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ABSTRACT

Introduction To achieve malaria elimination in the
Greater Mekong Subregion (GMS) by 2030, proper case
management is necessary. 8-aminoquinolines, such as
primaquine, are the only available medicines effective in
preventing relapse of the hypnozoite stage of Plasmodium
vivax, as well as the onward transmission of Plasmodium
falciparum. However, primaquine can cause haemolysis in
individuals who have glucose-6-phosphate dehydrogenase
deficiency (G6PDd). We conducted a systematic review on
the reported clinical manifestations of G6PDd to provide a
comprehensive overview of the situation in the GMS.
Methods The protocol for this systematic review was
registered on PROSPERO: International prospective register
of systematic reviews (CRD42016043146). We searched
the PubMed/MEDLINE, CINAHL, and Web of Science
databases for published articles describing the clinical
manifestations of G6PDd in the GMS. We included articles
of all study designs from inception until 31 July 2016,
reporting the clinical manifestations of G6PDd. We then
performed a narrative synthesis of these articles.

Results We included 56 articles in this review, 45 of
which were from Thailand. Haemolysis in G6PD-deficient
individuals was caused not only by primaquine but

also by other medicines and infections. Other clinical
manifestations of G6PDd that were found were favism,
neonatal jaundice and chronic non-spherocytic haemolytic
anaemia. G6PDd also influenced the clinical presentations
of genetic disorders and infections, such as thalassemia
and typhoid fever.

Conclusion As G6PDd also affects the clinical
presentations of other infections, the benefits of G6PD
testing and proper record keeping transcend those

of malaria case management. Therefore, healthcare
workers at the community level should be made familiar
with complications resulting from G6PDd as these
complications extend beyond the scope of malaria.

INTRODUCTION
Glucose-6-phosphate dehydrogenase
(G6PD) deficiency is the most common

Key questions

What is already known about this topic?

» Primaquine plays an important role in malaria
elimination.

» Primaquine is contraindicated in individuals with
glucose-6-phosphate  dehydrogenase  (G6PD)
deficiency.

» Testing for G6PD deficiency has the potential to help
healthcare workers provide proper treatment to
patients with malaria who are G6PD-deficient.

What are the new findings?

» Testing for G6PD deficiency and proper record
keeping are effective in helping healthcare workers
make informed decisions about providing treatment
to patients with malaria.

» G6PD deficiency also affects the clinical presentation
of other infections such as dengue fever and typhoid
fever; therefore, the benefits of G6PD testing and
proper record keeping go beyond the management
of malaria.

Recommendations for policy

» To avoid jeopardising the lives of G6PD-deficient
individuals, their GBPD status should be determined
before primaquine prescription.

» Systematic G6PD screening and proper record
keeping of the most at risk populations are
recommended.

» Training healthcare workers and equipping
local facilities to enable better management
of complications due to G6PD deficiency are
recommended.

enzyme deficiency in the world, affecting
over 400million people." Most people with
G6PD deficiency (G6PDd), however, do not
exhibit symptoms unless exposed to oxidative
stress. * Oxidative stress can be triggered by
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medicines, infections, fava bean consumption, or even
strenuous physical exercise.! The main clinical manifes-
tations of G6PDd are acute haemolytic anaemia, chronic
non-spherocytic haemolytic anaemia (CNSHA), neonatal
jaundice and favism.' ?

The WHO classifies G6PDd into five different cate-
gories according to the severity of enzyme deficiency.'
A Class I deficiency is defined as severe deficiency and
is associated with CNSHA. A Class II deficiency is also
defined as severe deficiency and the enzyme activity is
1%-10% of normal activity. Individuals with a Class III
deficiency are moderately deficient and their enzyme
activity is 10%—-60% of normal activity. Class IV and Class
V individuals have normal and increased activity with an
enzyme activity of 60%-150% and over 150%, respec-
tively."?

The two most common G6PDd variants are the G6PD A-
and G6PD Mediterranean variants.* GGPD A- is common
across the African continent and is categorised as a Class
III deficiency, whereas G6PD Mediterranean is common
among Italians, Arabs, and Jews, and is categorised as a
Class IT deficiency.* In Southeast Asia, the most common
variant in Myanmar and Thailand is G6PD Mahidol (Class
IIT), whereas in Laos and Cambodia, the most common
variant is G6PD Viangchan (Class II) 6

Acute haemolysis can occur in a G6PD-deficient person
who is exposed to antimalarials from the 8-aminoquin-
oline family.7 However, 8-aminoquinoline antimalarials,
such as primaquine, remain the only medicines avail-
able against chronic infection and relapse caused by
Plasmodium vivax and Plasmodium ovale, and the onward
transmission of Plasmodium falciparum.”

The Greater Mekong Subregion (GMS) comprises
Lao People’s Democratic Republic (PDR), Thailand,
Cambodia, Vietham, Myanmar and Yunnan Province and
Guangxi Zhuang Autonomous Region of the People’s
Republic of China. The GMS encompasses an area of
2.6million km? and sustains over 326 million people.® Tt
is characterised by rapid economic development, high
population densities, diverse geographical environments
and the mass movement of people across borders.” '’
Despite current progress, malaria elimination efforts in
GMS countries have been hampered by the emergence
and spread of the artemisinin resistant P falciparum
malaria parasite.'’ Moreover, P. vivax is extremely resil-
ient to elimination due to the dormant hypnozoite stage
which occurs in the liver and the parasite’s ability to
spread via mosquitoes before the onset of clinical symp-
toms. Therefore, proper utilisation of an antihypnozoite
such as primaquine to eliminate malaria is warranted.'?

G6PDd variants are diverse and each deficient indi-
vidual can respond differently when exposed to oxidative
stress caused by primaquine.” In rural endemic areas
where knowledge is often limited, G6PD-deficient indi-
viduals might not associate the onset of symptoms such
as weakness, jaundice and shortness of breath with
the administration of primaquine.'* Therefore, deter-
mining the G6PD status of the patient before starting

any primaquine regimen is crucial, particularly in such
settings. Moreover, it is important to understand the
major clinical manifestations and burden of G6PDd in
a region before implementing a drug administration
regimen, so that people are not exposed to unnecessary
risks.

Beyond malaria, G6PDd is also relevant in other
contexts.! For example, patients with viral hepatitis with
G6PDd are at risk of serious complications resulting from
acute renal failure.! Moreover, neonates with G6PDd
are at a higher risk of neonatal hyperbilirubinaemia
which can result in irreversible neurological damage, a
condition known as kernicterus.' * Although the WHO
recommends that all newborns be screened for G6PDd
in populations where more than 3%-5% of males are
affected,” this is not performed in many GMS countries
due to financial constraints."

Despite the high burden of G6PDd in malaria endemic
GMS, there remains a lack of data on the major clinical
complications of G6PDd. Therefore, we conducted this
review to identify the major clinical manifestations and
complications of G6PDd in GMS countries.

METHODS

Search strategy

We prepared a protocol and registered it on PROSPERO:
International prospective register of systematic reviews
(CRD42016043146), ((online supplementary file 1),
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow diagram; (online supple-
mentary file 2), study protocol; (online supplementary file
3), PRISMA checklist). We searched PubMed/MEDLINE,
CINAHL, and Web of Science for published studies in the
English language from inception until 31 July 2016. Our
search strategy combined both Medical Subject Heading
terms and relevant keywords. We used the following
combinations:

(glucose-6-phosphate dehydrogenase deficiency OR
G6PDd OR glucosephosphate dehydrogenase deficiency
OR G-6-PD deficiency OR G6PD deficiency OR glucose-
6-phosphate dehydrogenase OR G6PD OR G-6-PD) AND
(Greater Mekong Subregion OR GMS OR Lao People’s
Democratic Republic OR Lao PDR OR Laos OR Thailand
OR Vietnam OR Viet Nam OR Cambodia OR Myanmar
OR Burma OR People’s Republic of China OR Guangxi
Zhuang Autonomous Region OR Yunnan Province OR
Yunnan OR PRC).

Tasks were divided equally among the five reviewers
(KICO, HK, ST, HA and MMT) for each stage of the
review process, which included searching, screening
and data extraction. We resolved all disagreements and
conflicts through group meetings and discussions with
the review team members.

Inclusion and exclusion criteria
We included original research of all study designs,
including clinical trials, cohort studies, case—control
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studies, cross-sectional studies, case series and case
reports according to the following criteria: G6PDd was
the target condition, G6PDd was identified after the
manifestation of clinical symptoms, clinical information
was available and the study population was from the GMS.
We excluded review papers and studies on migrant popu-
lations from outside the GMS residing within the GMS.

Data extraction and data synthesis
We wused a standardised data extraction form
(online supplementary table—Summary of included
studies) to summarise relevant information from
included studies. We retrieved the following information
from each study: study design, location, year of publi-
cation, population, diagnostic methods, exposures and
clinical outcomes.

Subsequently, we conducted a narrative synthesis of all
the included studies.

RESULTS
We found 839 articles through the database searches:
728 articles from PubMed, four articles from CINAHL
and 107 articles from Web of Science. After removing 94
duplicates, we screened the abstracts of 745 articles. We
excluded a further 672 articles during abstract screening.
Articles were excluded when there was no clinical infor-
mation present, G6PDd was not the target condition or
the study was a review or an opinion article. We then
screened the full text of 73 articles and excluded 19 arti-
cles for the reasons mentioned above. We also included
two articles found in a report from the WHO.' In
total, we included 56 articles in our qualitative analysis
(online supplementary file 1 —PRISMA flow diagram).
Forty-five of the 56 articles were from Thailand, four
were from Cambodia, two were from Lao PDR, three
were from Myanmar and two were from Vietnam. Forty-
seven studies were observational (case—control, cohort,
case report, case series or cross-sectional) and nine
were experimental (randomised controlled trial or

quasi-experimental studies) (table 1). In general, both
the study design and the sample size of the included arti-
cles were heterogeneous.

Clinical manifestations of G6PDd in the GMS

Haemolysis

We found a total of seven articles on primaquine-induced
haemolysis.”_23 Of these, five were from Thailand and
two were from Cambodia. In three studies, a 15mg daily
dose of primaquine for 14 days was given to patients.'>*’*!
The degree of haemolysis reported in the three studies
was moderate and self-limiting.

In a study in Cambodia on the tolerability of a 0.75 mg/
kg of primaquine weekly regimen, a male patient
with G6PDd developed clinically significant anaemia
(a haemoglobin concentration of 7.2g/dL) which
required a transfusion.? However, the patient took
cimetidine and ciprofloxacin before enrolling in the
study and this could have contributed to his deteriorating
condition.”

A single dose of 45mg of primaquine was given to
seven healthy men in Thailand."” However, the degree
of haemolysis reported in this study was mild. In another
study, a Thai soldier presented with vomiting and dark
urine after taking 15mg of primaquine daily for 3 days.
His minimum haematocrit value was 19.0%. His condi-
tion worsened after a few days and he was also diagnosed
with acute renal failure. Later, he was found to have
G6PDd.*

A primaquine overdose case was reported on the Thai-
Myanmar border.' The patient was given primaquine
and chloroquine for a P. vivax infection. However, the
patient was not tested for G6PDd and the instructions
were not given in a language understood by the patient.'
This resulted in the patient taking 11 primaquine tablets
(15mg base per tablet) in one sitting. His haemoglobin
concentration was 6.9g/dL. Nevertheless, his condition
improved following blood transfusions. No deaths were
reported in any of the studies.

Table 1 Summary of included articles by country, major clinical symptoms and type of study

Type of study
Case- Case Cross-
Country Major clinical symptoms control Cohort report sectional Case series Experimental Total
Cambodia Primaquine-induced haemolysis, 0 1 0 1 1 1 4
anaemia in glucose-6-phosphate
dehydrogenase deficiency individuals
during malaria infection
Lao PDR  Haemoglobinuria, haemolytic anaemia 0 0 2 0 0 0 2
Myanmar  Acute bilirubin encephalopathy 1 1 0
Thailand Haemoglobinuria, haemolysis, 1 6 8 15 8 7 45
jaundice, chronic non-spherocytic
haemolytic anaemia, favism
Vietnam Haemoglobinuria 0 0 0 2 0 0 2
Total 1 8 10 19 9 9 56
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A total of nine articles mentioned infection-induced
haemolysis.*** The types of infections reported were
typhoid fever,” # *' dengue infection,” ¥’ ** falciparum
malaria®® and viral hepatitis.” One of the major compli-
cations described among patients with typhoid fever or
dengue infection who also had G6PDd was acute haemo-
lysis. Patients with viral hepatitis suffered from acute
haemolysis (haemoglobin concentration as low as 6.0g/
dL in one patient), as well as severe hyperbilirubinaemia.
In the article on falciparum malaria infection, no signif-
icant difference in the haemoglobin concentration was
observed between G6PD normal and G6PD-deficient
patients. No deaths were reported in any of these studies.

Four articles, three from Thailand and one from Lao
PDR mentioned drug-induced haemolysis in individuals
with G6PDd.*™ ™ The article from Lao PDR described the
symptoms of soldiers who had taken a single high dose
of chloroquine (600mg) as malaria prophylaxis.”” They
experienced severe haemolytic anaemia, dark urine and
acute renal failure.”” In one study from Thailand, among
patients with G6PDd, the causes of acute haemolysis, dark
urine or jaundice were not characterised. However, medi-
cines such as aspirin and phenacetin were implicated.*
No deaths were reported in these studies.

Favism, neonatal jaundice and CNSHA

We found two articles from Thailand that mentioned
favism.*® * The first study was conducted on 225 (210
boys and 15 girls) children with G6PDd.”® Among 225
children, eight children (3.6%), all of whom were boys,
were found to have favism. These children presented with
sudden onset of anaemia within 1-3 days after consump-
tion of dried fava beans. Five out of eight children
required blood transfusions. No deaths were reported.
In the second study, the authors reported no association
between fava bean consumption and the onset of haemo-
lysis among individuals with G6PDd.”’

A total of four articles examined neonatal jaundice,
all of which were from Thailand.”® *** Two studies were
conducted in the northern Thai city of Chiang Mai.
One study described two cases of moderate to severe
neonatal jaundice among 35 infants with G6PDd.” The
other study from Chiang Mai included two series. The
first series reported 25 cases of severely jaundiced infants,
of which 16 had G6PDd. The second series described 17
infants with G6PDd, of which five had severe jaundice.™
Of these 21 severely jaundiced infants with G6PDd, 11
were female. In another study from southern Thailand,
neonatal jaundice was detected in 85% of 225 patients
with G6PDd.” A study from Bangkok reported a higher
percentage of jaundice among male infants with G6PDd
(49.2%) compared with male infants without G6PDd
(23.7%).*

CNSHA was mentioned in two articles from Thai-
land.*® *' The first article described the case of an
11-year-old boy who was anaemic and required a blood
transfusion at the age of 5 months.*’ The boy was found
to be carrying a mutation unlike any previously reported

variants, with the variant subsequently named G6PD
Bangkok.

The second article provided details of two families
affected by CNSHA, including the family of the previ-
ously mentioned boy with G6PD Bangkok.” The boy
with G6PD Bangkok was followed until he was 53 years
old. He had two daughters, both of whom had neonatal
jaundice. In the second family, two male siblings suffered
from neonatal jaundice as well as several episodes of
haemoglobinuria following febrile illnesses during
childhood. They were found to be the carriers of a novel
mutation that was subsequently named G6PD Bangkok
Noi.

G6PDd and genetic disorders, infections or haematological
conditions

Seven articles described the dual burden of G6PDd
and other infections or genetic disorders.”™* Five arti-
cles discussed G6PDd and malaria, three of which were
from Thailand, one was from Cambodia and one was
from Myanmar.”? ¥ 7 In the article from Myanmar,
the double red cell genetic disorders of thalassemia and
severe G6PDd were reported to confer a certain degree
of protection against falciparum malaria.”” Two articles
from Thailand found that having G6PDd was associated
with having typhoid fever and hereditary elliptocytosis,
respectively.****

Eight articles examined the relationship between
G6PDd and other haematological conditions.**™® In a
study from Myanmar, G6PDd was found to be a risk factor
for acute bilirubin encephalopathy among neonates.*’
A significant increase in mean corpuscular reticulocyte
volume was reported among patients with anaemia with
G6PDd in a study from Thailand.”® Another Thai study
found that neonatal hyperbilirubinaemia with bilirubin
encephalopathy was the major deleterious effect of
G6PDA.”" Two studies from Vietnam reported an associ-
ation between having G6PDd and developing blackwater
fever syndrome.”* In a study on neonates in Thailand,
having G6PDd was found to be associated with devel-
oping neonatal hyperbilirubinaemia.”* G6PDd was not
reported to have any additional adverse effects on the
haematological parameters of homozygous haemoglobin
E individuals in Thailand.”

Other findings

A total of 11 articles discussed the effects of several anti-
malarial medicines on patients with G6PDd.”” " Nine
articles were from Thailand, one was from Cambodia and
one was from Myanmar. The medicines examined were
primaquine, sulfalene—trimethoprim, sulformethoxine—
pyrimethamine, mefloquine, elubaquine, quinine and
doxycycline. No severe adverse events were reported in
patients with G6PDd.

One article from Thailand reported that highly active
antiretroviral therapy did not cause haemolytic anaemia
nor did it cause hyperbilirubinaemia in G6PD-deficient
patients living with HIV.®®
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Other findings on the clinical manifestations of G6PDd
were described in four articles.”*”"® A study in Thailand
found that among females with the G6PD Viangchan
mutation, strenuous exercise induced a significantly
higher increase in total microparticle level (an indicator
of oxidative damage) compared with age-matched G6PD
normal females.*” In a study from Thailand, the authors
suggested that excessive fluoride in drinking water might
worsen the effect of iron deficiency anaemia, thalassemia
and G6PDd.” In another study from Thailand, among
165 neonates, G6PDd was the main reason 22 neonates
(13.4%) required exchange transfusion therapy. In
contrast, G6PDd together with ABO incompatibility was
the main reason 11 neonates (6.7%) required exchange
transfusion therapy.”

DISCUSSION

This systematic review has three major findings. First,
the major clinical manifestation of G6PDd in the GMS
was haemolysis induced by not only primaquine but also
other medicines and infections. Second, favism, neonatal
jaundice and CNSHA were reported as clinical manifes-
tations of G6PDd. Finally, G6PDd affected the clinical
presentations of genetic disorders and infections, such as
thalassemia and typhoid fever.

In two case reports from Thailand, two male patients
were prescribed primaquine without G6PD testing.'? **
Their conditions worsened after a few days, and both
required blood transfusions; following transfusions, both
patients recovered. In the GMS, many malaria endemic
villages are remote, difficult to access and have very
weak health infrastructures.'” Therefore, when haemo-
lysis occurs in such settings, the local health facilities are
unlikely to be able to provide appropriate medical care,
potentially resulting in the loss of life. G6PD testing is
particularly crucial under such conditions.

Knowing the G6PD status of patients might be bene-
ficial not only in the context of malaria but also in the
context of other infections such as typhoid fever, dengue
infection and viral hepatitis. Haemolysis can also occur
in G6PD-deficient patients who are coinfected with the
abovementioned infections.”* 7! As typhoid fever and
dengue infection are prevalent in the GMS,” ”* knowing
the G6PD status of local populations might help health-
care workers improve management of these infections in
people with G6PDd.

Although favism is a primary manifestation of G6PDd,"
we found only two studies that discussed favism in the
GMS, both of which were from Thailand.*® %7 Favism,
which results from the ingestion of fava beans, usually
manifests as acute haemolytic anaemia and severe haemo-
globinuria." In GMS countries such as Thailand, fava
beans are usually consumed as a snack and not as a staple
food.”” Moreover, as favism is more common among chil-
dren than adults, this might explain why the study on
adults found no association between haemolysis and fava
bean consumption among individuals with G6PDd.”” In

contrast, the incidence of favism was 3.6% in the study on
children with G6PDd.™ However, the study designs of the
two studies must also be taken into account. In the first
study, only children with G6PDd were included.”® In the
second study, hospital patients aged 16-60 were included
and their G6PD status was determined later.”” There-
fore, this could have biased the results and explained the
higher number of favism cases in the study on children.
In addition, favism could also be under-reported in the
GMS.

The lack of information on neonatal jaundice and
G6PDd from GMS countries other than Thailand indi-
cates that neonatal jaundice might be under-reported.
Neonatal jaundice, which can lead to permanent brain
damage in a condition called kernicterus, is one of the
most devastating consequences of G6PDd.” In addi-
tion, neonates with G6PDd are more likely to develop
neonatal jaundice compared with neonates with normal
G6PD activity.” Knowing the G6PD status of individuals,
especially in the GMS, can also help with better case
management of neonatal jaundice in neonates with
G6PDd.

Even though CNSHA is a rare condition among people
with G6PDd, the lack of information from other GMS
countries besides Thailand might be due to underre-
porting. The two variants described in the two studies
were G6PD Bangkok and G6PD Bangkok Noi. The
most serious form of infection-induced haemolysis was
reported to be due to dengue haemorrhagic fever, which
required blood transfusions.”® *' As dengue infection is
prevalent in the GMS™ and CNSHA might be under-re-
ported, the benefits of G6PD screening might also be
applicable to G6PD-deficient individuals with CNSHA.

Treatment of complications resulting from G6PDd,
such as blood transfusions, can be costly and require
proper facilities and trained personnel. A cost study in
Brazil estimated that the average cost of treatment of
severe adverse events due to primaquine among patients
with G6PDd is about US$4.8 million per year.”® Supplying
G6PD test kits could help prevent severe adverse events
due to primaquine. However, this alone may not be a
financially sustainable solution as G6PDd also affects
the clinical manifestations of other diseases and infec-
tions. Our results indicate that appropriate management
by trained healthcare workers also has the potential to
prevent the loss of life due to haemolysis.

Nevertheless, the evidence from this review should
be interpreted with caution as we have only included
papers published in the English language. Moreover,
most studies we found were from Thailand. Conse-
quently, the evidence here might not be exhaustive of
all the clinical manifestations of G6PDd in the GMS.
However, based on the predicted prevalence and
predicted risk of haemolysis of the G6PDd variants in
the GMS,77 the clinical manifestations of G6PDd in the
GMS have most likely been under-reported. In addition,
the clinical manifestations described in our systematic
review are consistent with those reported in a systematic
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review of the clinical manifestations of G6PDd in Latin
America.”

CONCLUSION

Prescription of primaquine should be preceded by prior
assessment of a patient’s G6PD status. Moreover, system-
atic screening and record keeping of G6PDd would be
beneficial and cost-effective in the GMS. When trained
healthcare workers properly manage severe adverse
events, they can prevent the loss of life due to haemo-
lysis in patients with G6PDd. Healthcare workers at the
community level should be made familiar with symptoms
and complications due to G6PDd and trained to take
appropriate action such as referring a patient to a better
equipped health facility. Finally, G6PD status is important
not only in the context of malaria but also in the context
of other infections such as typhoid fever and dengue
fever, which are prevalent in the GMS.

Author affiliations

"Department of Community and Global Health, Graduate School of Medicine, The
University of Tokyo, Tokyo, Japan

2SATREPS Project (JICA/AMED) for Parasitic Diseases, Vientiane Capital, Lao
People’s Democratic Republic

3nstitut Pasteur du Laos, Ministry of Health, Vientiane Capital, Lao People’s
Democratic Republic

*Department of Tropical Medicine and Malaria, Research Institute, National Center
for Global Health and Medicine, Tokyo, Japan

SCenter of Malariology, Parasitology and Entomology, Ministry of Health, Vientiane
Capital, Lao People’s Democratic Republic

Contributors KICO was involved in the conceptualisation and methodology of
the study. KICO, HK, ST, HA and MMT were responsible for the formal analysis,
investigation and original draft preparation. MI, BH, PTB, SK and MJ were involved
in the supervision. All the authors equally contributed to the writing, reviewing and
editing of the manuscript.

Funding This study was partly supported by a Japan International Cooperation
Agency (JICA)/Japan Agency for Medical Research and Development (AMED)
SATREPS Project for the “Development of innovative research technique in genetic
epidemiology of malaria and other parasitic diseases in the Lao PDR for containing
their expanding endemicity”.

Competing interests None declared.
Patient consent None.
Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 4.0) license, which permits
others to distribute, remix, adapt and build upon this work, for commercial use,
provided the original work is properly cited. See: http://creativecommons.org/
licenses/by/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2017. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

1. Cappellini MD, Fiorelli G. Glucose-6-phosphate dehydrogenase
deficiency. Lancet 2008;371:64-74.

2. Luzzatto L. Glucose 6-phosphate dehydrogenase deficiency: from
genotype to phenotype. Haematologica 2006;91:1303-6.

3. WHO Working Group Glucose-6-phosphate dehydrogenase
deficiency. Bull World Health Organ 1989;67:601-11.

4. Frank JE. Diagnosis and management of G6PD deficiency. Am Fam
Physician 2005;72:1277-82.

5. Beutler E, Duparc S; G6PD Deficiency Working Group. Glucose-
6-phosphate dehydrogenase deficiency and antimalarial drug
development. Am J Trop Med Hyg 2007;77:779-89.

6. Howes RE, Dewi M, Piel FB, et al. Spatial distribution of G6PD
deficiency variants across malaria-endemic regions. Malar J
2013;12:418.

7. Domingo GJ, Satyagraha AW, Anvikar A, et al. G6PD testing in
support of treatment and elimination of malaria: recommendations
for evaluation of G6PD tests. Malar J 2013;12:391.

8. Asian Development Bank. Overview of the Greater Mekong
Subregion. 2016 http://www.adb.org/countries/gms/overview
(accessed 9 Jul 2016).

9. O'Shannassy TO. Greater Mekong Subregion (GMS): context.
Southeast Asian J Trop Med Public Health 2013;44 Suppl 1:1-45.
discussion 306-7.

10. Cuil, Yan G, Sattabongkot J, et al. Malaria in the Greater
Mekong Subregion: heterogeneity and complexity. Acta Trop
2012;121:227-39.

11. Ashley EA, Dhorda M, Fairhurst RM, et al. Spread of artemisinin
resistance in Plasmodium falciparum malaria. N Engl J Med
2014;371:411-23.

12. Adams JH, Mueller I. The biology of Plasmodium vivax. Cold
Spring Harb Perspect Med 2017:a025585 (published Online First:
2017/05/10)

13. World Health Organization. Point-of-care G6PD testing to support
safe use of primaquine for the treatment of vivax malaria. 2015.

14. Baird K. Origins and implications of neglect of G6PD deficiency and
primaquine toxicity in Plasmodium vivax malaria. Pathog Glob Health
2015;109:93-106.

15. Ley B, Luter N, Espino FE, et al. The challenges of introducing
routine G6PD testing into radical cure: a workshop report. Malar J
2015;14:377.

16. Recht J, Ashley E, White N, et al. Safety of 8-aminoquinoline
antimalarial medicines. Geneva: WHO, 2014.

17. Charoenlarp P, Areekul S, Harinasuta T, et al. The haemolytic effect
of a single dose of 45 mg of primaquine in G-6-PD deficient Thais. J
Med Assoc Thai 1972;55:631-8.

18. Bangchang KN, Songsaeng W, Thanavibul A, et al.
Pharmacokinetics of primaquine in G6PD deficient and G6PD
normal patients with vivax malaria. Trans R Soc Trop Med Hyg
1994;88:220-2.

19. Burgoine KL, Bancone G, Nosten F, et al. The reality of using
primaquine. Malar J 2010;9:376.

20. Charoenlarp P, Areekul S, Pholpothi T, et al. The course of
primaquine-induced haemolysis in G-6-PD-deficient Thais. J Med
Assoc Thai 1973;56:392-7.

21. Everett WD, Yoshida A, Pearlman E, et al. Hemoglobin E and
glucose-6-phosphate deficiency in the Khmer Air Force (Cambodia).
Am J Trop Med Hyg 1977;26:597-601.

22. Karwacki JJ, Shanks GD, Kummalue T, et al. Primaquine induced
hemolysis in a Thai soldier. Southeast Asian J Trop Med Public
Health 1989;20:555-6.

23. Kheng S, Muth S, Taylor WR, et al. Tolerability and safety of weekly
primaquine against relapse of Plasmodium vivax in Cambodians
with glucose-6-phosphate dehydrogenase deficiency. BMC Med
2015;13:208.

24. Areekul S, Paksanond S, Thanomsak W, et al. Serum
transcobalamin Il level in glucose-6-phosphate dehydrogenase
deficient subjects with typhoid fever. J Med Assoc Thai
1996;79:325-9.

25. Chuansumrit A, Tangnararatchakit K, Sirachainan N, et al. Dengue
infection in hematologic-oncologic pediatric patients: aggravation of
anemia and bleeding risk. Southeast Asian J Trop Med Public Health
2012;43:311-22.

26. Devakul K, Harinasuta T, Kanakakorn K, et al. Erythrocyte
destruction in plasmodium falciparum malaria: an investigation of
intravascular haemolysis. Ann Trop Med Parasitol 1969;63:317-25.

27. Tanphaichitr VS, Chonlasin R, Suwantol L, et al. Effect of red blood
cell glucose-6-phosphate dehydrogenase deficiency on patients
with dengue hemorrhagic fever. J Med Assoc Thai 2002;85 Suppl
2:8522-9.

28. Tanphaichitr VS, Hirono A, Pung-amritt P, et al. Chronic
nonspherocytic hemolytic anemia due to glucose-6-phosphate
dehydrogenase deficiency: report of two families with novel
mutations causing G6PD Bangkok and G6PD Bangkok Noi. Ann
Hematol 2011;90:769-75.

29. Tanphaichitr VS, Suvatte V, Mahasandana C, et al. Transient,
acquired glucose-6-phosphate dehydrogenase deficiency in Thai
children with typhoid fever. Southeast Asian J Trop Med Public
Health 1982;13:105-9.

Ong KIC, et al. BMJ Glob Health 2017;2:6000415. doi:10.1136/bmjgh-2017-000415


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/S0140-6736(08)60073-2
http://dx.doi.org/10.1186/1475-2875-12-418
http://dx.doi.org/10.1186/1475-2875-12-391
http://www.adb.org/countries/gms/overview
http://dx.doi.org/10.1016/j.actatropica.2011.02.016
http://dx.doi.org/10.1056/NEJMoa1314981
http://dx.doi.org/10.1101/cshperspect.a025585
http://dx.doi.org/10.1101/cshperspect.a025585
http://dx.doi.org/10.1179/2047773215Y.0000000016
http://dx.doi.org/10.1186/s12936-015-0896-8
http://dx.doi.org/10.1016/0035-9203(94)90306-9
http://dx.doi.org/10.1186/1475-2875-9-376
http://dx.doi.org/10.4269/ajtmh.1977.26.597
http://dx.doi.org/10.1186/s12916-015-0441-1
http://dx.doi.org/10.1080/00034983.1969.11686632
http://dx.doi.org/10.1007/s00277-010-1153-4
http://dx.doi.org/10.1007/s00277-010-1153-4

BMJ Global Health

l

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wanachiwanawin W, Piankijagum A. Severe hyperbilirubinemia in
glucose-6-phosphate dehydrogenase deficient patients during viral
hepatitis. J Med Assoc Thai 1990;73:552-5.

Thisyakorn U, Mansuwan P, Taylor DN. Typhoid and paratyphoid
fever in 192 hospitalized children in Thailand. Am J Dis Child
1987;141:862-5.

Laosombat V, Sattayasevana B, Janejindamai W, et al. Molecular
heterogeneity of glucose-6-phosphate dehydrogenase (G6PD)
variants in the south of Thailand and identification of a novel variant
(G6PD Songklanagarind). Blood Cells Mol Dis 2005;34:191-6.
Panich V, Na-Nakorn S. Acute hemolysis in G-6-PD union (Thai).
Report on four cases. J Med Assoc Thai 1973;56:241-9.
Poshyachinda M, Buachum V, Mahasandana S, et al. Haemolytic
side effects of DFD in normal and G-6-PD deficient Thais. J Med
Assoc Thai 1978;61:468-80.

Sicard D, Kaplan JC, Labie D. Haemoglobinopathies and G.-6-P.D.
deficiency in Laos. Lancet 1978;2:571-2.

Laosombat V, Sattayasevana B, Chotsampancharoen T, et al.
Glucose-6-phosphate dehydrogenase variants associated with
favism in Thai children. Int J Hematol 2006;83:139-43.

Kitayaporn D, Charoenlarp P, Pattaraarechachai J, et al.

G6PD deficiency and fava bean consumption do not produce
hemolysis in Thailand. Southeast Asian J Trop Med Public Health
1991;22:176-82.

Flatz G, Thanangkul O, Simarak S, et al. Glucose-6-phosphate
dehydrogenase deficiency and jaundice in newborn infants in
northern Thailand. Ann Paediatr 1964;203:39-45.

Phornphutkul C, Whitaker JA, Worathumrong N, et al. Severe
hyperbilirubinemia in Thai newborns in association with erythrocyte
G6PD deficiency. Clin Pediatr 1969;8:275-8.

Tanphaichitr VS, Pung-amritt P, Yodthong S, et al. Glucose-6-
phosphate dehydrogenase deficiency in the newborn: its prevalence
and relation to neonatal jaundice. Southeast Asian J Trop Med Public
Health 1995;26:137-41.

Talalak P, Beutler E. G-6PD Bangkok: a new variant found in
congenital nonspherocytic hemolytic disease (CNHD). Blood
1969;33:772-6.

Khim N, Benedet C, Kim S, et al. G6PD deficiency in Plasmodium
falciparum and Plasmodium vivax malaria-infected Cambodian
patients. Malar J 2013;12:171.

Kotepui M, Uthaisar K, PhunPhuech B, et al. Prevalence and
hematological indicators of G6PD deficiency in malaria-infected
patients. Infect Dis Poverty 2016;5:36.

Lampe RM, Kirdpon S, Mansuwan P, et al. Glucose-6-phosphate
dehydrogenase deficiency in Thai children with typhoid fever. J
Pediatr 1975;87:576-8.

Lederer W, Jongsakul K, Pungpak S, et al. Glucose-6-phosphate
dehydrogenase deficiency in Thailand: the influence on the clinical
presentation of malaria in male adult patients. J Trop Med Hyg
1988;91:151-6.

NoedI H, Wernsdorfer WH, Krudsood S, et al. Predictive role of
laboratory and clinical treatment response parameters and glucose-
6-phosphate dehydrogenase status in the therapy of falciparum
malaria. Wien Klin Wochenschr 2002;114:158-63.

Oo M, Tin S, Marlar T, et al. Genetic red cell disorders and severity
of falciparum malaria in Myanmar. Bull World Health Organ
1995;73:659-65.

Panich V, Na-Nakorn S, Wasi P, elliptocytosis H. Hereditary
elliptocytosis (the first report in Thailand) in association with
erythrocyte glucose-6-phosphate dehydrogenase deficiency and
hemoglobin E. J Med Assoc Thai 1970;53:593-600.

Arnolda G, Nwe HM, Trevisanuto D, et al. Risk factors for acute
bilirubin encephalopathy on admission to two Myanmar national
paediatric hospitals. Matern Health Neonatol Perinatol 2015;1:22.
Butthep P, Wisedpanichkij R, Jindadamrongwech S, et al.
Reticulocyte analysis in iron deficiency anemia and hemolytic
anemia. J Med Assoc Thai 2000;83:S114-22.

Flatz G, Sringam S, Komkris V, et al. Negative balancing factors for
the glucose-6-phosphate dehydrogenase polymorphism in Thailand.
Acta Genet Stat Med 1963;13:316-27.

Nguyen TH, Charlieu JP, Tran THC, et al. Glucose-6-phosphate
dehydrogenase (G6PD) mutations and haemoglobinuria syndrome in
the viethamese population. Malar J 2009;8.

Pornprasert S, Phanthong S. Anemia in patients with coinherited
thalassemia and glucose-6-phosphate dehydrogenase deficiency.
Hemoglobin 2013;37:536-43.

Prachukthum S, Nunnarumit P, Pienvichit P, et al. Genetic
polymorphisms in Thai neonates with hyperbilirubinemia. Acta
Paediatr 2009;98:1106-10.

Tachavanich K, Viprakasit V, Chinchang W, et al. Clinical and
hematological phenotype of homozygous hemoglobin E: revisit of a

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

benign condition with hidden reproductive risk. Southeast Asian J
Trop Med Public Health 2009;40:306-16.

Tran TH, Day NP, Ly VC, et al. Blackwater fever in Southern
Vietnam: a prospective descriptive study of 50 cases. Clin Infect Dis
1996;23:1274-81.

Bancone G, Chowwiwat N, Somsakchaicharoen R, et al. Single
low dose primaquine (0.25 mg/kg) does not cause clinically
significant haemolysis in G6PD deficient subjects. PLoS One
2016;11:e0151898.

Buchachart K, Krudsood S, Singhasivanon P, et al. Effect of
primaquine standard dose (15 mg/day for 14 days) in the treatment
of vivax malaria patients in Thailand. Southeast Asian J Trop Med
Public Health 2001;32:720-6.

Chin W, Bear DM, Colwell EJ, et al. A comparative evaluation of
sulfalene-trimethoprim and sulphormethoxine-pyrimethamine
against falciparum malaria in Thailand. Am J Trop Med Hyg
1973;22:308-12.

Chongsuphajaisiddhi T, Sabchareon A, Chantavanich P, et al. A
phase-lll clinical trial of mefloquine in children with chloroquine-
resistant falciparum malaria in Thailand. Bull World Health Organ
1987;65:223-6.

Harinasuta T, Bunnag D, Wernsdorfer WH, et al. A phase Il clinical
trial of mefloquine in patients with chloroquine-resistant falciparum
malaria in Thailand. Bull World Health Organ 1983;61:299-305.
Krudsood S, Wilairatana P, Tangpukdee N, et al. Safety and
tolerability of elubaquine (bulaquine, CDRI 80/53) for treatment

of Plasmodium vivax malaria in Thailand. Korean J Parasitol
2006;44:221-8.

Myat-Phone- Kyaw, Myint- Oo, Aung- Naing, et al. The use of
primaquine in malaria infected patients with red cell glucose-6-
phosphate dehydrogenase (G6PD) deficiency in Myanmar. Southeast
Asian J Trop Med Public Health 1994;25:710-3.

Shanks GD, Edstein MD, Suriyamongkol V, et al. Malaria
chemoprophylaxis using proguanil/dapsone combinations on the
Thai-Cambodian border. Am J Trop Med Hyg 1992;46:643-8.
Silachamroon U, Krudsood S, Treeprasertsuk S, et al. Clinical

trial of oral artesunate with or without high-dose primaquine for
the treatment of vivax malaria in Thailand. Am J Trop Med Hyg
2003;69:14-18.

Song J, Socheat D, Tan B, et al. Rapid and effective malaria
control in Cambodia through mass administration of artemisinin-
piperaquine. Malar J 2010;9:57.

Takeuchi R, Lawpoolsri S, Imwong M, et al. Directly-observed
therapy (DOT) for the radical 14-day primaquine treatment of
Plasmodium vivax malaria on the Thai-Myanmar border. Malar J
2010;9:308.

Pornprasert S, Panya A, Cheepsunthorn CL, et al. HAART has no
major impact on hematological and plasma bilirubin changes in HIV-
infected patients with congenital G-6-PD deficiency. Curr HIV Res
2013;11:193-7.

Chanda M, Nantakomol D, Suksom D, et al. Cell-derived
microparticles after exercise in individuals with G6PD Viangchan.
Clin Hemorheol Microcirc 2015;60:241-51.

Kahn A, North ML, Cottreau D, et al. G6PD Vientiane: a new
glucose-6-phosphate dehydrogenase variant with increased stability.
Hum Genet 1978;43:85-9.

Pornprasert S, Wanachantararak P, Kantawong F, et al. Excessive
fluoride consumption increases haematological alteration in subjects
with iron deficiency, thalassaemia, and glucose-6-phosphate
dehydrogenase (G-6-PD) deficiency. Environ Geochem Health
2017;39:751-8.

Sanpavat S. Exchange transfusion and its morbidity in ten-

year period at King Chulalongkorn Hospital. J Med Assoc Thai
2005;88:588-92.

Mogasale V, Maskery B, Ochiai RL, et al. Burden of typhoid fever in
low-income and middle-income countries: a systematic, literature-
based update with risk-factor adjustment. Lancet Glob Health
2014;2:e570-e580.

Bhatt S, Gething PW, Brady OJ, et al. The global distribution and
burden of dengue. Nature 2013;496:504-7.

Beutler E. Glucose-6-phosphate dehydrogenase deficiency: a
historical perspective. Blood 2008;111:16-24.

Peixoto HM, Brito MA, Romero GA, et al. G6PD deficiency in male
individuals infected by Plasmodium vivax malaria in the Brazilian
Amazon: a cost study. Malar J 2015;14:126.

Howes RE, Piel FB, Patil AP, et al. G6PD deficiency prevalence
and estimates of affected populations in malaria endemic
countries: a geostatistical model-based map. PLoS Med
2012;9:e1001339.

Monteiro WM, Franca GP, Melo GC, et al. Clinical complications
of G6PD deficiency in Latin American and Caribbean populations:

Ong KIC, et al. BMJ Glob Health 2017;2:€000415. doi:10.1136/bmjgh-2017-000415


http://dx.doi.org/10.1001/archpedi.1987.04460080048025
http://dx.doi.org/10.1016/j.bcmd.2004.11.001
http://dx.doi.org/10.1016/S0140-6736(78)92899-4
http://dx.doi.org/10.1532/IJH97.A20513
http://dx.doi.org/10.1177/000992286900800509
http://dx.doi.org/10.1186/1475-2875-12-171
http://dx.doi.org/10.1186/s40249-016-0130-0
http://dx.doi.org/10.1016/S0022-3476(75)80826-2
http://dx.doi.org/10.1016/S0022-3476(75)80826-2
http://dx.doi.org/10.1186/s40748-015-0024-3
http://dx.doi.org/10.1159/000151814
http://dx.doi.org/10.3109/03630269.2013.819558
http://dx.doi.org/10.1111/j.1651-2227.2009.01275.x
http://dx.doi.org/10.1111/j.1651-2227.2009.01275.x
http://dx.doi.org/10.1371/journal.pone.0151898
http://dx.doi.org/10.4269/ajtmh.1973.22.308
http://dx.doi.org/10.3347/kjp.2006.44.3.221
http://dx.doi.org/10.4269/ajtmh.1992.46.643
http://dx.doi.org/10.1186/1475-2875-9-57
http://dx.doi.org/10.1186/1475-2875-9-308
http://dx.doi.org/10.2174/1570162X113119990001
http://dx.doi.org/10.3233/CH-141865
http://dx.doi.org/10.1007/BF00396482
http://dx.doi.org/10.1007/s10653-016-9845-x
http://dx.doi.org/10.1016/S2214-109X(14)70301-8
http://dx.doi.org/10.1038/nature12060
http://dx.doi.org/10.1182/blood-2007-04-077412
http://dx.doi.org/10.1186/s12936-015-0647-x
http://dx.doi.org/10.1371/journal.pmed.1001339

BMJ Global Health 8

systematic review and implications for malaria elimination programmes. Malar J 2014;13:70.

8 Ong KIC, et al. BMJ Glob Health 2017;2:6000415. doi:10.1136/bmjgh-2017-000415


http://dx.doi.org/10.1186/1475-2875-13-70

