
traits compared to capillary electrophoresis as the gold standard.

Test Capillary Sensitivity  Specificity
electrophoresis (95% CI) (95% CI)
Pos Neg
Capillary electrophoresis
HbE trait 3 1,321
B-thalassaemia trait 26 1,298 -
HDbE trait or 29 1,295
B-thalassaemia trait
Thalcon DCIP test (HbE) Pos 3 0 100.0 100.0
Neg O 1,321 (29.2-100.0) (99.7-100.0)
Thalcon OF test Pos 26 287 100.0 77.9
(B-thalassaemia trait)*
Neg O 1,009 (86.8-100.0) (75.5-80.1)
Thalcon DCIP and Pos 29 287 100.0 77.8
Thalcon OF
Neg O 1,008 (88.1-100.0) (75.5-80.1)
Low red cell indices Pos 29 409 100.0 68.4
(MCV<80 fl or MCH <
27 pg)
Neg O 884 (88.1-100.0) (65.8-70.9)

"The two students with HbE trait and positive OF test are excluded.

all had normal plasma CRP (<5 mg/L) and low plasma ferritin
concentrations (<15 ng/ml), confirming iron deficiency.

In the 14 students with B-thalassaemia trait and raised ZPP,
plasma CRP was normal in 12/14 (85.7%) and ferritin in 13/14
(92.9%); only one student had iron deficiency.

Sufficient plasma was available to measure CRP and ferritin
in 8/9 students with a-thalassaemia trait and a raised ZPP. Iron
deficiency was confirmed 7/8 (87.5%) students; one student had
a normal plasma ferritin and a raised CRP.

ANALYSIS OF UNEXPLAINED-POSITIVE
OF TESTS

a-globin Genotype

Amongst the 287 students with an unexplained positive OF
result, sufficient DNA was available to determine a-globin
genotype in 286/287 (99.7%). Forty-five students had o-
thalassaemia; 35 with -a*7/ aa, 4 with -o®>7 /-a*7 and 6 with
-a*?/ aqa. The less common a-globin gene mutations — —SEA,
- _FIL _ _MED_ _ _THAL _ =205 were not present in any sample.

Low Red Cell Indices and Anemia

Mean cell volume, mean cell hemoglobin and hemoglobin
concentration were measured in 235/242 (97.1%) of the
remaining students with an unexplained positive OF test, and
median values were similar to those of 1,005 students with a
true negative OF result (Figures 2A-D). However, the frequency
of low red cell indices and of anemia in the two groups were
significantly different (85/235 (36.2%) and 280/1,005 (27.9%; p =
0.0137), respectively for low red cell indices and 75/235 (31.9%)
and 202/1005 (20.1%; p = 0.0002) for anemia.
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FIGURE 2 | Median (IQR) MCV (A) and MCH (B) were similar in 235 students with an unexplained positive OF result and 1,005 students with a true negative OF
result: 82.0 fl (77.0-84.0) and 27.8 pg (25.7-28.6) vs. 82.0fl (80.0-85.0) and 28.0 (26.9-29.0), respectively. Median (IQR) Hb was 14.4 g/dl (13.6-15.2) and 12.0 g/dl
(10.9-12.8) in 96 males (C) and 139 females (D), respectively, with an unexplained positive OF result vs. 14.5 g/dl (13.8-15.4) and 12.5 g/dl (11.9-13.1) in 383 males
and 622 females with a true negative OF result. Median (IQR) ZPP was similar in 235 students with an unexplained positive OF result and 1,005 with a true negative
OF result; 44 jumol/mol heme (add IQR) and 43 pumol/mol heme (add IQR), respectively (E). Horizontal lines inside the box show the median value, box length is the
interquartile range and whiskers show the range, excluding outliers. Outlying values 1.5-3, or > 3 box lengths from the upper and lower edge of the box are shown as
open circles and stars, respectively. Reference lines shows the lower limit of the normal range for MCV, MCH, and Hb and the upper limit of the normal range for ZPP.

B Mean Cell Haemoglobin according to osmotic fragility in students without a haemoglobinopathy trait
350

Mean Cell Haemoglobin (pg)

P

Negative Positive

Osmotic fragility test

Osmotic fragility test

Iron Deficiency

Median ZPP was similar in 235 students with an unexplained
positive OF result and 1,005 with a true negative OF result;
44 pmol/mol heme and 43 pmol/mol heme, respectively
(Figure 2E). However, the frequency of raised ZPP was greater
in students with an unexplained positive OF test (47/235;
20.0%) than those with a true negative result (77/1,005;
7.7%; p < 0.0001).

DISCUSSION

The THALCON-DCIP and THALCON-OF tests performed
well in our hands, were quick and easy to use and required
minimal laboratory equipment. The inclusion of a clearing
agent in the DCIP kit, used to decolorize the blue DCIP dye
at the end of the incubation period, allowed the tests to be
read easily.
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Although the THALCON-DCIP test had 100% sensitivity and
specificity for carriers of HbE, the low number of cases in our
study resulted in a wide 95% confidence interval for sensitivity
(29.2-100.0). Low red cell indices, the current screening criteria
used in Sri Lanka, also identified all HbE carriers in this
study. However, low red cell indices are not always a feature
of HbE trait, and we have reported previously that in a larger
survey of 7,526 secondary school students in Sri Lanka, red cell
indices were normal in 3/38 (7.9%) of students with HbE trait
(Premawardhena et al., 2017). Similarly, in a study of pregnant
women in Thailand, 14/93 (15.5%) HbE traits had normal red
cell indices (Sanchaisuriya et al., 2005). Further evaluation of the
THALCON-DCIP test in populations with a low frequency of
HDE carriage will require large numbers. For example, In Sri
Lanka where the overall prevalence of HbE trait is 0.23%, with
a lower 95% confidence limit for sensitivity to be >90% and
0.80 probability, a sample size of 18,261 participants would be
required and 53,479 participants would be required for the lower
95% confidence limit for sensitivity to be >95%.

The THALCON-OF test identified all carriers of
p-thalassaemia, and the greater prevalence of this
haemoglobinopathy in Sri Lanka allowed a more reliable
assessment of sensitivity (95% CI 86.8-100.0). Use of low red cell
indices had a similar sensitivity. Although the THALCON-OF
test identified many false positives (specificity 77.9%; 95% CI
75.5-80.1), specificity was better than when using low red cell
indices (specificity = 68.4%; 95% CI 65.8-70.9). Using low red
cell indices would have resulted in 438/1,322 (33.1%) samples
requiring expensive confirmatory tests compared to 315/1,324
(23.7%) with the OF test (representing approximately 30%
fewer tests).

Although ZPP can be raised in conditions other than iron
deficiency, such as inflammation and some haemoglobinopathies
(Thomas et al., 1977; Labbé, 1992; WHO, 2007; Parischa
and Drakesmith, 2016), we found that the inclusion of ZPP
measurement in this study was helpful in identifying students
who were truly iron deficient as confirmed by reduced
plasma ferritin and normal CRP concentrations, excluding
inflammation. However, we did not measure CRP and ferritin
in students with a normal ZPP and it is possible that some
students with earlier stages of iron deficiency may have been
missed. Raised ZPP is also useful in idenitfying people with
lead poisoning (Thomas et al., 1977; Labbé, 1992; WHO, 2007;
Parischa and Drakesmith, 2016); however, this is unlikely to be
common in Sri Lanka following the introduction of unleaded
petroleum in 2002 (Senanayake et al., 2004).

Almost one third of this study population had low red cell
indices. Because low indices are a feature of both iron deficiency
and some haemoglobinopathy traits, current screening practice
in Sri Lanka means that staff are often faced with a dilemma when
deciding on further investigations to identify the cause of the low
indices. In addition, we have reported that low red cell indices not
attributable to either iron deficiency or haemoglobinopathy traits
are also common in this population (Allen et al., 2017; Rodrigo
et al,, 2018). Because the definitive tests for haemoglobinopathy
traits are expensive and iron deficiency is more common in
Sri Lanka, screening staff recommend that individuals with low

indices repeat their full blood count after a 3-6 month course of
oral iron, to exclude iron deficiency as the cause. If at follow-
up the red cell indices remain low, the definitive test is then
performed. Based on these current screening procedures, in
this study, iron supplements would have been recommended
to 438 (33.1%) students with low red cell indices. However, by
measuring ZPP in combination with the DCIP and OF tests in a
one-stop procedure this number would be reduced to 77/1,005
(7.7%) students, representing a considerable saving. Moreover,
the risk of loss to follow-up that occurs with current screening
practice would be limited. Avoiding the unnecessary use of iron
supplements is important given that tolerance of oral iron is
poor and iron increases the risk of infection (Murray et al,
1978; Drakesmith and Prentice, 2012; Kortman et al., 2012).
Furthermore, the high frequency of the H63D variant of the
haemochromatosis gene and the presence of haemoglobinopathy
traits in Sri Lanka (Premawardhena et al., 2017; Allen et al.,
2019) mean that it is important to ensure that iron supplements
are targeted to only those who require them, to avoid the
possible deleterious effects of increased iron availability in iron
replete individuals.

Although our numbers were small, ZPP appeared to be a
reliable marker of iron deficiency in a-thalassaemia but not in
pB-thalassaemia traits. Our findings in B-thalassaemia trait are
concordant with other studies but are discordant with studies for
a-thalassaemia (Tillyer and Tillyer, 1994; Graham et al., 1996).
Additonal confirmatory tests for iron deficiency are required for
students with haemoglobinopathy traits before recommending
iron supplements.

Consistent with other studies of OF (Kattamis et al., 1981;
Jopang et al., 2009), we observed a significant number of false
positive results with the THALCON-OF test. DNA analysis
confirmed that a-thalassaemia accounted for the positive OF
result in about 20%, and low red cell indices, anemia or iron
deficiency may also have contributed. It is possible that the
concentration of saline used in the test (0.36%) was too high for
the complete lysis of normal red blood cells, and using a weaker
saline solution may have reduced the number of false positives.
Supporting this hypothesis is a study of haemoglobinopathy
traits in a rural population of Thai Khmer, in which a buffered
saline solution of 0.34% reduced OF false positivity without
compromising the sensitivity of the test (Fucharoen et al., 2004).

We consider that the combination of the OF, DCIP, and ZPP
assays is a useful approach to screening for haemoglobinopathy
traits and iron deficiency in population surveys in Sri Lanka, and
has several advantages over the use of low red cell indices alone.
These findings are directly relevant to populations in other low
and middle-income countries in which haemoglobinopathies and
iron deficiency are common. The study was conducted under
research conditions by trained laboratory staff, and now needs
to repeated in routine and remote settings, where laboratory
expertise may be variable.

Regardless of the screening methods used, there is a
pressing need to establish external quality assessment (EQA)
programmes to monitor how well the tests are performed and
interpreted by local staff, to ensure the accuracy and success
of all haemoglobinopathy screening programmes. Indeed, an
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EQA programme implemented in Thailand has been shown
to improve the performance of many screening laboratories
(Prommetta et al., 2017).

CONCLUSION

A combination of OF, DCIP, and ZPP assays improves upon
current screening procedures for haemoglobinopathy traits that
are currently based on identification of low red cell indices, and
also identifies iron deficiency in a one-stop procedure. Further
work should be undertaken to refine the OF assay in an effort
to reduce the number of false positives. Further research should
evaluate the performance and cost effectiveness of this one-stop
approach in routine and remote laboratory settings.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

AA, DW, NO, SA, and AP designed the study. AA, SP, LP, RR,
and CF performed the laboratory work. SP, LP, SM, IS, and NH
performed the field work. SP performed the data entry. AA, AM,
and SA performed the statistical analysis. AA and SA wrote the
manuscript and all authors reviewed and approved the final draft.

REFERENCES

Allen, A., Allen, S., Rodrigo, R., Perera, L., Shao, W., Li, C., et al. (2017). Iron status
and anaemia in Sri Lankan secondary school children: a cross-sectional survey.
PLoS ONE. 12:e0188110. doi: 10.1371/journal.pone.0188110

Allen, A., Premawardhena, A., Rodrigo, R., Manampreri, A., Perera, L., Wray, K.,
etal. (2019). The p.H63D allele of the HFE gene protects against low iron stores
in Sri Lanka. Blood Cells Mol. Dis. 76, 72-77. doi: 10.1016/j.bcmd.2019.02.004

Ansari, S. H., Hanifa, A., Saleem, A., Ali, S. M., Hussain, Z., Zohaib, M., et al.
(2014). Sensitivity and specificity of single-tube osmotic fragility test and its
different methods as screening test for thalassemia trait: an alternative to
expensive laboratory tests for resource-limited countries. Eur. J. Haematol. 93,
516-520. doi: 10.1111/ejh.12392

Black, M. M. (2003). Micronutrient deficiencies and cognitive function. J. Nutr.
133 (11 Suppl. 2), 39275—39315S. doi: 10.1093/jn/133.11.3927S

Cunningham, M. J., Macklin, E. A, Neufeld, E. J., Cohen, A. R, and Thalassemia
Clinical Research Network. (2004). Complications of B —thalassemia major in
North America. Blood. 104, 34-39. doi: 10.1182/blood-2003-09-3167

de Silva, S., Fisher, C. A., Premawardhena, A., Lamabadusuriya, S. P., Peto, T. E,,
Perera, G, et al. (2000). Thalassaemia in Sri Lanka: implications for the future
health burden of Asian populations. Sri Lanka Thalassaemia Study Group.
Lancet. 355, 786-791. doi: 10.1016/50140-6736(99)08246-X

Drakesmith, H., and Prentice, A. (2012). Hepcidin and the iron-infection axis.
Science 338, 768-772. doi: 10.1126/science.1224577

Fucharoen, G., Sanchaisuriya, K., Sae-ung, N., Dangwibul, S., and Fucharoen, S.
(2004). A simplified screening strategy for thalassemia and haemoglobin E in
rural communities of Southeast Asia. Bull. World Health Organ. 82, 364-372.

Galanelo, R. (2012). Prevention of Thalassaemias and Other Haemoglobin
Disorders: Volume 1: Principles [Internet], chapter 4, 2nd Ed. Nicosia:
Thalassaemia International Federation.

FUNDING

This study was supported by The Anthony Cerami and Ann
Dunne Foundation for World Health. The funders had no role in
study design, data collection, analysis, decision to publish, or
preparation of the manuscript.

ACKNOWLEDGMENTS

This article is dedicated to the memory of the late Professor
Sir David Weatherall, who was passionate about improving
haemoglobinopathy population screening methods in LMICs,
and provided invaluable insight and contributions to the
study design. We would like to thank Miss. Theja Gayathri
Perera and Mrs. Iresha Priyadarshani Wijethunga for technical
assistance and all staff at the Thalassemia Care Unit, North
Colombo Teaching Hospital, Ragama, Sri Lanka, for their
valuable support in this study. Special thanks also go to
the school children and their parents who participated in
this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.
2019.00066/full#supplementary-material

Graham, E. A, Felgenhauer, J., Detter, J. C., and Labbé, R. F. (1996). Elevated zinc
protoporphyrin associated with thalassemia trait and hemoglobin E. J. Pediatr.
129, 105-110. doi: 10.1016/S0022-3476(96)70196-8

Jopang, Y., Thinkhamrop, B., Puangpruk, R., and Netnee, P. (2009). False positive
rates of thalassaemia screening in rural clinical setting: 10 year experience in
Thailand. Southeast Asian J. Trop. Med. Public Health. 40, 576-580.

Kattamis, C., Efremov, G., and Pootrakul, S. (1981). Effectiveness of one tube
osmotic fragility screening in detecting B- thalassaemia trait. J. Med. Genet. 18,
266-270. doi: 10.1136/jmg.18.4.266

Kortman, G. A., Boleij, A., Swinkels, D. W., and Tjalsma, H. (2012). Iron availability
increases the pathogenic potential of Salmonella typhimurium and other
enteric pathogens at the intestinal epithelial interface. PLoS ONE. 7:¢29968.
doi: 10.1371/journal.pone.0029968

Kulapongs, P., Sangunasermsri, T., and Mertz, G. (1976). DichloroIndophenol
(DCIP) precipitation test: a new screening test for HbE and H. ] Paediatr Soc
Thai. 15, 1-7.

Labbé, R. F. (1992). Clinical utility of zinc protoporphyrin. Clin. Chem. 38,
2167-2168.

Modell, B., and Darlison, M. (2008). Global epidemiology of haemoglobin
disorders and derived service indicators. Bull World Health Organiz. 86,
480-487. doi: 10.2471/BLT.06.036673

Murray, M. J., Murray, A. B., Murray, M. B, and Murray, C. J. (1978). The adverse
effects of iron repletion on the course of certain infections. Br. Med. . 2,
1113-1115. doi: 10.1136/bm;.2.6145.1113

Old, J. (2012). Prevention of Thalassaemias and Other Haemoglobin Disorders:
Volume 2: Laboratory Protocols [Internet], chapter 2, 2nd Ed. Nicosia:
Thalassaemia International Federation.

Parischa, S. R., and Drakesmith, H. (2016). Iron deficiency anaemia: Problems in
diagnosis and prevention at the population level. Hematol. Oncol. Clin. N. Am.
30, 309-325. doi: 10.1016/j.hoc.2015.11.003

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2019 | Volume 6 | Article 66


https://www.frontiersin.org/articles/10.3389/fmolb.2019.00066/full#supplementary-material
https://doi.org/10.1371/journal.pone.0188110
https://doi.org/10.1016/j.bcmd.2019.02.004
https://doi.org/10.1111/ejh.12392
https://doi.org/10.1093/jn/133.11.3927S
https://doi.org/10.1182/blood-2003-09-3167
https://doi.org/10.1016/S0140-6736(99)08246-X
https://doi.org/10.1126/science.1224577
https://doi.org/10.1016/S0022-3476(96)70196-8
https://doi.org/10.1136/jmg.18.4.266
https://doi.org/10.1371/journal.pone.0029968
https://doi.org/10.2471/BLT.06.036673
https://doi.org/10.1136/bmj.2.6145.1113
https://doi.org/10.1016/j.hoc.2015.11.003
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Allen et al.

One-Stop Screening in Sri Lanka

Parpart, A. K., Lorenz, P. B., and Parpart, E. R. (1947). The osmotic
resistance (fragility) of human red cells. J. Clin. Invest. 26, 636-640.
doi: 10.1172/JCI101847

Penman, B. S., Gupta, S., and Weatherall, D. J. (2015). Epistasis and the sensitivity
of phenotypic screens for beta thalassaemia. Br. J. Haematol. 169, 117-128.
doi: 10.1111/bjh.13241

Premawardhena, A., Allen, A., Piel, F., Fisher, C., Perera, L., Rodrigo, R,
et al. (2017). The evolutionary and clinical implications of the uneven
distribution of the frequency of the inherited haemoglobin variants over
short geographical distances. Br. J. Haematol. 176, 475-484. doi: 10.1111/bjh.
14437

Prommetta, S., Sanchaisuriya, K., Fucharoen, G., Yamsri, S., Chaiboonroeng, A.,
and Fucharoen, S. (2017). Evaluation of staff performance and interpretation
of the screening program for prevention of thalassemia. Biochem. Med. 27,
387-397. doi: 10.11613/BM.2017.040

Rodrigo, R., Allen, A., Manamperi, A., Perera, L., Fisher, C. A, Allen, S,
et al. (2018). Haemoglobin variants, iron status and anaemia in Sri Lankan
adolescents with low red cell indices: a cross sectional survey. Blood Cells Mol.
Dis. 71, 11-15. doi: 10.1016/j.bcmd.2018.01.003

Sanchaisuriya, K., Fucharoen, S., Fucharoen, G., Ratanasiri, T., Sanchaisuriya, P.,
and Changtrakul, Y. (2005). A reliable screening protocol for thalassemia
and hemoglobinopathies in pregnancy: an alternative approach to
electronic blood cell counting. Am. J. Clin. Pathol. 123, 113-118.
doi: 10.1309/FUF9EVGQ24V1PKTP

Sangkitporn, S., Sangkitporn, S., Sangnoi, A., Supangwiput, O., and Tanphaichitr,
V. S. (2005). Validation of osmotic fragility test and Dichlorophenol
Indophenol precipitation test for screening of thalassaemia and HbE. Southeast
Asian J. Trop. Med. Public Health. 36, 1538-1542.

Savongsy, O., Fucharoen, S., Fucharoen, G., Sanchaisuriya, K., and Sae-Ung,
N. (2008). Thalassemia and hemoglobinopathies in pregnant Lao women:
carrier screening, prevalence and molecular basis. Ann. Hematol. 87, 647-654.
doi: 10.1007/s00277-008-0490-z

Sazawal, S., Black, R. E., Ramsan, M., Chwaya, H. M., Stoltzfus, R. J., Dutta,
A., et al. (2006). Effects of routine prophylactic supplementation with
iron and folic acid on admission to hospital and mortality in preschool
children in a high malaria transmission setting: community-based, randomised,
placebo-controlled trial. Lancet. 367, 133-143. doi: 10.1016/50140-6736(06)67
962-2

Senanayake, M. P., Rodrigo, M. D., and Malkanthi, R. (2004). Blood lead levels of
children before and after introduction of unleaded petrol. Ceylon. Med J. 49,
60-61. doi: 10.4038/cmj.v49i2.3264

Shaji, R. V., Eunice, S. E., Baidya, S., Srivastava, A., and Chandy, M. (2003).
Determination of the breakpoint and molecular diagnosis of a common a-
thalassaemia-1 deletion in the Indian population. Br. J. Haematol. 123, 942-947.
doi: 10.1046/j.1365-141.2003.04704.x

Singha, K., Taweenan, W., Fucharoen, G., and Fucharoen, S. (2019). Erythrocyte
indices in a large cohort of PB-thalassaemia carrier: implication for
population screening in an area with high prevalence and heterogeneity
of thalassaemia. Int. J. Lab. Hematol. 41, 213-518. doi: 10.1111/ijlh.
13035

Tan, A. S. C,, Quah, T. C,, Low, P. S., and Chong, S. S. (2001). A rapid and reliable
7-deletion multiplex polymerase chain reaction assay for a-thalassemia. Blood
98, 250-251. doi: 10.1182/blood.V98.1.250

Thomas, W. J., Koenig, H. M., Lightsey, A. L., and Green, R. (1977). Free
erythrocyte porphyrin:hemoglobin ratios, serum ferritin, and transferrin
saturation levels during treatment of infants with iron-deficiency anemia. Blood
49, 455-462.

Tillyer, M. L., and Tillyer, C. R. (1994). Zinc protoporphyrin assays in
patients with alpha and beta thalassaemia trait. J. Clin. Pathol. 47, 205-208.
doi: 10.1136/jcp.47.3.205

Viprakasit, V., and Ekwattanakit, S. (2018). Clinical classification, screening,
and diagnosis for thalassemia. Hematol. Oncol. Clin. N. Am. 32, 193-211.
doi: 10.1016/j.hoc.2017.11.006

Weatherall, D. J. (2001). The Thalassaemia Syndromes, 4th Ed. Oxford, U.XK:
Blackwell Science. doi: 10.1002/9780470696705

Weatherall, D. J. (2010). The inherited diseases
are an emerging global health burden.
doi: 10.1182/blood-2010-01-251348

WHO (2007). Assessing the iron status of populations: including literature reviews:
report of a Joint World Health Organization/ Centers for Disease Control and
Prevention Technical Consultation on the Assessment of Iron Status at the
Population Level, 2004 - 2nd ed, Geneva: World Health Organization. Available
online at: http://apps.who.int/iris/bitstream/10665/75368/1/9789241596107_
eng.pdf (accessed May 23, 2019).

WHO/UNICEF/UNU  Iron deficiency Assessment, Prevention
and Control (2001). A Guide for Programme Managers. Geneva: World
Health Organisation.

Winichagoon, P., Thitivichianlert, A., Lebnak, T., Piankijagum, A., and
Fucharoen, S. (2002). Screening for the carriers of thalassemias and abnormal
hemoglobins at the community level. Southeast Asian J. Trop. Med. Public
Health. 33 (Suppl. 2), 145-150.

World Medical Association (2008). World Medical Association General Assembly.
Declaration of Helsinki. Ethical Principles for Medical Research Involving
Human Subjects. Seoul: World Medical Association.

of hemoglobin
Blood 115, 4331-4336.

anaemia:

Zimmerman, M. B., and Hurrell, R. F. (2007). Nutritional iron
deficiency.  Lancet 370, 511-520. doi:  10.1016/S0140-6736(07)6
1235-5

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Allen, Perera, Perera, Rodrigo, Mettananda, Matope, Silva,
Hameed, Fisher, Olivieri, Weatherall, Allen and Premawardhena. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2019 | Volume 6 | Article 66


https://doi.org/10.1172/JCI101847
https://doi.org/10.1111/bjh.13241
https://doi.org/10.1111/bjh.14437
https://doi.org/10.11613/BM.2017.040
https://doi.org/10.1016/j.bcmd.2018.01.003
https://doi.org/10.1309/FUF9EVGQ24V1PKTP
https://doi.org/10.1007/s00277-008-0490-z
https://doi.org/10.1016/S0140-6736(06)67962-2
https://doi.org/10.4038/cmj.v49i2.3264
https://doi.org/10.1046/j.1365-141.2003.04704.x
https://doi.org/10.1111/ijlh.13035
https://doi.org/10.1182/blood.V98.1.250
https://doi.org/10.1136/jcp.47.3.205
https://doi.org/10.1016/j.hoc.2017.11.006
https://doi.org/10.1002/9780470696705
https://doi.org/10.1182/blood-2010-01-251348
http://apps.who.int/iris/bitstream/10665/75368/1/9789241596107_eng.pdf
http://apps.who.int/iris/bitstream/10665/75368/1/9789241596107_eng.pdf
https://doi.org/10.1016/S0140-6736(07)61235-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	A ``One-Stop'' Screening Protocol for Haemoglobinopathy Traits and Iron Deficiency in Sri Lanka
	Introduction
	Methods
	School Surveys
	Laboratory Procedures
	Statistical Methods
	Ethical Approval

	Results
	Haemoglobinopathy Traits
	Low Red Cell Indices
	Iron Deficiency

	Analysis of Unexplained-Positive of Tests
	α-globin Genotype
	Low Red Cell Indices and Anemia
	Iron Deficiency

	Discussion
	Conclusion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


