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Abstract. Plasmodium vivax malaria elimination requires radical cure with chloroquine/primaquine. However, prima-
quine causes hemolysis in glucose-6-phosphate dehydrogenase-deficient (G6PDd) individuals. Between February 2016
and July 2017 in Odisha State, India, a prospective, observational, active pharmacovigilance study assessed the hemato-
logic safety of directly observed 25 mg/kg chloroquine over 3 days plus primaquine 0.25 mg/kg/day for 14 days in 100 P.
vivax patients ($ 1 year old) with hemoglobin (Hb) $ 7 g/dL. Pretreatment G6PDd screening was not done, but patients
were advised on hemolysis signs and symptoms using a visual aid. For evaluable patients, the mean absolute change in
Hb between day 0 and day 7 was 20.62 g/dL (95% confidence interval [CI]: 20.93, 20.31) for males (N 5 53) versus
20.24 g/dL (95%CI: 20.59, 0.10) for females (N 5 45; P 5 0.034). Hemoglobin declines $ 3 g/dL occurred in 5/99
(5.1%) patients (three males, two females); none had concurrent clinical symptoms of hemolysis. Based on G6PD quali-
tative testing after study completion, three had a G6PD-normal phenotype, one female was confirmed by genotyping as
G6PDd heterozygous, and one male had an unknown phenotype. A G6PDd prevalence survey was conducted between
August 2017 and March 2018 in the same region using qualitative G6PD testing, confirmed by genotyping. G6PDd prev-
alence was 12.0% (14/117) in tribal versus 3.1% (16/509) in nontribal populations, with G6PD Orissa identified in 29/30
(96.7%) of G6PDd samples. Following chloroquine/primaquine, notable Hb declines were observed in this population
that were not recognized by patients based on clinical signs and symptoms.

INTRODUCTION

Nearly 1.3 billion people are at risk of malaria in India.1 The
Indian Government has committed to achieve malaria elimi-
nation by 2030, developing the National Framework for
Malaria Elimination (2016–2030).2,3 Although India has the
highest malaria burden in South East Asia, significant
progress has been made, with India exceeding its 2020 mile-
stone of a 40% decrease in incidence and mortality com-
pared with 2015.1 However, there were still an estimated 5.5
million malaria cases in 2019, and more than half of these
were caused by Plasmodium vivax.1

Plasmodium vivax malaria elimination presents specific
challenges.4 Unlike Plasmodium falciparum, P. vivax has a
dormant hypnozoite liver stage. Hypnozoites are carried
asymptomatically, allowing the parasite to persist unde-
tected and sheltered from malaria control efforts.4 Hypno-
zoite reactivation leads to repeated clinical malaria episodes
(relapses), which may occur months after the initial infectious
inoculation. Relapses also contribute to transmission, lead-
ing to outbreaks or transmission reestablishment in areas
where malaria has been eliminated.4 Prevention of P. vivax
malaria relapse requires 8-aminoquinoline administration.4

However, the 8-aminoquinolines are associated with acute
hemolytic anemia in individuals with glucose-6-phosphate
dehydrogenase deficiency (G6PDd).5–9

G6PDd is an X-linked enzymopathy prevalent in popula-
tions currently or historically exposed to malaria.10–12 With
limited metabolic machinery, erythrocytes are wholly depen-
dent upon G6PD to maintain reduced glutathione for protec-
tion against oxidative damage.12 Oxidative stress can be
induced by a number of drugs, including the

8-aminoquinolines. In G6PDd individuals, oxidative damage
causes intravascular hemolysis, which may be severe,
inducing acute hemolytic anemia.12 Being X-linked, G6PDd
genotypes are more common in hemizygous males than
homozygous females. In heterozygous females, Lyonization
results in varied expression of the G6PDd enzyme versus
G6PD-normal erythrocytes, with individuals having enzyme
activity ranging between that of hemizygous males to normal
females.6,13,14

The G6PD enzyme is highly polymorphic, with deficient
variants associated with different degrees of reduced
enzyme stability.12 Young red blood cells have high G6PD
enzyme activity, which declines more rapidly in individuals
with G6PDd enzyme variants versus G6PD-normal individu-
als, and more quickly with “severe” variants (e.g., G6PD
Mediterranean) versus those that confer “mild-to-moderate”
G6PD deficiency (e.g., G6PD A2, G6PD Mahidol).
The India National Malaria Treatment Guidelines require

that confirmed P. vivax cases are treated with chloroquine
(25 mg/kg over 3 days) and supervised primaquine (0.25 mg/
kg/day for 14 days), except for infants under 1 year old,
pregnant and lactating women, and individuals known to be
G6PDd.15 If available, G6PD testing is conducted before pri-
maquine administration. Where G6PD testing cannot be
accessed, primaquine is still given, and patients instructed
to stop treatment should they experience symptoms of
hemolysis, that is, dark urine, weakness, confusion, dizzi-
ness, breathlessness, or pale skin.
The State of Odisha is the most malaria-endemic state in

India, with 46 million people at risk of infection.16–19 The
region is highly receptive to malaria—around a third of Odi-
sha is forested, with mountainous uplands and plateau
regions, multiple river systems, associated floodplains, and
high rainfall.20,21 Although P. falciparum is predominant in
Odisha, around 10% of cases are P. vivax and the proportion
of P. vivax tends to increase in areas approaching malaria
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elimination.16 The most common G6PDd genetic variant in
the region is G6PD Orissa, considered to have a moderate
effect on G6PD enzyme activity (about 10% of normal
enzyme activity).22–26 The deployment of P. vivax malaria
radical cure is complicated by heterogeneity in G6PDd prev-
alence across the state, being on average around 3%,23 but
more common in tribal populations, and varying between dif-
ferent tribes from 6% to 17%.24,25,27–30 Indigenous tribal
people (scheduled tribes) constitute 23% of the population
and scheduled castes 17%. Tribal populations generally live
in remote villages in hard-to-reach areas with limited access
to healthcare.17,31

To improve access to malaria diagnosis and treatment in
Odisha, an operational research initiative, the Comprehen-
sive Case Management Project (CCMP), was launched in
2013.17,32 One initiative within the CCMP framework exam-
ined primaquine hematologic safety by training Accredited
Social Health Activists (ASHAs) to recognize and report
hemolytic symptoms following treatment. This approach did
not identify any evidence of clinical hemolysis (personal
communication Anupkumar R. Anvikar). However, further
objective assessment is needed to confirm primaquine
hemolytic safety in Odisha under current operational
conditions.
This study evaluated the hematologic safety of directly

observed 14-day primaquine in P. vivax malaria patients in
Odisha by measuring hemoglobin (Hb) levels. Pretreatment
G6PD testing is not generally available in the region, and
point-of-care G6PD kits are not deployed. To reflect usual
practice, patients in this study were not screened for G6PDd
before primaquine administration. However, to analyze pri-
maquine hematologic safety, qualitative G6PD testing was
conducted following study completion. Additionally, G6PDd
prevalence in the region was surveyed. The aim was to
assess the safety of current practice, that is, using clinical
signs and symptoms to identify hemolysis following chloro-
quine/primaquine in relation to the prevalence of G6PDd in
the region. The results will inform policy on implementing
well-tolerated and effective universal P. vivax radical cure
with chloroquine/primaquine to support malaria elimination.

METHODS

Design and ethics. A prospective observational active
pharmacovigilance study was conducted between February
2016 and July 2017 in Odisha State, India, at five primary
health centers: Paiksahi and Thakurgarh (Angul district),
Rasol and Hindol (Dhenkanal district), and Saranggarh
(Kandhamal district) within the CCMP (Supplemental Materi-
als; Supplemental Figure 1). Following completion of the
observational study, a G6PD prevalence survey (phenotype
and genotype) was carried out in the same areas between
August 2017 and March 2018. Both studies were conducted
according to the principles of the Declaration of Helsinki and
Good Clinical Practice and conformed to local and interna-
tional laws on the study of human subjects. The studies
were approved by the Institutional Ethics Committee of
National Institute of Malaria Research. Before enrollment to
either component, all participants or their parents/guardians
completed informed written consent, and school-aged chil-
dren also had to provide their assent.

Prospective observational study. Patients. ASHAs
routinely diagnose P. vivax malaria based on the results of
bivalent rapid diagnostic tests (RDTs) used according to
manufacturer’s instructions, in line with national guidelines.
Deployed RDTs were SD Bioline Malaria Ag Pf/Pv (Abbott,
New Delhi, India), EzDxTM Malaria Pv/Pf Ag (Advy Chemical,
Thane, India), and Onsite Malaria Pf/Pv Ag (CTK Biotech Inc,
New Delhi, India). Eligible patients were at least 1 year old
with RDT-confirmed P. vivax malaria, Hb of at least 7 g/dL
assessed using HemoCueVR point-of-care testing (HemoCue
India, New Delhi, India), and willing and able to participate in
the study. The ASHAs referred patients to study sub-centers
for Hb assessments and therapy initiation.
Treatment. Patients were treated in accordance with

national antimalarial drug policy, dosed by body weight with
25 mg/kg chloroquine over 3 days plus primaquine 0.25 mg/
kg per day for 14 days. All treatment was directly observed
by ASHAs or healthcare workers. All patients were advised
of the signs and symptoms of hemolysis and the need to
seek medical advice in alignment with CCMP protocols.
Procedures. Following enrollment, all patients underwent

a physical examination and had a medical history taken. At
the study sub-center, before treatment initiation, duplicate
baseline Giemsa-stained blood slides were prepared for
confirmation of malaria diagnosis by two trained microscop-
ists using standard methods.33 Parasitemia was also
assessed at day 3, and should malaria symptoms recur.
Patients were followed up daily during their 14-day prima-

quine course by ASHAs. ASHAs were compensated (Rs 150)
by the NVBDCP/National Health Mission for each P. vivax
case who completed treatment. Patients were asked to
report symptoms of acute hemolytic anemia, that is, exces-
sive tiredness, dizziness, breathlessness, dark-colored urine,
or pale skin. ASHAs used a visual instruction tool to educate
and question patients regarding any notable symptoms
(Supplemental Figure 2). If any symptoms were identified,
the patient was referred to the nearest primary health center
for assessment and management.
Hemoglobin levels were measured at baseline (day 0) and

days 3, 7, 14, 28, and 42 using HemoCueVR . Anemia was
defined using World Health Organization criteria.34 Any
patient with an Hb decrease of $ 2 to , 3 g/dL from base-
line was followed up daily in the community until Hb levels
normalized. An Hb decline $ 3 g/dL prompted referral to
hospital for investigation and treatment if clinically indicated.
Following study completion, G6PD qualitative testing was

conducted to inform the analysis of Hb levels. Approximately
3 mL blood was collected in an ethylenediaminetetraacetic
acid (EDTA) Vacutainer from each subject and G6PD pheno-
typing was performed within 24 hours of sample collection
using the dichlorophenol indophenol (DCIP) dye discolor-
ation test as per published methods.35 If qualitative testing
indicated that a sample was G6PDd, confirmatory G6PD
genotyping was conducted using published methods at a
nationally accredited laboratory (for more details, see G6PD
prevalence study below).36,37

Outcomes and statistics. The primary study endpoint was
the absolute and proportionate fall in Hb from day 0 to day
7, and Hb recovery from day 28 to day 42. The number and
proportion of patients who had adverse events, required
hospitalization, underwent blood transfusion, or had treat-
ment discontinued, were also evaluated. Data were
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presented using descriptive statistics. Statistical compari-
sons used the Mann–Whitney test. Statistical analysis was
performed in GraphPad Prism (version 9.0).
Sample size. Assuming a prevalence of fall in Hb among

P. vivax cases of 90%, with 5% absolute precision and 95%
confidence intervals (CIs), 138 patients with P. vivax malaria
were needed to estimate the prevalence of Hb declines.
G6PDd prevalence survey. Subjects and sample size.

A cluster sampling method was followed with villages in the
catchment areas of the pharmacovigilance study chosen at
random. Study enrollment was offered to all individuals in
the sampled villages. All subjects who provided written
informed consent were included in the study. Assuming an
average prevalence of G6PDd of 10%, relative precision of
20%, and desired CI (1 alpha) of 90%, in a population of
300,000, a sample size of 604 subjects was required. Statis-
tical comparisons used the Mann–Whitney test (GraphPad
Prism, version 9.0).
Procedures. A 3 mL-blood sample was collected in an

EDTA Vacutainer from each subject for G6PD phenotyping
using the DCIP test as described above.35 Samples identi-
fied as G6PDd based on qualitative testing were further eval-
uated with G6PD quantitative testing and G6PD genotyping
at a central laboratory (Dr Lal Path Laboratories, Gurgaon,
India). Quantitative G6PD phenotyping used a World Health
Organization standardized method (G6PD assay of hemoly-
sates: normal reference range 7.0–20.5 IU/gHb).36 A blood
spot was collected on filter paper for G6PD genotyping, per-
formed according to published methods.37 Briefly, genomic
DNA was isolated using QIAamp DNA Blood Mini Kit (Cat
No- 51104, Qiagen, Hilden, Germany) before amplification of
the G6PD exon and DNA sequencing.37 Specific primers
were used to amplify the most commonly identified G6PDd
genetic mutations in India and Odisha, that is, G6PD Orissa
(C131G), G6PD Mediterranean (C563T), and G6PD Kerala-
Kalyan (G949A).38–40 Amplification products were checked
on 1% Agarose gel before undergoing restriction fragment
length polymorphism analysis using restriction enzymes
MboII for G6PD Mediterranean, Hae III for G6PD Orissa, and
MnlI for G6PD Kerala-Kalyan.38

RESULTS

Prospective observational study. Plasmodium vivax
patients. Of the 100 patients enrolled, 54% were over 14
years old and 61% had baseline mild/moderate anemia
(Table 1).34 Most patients were from Angul (Thakurgarh N 5
42, Paiksahi N 5 18), followed by Dhenkanal (Hindol N 5 10,
Rasol N 5 14) and Kandhamal (Saranggarh N 5 16). The
population from Kandhamal differed from the other regions,
comprising all males over 14 years old. Two patients had
missing day 7 values (one male, one female, both from
Angul). One patient was lost to follow up with no post-
baseline evaluations. Overall, 11 patients were lost to follow
up (four females, seven males, all from Angul), with 89% (89/
100) of patients having baseline, day 28 and day 42 Hb val-
ues. Although efficacy was not formally evaluated in this
study, there were no cases of recurrent malaria infection
reported over the 42-day follow up.
Qualitative G6PD testing, conducted following study com-

pletion, indicated that 68.5% (37/54) of male patients were
G6PD normal, G6PD enzyme activity status was unknown

for the remaining 17 patients with no known G6PDd patients.
In females, 87.0% (40/46) had normal G6PD enzyme activity
based on qualitative testing, G6DP status was unknown for
four patients, and there were two G6PDd female patients,
both of which were confirmed by genotyping as heterozy-
gous for G6PD Orissa.
Hematologic safety. For the primary endpoint, the mean

absolute change in Hb between day 0 and day 7 was signifi-
cantly higher for males (20.62 g/dL [95%CI: 20.93, 20.31]
N 5 53) versus females (20.24 g/dL [95%CI: 20.59, 0.10] N
5 45; P 5 0.034) (Table 2). However, the mean percentage
change in Hb between day 0 and day 7 was not significantly
different between males (24.46% [95%CI: 27.27, 21.65])
and females (21.71% [95%CI: 24.97, 1.54] P 5 0.093)
(Table 2). In males, the mean absolute decline in Hb from
day 0 to day 7 was more pronounced in tribal versus nontri-
bal patients (P 5 0.0097), as was the mean percentage
decline in Hb (P 5 0.018) (Table 2). In contrast, in females,
the mean absolute change and percentage change in Hb
from day 0 to day 7 was similar in tribal versus nontribal
patients (P. 0.47) (Table 2).
The mean maximum absolute change from baseline in Hb

in males (N5 54) was21.4 g/dL (95%CI:21.7,21.1; range:
24.7 to 1.0 g/dL) and in females (N 5 45) was 20.97 g/dL
(95%CI: 21.3, 20.64; range: 24.1 to 2.2 g/dL) (P 5 0.062)
(Figure 1). The mean maximum percentage change from
baseline in Hb in males was 211.1% (95%CI: 213.4, 28.8)
and28.3% (95%CI:211.3, 25.4) in females (P5 0.18) (Fig-
ure 1). In those patients with a baseline Hb ,11.5 g/dL,
77.6% (38/49) had Hb declines to below their baseline Hb
during the first 7 days compared with 95.9% (47/49) of those
with a baseline Hb$ 11.5 g/dL.
By day 28, Hb had recovered to at least baseline levels in

61.7% (29/47) of males and 54.8% (23/42) of females, and
by day 42, 70.2% (33/47) of males and 59.5% (25/42) of
females had Hb levels equivalent or higher than at baseline
(Supplemental Figure 3). At day 42, 31.5% (28/89) of patients
had mild anemia and 16.9% (15/89) had moderate anemia,
but none had severe anemia.
A post hoc analysis considered only those patients with a

post-baseline Hb decline (N 5 89). In these patients, the Hb
nadir occurred most commonly at day 3 (N 5 33) with a
mean Hb decline of 21.3 g/dL (95%CI: 21.6, 21.0; range:
22.8 to 20.1 g/dL). Hb declines were most pronounced on
day 14 (N 5 20) with a mean Hb decline of 21.8 g/dL
(95%CI: 22.3, 21.2; range: 24.7 to 20.1 g/dL) (P 5 0.5)
(Supplemental Figure 4). The nadir for Hb declines $ 3 g/dL
only occurred on days 7 (N5 1) and 14 (N5 4).
An Hb decrease of $ 10% was noted for 53.7% (29/54) of

males and 44.4% (20/45) of females (Figure 2). Hemoglobin
declines $ 20% were more common in tribal males (22.2%
[6/27]) than in nontribal males (7.4% [2/27]) (Figure 2).
For females, Hb declines $ 20% were less common in
tribal (0% [0/13]) versus nontribal females (12.5% [4/32])
(Figure 2).
Declines of Hb $ 2 g/dL versus baseline occurred in

19.2% (19/99) of patients. Analysis of the relationship to
G6PD phenotype determined at study completion showed
that these patients included one G6PDd female, 13 patients
with G6PD-normal phenotype (10 males, three females), and
five patients with unknown G6PD status (four males, one
female) (Supplemental Figure 5).
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There were six patients with an absolute Hb value , 7 g/
dL and/or Hb decreases $ 3 g/dL. Two patients had Hb val-
ues , 7 g/L, both were from Angul, one 4-year-old male
(G6PD-normal phenotype) had a baseline Hb of value of 7.6
g/Hb, declining to 6.7 g/dL on day 3 and 6.8 g/dL on day 14,
with recovery to 11.4 g/dL on day 28. One 37-year-old male
(G6PD phenotype unknown) had a baseline Hb value of 10.2
g/dL, declining to 7.9 g/dL on day 7 and of 6.8 g/dL on day
14, with recovery to 10.3 g/dL on day 42. For the five
patients with Hb decreases $ 3 g/dL, three were tribal males
(two G6PD-normal phenotype, one G6PD phenotype
unknown) and two were nontribal females (one G6PD-
normal phenotype, one G6PDd genotype [confirmed by
G6PD genotyping as heterozygous]). This G6PDd heterozy-
gous patient had a baseline Hb level of 12.0 g/dL, a nadir of
9.0 g/dL on day 14, and recovery to 12.3 g/dL by day 42
(Supplemental Figure 5). An additional G6PDd heterozygous
female had a maximum Hb decline of 20.3 g/dL from 10.6
g/dL at baseline to 10.3 g/dL on day 7, with recovery to 11.0
g/dL by day 14.
Clinical safety. Treatment was generally well tolerated (Fig-

ure 3). The majority of adverse events were noted on days 1
and 2. Excessive tiredness was noted in 12 patients on day
2, that is, after only 1 day of primaquine and therefore most
probably related to malaria rather than hemolysis. Vomiting
on days 1 and 2 was associated with chloroquine adminis-
tration. There were three hospitalizations, two were associ-
ated with declines in Hb and one was associated with

chloroquine intolerance that resolved without further treat-
ment. Some patients who met the criteria for hospitalization
owing to low Hb refused admission because they were
asymptomatic. No patient required blood transfusion. Sup-
portive iron supplements were given by ASHAs to
three patients.
For the 94 patients followed up on day 7, eight adverse

events occurred in four patients that could potentially indi-
cate hemolytic anemia (Figure 3). However, of these four
patients, only two had Hb declines from baseline $ 2 g/dL:
one 14-year-old female experienced excessive tiredness,
breathlessness, and pale skin on day 7 with an Hb decline of
22.8 g/dL on day 3 (Hb level 8.4 g/dL) recovering to 20.2 g/
dL versus baseline by day 7 (Hb level 11.0 g/dL); one 4-year-
old male had dizziness, pale skin, and abdominal pain on
day 7 with a maximum Hb decline on day 7 of22.2 g/dL (Hb
level 9.9 g/dL). Notably, none of the six patients with an Hb
drop of $ 3 g/dL and/or Hb levels , 7 g/dL complained of
the clinical signs or symptoms of acute hemolytic anemia.
G6PDd prevalence survey. The G6PDd prevalence study

included 626 participants. Based on qualitative testing
(DCIP), 5.1% (95%CI: 3.6, 7.1 [32/626]) of participants were
G6PDd or G6PD intermediate (Table 3). However, following
confirmatory testing, two participants identified as G6PDd
with the DCIP test had normal G6PD enzyme levels based
on quantitative testing (11.54 and 11.77 IU/gHb) and a
G6PD-normal genotype. Thus, based on qualitative testing
confirmed by genotyping, 4.8% (95%CI 3.4, 6.8 [30/626]) of

TABLE 1
Patient baseline demographic and clinical characteristics

Characteristic Total (N 5 100) Angul (N 5 60) Dhenkanal (N 5 24) Kandhamal (N 5 16)

Sex
Males, n(%) 54 (54.0) 27 (45.0) 11 (45.8) 16 (100)
Females, n(%) 46 (46.0) 33 (55.0) 13 (54.2) 0

Nontribal, n(%) 60 (60.0) 41 (68.3) 18 (75.0) 1 (6.3)
Tribal 40 (40.0) 19 (31.7) 6 (25.0) 15 (93.8)
Mean age (SD), years 20.7 (16.3) 20.0 (15.9) 21.7 (20.6) 22.0 (10.0)
Number (%) of patients aged

1 to # 5 years 13 (13.0) 9 (15.0) 6 (25.0) 0
. 5 to # 14 years 33 (33.0) 24 (40.0) 7 (29.2) 0
. 14 years 54 (54.0) 27 (45.0) 11 (45.8) 16 (100)

Mean (SD) baseline hemoglobin, g/dL
Males 12.3 (2.1) 11.3 (1.9) 12.2 (1.5) 14.0 (1.6)
Females 11.0 (1.1) 10.9 (1.2) 11.3 (0.9) –

Anemia, n(%)*
None 39 (39.0) 16 (26.7) 12 (50.0) 11 (68.8)
Mild 35 (35.0) 22 (36.7) 8 (33.3) 5 (31.3)
Moderate 26 (26.0) 22 (36.7) 4 (16.7) 0
* Based onWorld Health Organization criteria.34

TABLE 2
Mean absolute and percentage changes in hemoglobin (Hb) from baseline (day 0) to day 7 in Plasmodium vivax patients following

chloroquine/primaquine administration

Patient group Mean absolute change in Hb (95%CI) Percentage change in Hb (95%CI)

Males (N 5 53) 20.62 (20.93, 20.31) 24.46 (27.27, 21.65)
Females (N 5 45) 20.24 (20.59, 0.10) 21.71 (24.97, 1.54)
Comparison P 5 0.034 P 5 0.093
Nontribal males (N 5 26) 20.27 (20.71, 0.18) 21.61 (25.49, 2.27)
Tribal males (N 5 27) 20.97 (21.38, 20.55) 27.21 (211.22, 23.20)
Comparison P 5 0.0097 P 5 0.018
Non-tribal females (N 5 32) 20.18 (20.66, 0.29) 20.95 (25.38, 3.47)
Tribal females (N 5 13) 20.39 (20.77, 20.00017) 23.56 (27.17, 20.00016)
Comparison P 5 0.52 P 5 0.47

CI5 confidence interval. Exact P values were calculated using the Mann–Whitney test.
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FIGURE 1. Hemoglobin levels in male and female Plasmodium vivax malaria patients at baseline (day 0) and following 3-day chloroquine plus
14-day primaquine. Means are shown as1, boxes are the median with 25th and 75th percentile bounds and whiskers are maximum and minimum
values.
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participants were G6PDd (Table 3). The G6PD Orissa variant
was identified in 96.9% (29/30) of G6PDd samples, plus one
unknown G6PDd genotype. Confirmed G6PDd was more
common in tribal (12.0%; 95%CI: 7.3, 19.1 [14/114]) versus
nontribal participants (3.1%; 95%CI: 1.9, 5.0 [16/509]).

However, there were considerable differences in prevalence
between individual tribes, though numbers were small and
CIs wide.
In participants with a G6PDd genotype, the median (range)

G6PD enzyme level was 0.92 (0.48, 1.29) IU/gHb in males
(N 5 15) versus 1.97 (0.60, 7.02) IU/gHb in females (N 5 15)
(P 5 0.0075) overall (Figure 4). Median enzyme levels were
0.92 (0.60, 0.96) IU/g/Hb in G6PDd homozygous females
(N 5 4) and 3.0 (0.7, 7.0) IU/gHb in heterozygous females
(N 5 11) (Figure 4). There was no pattern in the degree of
G6PD enzyme activity in tribal (N 5 14) versus nontribal per-
sons (N 5 16), either between males (P 5 0.39) or females
(P5 0.16) (Figure 4).

DISCUSSION

This study aimed to evaluate whether the currently applied
clinical pathway of administering chloroquine/primaquine
without prior G6PD testing, but with advice on the signs and
symptoms of hemolysis and community follow-up, was able
to detect significant declines in Hb. We also surveyed
G6PDd prevalence in the population.
Plasmodium vivax infection is associated with anemia.

Also, following malaria treatment initiation, small declines
(, 1 g/dL) in Hb levels, which recover after day 3, are
caused by hemodilution on rehydration. Consistent with
previous studies,41 mean maximum declines in Hb follow-
ing chloroquine/primaquine were modest, being , 2 g/dL.
However, the hematological profiles of some individual
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FIGURE 3. Number of adverse events reported during the observa-
tional study. No adverse events were reported on days 3 and 6 and
between days 8 and 42 inclusive.

TABLE 3
Prevalence of G6PD deficiency determined by qualitative testing and confirmed by quantitative testing and G6PD genotyping

Category n/N Percentage (95% CI)

Qualitative testing 32/626 5.1 (3.6, 7.1)
Confirmed by quantitative testing and confirmatory genotyping* 30/626 4.8 (3.4, 6.8)

Gender
Male 15/243 6.2 (3.8, 9.9)
Female 15/383 3.9 (2.4, 6.4)

Age
# 5 years 2/20 10.0 (1.8, 30.1)
6–14 years 7/169 4.1 (2.0, 8.3)
. 15 years 21/437 4.8 (3.2, 7.2)

District
Angul 17/198 8.6 (5.4, 13.3)

Angul—males 9/77 11.7 (6.3, 20.7)
Angul—females 10/121 8.3 (4.6, 14.6)

Dhenkanal 10/218 4.6 (2.5, 8.2)
Dhenkanal—males 5/85 5.9 (2.5, 13.0)
Dhenkanal—females 5/133 3.8 (1.6, 8.5)

Kandhamal 3/210 1.4 (0.4, 4.1)
Kandhamal—males 1/81 1.2 (0.1. 6.7)
Kandhamal—females 2/129 1.6 (0.3, 5.5)

Nontribal 16/509 3.1 (1.9, 5.0)
Nontribal males 6/191 3.1 (1.4, 6.7)
Nontribal females 10/318 3.1 (1.7, 5.7)

Tribal 14/117 12.0 (7.3, 19.1)
Tribal males 9/52 17.3 (9.4, 29.7)
Tribal females 5/65 7.7 (3.3, 16.8)

Tribe
Bantha 1/14 7.1 (0.4, 31.5)
Dehuri 10/68 14.7 (8.2, 25.0)
Majhi 0/14 0 (0, 21.5)
Pingua 2/2 100.0 (17.8. 100)
Punta 1/2 50.0 (2.6, 97.4)
Others 0/17 0.0 (0.0, 18.4)
G6PD5 glucose-6-phosphate dehydrogenase.
* Participants were only genotyped if they were found to be G6PDd based on qualitative testing. Genotyping confirmed 30/32 G6PDd cases identified using qualitative testing.
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patients were concerning. Absolute Hb levels , 7 g/dL
Hb and/or declines from baseline $ 3 g/dL occurred in
six patients. Although none of these patients reported
clinical signs of acute hemolytic anemia, hemoglobin
drops of this magnitude are of physiological relevance,
particularly if they are caused by intravascular hemoly-
sis.42 From an operational perspective, these findings
indicate that the visual aid and health worker follow-up
was an insensitive tool for detecting absolute Hb levels
that fell to , 7 g/dL and/or Hb declines $ 3 g/dL.
The disparity between clinical and laboratory findings was

surprising as patients had been instructed to report all
potentially relevant symptoms of hemolysis, even if they
were not worsening, and were followed up daily by ASHAs.
As 61.0% (61/100) of patients had mild-to-moderate anemia
at study entry, it is possible they were adapted to living with
low Hb levels and so did not manifest clinical signs of hemo-
lysis. Also, in this area of high malaria endemicity, patients
may expect to feel poorly, with common symptoms not
appearing noteworthy, and patients may have been less dili-
gent in their observations once their fever resolved at day 2
or 3. Dark-colored urine was not reported by any patient,
and this might reflect the available toilet facilities, which
make such observations difficult. These findings suggest
that our current practice would not be expected to identify
cases that might require medical intervention. Moreover,
because declines$ 3 g/dL occurred at day 7 and day 14 fol-
lowing treatment initiation, patients may be distant from
health services.
Of the five patients with Hb decreases $ 3 g/dL, one was

G6PDd, three had a G6PD-normal phenotype, and one had
an unknown G6PD status. Thus, primaquine-induced hemo-
lysis was suspected for at least one patient with a $ 3 g/dL
Hb decline, and considered as a possible causality for the

patient whose G6PD status was unknown. However, we did
not expect to see notable Hb declines in three patients with
a G6PD-normal phenotype. Because G6PD genotyping was
only performed on samples identified as G6PDd following
qualitative testing, we cannot exclude that these phenotypi-
cally “G6PD-normal” patients were false-negative results.
For example, in cases of acute hemolysis associated with
malaria, the erythrocyte population is enriched for young
erythrocytes and reticulocytes, which have near-normal
G6PD enzyme levels.43 However, as G6PD qualitative tests
were conducted following study completion, it is unlikely
that these patients would retain a young enough erythrocyte
population to return a false-negative finding. Also, although
heterozygous females with intermediate enzyme levels will
not be detected using qualitative testing, hemolytic risk is a
function of G6PD enzyme activity, rather than genotype. This
has been demonstrated in heterozygous females with inter-
mediate G6PD levels for both primaquine and tafeno-
quine.6,8,14 Thus, primaquine-induced hemolysis would not
be expected if G6PD enzyme activity were normal, even in
an individual with a G6PDd genotype. G6PD genotyping of
all patients with Hb declines $ 3 g/dL would have resolved
these uncertainties.
The general health of tribal populations is poorer and

socioeconomic status lower than nontribal populations.44

This may cause such populations to be more susceptible to
malarial anemia and/or other causes of anemia such as mal-
nutrition, and this might explain the greater Hb falls in the
tribal population. However, although Hb declines $ 20%
were more common in tribal males versus nontribal males,
there was no difference between tribal females versus non-
tribal females. Hematologic disorders such as b-thalassemia
and sickle cell anemia are more prevalent in tribal popula-
tions and may affect males more severely.22,30,45 However,
testing for these hemoglobinopathies was not conducted
during this study and would not be routinely available in the
study areas.
After 42 days of follow up, recovery to baseline Hb levels

had not been achieved in 29.8% of males (14/47) and 40.5%
of females (17/42). However, the hematologic consequences
of not administering primaquine could not be evaluated in
this study. Longer term hematologic benefits and wider
health benefits from primaquine therapy versus repeated P.
vivax relapses have been reported from areas where P. vivax
has a short-latency relapse periodicity.41,46–51 However,
given the long latency period for relapse in India, the poten-
tial to improve longer term hematologic and other outcomes
requires evaluation.
The G6PDd survey used a qualitative test, with G6PDd

samples confirmed using G6PD quantitative testing and
genotyping. The overall G6PDd prevalence was 4.8% (30/
626). This is higher than identified in the Kalahandi and
Rayagada districts of Odisha state (3.0% [59/1981]),23 but
similar to that reported in northeastern Indian states (5.4%
[55/1015]).52 Consistent with previous findings,23,24 our data
show that tribal populations had a higher prevalence of
G6PDd (12.0%) versus nontribal populations (3.1%),
increasing to 17.3% in tribal males.
Consistent with previous studies, G6PD Orissa was the

most prevalent G6PDd variant in Odisha, detected in 29/30
of the G6PDd samples confirmed by genotyping.24,39 One
sample had intermediate G6PD activity by quantitative
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testing (11.5 IU/gHb) but had a genotype that was not one of
the three G6PD variants assessed (Orissa, Mediterranean,
and Kerala-Kalyan). It is a limitation of our study that we can-
not exclude the presence of other G6PDd variants in Odisha
and more extensive genome sequencing studies are
required to determine the range and distribution of different
G6PDd variants in the region. For example, in Kalahandi and
Rayagada provinces in Odisha, in addition to G6PD Orissa
(87.9%), G6PD Kaiping (0.15%), G6PD Coimbra (0.1%), and
G6PD Union (0.05%) have been found at low frequencies.23

As expected from previous reports using qualitative G6PD
testing, the proportion of G6PDd males (6.2%) was higher
than that of females (3.9%). Because heterozygous females
have a mixture of G6PD-normal and G6PDd erythrocytes,
only a proportion of G6PDd heterozygous females will be
detected using phenotypic G6PD testing.6,13 Assuming a
Hardy–Weinberg equilibrium, the allelic prevalence of the
G6PDd gene should be 12.0% in females overall, 6.1% in
nontribal females, and 31.6% for tribal females. Thus, 32.5%
of all females, 50.8% of nontribal females, and 24.4% of
tribal females with G6PDd alleles were detected. Hemolysis
in G6PDd heterozygotes has been previously demonstrated
following primaquine (G6PD Mahidol),14 tafenoquine (G6PD
Mahidol),8 and with an anti-malarial containing dapsone
(G6PD A2).13 However, a cut-off for G6PD enzyme activity
that can be considered properly tolerated for primaquine
administration has not been formally defined.6,14 Thus, an
unknown proportion of G6PD-heterozygous females are at
risk of acute hemolytic anemia following primaquine-
induced oxidative stress and the number of females at risk in
our survey will have been underestimated.
There were some key limitations across the two studies.

Most notably, because this study was conducted in an oper-
ational context to evaluate current practice, there was no
chloroquine-only control arm. The efficacy of primaquine
versus chloroquine alone at preventing P. vivax relapse is
well established.53 Also, the time course of changes in Hb
with primaquine versus chloroquine has been previously
documented through both clinical studies and model-
ing.41,54,55 Additionally, because sample times for Hb levels
were infrequent, we cannot accurately define the time
course of Hb changes. The hemolytic effects of primaquine
are likely to be most evident from day 3 after dosing.6,56

Thus, by observing Hb at day 7, we are likely to have cap-
tured any notable hematologic consequences of primaquine
administration. The target sample size for the operational
study was 138, but only 100 patients were recruited, reflect-
ing the trend for reduced malaria prevalence in the region.
Note that our study was designed to evaluate whether our
current methods of patient-reported clinical signs and symp-
toms of hemolysis could identify Hb declines, and G6PD
testing was only done after the study end to inform the inter-
pretation of those results. Thus, the study was not designed
or powered to determine the frequency of primaquine-
induced hemolysis in G6PDd individuals. A significant limita-
tion of the study is that G6PD genotype was only determined
for samples that were G6PDd or G6PD-intermediate based
on qualitative phenotyping. Thus, we were unable to esti-
mate the frequency of false-negative results for the DCIP
test, though two results were false positives. Also, as
hematology and clinical laboratory investigations were not
conducted, hemolytic markers, such as haptoglobin,

unconjugated bilirubin, and reticulocytes, could not be
assessed. These limitations are consistent with the conduct
of a real-world, operationally relevant study conducted with
resources that are routinely available at the study sites or
regional laboratories. Although primaquine hematologic
safety is well described,41 the current study was designed to
inform policy implementation specifically in the population of
Odisha.
In summary, notable declines in Hb were observed in some

P. vivax patients in Odisha following treatment with chloro-
quine/primaquine. The visual instruction tool plus frequent
and specific questioning by ASHAs did not identify patients
with Hb declines that might require intervention. Qualitative
G6PD testing (DCIP) conducted after study completion did
not reliably predict patients’ risk of Hb decline. The declines
in Hb observed could be caused by primaquine/chloroquine
administration, malaria, or other factors, and they may be
multi-factorial. The survey confirmed that G6PDd prevalence
was higher in the tribal versus nontribal population.
It is clear that radical cure is a key tool for malaria elimina-

tion in Odisha, but clinical observations could not be relied
upon to identify patients with physiologically relevant Hb
declines. Given the high prevalence of G6PDd alleles in Odi-
sha, particularly in tribal populations, rather than attempting
to detect primaquine-induced hemolysis, it would be prefer-
able to avoid exposing those at risk by wider deployment of
pretreatment G6PD testing. However, as the DCIP qualita-
tive testing method was inadequate to predict individuals at
risk of Hb declines, the utility of advanced point-of-care
quantitative diagnostics should be evaluated.57 Additional
health interventions to address anemia and identify hemo-
globinopathies should also be investigated to improve the
hematologic safety of radical cure in this population.

Received July 20, 2021. Accepted for publication October 25, 2021.

Published online January 10, 2022.

Note: Supplemental figures appear at www.ajtmh.org.

Acknowledgments: The investigators acknowledge the Indian Coun-
cil of Medical Research (NIMR) for permitting the conduct of the
study and support; the National Vector Borne Disease Control Pro-
gramme (NVBDCP), Delhi; NIMR staff in Delhi and its field unit in
Rourkela and NVBDCP Odisha. Scientific and financial support from
Medicines for Malaria Venture, Geneva, Switzerland is gratefully
acknowledged. Thanks are also due to Block Level Managers Mr
Alok Mishra, Mr Chandrasekhar Pattanaik, Ms Sharda Singh, Mr
Abhishek Sawn, and District officials who played a crucial role in
implementing interventions. Naomi Richardson of Magenta Commu-
nications, who was funded by Medicines for Malaria Venture, wrote
the first draft of this article based on a report by Anupkumar R. Anvi-
kar and provided editorial and graphic services. The manuscript was
approved by the Research Integrity Committee of NIMR: approval
number RIC-08/2021. This was an observational study, and was not
registered.

Financial support: This study was funded by Medicines for Malaria
Venture.

Disclosure: A. R. A., N. V., S. S, N. A., and C. P. Y. are employees of
the National Institute of Malaria Research. M. M. P., S. P., and P. S.
are employees of the National Vector Borne Disease Control Pro-
grame, Odisha. S. D. is an employee of Medicines for Malaria Ven-
ture; P. G. D was an employee of Medicines for Malaria Venture at
the time of the study and now serves as a consultant.

Authors’ addresses: Anupkumar R. Anvikar, Supriya Sharma,
Naseem Ahmed, Chander P. Yadav, and Neena Valecha, Epidemiol-
ogy and Clinical Research, National Institute of Malaria Research,

ANVIKAR AND OTHERS838

http://www.ajtmh.org


New Delhi, India, E-mails: anvikar@gmail.com, supsmicro@gmail.
com, nks.nimr@gmail.com, cpyadav123@gmail.com, and
neenavalecha@gmail.com. Prajyoti Sahu, Madan M. Pradhan, and
Sreya Pradhan, National Vector Borne Disease Control Programme,
NVBDCP, Odisha, Rourkela, India, E-mails: sahuprajyoti999@gmail.
com, drmmpradhan@gmail.com, and sreya16@gmail.com. Stephan
Duparc and Penny Grewal Daumerie, Medical R&D, Medicines for
Malaria Venture, Geneva, Switzerland, E-mails: duparcs@mmv.org
and grewalp-consultant@mmv.org.

This is an open-access article distributed under the terms of the
Creative Commons Attribution (CC-BY) License, which permits unre-
stricted use, distribution, and reproduction in any medium, provided
the original author and source are credited.

REFERENCES

1. World Health Organization, 2020. World Malaria Report.
Geneva, Switzerland: WHO. Available at: https://www.who.int/
teams/global-malaria-programme/reports/world-malaria-repo
rt-2020. Accessed December 5, 2020.

2. Narain JP, Nath LM, 2018. Eliminating malaria in India by 2027:
the countdown begins! Indian J Med Res 148: 123–126.

3. Directorate of National Vector Borne Disease Control Pro-
gramme, 2016. National Framework for Malaria Elimination in
India (2016–2030). Available at: http://www.indiaenvironmen
tportal.org.in/files/file/National-framework-for-malaria-eliminati
on-in-India-2016%E2%80%932030.pdf. Accessed November
21, 2020.

4. World Health Organization, 2015. Control and Elimination of
Plasmodium vivax Malaria: A Technical Brief. Geneva, Switzer-
land: WHO. Available at: https://apps.who.int/iris/handle/
10665/181162. Accessed November 21, 2020.

5. Chu CS, Bancone G, Kelley M, Advani N, Domingo GJ,
Cutiongo-de la Paz EM, van der Merwe N, Cohen J, Gerth-Guy-
ette E, 2020. Optimizing G6PD testing for Plasmodium vivax
case management and beyond: why sex, counseling, and com-
munity engagement matter. Wellcome Open Res 5: 21.

6. Chu CS, Bancone G, Nosten F, White NJ, Luzzatto L, 2018. Pri-
maquine-induced haemolysis in females heterozygous for
G6PD deficiency. Malar J 17: 101.

7. Chu CS, Bancone G, Soe NL, Carrara VI, Gornsawun G, Nosten
F, 2019. The impact of using primaquine without prior G6PD
testing: a case series describing the obstacles to the medical
management of haemolysis. Wellcome Open Res 4: 25.

8. Rueangweerayut R et al., 2017. Hemolytic potential of tafeno-
quine in female volunteers heterozygous for glucose-6-phos-
phate dehydrogenase (G6PD) deficiency (G6PD Mahidol
variant) versus G6PD-normal volunteers. Am J Trop Med Hyg
97: 702–711.

9. Beutler E, 1959. The hemolytic effect of primaquine and related
compounds: a review. Blood 14: 103–139.

10. Luzzatto L, 1979. Genetics of red cells and susceptibility to
malaria. Blood 54: 961–976.

11. Luzzatto L, Notaro R, 2001. Malaria. Protecting against bad air.
Science 293: 442–443.

12. Luzzatto L, Ally M, Notaro R, 2020. Glucose-6-phosphate dehy-
drogenase deficiency. Blood 136: 1225–1240.

13. Pamba A, Richardson ND, Carter N, Duparc S, Premji Z, Tiono
AB, Luzzatto L, 2012. Clinical spectrum and severity of hemo-
lytic anemia in glucose 6-phosphate dehydrogenase-deficient
children receiving dapsone. Blood 120: 4123–4133.

14. Chu CS et al., 2017. Haemolysis in G6PD heterozygous
females treated with primaquine for Plasmodium vivax
malaria: a nested cohort in a trial of radical curative regimens.
PLoS Med 14: e1002224.

15. National Institute of Malaria Research, National Vector Borne
Disease Control Programme, 2014. Guidelines for Diagnosis
and Treatment of Malaria in India 2014. Available at: https://
nvbdcp.gov.in/WriteReadData/l892s/20627628441542176662.
pdf. Accessed November 21, 2020.

16. Anvikar AR, Shah N, Dhariwal AC, Sonal GS, Pradhan MM,
Ghosh SK, Valecha N, 2016. Epidemiology of Plasmodium
vivax malaria in India. Am J Trop Med Hyg 95: 108–120.

17. Pradhan S et al., 2019. Improved access to early diagnosis and
complete treatment of malaria in Odisha, India. PLoS One 14:
e0208943.

18. Pradhan A, Anasuya A, Pradhan MM, Ak K, Kar P, Sahoo KC,
Panigrahi P, Dutta A, 2016. Trends in malaria in Odisha,
India—an analysis of the 2003–2013 time-series data from the
National Vector Borne Disease Control Program. PLoS One
11: e0149126.

19. Pradhan MM, Meherda PK, 2019. Malaria elimination drive in
Odisha: hope for halting the transmission. J Vector Borne Dis
56: 53–55.

20. Bal M, Das A, Ghosal J, Pradhan MM, Khuntia HK, Pati S,
Dutta A, Ranjit M, 2020. Assessment of effectiveness of
DAMaN: a malaria intervention program initiated by Govern-
ment of Odisha, India. PLoS One 15: e0238323.

21. Kumar P, Vatsa R, Sarthi PP, Kumar M, Gangare V, 2020.
Modeling an association between malaria cases and climate
variables for Keonjhar district of Odisha, India: a Bayesian
approach. J Parasit Dis 44: 319–331.

22. Balgir RS, 2008. Hematological profile of twenty-nine tribal
compound cases of hemoglobinopathies and G-6-PD defi-
ciency in rural Orissa. Indian J Med Sci 62: 362–371.

23. Kumar R, Singh M, Mahapatra S, Chaurasia S, Tripathi MK,
Oommen J, Bharti PK, Shanmugam R, 2020. Fine mapping of
glucose 6 phosphate dehydrogenase (G6PD) deficiency in a
rural malaria area of south west Odisha using the clinical,
hematological and molecular approach. Mediterr J Hematol
Infect Dis 12: e2020015.

24. Mukherjee MB, Colah RB, Martin S, Ghosh K, 2015. Glucose-
6-phosphate dehydrogenase (G6PD) deficiency among tribal
populations of India—country scenario. Indian J Med Res
141: 516–520.

25. Kaeda JS et al., 1995. A new glucose-6-phosphate dehydroge-
nase variant, G6PD Orissa (44 Ala–.Gly), is the major poly-
morphic variant in tribal populations in India. Am J Hum Genet
57: 1335–1341.

26. Sarker SK et al., 2016. Molecular analysis of glucose-6-phos-
phate dehydrogenase gene mutations in Bangladeshi individ-
uals. PLoS One 11: e0166977.

27. Chhotray GP, Ranjit MR, 1990. Prevalence of G-6-PD defi-
ciency in a malaria endemic tribal area of Orissa (India). Indian
J Med Res 92: 443–446.

28. Devi ST, Saran SK, Nair G, 1993. Study of glucose-6-phosphate
dehydrogenase (G6PD) in the Kissan tribals of Orissa and the
Kannikar tribals of Kerala, India. Anthropol Anz 51: 179–181.

29. Nishank SS, Chhotray GP, Kar SK, Ranjit MR, 2008. Molecular
variants of G6PD deficiency among certain tribal communities
of Orissa, India. Ann Hum Biol 35: 355–361.

30. Balgir RS, 2010. Genetic diversity of hemoglobinopathies,
G6PD deficiency, and ABO and Rhesus blood groups in two
isolates of a primitive Kharia Tribe in Sundargarh District of
Northwestern Orissa, India. J Community Genet 1: 117–123.

31. Office of the Registrat General & Census Commissioner India,
2011. Primary Census Data Highlights—Odisha. Available at:
https://censusindia.gov.in/2011census/PCA/PCA_Highlights/
PCA_Highlights_Odisha.html. Accessed November 21, 2020.

32. Pradhan MM et al., 2019. Comprehensive case management of
malaria: operational research informing policy. J Vector Borne
Dis 56: 56–59.

33. World Health Organization, 2009. Methods for Surveillance of
Antimalarial Drug Efficacy. Geneva, Switzerland: WHO. Avail-
able at: https://apps.who.int/iris/bitstream/handle/10665/4404
8/9789241597531_eng.pdf;jsessionid=BF00D558415E9CB80
B884CCBD6269BF7?sequence=1. Accessed February 27,
2019.

34. World Health Organization, 2011. Haemoglobin Concentrations
for the Diagnosis of Anaemia and Assessment of Severity.
Vitamin and Mineral Nutrition Information System. Geneva,
Switzerland: WHO. Available at: https://www.who.int/vmnis/
indicators/haemoglobin.pdf. Accessed October 3, 2020.

35. Bernstein RE, 1962. A rapid screening dye test for the detection
of glucose-6-phosphate dehydrogenase deficiency in red
cells. Nature 194: 192–193.

36. World Health Organization, 1967. Standardization of Procedures
for the Study of Glucose-6-Phosphate Dehydrogenase:

PRIMAQUINE PHARMACOVIGILANCE IN INDIA 839

mailto:anvikar@gmail.com
mailto:supsmicro@gmail.com
mailto:supsmicro@gmail.com
mailto:nks.nimr@gmail.com
mailto:cpyadav123@gmail.com
mailto:neenavalecha@gmail.com
mailto:sahuprajyoti999@gmail.com
mailto:sahuprajyoti999@gmail.com
mailto:drmmpradhan@gmail.com
mailto:sreya16@gmail.com
mailto:duparcs@mmv.org
mailto:grewalp-consultant@mmv.org
https://creativecommons.org/licenses/by/4.0/
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2020
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2020
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2020
http://www.indiaenvironmentportal.org.in/files/file/National-framework-for-malaria-elimination-in-India-2016%E2%80%932030.pdf
http://www.indiaenvironmentportal.org.in/files/file/National-framework-for-malaria-elimination-in-India-2016%E2%80%932030.pdf
http://www.indiaenvironmentportal.org.in/files/file/National-framework-for-malaria-elimination-in-India-2016%E2%80%932030.pdf
https://apps.who.int/iris/handle/10665/181162
https://apps.who.int/iris/handle/10665/181162
https://nvbdcp.gov.in/WriteReadData/l892s/20627628441542176662.pdf
https://nvbdcp.gov.in/WriteReadData/l892s/20627628441542176662.pdf
https://nvbdcp.gov.in/WriteReadData/l892s/20627628441542176662.pdf
https://censusindia.gov.in/2011census/PCA/PCA_Highlights/PCA_Highlights_Odisha.html
https://censusindia.gov.in/2011census/PCA/PCA_Highlights/PCA_Highlights_Odisha.html
https://apps.who.int/iris/bitstream/handle/10665/44048/9789241597531_eng.pdf;jsessionid=BF00D558415E9CB80B884CCBD6269BF7?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44048/9789241597531_eng.pdf;jsessionid=BF00D558415E9CB80B884CCBD6269BF7?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44048/9789241597531_eng.pdf;jsessionid=BF00D558415E9CB80B884CCBD6269BF7?sequence=1
https://www.who.int/vmnis/indicators/haemoglobin.pdf
https://www.who.int/vmnis/indicators/haemoglobin.pdf


Report of a WHO Scientific Group. Geneva, Switzerland:
WHO. Available at: https://apps.who.int/iris/handle/10665/
40660. Accessed November 26, 2020.

37. Calabro V, Mason PJ, Filosa S, Civitelli D, Cittadella R, Tagarelli
A, Martini G, Brancati C, Luzzatto L, 1993. Genetic heteroge-
neity of glucose-6-phosphate dehydrogenase deficiency
revealed by single-strand conformation and sequence analy-
sis. Am J Hum Genet 52: 527–536.

38. Kotea R et al., 1999. Three major G6PD-deficient polymorphic
variants identified among the Mauritian population. Br J Hae-
matol 104: 849–854.

39. Devendra R et al., 2020. Prevalence and spectrum of mutations
causing G6PD deficiency in Indian populations. Infect Genet
Evol 86: 104597.

40. Sukumar S, Mukherjee MB, Colah RB, Mohanty D, 2004.
Molecular basis of G6PD deficiency in India. Blood Cells Mol
Dis 33: 141–145.

41. Commons RJ et al., 2019. The haematological consequences
of Plasmodium vivax malaria after chloroquine treatment with
and without primaquine: a WorldWide Antimalarial Resistance
Network systematic review and individual patient data meta-
analysis. BMC Med 17: 151.

42. Rother RP, Bell L, Hillmen P, Gladwin MT, 2005. The clinical
sequelae of intravascular hemolysis and extracellular plasma
hemoglobin: a novel mechanism of human disease. JAMA
293: 1653–1662.

43. Gregg X, Prchal J, 2000. Red cell enzymopathies. Hoffman R,
ed. Hematology: Basic Principles and Practice. Philadelphia,
PA: Churchill Livingstone, 657–660.

44. Narain JP, 2019. Health of tribal populations in India: how long
can we afford to neglect? Indian J Med Res 149: 313–316.

45. Ceglie G, Di Mauro M, Tarissi De Jacobis I, de Gennaro F,
Quaranta M, Baronci C, Villani A, Palumbo G, 2019. Gender-
related differences in sickle cell disease in a pediatric cohort:
a single-center retrospective study. Front Mol Biosci 6: 140.

46. Douglas NM, Anstey NM, Buffet PA, Poespoprodjo JR, Yeo
TW, White NJ, Price RN, 2012. The anaemia of Plasmodium
vivax malaria. Malar J 11: 135.

47. Fernando D, de Silva D, Carter R, Mendis KN, Wickremasinghe R,
2006. A randomized, double-blind, placebo-controlled, clinical
trial of the impact of malaria prevention on the educational
attainment of school children. Am J Trop Med Hyg 74: 386–393.

48. Fernando SD, Gunawardena DM, Bandara MR, De Silva D, Car-
ter R, Mendis KN, Wickremasinghe AR, 2003. The impact of
repeated malaria attacks on the school performance of chil-
dren. Am J Trop Med Hyg 69: 582–588.

49. Ketema T, Bacha K, 2013. Plasmodium vivax associated severe
malaria complications among children in some malaria
endemic areas of Ethiopia. BMC Public Health 13: 637.

50. Tapajos R et al., 2019. Malaria impact on cognitive function of
children in a peri-urban community in the Brazilian Amazon.
Malar J 18: 173.

51. Thriemer K, Poespoprodjo JR, Kenangalem E, Douglas NM,
Sugiarto P, Anstey NM, Simpson JA, Price RN, 2020. The risk
of adverse clinical outcomes following treatment of Plasmo-
dium vivax malaria with and without primaquine in Papua,
Indonesia. PLoS Negl Trop Dis 14: e0008838.

52. Bharti RS, Vashisht K, Ahmed N, Nayak A, Pande V, Mishra N,
2020. First report of glucose-6-phosphate dehydrogenase
(G6PD) variants (Mahidol and Acores) from malaria-endemic
regions of northeast India and their functional evaluations in-
silico. Acta Trop 202: 105252.

53. Galappaththy GN, Tharyan P, Kirubakaran R, 2013. Primaquine
for preventing relapse in people with Plasmodium vivax
malaria treated with chloroquine. Cochrane Database Syst
Rev CD004389.

54. Llanos-Cuentas A et al., 2019. Tafenoquine versus primaquine
to prevent relapse of Plasmodium vivax malaria. N Engl J Med
380: 229–241.

55. Llanos-Cuentas A et al., 2014. Tafenoquine plus chloroquine for
the treatment and relapse prevention of Plasmodium vivax
malaria (DETECTIVE): a multicentre, double-blind, rando-
mised, phase 2b dose-selection study. Lancet 383: 1049–
1058.

56. Brito-Sousa JD et al., 2019. Clinical spectrum of primaquine-
induced hemolysis in glucose-6-phosphate dehydrogenase
deficiency: a 9-year hospitalization-based study from the Bra-
zilian Amazon. Clin Infect Dis 69: 1440–1442.

57. Pal S, Bansil P, Bancone G, Hrutkay S, Kahn M, Gornsawun G,
Penpitchaporn P, Chu CS, Nosten F, Domingo GJ, 2019.
Evaluation of a novel quantitative test for glucose-6-phos-
phate dehydrogenase deficiency: bringing quantitative testing
for glucose-6-phosphate dehydrogenase deficiency closer to
the patient. Am J Trop Med Hyg 100: 213–221.

ANVIKAR AND OTHERS840

https://apps.who.int/iris/handle/10665/40660
https://apps.who.int/iris/handle/10665/40660

	TF1
	TF2
	TF3
	TF4

