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Abstract 

Oxidative agents can cause acute haemolytic anaemia in persons with G6PD deficiency. Understanding the relation-

ship between G6PD genotype and the phenotypic expression of the enzyme deficiency is necessary so that severe 

haemolysis can be avoided. The patterns of oxidative haemolysis have been well described in G6PD deficient hemizy-

gous males and homozygous females; and haemolysis in the proportionally more numerous heterozygous females 

has been documented mainly following consumption of fava beans and more recently dapsone. It has long been 

known that 8-aminoquinolines, notably primaquine and tafenoquine, cause acute haemolysis in G6PD deficiency. To 

support wider use of primaquine in Plasmodium vivax elimination, more data are needed on the haemolytic conse-

quences of 8-aminoquinolines in G6PD heterozygous females. Two recent studies (in 2017) have provided precisely 

such data; and the need has emerged for the development of point of care quantitative testing of G6PD activity. 

Another priority is exploring alternative 8-aminoquinoline dosing regimens that are practical and improve safety in 

G6PD deficient individuals.
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Background
Pamaquine (plasmochin, plasmoquine), the first 8-ami-

noquinoline to be used for the radical curative treat-

ment of Plasmodium vivax malaria caused haemolysis 

in approximately 5–10% of the patients who received 

treatment with it [1]. Primaquine succeeded pamaquine 

as the first-line treatment for radical cure because of its 

greater potency and better tolerability [2]. However, pri-

maquine still caused haemolysis in susceptible patients. 

�e biochemical defect responsible for oxidant haemol-

ysis was found to be red blood cell (RBC) deficiency of 

the enzyme glucose-6-phosphate dehydrogenase (G6PD). 

Initially evaluated by the US military in the Korean war, 

primaquine remains today the only widely available anti-

malarial for the radical curative treatment of P. vivax 

malaria.

�e WHO malaria treatment guidelines have long rec-

ommended the addition of primaquine to chloroquine 

(or now to artemisinin-based combination therapy, ACT) 

for the radical curative treatment of P. vivax and Plasmo-

dium ovale infections. Even today this recommendation 

is often not followed because there is a risk of severe hae-

molysis in persons with G6PD deficiency, and testing for 

G6PD deficiency is not generally available.

As malaria programmes progress towards the elimina-

tion of Plasmodium falciparum malaria, the proportion 

of malaria infections attributable to P. vivax outside of 

sub-Saharan Africa increases [3]; P. vivax is more diffi-

cult to eliminate because of relapse [4–6]. To eliminate 

P. vivax, relapses must be prevented with radical cura-

tive treatment regimens. �e haemolytic effect of 8-ami-

noquinolines is dose dependent. High doses can cause 

significant haemolysis even in those with intermediate 

levels of G6PD deficiency [7]. With increased use of radi-

cal curative treatment, it is important to have a clear pic-

ture of haemolysis caused by 8-aminoquinolines not only 

in persons who are fully G6PD deficient (hemizygotes, 
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homozygotes), but also in those with intermediate 

degrees of deficiency (heterozygotes).

Historical aspects of G6PD deficiency
G6PD deficiency is today a textbook topic in human bio-

chemical genetics and in pharmacogenetics; but long 

before these became academic subjects, manifestations 

of G6PD deficiency had been recognized clinically since 

antiquity. Apart from anecdotes revolving around the 

philosopher and mathematician Pythagoras (5th cen-

tury B.C.), the occurrence of episodes of severe anaemia 

associated with jaundice and dark urine was reported 

in the 19th century in Portugal, Italy, and Greece [8]. 

�ese episodes were attributed correctly to ingestion of 

fava beans, hence the term favism. �e same symptoms 

were also found to occur with use of pamaquine (plasmo-

quine), an 8-aminoquinoline developed by the Germans 

after World War I and used for the treatment of malaria 

[9, 10]. Pamaquine was not well tolerated prompting 

investigation for alternative safer treatments for military 

use during World War II. �is resulted eventually in the 

development of primaquine (an analogue of pamaquine) 

in 1950 by the US-based malaria research programme 

[10, 11]. Primaquine was better tolerated than pamaquine 

but ‘primaquine sensitivity’ was observed in some 

patients who became anaemic and jaundiced when tak-

ing this medication. Investigations revealed that in both 

favism and ‘primaquine sensitivity’ there was an acute 

haemolytic anaemia (AHA) with high serum bilirubin 

and often haemoglobinuria (“blackwater”). At the time, 

there was no obvious link between the two syndromes.

�e link became clear only after Carson and colleagues 

[12] reported that in the red blood cells of subjects with 

a documented history of ‘primaquine sensitivity’ the 

enzyme activity of the erythrocyte G6PD was markedly 

decreased compared to appropriate controls. �is was 

a landmark discovery, as it identified for the first time a 

red blood cell enzymopathy with serious and distinctive 

clinical implications (some 20 more red cell enzymopa-

thies have been discovered since) [13]. Very promptly 

Sansone and Segni [14] tested patients with a history of 

favism and found that they too had very low G6PD activ-

ity in their red blood cells. It was also observed that new-

borns with low levels of G6PD in their red blood cells 

had an increased frequency of neonatal jaundice, which 

was often severe [15]. Today, the term G6PD deficiency 

is appropriately used for this genetic trait, which carries 

the risk of severe neonatal jaundice and of AHA upon 

exposure to primaquine (as well as to some other drugs) 

or ingestion of fava beans.

G6PD deficiency: from genotype to phenotype
Since the G6PD gene maps to the X chromosome (of 

which males have only one), a male with a mutation 

(called a hemizygote) causing G6PD deficiency will have 

full expression of the defect. In contrast, a female (having 

two X chromosomes), may have a normal G6PD gene on 

one chromosome and a mutated G6PD gene on the other 

chromosome, in which case she is called a heterozygote. If 

G6PD deficiency were autosomal (like most other enzy-

mopathies) rather than X-linked, the heterozygous state 

probably would not matter very much, or at all. Indeed, 

having roughly 50% of normal enzyme in all cells is “good 

enough” with respect to most enzymes (Fig.  1a). For an 

X-linked gene, the situation is made radically different 

because of the phenomenon of random X-chromosome 

inactivation (lyonization) whereby, in each one of the 

somatic cells of a female, only the genes from one X chro-

mosome are expressed, while those from the other are 

silenced. �us, in some cells only the maternal X-linked 

genes will be expressed whereas in others only the pater-

nal genes are expressed (a few genes do escape silenc-

ing, but G6PD is not one of them). �erefore, a female 

heterozygous for G6PD deficiency, rather than having 

about 50% G6PD activity in every red cell, has in her 

blood a mixture of G6PD normal and G6PD deficient red 

Fig. 1 Somatic cell mosaicism in G6PD heterozygous females and the associated G6PD activity (phenotype). X-chromosome inactivation and 

the phenotypic expression of G6PD deficiency in heterozygotes for GPPD mutations (a) (was Adapted from Baird et al. [61]). The top panel shows 

that at an early stage during embryonic development in each somatic cell of a female one of the two X chromosomes is inactivated (symbolized 

by a thin chromosome). In a heterozygote with one normal G6PD allele (blue) and one mutant (deficient) G6PD allele (red), after X-chromosome 

inactivation there are two types of cells: one type (top), where only the normal allele is expressed (blue stripe) will be G6PD normal; the other type 

(bottom) where only the mutant allele is expressed (red star), will be G6PD deficient. Once X inactivation has taken place it is faithfully maintained in 

the progeny of each cell. The bottom panel illustrates that, because X inactivation in the embryo is a random process, in adult tissue (e.g. red blood 

cells) the ratio between the number of cells in which one X-chromosome is inactive to the number of cells in which the other X-chromosome is 

active is variable: in these examples 1:9 (left), 5:5 (middle), 9:1 (right) (b) (was adapted from Bancone et al. [62]). This figure illustrates the distribution 

of G6PD activity in red cells from 74 G6PD heterozygous females. The G6PD activity is highly variable. The median activity is 11.76 IU/gHb so that 

12 females, though heterozygous, are in the normal range, i.e. they appear to be G6PD normal (extreme phenotype). On the other hand, five females 

have ≲30% of the median activity, i.e. they are almost as G6PD deficient as a hemizygous male (extreme phenotype). The remaining females have 

intermediate G6PD levels. The dotted lines linking Fig. 1a to b show graphically how the extreme and intermediate red cell phenotypes arise

(See figure on next page.)
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cells (Fig. 1a); this situation is referred to as somatic cell 

mosaicism.

To complicate matters further, the ratio of the two 

cell types that make up the mosaic is not the same in all 

females. X-inactivation takes place through a seemingly 

random process early in embryonic life, when there are 

few cells in the developing embryo. �erefore, although 

the ratio of the two cell types is normally distributed, 

the distribution is rather wide (Fig. 1b). �is means that 

at the upper end of the distribution females have nearly 

all normal red blood cells whereas at the lower end 

they have nearly all G6PD deficient red blood cells: this 

state—called an extreme phenotype—mimics a deficient 

homozygote.

�e clinical implications of these facts are important, to 

a large extent predictable, and validated by clinical expe-

rience. Since the average proportion of G6PD deficient 

red cells in heterozygotes is 50%, in the majority of these 

females AHA triggered by fava beans or by primaquine 

will be less severe than in hemizygous males. However, a 

female with an extreme (homozygous deficient-like) phe-

notype will develop AHA which is as severe as a hemizy-

gous male (when receiving the same dose). Indeed, every 

major series of children with favism includes girls, the 

majority of them heterozygotes; some of whom had very 

severe favism requiring urgent blood transfusion. �e 

published data on primaquine use in heterozygotes are 

scanty, because during its early evaluations primaquine 

was used by combat troops (then all male) and because 

males were selected during the early experimental work 

evaluating primaquine in G6PD deficient persons. How-

ever, in paediatric clinical trials of the anti-malarial chlor-

proguanil-dapsone  (Lapdap®) carried out early in this 

century (the sulphone dapsone is potentially haemolytic 

in G6PD deficiency), AHA was seen in the majority of 

200 heterozygous girls [16, 17]. As expected, the severity 

of AHA covered the full range from very mild to a sever-

ity similar to that seen in G6PD deficient (hemizygous) 

boys [18].

G6PD deficiency: from phenotype to genotype
�e erythrocytic G6PD activity decreases physiologically 

as erythrocytes age in the circulation. �erefore, what 

is normally measured in a blood sample haemolysate is 

the average activity, resulting from a mixture of younger 

red blood cells with higher activity and older cells with 

much less activity. �e enzyme activity measured is 

often referred to as the G6PD phenotype (although 

more rigorous phenotypic features also include enzyme 

kinetic properties, pH-dependence, in  vivo stabil-

ity, thermostability, etc.); in G6PD normal subjects it is 

often around 7–10  IU/gHb (≳80% of normal, as deter-

mined by the population median). For example, if in a 

previously untested male G6PD activity of 1.8  IU/gHb 

(approximately ≲30% of normal) is measured, this is 

recognized as an obviously G6PD deficient phenotype. 

In a male population the two phenotypes (G6PD nor-

mal and G6PD deficient) are separated clearly (Fig.  2a). 

In a female population instead, whereas many will have 

a G6PD normal phenotype and very few (the square of 

the gene frequency in men) will have a fully G6PD defi-

cient phenotype (as in males), quite a number (depend-

ing on the frequency of the G6PD deficiency gene(s) in 

that population) will have a phenotype which can aptly 

be called intermediate (≳30–≲80% of normal) (Fig.  2b). 

It is clear that males with a normal G6PD phenotype are 

hemizygous for the normal G6PD allele (genotype G6PD-

B), whereas males with a G6PD deficient phenotype are 

hemizygous for a mutant allele (e.g. G6PD-Mahidol, or 

G6PD-Med, or G6PD-A-, depending on which allele 

is common in the respective population). �is can be 

Fig. 2 Phenotypic differences in quantitative G6PD activity between 

males and females. In a male population (a) there are two evident 

phenotypes (G6PD normal and deficient) as shown by the clearly 

bimodal distribution in the histogram. In a female population 

(b) some will have an intermediate phenotype as shown by the 

continuous distribution. (This figure was adapted from Oo et al. [26])
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easily verified by molecular genotyping. Indeed, for cer-

tain studies this is an attractive approach, because sam-

ples can be conveniently batched and easily stored and 

no phenotypic quantitative assays are needed. However, 

there is an important proviso: either the entire G6PD 

coding region is sequenced, or there is reliable informa-

tion on G6PD deficiency mutations present in the pop-

ulation. Failing that, because there are many different 

mutations associated with an abnormal phenotype, sam-

ples that are G6PD deficient might be mis-classified as 

normal if restricted genotyping is employed (and this has 

happened before).

�e situation is rather different for females. �ose with 

an intermediate phenotype will almost certainly be het-

erozygotes, but there will be significant overlap at both 

ends of the intermediate phenotype distribution. Some 

of those with a G6PD normal phenotype (≳80% of nor-

mal) might not be homozygous normal (G6PD-B/G6PD-

B homozygotes) but heterozygotes (e.g. G6PD-B/G6PD 

Mahidol) with an ‘extreme phenotype’. For the same rea-

son, some of those with a severely deficient phenotype 

(≲30% of normal) might also be heterozygotes, rather 

than homozygous for a G6PD deficient allele (e.g. G6PD-

Mahidol/G6PD-Mahidol). �us, the only way to identify 

heterozygosity definitively in all cases is by DNA analy-

sis. However, this does not mean that DNA analysis is 

superior—rather the opposite. �e heterozygous geno-

type is created by inheritance, whereas the phenotype is 

determined subsequently by the pattern of X chromo-

some inactivation. Importantly, it is the phenotype that 

matters from the clinical point of view. In other words, 

knowing that a female is heterozygous by genotype does 

not predict whether she may have severe haemolysis with 

primaquine, but knowing that she has a large proportion 

of G6PD deficient red blood cells (approximately 30% or 

less) will be predictive. �at proportion can be assessed 

by qualitative or quantitative tests.

Testing for G6PD deficiency
It is very important to be able to identify conveniently 

and accurately, at the point of care (i.e. in the clinic set-

ting or during population surveys), subjects with an 

enzyme deficiency that would result in clinically sig-

nificant AHA. Ideally the test must be easy to carry out 

and easy to interpret. Historically, the first simple phe-

notypic tests for detecting G6PD deficiency were the 

methaemoglobin reduction test (MRT) [19] and the dye 

decolourization test [20]. �ese were generally reliable 

and inexpensive. However, they required some basic 

laboratory equipment and took several hours to read. 

Subsequently, a fluorescent spot test (FST) was devel-

oped by Fairbanks and Beutler [21, 22]. With this test 

the naturally fluorescent NADPH produced by G6PD 

is detected under UV light; G6PD normal samples pro-

duce a bright green fluorescent spot whereas G6PD 

deficient samples will not. �e test has shown remark-

able stability in different settings. �e FST has over 95% 

sensitivity and specificity in diagnosing any G6PD defi-

cient sample with ≲30% normal activity [23–26]. With 

a simple two step procedure and a processing time of 

30 min, the FST has become understandably one of the 

most widely used G6PD tests worldwide. For field use, 

the main limitations of the FST are that (i) a cold chain 

is required for receiving and storing reagents, (ii) elec-

tricity is required to light the UV lamp, and (iii) trained 

personnel are needed to interpret the result. In the past 

decade, two lateral flow rapid diagnostic tests (RDT) for 

G6PD have appeared on the market; the Binax Now™ 

and Carestart G6PD™. �e Binax Now™ has over 97% 

sensitivity and specificity [27–29], but the operating 

temperature range (18–25  °C) is too narrow for use in 

tropical field settings. �e Carestart G6PD™ (which 

is based on G6PD-mediated conversion of a soluble 

tetrazolium dye to a purple formazan precipitate) has 

been validated in different settings both in healthy vol-

unteers and in malaria patients [23–26, 30–33]. Today, 

this is the only lateral flow RDT available for the phe-

notypic diagnosis of G6PD deficiency; shortcomings 

include no control line, as well as storage and operating 

temperatures which are not always within the tempera-

ture range prevailing in tropical regions.

Current G6PD phenotypic screening tests (relying 

on visual assessment) are not designed to detect het-

erozygous females with intermediate activity (approxi-

mately > 30% to approximately 80% of normal activity). 

�e majority of these females are diagnosed as “G6PD 

normal” by both the FST and the CareStart™. A quan-

titative technique is required to detect the intermedi-

ate levels of G6PD activity and up to now this has been 

done for research purposes or as an advanced diagnos-

tic methodology for rare cases. �e gold standard for 

quantitative measurement of red cell G6PD enzymatic 

activity is the spectrophotometric assay [34] on blood 

haemolysates. In heterozygous females this will meas-

ure a weighted average of the activities of the two red 

blood cell populations (G6PD normal and G6PD defi-

cient). �e flow-cytometric read-out of the MRT [35] 

is a promising assay for the detection of G6PD activ-

ity at the single red blood cell level that assesses the 

actual proportion of G6PD normal and deficient red 

cell populations [36]. �e spectrophotometric assay 

is quite straightforward, but it requires skilled labora-

tory technicians, specialized laboratory equipment, 

and reagents. Only very recently has a version of this 

assay been adapted to become a point of care (POC) 
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quantitative test (Biosensor). �is is currently under 

assessment in different settings [37, 38].

AHA caused by 8-aminoquinolines and other 
agents
�e earliest studies on primaquine dosing (which 

began in the early 1950s) showed that a 22.5  mg daily 

dose for 14 days was efficacious in preventing P. vivax 

relapse [11]. Subsequent studies, supported by exten-

sive clinical use in soldiers with long latency Korean 

P. vivax infections, provided the rationale for a 15  mg 

daily dose for 14 days (0.25 mg/kg/day for 14 days; total 

dose 3.5  mg/kg) [39] in G6PD normal patients, which 

to this day is the most commonly used and frequently 

studied dosing regimen [40–43]. �e lower efficacy 

of this regimen in the frequent relapse Chesson phe-

notype prevalent in East Asia and Oceania was soon 

recognized. More recently in this region, higher doses 

of primaquine (0.5  mg/kg/day for 14  days; total dose 

7  mg/kg) have been recommended to prevent relapse. 

For identified G6PD deficient persons with ≲30% activ-

ity (with current phenotypic tests), the 14-day course 

of daily primaquine for radical cure is considered con-

traindicated. In these patients an alternative is to give 

primaquine 0.75 mg/kg/once weekly for 8 weeks (total 

dose 6 mg/kg). Evidence supporting this dose in G6PD 

deficient patients with the African A-variant was pub-

lished over 50  years ago [44, 45]. �e safety of the 

weekly dose in patients who are more severely G6PD 

deficient with other variants requires further verifica-

tion [46, 47]. Despite the limitations, the weekly dose is 

widely recommended, although adherence to this rec-

ommendation varies.

Whilst the biochemical genetics of G6PD deficiency 

are well understood, data are scarce on the haemolytic 

effects of daily primaquine doses in G6PD heterozy-

gous females with intermediate levels of G6PD activ-

ity (~ 30–80%), who would have a “normal” result using 

current G6PD deficiency rapid tests. In 1958, haemolysis 

during daily primaquine administration in G6PD het-

erozygous females of African descent (presumably with 

the African A-variant) was first reported. �e proxy 

method used in lieu of a G6PD assay was the glutathione 

stability test. An important finding from this study was 

that among females with intermediate levels of stability 

some had developed haemolysis in  vivo suggesting that 

“cells of ‘intermediates’ that undergo hemolysis are fully 

as sensitive to primaquine as are the cells of ‘reactors’. In 

1962, it was confirmed that among females of African 

descent about 20% had haemolysis when given 30 mg of 

primaquine daily [48], but this was found to be highly 

variable: “In some hemolysis was only detectable by iso-

topic labelling of the erythrocytes whereas, in others the 

hemolytic susceptibility and the biochemical abnormali-

ties of the erythrocytes were as severe, possibly even more 

severe, than in males with full expression.”

�ese astute observations by scientific pioneers are 

still relevant today. In a nested cohort study published 

earlier this year, dose-dependent haemolysis (independ-

ent of malaria associated haemolysis) was observed in 

G6PD Mahidol heterozygous females during primaquine 

administration for the radical curative treatment in 

acute P. vivax malaria [49] (confirming findings already 

observed half a century ago). Greater haematocrit reduc-

tions were observed in the patients taking 1  mg/kg/day 

for 7  days (the experimental alternative very high dose 

primaquine regimen) compared to 0.5  mg/kg/day for 

14 days (the commonly used high dose primaquine regi-

men) (Fig. 3). Whilst the total dose was the same in the 

very high dose group, the daily dose was doubled. Two 

females in the very high dose primaquine group required 

blood transfusion; only one (with a pre-treatment haem-

atocrit over 30%) complained of symptoms. �ere was 

a wide range of haemolysis resulting from primaquine 

in these G6PD Mahidol heterozygotes, as observed pre-

viously with dapsone in African A-heterozygotes [7]. 

Overall, haematocrit reductions were not associated with 

any specific clinical symptoms (other than those associ-

ated with anaemia itself ). �is has been found previously 
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with primaquine [39], and more recently with dapsone 

[7, 50–52]. �e largest study of drug-induced haemolysis 

in G6PD deficiency heterozygotes was following admin-

istration of dapsone rather than primaquine. In 200 

heterozygotes for the G6PD A- variant the spectrum of 

haemolysis ranged from undetectable to quite severe, 

(see Fig. 6 in ref 7) as would be expected from inspection 

of Fig. 1b in this paper.

Tafenoquine, another 8-aminoquinoline derivative, was 

developed in the 1980’s as an alternative to primaquine 

[53, 54]. Its excellent efficacy against P. vivax has been 

established recently in large clinical trials [55]. Recently 

the effects of tafenoquine in G6PD deficient heterozy-

gotes with G6PD activities in the range of 40–60% of 

normal were reported [56]. �e extent of haemolysis was 

dose-dependent with greater haemoglobin reductions 

in patients receiving 300  mg compared to those receiv-

ing 200 mg or 100 mg. With 300 mg of tafenoquine, the 

haematologic changes were similar to those in heterozy-

gote females who received primaquine 15 mg for 14 days 

(approximately 0.25 mg/kg/day). �ese heterozygotes did 

not develop clinical symptoms other than those associ-

ated with anaemia, and none of them required blood 

transfusion. Tafenoquine has a long terminal elimina-

tion half-life which allows a single dose to be given. 

�us, unlike primaquine which can be stopped at the 

first signs of toxicity, tafenoquine cannot be stopped. 

One might expect that the haemolysis resulting from 

daily primaquine dosing will be mitigated by the fact that 

the  oldest most vulnerable red blood cells are replaced 

by younger red blood cells that are less vulnerable 

because they have a higher G6PD activity. �is should 

also be true for the longer acting tafenoquine. However, 

‘self-limited haemolysis’ (when using daily primaquine) 

has been demonstrated in hemizygous males with the 

African G6PD A- variant, the Mahidol variant, and the 

Viangchan variants [44] and in heterozygous females 

with the G6PD Mahidol or G6PD Viangchan variants [49, 

57] but not with more severe variants. In G6PD Mahidol 

heterozygotes the tafenoquine dose escalation study was 

stopped at 300 mg because of significant haemolysis.

Commonly prescribed drugs such as nitrofurantoin, 

quinolones (nalidixic acid and ciprofloxacin), rasbur-

icase, and other agents (methylene blue) also are known 

to cause haemolysis in G6PD deficient persons, includ-

ing heterozygotes [58, 59]. Infections, such as malaria, 

may also cause haemolysis, which can overlap with drug-

induced AHA. Iatrogenically induced haemolysis in gen-

eral is fully preventable and avoiding the causative drugs 

reduces unnecessary morbidity and mortality.

Considerations for the use of 8-aminoquinolines 
in G6PD heterozygous females
Results from a number of G6PD deficiency tests give a 

binary “normal” or “deficient” result in female heterozy-

gotes, when in fact, G6PD activity ranges on a continu-

ous scale from severe deficiency to normal. In females 

any threshold between normal and deficient is arbitrary. 

Currently two arbitrary thresholds have been used: a) if 

the G6PD activity is ≲30% of normal females receive the 

same treatment as G6PD deficient males; b) if the G6PD 

activity is ≳70% of normal, females receive the same 

treatment as G6PD normal males. Among the million 

persons who have received primaquine in radical cura-

tive doses during mass drug administrations, only 16 

persons (mostly likely G6PD deficient) were reported as 

having experienced severe haemolysis or anaemia [57]. 

In Latin America and the Caribbean (where the preva-

lence of G6PD deficiency is 4% and the most common 

variants are African A- and Mediterranean), no cases of 

primaquine associated haemolysis in females have been 

reported [60]. �e low rates of severe AHA following 

primaquine may be in part explained by recognition of 

adverse effects (e.g. dark urine) and then stopping the 

medication. For heterozygous females with G6PD activ-

ity between ≳30 and ≲80% of normal (about one-half of 

all heterozygotes), there are no current evidence-based 

recommendations. �ere are very few data on the occur-

rence of mild to moderate anaemia in G6PD heterozy-

gous females (see those described above). Symptoms may 

be missed or not reported unless haematologic parame-

ters are measured before and after primaquine treatment. 

�us, in known G6PD heterozygote females it would be 

reasonable to either withhold primaquine (or tafeno-

quine); or to accept that haemolysis will develop, monitor 

the individual carefully, and stop if adverse effects occur 

(keeping in mind that tafenoquine cannot be stopped).

Conclusions: The future of primaquine 
and tafenoquine use
Over the past 90  years 8-aminoquinolines have been 

prescribed mostly without testing for G6PD deficiency: 

initially, because this enzyme defect was unknown; and 

subsequently because it was largely disregarded. Nowa-

days there is increasing deployment of semi-quantita-

tive tests, which identify male hemizygotes and female 

homozygotes, but fail to identify a substantial propor-

tion of female heterozygotes, some of whom have a risk 

of clinically significant iatrogenic haemolysis. At the 

moment, for most malaria-endemic areas where testing 

is unavailable and primaquine is the only option, radical 

treatment requires a careful appraisal of risks and ben-

efits, consideration of safer treatment regimens (such 

as once weekly), and education of the patient to stop 
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taking primaquine if adverse effects occur. �is risk-ben-

efit assessment requires knowledge of local relapse pat-

terns and of G6PD variants and their severity, and of the 

availability of medical supervision and access to facilities 

for blood transfusion. In the future it is hoped that point 

of care quantitative tests will be developed and deployed. 

�is will provide accurate assessment of the phenotype, 

and thus of the potential severity of haemolysis, which 

is roughly inversely proportional to G6PD activity: 

the lower the activity, the more severe the haemolysis. 

�ese tests will be especially necessary for the safe use of 

tafenoquine.

Abbreviations

ACT : artemisinin-based combination therapy; AHA: acute haemolytic anaemia; 

FST: fluorescent spot test; G6PD: glucose-6-phosphate dehydrogenase; MRT: 

methaemoglobin reduction test; POC: point of care; RBC: red blood cell; RDT: 

rapid diagnostic test.

Authors’ contributions

CSC, GB, and LL wrote the original draft. LL, NJW, and FN reviewed and edited 

the draft. All authors read and approved the final manuscript.

Author details
1 Shoklo Malaria Research Unit, Faculty of Tropical Medicine, Mahidol–Oxford 

Tropical Medicine Research Unit, Mahidol University, Mae Sot, Thailand. 
2 Mahidol–Oxford Tropical Medicine Research Unit, Faculty of Tropical Medi-

cine, Mahidol University, Bangkok, Thailand. 3 Centre for Tropical Medicine 

and Global Health, Nuffield Department of Medicine, University of Oxford, 

Oxford, UK. 4 Department of Haematology, Muhimbili University of Health 

and Allied Sciences, Dar-es-Salaam, Tanzania. 

Acknowledgements

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Availability of data and materials

Not applicable.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

Funding

CSC, GB, FN, and NJW are supported by the Wellcome Trust.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

Received: 10 December 2017   Accepted: 24 February 2018

References

 1. Earle DP, Bigelow FS, Zubrod CG, Kane CA. Studies on the chemotherapy 

of the human malarias. IX. Effect of pamaquine on the blood cells of man. 

J Clin Invest. 1948;27:121–9.

 2. Alving AS, Pullman TN, Craige B Jr, Jones R Jr, Whorton CM, Eichelberger 

L. The clinical trial of 18 analogues of pamaquin (plasmochin) in vivax 

malaria Chesson strain. J Clin Invest. 1948;27:34–45.

 3. Maude RJ, Nguon C, Ly P, Bunkea T, Ngor P, de la Canavati Torre SE, et al. 

Spatial and temporal epidemiology of clinical malaria in Cambodia 

2004–2013. Malar J. 2014;13:385.

 4. Betuela I, Rosanas-Urgell A, Kiniboro B, Stanisic DI, Samol L, de Lazzari 

E, et al. Relapses contribute significantly to the risk of Plasmodium vivax 

infection and disease in Papua New Guinean children 1–5 years of age. J 

Infect Dis. 2012;206:1771–80.

 5. Sutanto I, Tjahjono B, Basri H, Taylor WRJ, Putri F, Meilia R, et al. Rand-

omized, open-label trial of primaquine against vivax malaria relapse in 

Indonesia. Antimicrob Agents Chemother. 2013;57:1128–35.

 6. White NJ. Determinants of relapse periodicity in Plasmodium vivax 

malaria. Malar J. 2011;10:297.

 7. Pamba A, Richardson ND, Carter N, Duparc S, Premji Z, Tiono AB, et al. 

Clinical spectrum and severity of hemolytic anemia in glucose 6-phos-

phate dehydrogenase-deficient children receiving dapsone. Blood. 

2012;120:4123–33.

 8. Meletis J, Konstantopoulos K. Favism - from the “avoid fava beans” of 

Pythagoras to the present. Haema. 2004;7:17–21.

 9. Mühlens P. Die Behandlung der natürlichen menschlichen Malaria-Infek-

tion mit Plasmochin. Naturwissenschaften. 1926;14:1162–6.

 10. Greenwood D. Conflicts of interest: the genesis of synthetic antimalarial 

agents in peace and war. J Antimicrob Chemother. 1995;36:857–72.

 11. Edgcomb JH, Arnold J, Yount EH Jr, Alving AS, Eichelberger L, Jeffery 

GM, et al. Primaquine, SN 13272, a new curative agent in vivax malaria; a 

preliminary report. J Natl Malar Soc. 1950;9:285–92.

 12. Carson PE, Flanagan CL, Ickes CE, Alving AS. Enzymatic deficiency in 

primaquine-sensitive erythrocytes. Science. 1956;124:484–5.

 13. Luzzatto L, Karadimitris A. Molecular Hematology. 3rd ed. Provan D, Grib-

ben J, editors. West Sussex: Blackwell Publishing Ltd; 2010.

 14. Sansone G, Segni G. Sensitivity to broad beans. Lancet. 1957;270:295.

 15. Doxiadis SA, Fessas PH, Valaes T. Glucose-6-phosphate dehydrogenase 

deficiency: a new aetiological factor of severe neonatal jaundice. Lancet. 

1961;277:297–301.

 16. Alloueche A, Bailey W, Barton S, Bwika J, Chimpeni P, Falade CO, et al. 

Comparison of chlorproguanil-dapsone with sulfadoxine-pyrimethamine 

for the treatment of uncomplicated falciparum malaria in young 

African children: double-blind randomised controlled trial. Lancet. 

2004;363:1843–8.

 17. Sulo J, Chimpeni P, Hatcher J, Kublin JG, Plowe CV, Molyneux ME, et al. 

Chlorproguanil-dapsone versus sulfadoxine-pyrimethamine for sequen-

tial episodes of uncomplicated falciparum malaria in Kenya and Malawi: a 

randomised clinical trial. Lancet. 2002;360:1136–43.

 18. Luzzatto L. The rise and fall of the antimalarial Lapdap: a lesson in phar-

macogenetics. Lancet. 2010;376:739–41.

 19. Brewer GJ, Tarlov AR, Alving AS. Methaemoglobin reduction test: a new, 

simple, in vitro test for identifying primaquine-sensitivity. Bull World 

Health Organ. 1960;22:633–40.

 20. Motulsky AB, Campbell-Kraut IM. Population genetics of glucose-

6-phosphate dehydrogenase deficiency of the red cell. In: Proceedings of 

the conference on genetic polymorphisms and geographic variations in 

disease. New York; 1961, p. 159.

 21. Fairbanks VF, Beutler E. A simple method for detection of erythrocyte 

glucose-6-phosphate dehydrogenase deficiency (G-6-PD spot test). 

Blood. 1962;20:591–601.

 22. Beutler E, Mitchell M. Special modifications of the fluorescent screening 

method for glucose-6-phosphate dehydrogenase deficiency. Blood. 

1968;32:816–8.

 23. Roca-Feltrer A, Khim N, Kim S, Chy S, Canier L, Kerleguer A, et al. Field trial 

evaluation of the performances of point-of-care tests for screening G6PD 

deficiency in Cambodia. PLoS ONE. 2014;9:e116143.

 24. Baird JK, Dewi M, Subekti D, Elyazar I, Satyagraha AW. Noninferiority of 

glucose-6-phosphate dehydrogenase deficiency diagnosis by a point-of-

care rapid test vs the laboratory fluorescent spot test demonstrated by 

copper inhibition in normal human red blood cells. Transl Res J Lab Clin 

Med. 2015;165:677–88.

 25. Bancone G, Chu CS, Chowwiwat N, Somsakchaicharoen R, Wilaisrisak 

P, Charunwatthana P, et al. Suitability of capillary blood for quantitative 



Page 9 of 9Chu et al. Malar J  (2018) 17:101 

qssessment of G6PD qctivity and performances of G6PD point-of-care 

tests. Am J Trop Med Hyg. 2015;92:818–24.

 26. Oo NN, Bancone G, Maw LZ, Chowwiwat N, Bansil P, Domingo GJ, et al. 

Validation of G6PD point-of-care tests among healthy volunteers in 

Yangon, Myanmar. PLoS ONE. 2016;11:e0152304.

 27. Tinley KE, Loughlin AM, Jepson A, Barnett ED. Evaluation of a rapid 

qualitative enzyme chromatographic test for glucose-6-phosphate 

dehydrogenase deficiency. Am J Trop Med Hyg. 2010;82:210–4.

 28. LaRue N, Kahn M, Murray M, Leader BT, Bansil P, McGray S, et al. Com-

parison of quantitative and qualitative tests for glucose-6-phosphate 

dehydrogenase deficiency. Am J Trop Med Hyg. 2014;91:854–61.

 29. Osorio L, Carter N, Arthur P, Bancone G, Gopalan S, Gupta SK, et al. 

Performance of binaxNOW G6PD deficiency point-of-care diagnostic in P. 

vivax-infected subjects. Am J Trop Med Hyg. 2015;92:22–7.

 30. Kim S, Nguon C, Guillard B, Duong S, Chy S, Sum S, et al. Performance of 

the CareStart™ G6PD deficiency screening test, a point-of-care diagnostic 

for primaquine therapy screening. PLoS ONE. 2011;6:e28357.

 31. Von Fricken ME, Weppelmann TA, Eaton WT, Masse R, Beau De Rochars 

MVE, Okech BA. Performance of the Carestart glucose-6-phosphate 

dehydrogenase (G6PD) rapid diagnostic test in Gressier, Haiti. Am J Trop 

Med Hyg. 2014;91:77–80.

 32. Adu-Gyasi D, Asante KP, Newton S, Dosoo D, Amoako S, Adjei G, et al. 

Evaluation of the diagnostic accuracy of CareStart G6PD deficiency rapid 

diagnostic test (RDT) in a malaria endemic area in Ghana, Africa. PLoS 

One. 2015;10:e0125796.

 33. Brito MAM, Peixoto HM, de Almeida ACG, de Oliveira MRF, Romero GAS, 

Moura-Neto JP, et al. Validation of the rapid test Carestart™ G6PD among 

malaria vivax-infected subjects in the Brazilian Amazon. Rev Soc Bras Med 

Trop. 2016;49:446–55.

 34. Beutler E, Blume KG, Kaplan JC, Löhr GW, Ramot B, Valentine WN. Inter-

national committee for standardization in Haematology: recommended 

methods for red-cell enzyme analysis. Br J Haematol. 1977;35:331–40.

 35. Shah SS, Diakite SAS, Traore K, Diakite M, Kwiatkowski DP, Rockett KA, 

et al. A novel cytofluorometric assay for the detection and quantification 

of glucose-6-phosphate dehydrogenase deficiency. Sci Rep. 2012;2:299.

 36. Bancone G, Kalnoky M, Chu CS, Chowwiwat N, Kahn M, Malleret B, et al. 

The G6PD flow-cytometric assay is a reliable tool for diagnosis of G6PD 

deficiency in women and anaemic subjects. Sci Rep. 2017;7:9822.

 37. Ley B, Bancone G, von Seidlein L, Thriemer K, Richards JS, Domingo GJ, 

et al. Methods for the field evaluation of quantitative G6PD diagnostics: a 

review. Malar J. 2017;16:361.

 38. Weppelmann TA, von Fricken ME, Wilfong TD, Aguenza E, Philippe TT, 

Okech BA. Field trial of the CareStart Biosensor analyzer for the deter-

mination of glucose-6-phosphate dehydrogenase activity in Haiti. Am J 

Trop Med Hyg. 2017;97:1262–70.

 39. Hockwald RS, Arnold J, Clayman CB, Alving AS. Toxicitiy of primaquine in 

negroes. J Am Med Assoc. 1952;149:1568–70.

 40. Looareesuwan S, Wilairatana P, Glanarongran R, Indravijit KA, Supeera-

nontha L, Chinnapha S, et al. Atovaquone and proguanil hydrochloride 

followed by primaquine for treatment of Plasmodium vivax malaria in 

Thailand. Trans R Soc Trop Med Hyg. 1999;93:637–40.

 41. Bunnag D, Karbwang J, Thanavibul A, Chittamas S, Ratanapongse Y, 

Chalermrut K, et al. High dose of primaquine in primaquine resistant 

vivax malaria. Trans R Soc Trop Med Hyg. 1994;88:218–9.

 42. Duarte EC, Pang LW, Ribeiro LC, Fontes CJ. Association of subtherapeutic 

dosages of a standard drug regimen with failures in preventing relapses 

of vivax malaria. Am J Trop Med Hyg. 2001;65:471–6.

 43. Carmona-Fonseca J, Maestre A. Prevention of Plasmodium vivax malaria 

recurrence: efficacy of the standard total dose of primaquine adminis-

tered over 3 days. Acta Trop. 2009;112:188–92.

 44. Dern RJ, Beutler E, Alving AS. The hemolytic effect of primaquine, II. The 

natural course of the hemolytic anemia and the mechanism of its self-

limited character. J Lab Clin Med. 1954;44:171–6.

 45. Alving AS, Johnson CF, Tarlov AR, Brewer GJ, Kellermeyer RW, Carson PE. 

Mitigation of the haemolytic effect of primaquine and enhancement 

of its action against the exoerythrocytic forms of the Chesson strain of 

Plasmodium vivax by intermittent regimens of drug administration. Bull 

World Health Organ. 1960;22:621–31.

 46. Leslie T, Mayan I, Mohammed N, Erasmus P, Kolaczinski J, Whitty CJM, et al. 

A randomised trial of an eight-week, once weekly primaquine regimen 

to prevent relapse of plasmodium vivax in Northwest Frontier Province, 

Pakistan. PLoS One. 2008;3:e2861.

 47. Kheng S, Muth S, Taylor WRJ, Tops N, Kosal K, Sothea K, et al. Tolerability 

and safety of weekly primaquine against relapse of Plasmodium vivax in 

Cambodians with glucose-6-phosphate dehydrogenase deficiency. BMC 

Med. 2015;13:203.

 48. Tarlov AR, Brewer GJ, Carson PE, Alving AS. Primaquine sensitivity. 

Glucose-6-phosphate dehydrogenase deficiency: an inborn error of 

metabolism of medical and biological significance. Arch Intern Med. 

1962;109:209–34.

 49. Chu CS, Bancone G, Moore KA, Win HH, Thitipanawan N, Po C, et al. 

Haemolysis in G6PD heterozygous females treated with primaquine for 

Plasmodium vivax malaria: a nested cohort in a trial of radical curative 

regimens. PLoS Med. 2017;14:e1002224.

 50. Fanello CI, Karema C, Avellino P, Bancone G, Uwimana A, Lee SJ, et al. 

High risk of severe anaemia after chlorproguanil-dapsone+ artesunate 

antimalarial treatment in patients with G6PD (A−) deficiency. PLoS ONE. 

2008;3:e4031.

 51. Premji Z, Umeh RE, Owusu-Agyei S, Esamai F, Ezedinachi EU, Oguche S, 

et al. Chlorproguanil − dapsone − artesunate versus artemether − lume-

fantrine: a randomized, double-blind phase III trial in African children and 

adolescents with uncomplicated Plasmodium falciparum malaria. PLoS 

ONE. 2009;4:e6682.

 52. Tiono AB, Dicko A, Ndububa DA, Agbenyega T, Pitmang S, Awobusuyi 

J, et al. Chlorproguanil-dapsone-artesunate versus chlorproguanil-

dapsone: a randomized, double-blind, phase III trial in African children, 

adolescents, and adults with uncomplicated Plasmodium falciparum 

malaria. Am J Trop Med Hyg. 2009;81:969–78.

 53. Brueckner RP, Lasseter KC, Lin ET, Schuster BG. First-Time-in-humans 

safety and pharmacokinetics of WR 238605, a new sntimalarial. Am J Trop 

Med Hyg. 1998;58:645–9.

 54. Dhar MM. Synthesis and screening of new antimalarial drugs. Lucknow; 

1987.

 55. Llanos-Cuentas A, Lacerda MVG, Rueangweerayut R, Krudsood S, Gupta 

SK, Kochar SK, et al. Tafenoquine plus chloroquine for the treatment and 

relapse prevention of Plasmodium vivax malaria (DETECTIVE): a multicen-

tre, double-blind, randomised, phase 2b dose-selection study. Lancet. 

2014;383:1049–58.

 56. Rueangweerayut R, Bancone G, Harrell EJ, Beelen AP, Kongpatanakul S, 

Möhrle JJ, et al. Hemolytic potential of tafenoquine in female volunteers 

heterozygous for glucose-6-phosphate dehydrogenase (G6PD) defi-

ciency (G6PD Mahidol Variant) versus G6PD-normal volunteers. Am J Trop 

Med Hyg. 2017;97:702–11.

 57. Recht J, Ashley EA, White NJ. Safety of 8-aminoquinoline antimalarial 

medicines. Geneva: World Health Organization; 2014.

 58. Youngster I, Arcavi L, Schechmaster R, Akayzen Y, Popliski H, Shimonov J, 

et al. Medications and glucose-6-phosphate dehydrogenase deficiency; 

an evidence-based review. Drug Saf. 2010;33:713–26.

 59. Luzzatto L, Nannelli C, Notaro R. Glucose-6-phosphate dehydrogenase 

deficiency. Hematol Oncol Clin North Am. 2016;30:373–93.

 60. Monteiro WM, Franca GP, Melo GC, Queiroz ALM, Brito M, Peixoto HM. 

Clinical complications of G6PD deficiency in Latin American and Carib-

bean populations: systematic review and implications for malaria elimina-

tion programmes. Malar J. 2014;13:70.

 61. Baird JK, Satyagraha AW, Bancone G. Glucose-6-phosphate dehydro-

genase deficiency and primaquine hemolytic toxicity. Encyclopedia of 

Malaria. New York, NY: Springer New York; 2014. pp. 1–16.

 62. Bancone G, Gilder ME, Chowwiwat N, Gornsawun G, Win E, Cho WW, et al. 

Prevalences of inherited red blood cell disorders in pregnant women of 

different ethnicities living along the Thailand-Myanmar border. Wellcome 

Open Res. 2017;2:1–17.


	Primaquine-induced haemolysis in females heterozygous for G6PD deficiency
	Abstract 
	Background
	Historical aspects of G6PD deficiency
	G6PD deficiency: from genotype to phenotype
	G6PD deficiency: from phenotype to genotype
	Testing for G6PD deficiency
	AHA caused by 8-aminoquinolines and other agents
	Considerations for the use of 8-aminoquinolines in G6PD heterozygous females
	Conclusions: The future of primaquine and tafenoquine use
	Authors’ contributions
	References


