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Abstract

Background: Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common enzymopathy world-
wide. Primaquine is the only licensed drug that effectively removes Plasmodium vivax hypnozoites from the human
host and prevents relapse. While well tolerated by most recipients, primaquine can cause haemolysis in G6PD
deficient individuals and is, therefore, underused. Rapid diagnostic tests (RDTs) could permit ascertainment of G6PD
status outside of laboratory settings and hence safe treatment in remote areas. The performance of the fluorescent
spot test (Trinity, Ireland; FST) and a G6PD RDT (Carestart, USA) against spectrophotometry were assessed.

Methods: Participants were enrolled during cross-sectional surveys in Laos and by purposive sampling in Cambodia.
FST and RDT were performed during village surveys and 3 mL of venous blood was collected for subsequent G6PD
measurement by spectrophotometry.

Results: A total of 757 participants were enrolled in Laos and 505 in Cambodia. FST and RDT performed best at 30%
cut-off activity and performed significantly better in Laos than in Cambodia. When defining intermediate results as
G6PD deficient, the FST had a sensitivity of 100% (95%CI 90-100) and specificity of 90% (95%Cl 87.7-92.2) in Laos and
sensitivity of 98% (94.1-99.6) and specificity of 71% (95%C| 66-76) in Cambodia (p <0.001). The RDT had sensitivity
and specificity of 100% (95%CI 90-100) and 99% (95%C| 97-99) in Laos and sensitivity and specificity of 91% (86-96)
and 93% (90-95) in Cambodia (p <0.001). The RDT performed significantly better (all p <0.05) than the FST when
intermediate FST results were defined as G6PD deficient.

Conclusion: The interpretation of RDT results requires some training but is a good alternative to the FST.
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Background
The glucose-6-phosphate dehydrogenase (G6PD) enzyme
is an essential element of the pentose phosphate pathway
(PPP), the only pathway for human red blood cells (RBC)
to maintain the cells redox power [1, 2]. The gene coding
for the enzyme is on the X—chromosome (Xq28); to date
more than 185 G6PD clinically relevant variants have
been described that result in varying degrees of reduced
G6PD activity, collectively called G6PD deficiency
(G6PDd) [3-5]. G6PDd is the most common enzymo-
pathy worldwide with more than 400 million individuals
affected [6]. Hemizygous males and homozygous females
harbour homogenous RBC populations with varying
degrees of enzyme deficiency which depend on the gen-
otype [7]. In contrast heterozygous females have a mix
of G6PD deficient and G6PD normal erythrocytes. The
ratio of the two populations is as the result of embryonic
random X-chromosome inactivation (lyonisation) [8, 9].
In most heterozygous females, the proportion of normal
and deficient erythrocytes is balanced but in some het-
erozygous females the majority of erythrocytes are defi-
cient resulting in false-normal qualitative tests [9].
G6PDd reduces the half-life of affected erythrocytes by
increasing the cells susceptibility to oxidizing agents [10];
in the presence of strong oxidants G6PDd erythrocytes
will haemolyse. The resulting haemolytic anaemia can be
triggered through ingestion of a range of oxidizing agents
including 8-aminoquinolines (e.g. primaquine) [11,
12]. Primaquine is the only drug currently licensed that
effectively kills Plasmodium vivax hypnozoites, thereby
preventing relapses and sustained morbidity and mortal-
ity in the human host [13]. A daily dose of primaquine
(0.25-0.5 mg/kg) for 14 days tends to result in the radi-
cal cure of vivax malaria but can trigger haemolysis in
G6PD deficient individuals. In contrast a single low dose
primaquine (0.25 mg/kg) is safe, i.e. does not trigger hae-
molysis in G6PD deficient individuals and kills Plasmo-
dium falciparum gametocytes the sexual, infectious life
stage of the parasite which are not affected by most other
anti-malarials [14]. The single low dose primaquine regi-
men has however no effect on P. vivax hypnozoites.
Plasmodium vivax infection and G6PD-deficiency are
common in Asia including in Laos and Cambodia [15—
17]. Probably related to fears of drug-induced haemoly-
sis among patients with G6PD-deficiency, radical cure
for P vivax using primaquine is not widely available,
even though the drug is included in national treatment
guidelines [18]. This divergence between policy and
practice has been observed in most malaria endemic
countries [19]. Several promising qualitative and quan-
titative point of care G6PD testing devices are in devel-
opment and entering the market [20-23]. Primaquine
regimens such as the 8 week regimen (0.75 mg/kg)
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or more experimental regimens which incremental
increase primaquine could be an alternative to achieve
radical cure of vivax malaria. These regimens capitalize
on the finite number of senescent erythrocytes suscep-
tible to haemolysis which are replaced by reticulocytes
and early erythrocytes with a much lower liability
for haemolysis [19]. Whether such regimens are safe
and accepted remains to be seen. Plasmodium vivax
patients frequently suffer relapse and associated health
risks, and also contribute to ongoing transmission [24].
Southeast Asian countries have pledged to eliminate
vivax malaria by 2030. To achieve this ambitious goal
the reliable diagnosis of G6PD deficiency could be criti-
cal [25, 26].

The gold standard for the diagnosis of G6PDd is quan-
titative spectrophotometry, a costly assay that requires
a good laboratory infrastructure and cannot provide
results within a time frame suitable to guide treatment [3,
27]. The most widely used G6PD diagnostic in the field
is the qualitative fluorescent spot test (FST), presumably
due to its low price of approximately 0.1-3 USD/test [28,
29]. The test requires basic laboratory infrastructure, can
be challenging to process and interpret under field condi-
tions, and has a processing time of at least 1 hour, most
of which is required to dry the spots [30, 31]. Several
qualitative G6PD lateral flow assays (G6PD RDTs) have
been introduced to the market over the last years that are
suitable for diagnosis at the point of care and show bet-
ter operational characteristics than the FST, but at higher
prices ranging from 1.5 USD to 25 USD/test [29].

The aims of this study were to evaluate the performance
of the FST as well as the lateral flow G6PD RDT (Access-
bio/Carestart; 65 Clyde Rd. Suite A, Somerset, NJ 08873,
USA) against the gold standard spectrophotometry.

Methods

Blood samples were collected in four villages in Savanna-
khet Province, Lao PDR and five villages in Battambang
province, western Cambodia. Apart from being resident
within the study area at the time of enrolment and age
above 4 years no further enrolment criteria applied in
Laos. In Cambodia villagers had been screened for G6PD
activity using the FST in 2015. All villagers found to be
G6PD deficient in 2015 were invited to participate along
with a randomly selected sex- and age-matched control
from the same village in 2016. After informed consent
was received, local healthcare providers collected 3 mL of
blood by venepuncture. Blood samples were transported
in ethylenediaminetetraacetic acid (EDTA) treated tubes
(BD Vacutainer, USA) in cold boxes and stored at 4 °C
for a maximum of 48 h until laboratory analysis of G6PD
activity.
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Laboratory procedures

G6PD deficiency was assessed by the FST (Trinity Bio-
tech Plc, IDA Business Park, Bray, Co Wicklow, Ire-
land), the CareStart G6PD rapid diagnostic test (G6PD
RDT) screening kit (Access Bio. Inc., New Jersey, USA),
and by quantitative spectrophotometry (Trinity Bio-
tech, Ireland). Spectrophotometry results were adjusted
for individual haemoglobin levels (Hb) as measured by
HemoCue® (HemoCue Hb301; HemoCue AB, Angel—
holm, Sweden) in the laboratory. All G6PD assays were
performed independently and blinded to G6PD status of
the participant.

Trinity Biotech fluorescent spot test (FST)

A total of 5 pL of whole blood was added to 100 pL G-6-
PDH substrate solution. A first aliquot was immediately
spotted onto filter paper and the remaining solution incu-
bated at room temperature. A second and a third drop of
blood-substrate mixture were blotted after 5 and 10 min
of incubation. The filter papers were air dried for approx-
imately 30 min and subsequently read under UV light. A
sample with normal enzyme activity showed moderate to
strong fluorescence after 5 min, and strong fluorescence
after 10 min. A sample with intermediate G6PD activity
showed no or weak fluorescence after 5 min and mod-
erate fluorescence after 10 min, while a deficient sample
had very little or no fluorescence after 10 min. The FST
test was performed along with normal, intermediate and
deficient controls (Catalogue numbers G6888, G5029,
and G5888, respectively, Trinity Biotech, Ireland). All
results were read by two independent observers; when
the interpretation of the readers was discordant, a third
reader, blinded to the previous results was called in.

CareStart G6PD rapid diagnostic test (G6PD RDT)

The CareStart G6PD deficiency RDT screening Kit (Cata-
logue number RGPM-02572) was used according to the
manufacturer’s instructions. Briefly, 2 pL of whole blood
were pipetted from the EDTA tube and added to the sam-
ple well followed by the addition of two drops of the assay
buffer. All results were read after 10 min. Tests showing a
distinct purple colour were interpreted as G6PD normal,
tests showing no colour change, or a very faint purple
colour were classified as deficient. Tests with no blood
migration or incomplete blood migration were repeated.
Tests were classified as invalid after failing to obtain a
valid result in at least three attempts.

Trinity Biotech quantitative G6PD test (spectrophotometry
reference assay)

G6PD activity was measured by spectrophotometry in
duplicate using the Trinity Biotech Assay (Kit no. 345-B;
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Trinity Biotech, Bray, Ireland). Normal, intermediate
and deficient G6PD activity controls (Catalogue num-
bers G6888, G5029, and G5888, respectively) were run
in duplicate at the beginning of each assay day. Sample
testing was done if all three control values fell within a
predefined activity range provided by the manufacturer.
Duplicates for which the measurement values differed
by more than 10% were rejected for the analysis and
retested. For each measurement 10 pL whole blood or
control were added to 1 mL G6PD assay solution and
incubated at room temperature for 5 min. Then, 2 mL of
G6PD substrate were added to the solution and mixed
by inversion. One millilitre of the mixture was aliquoted
into ultraviolet (UV)-transparent disposable cuvettes
(Eppendorf UVette cells, Germany). A spectrophotom-
eter (Shimadzu UV 1800 series, Shimadzu, Kyoto, Japan)
was used to measure the change in absorbance at 340 nm
over 5 min. Applying a formula provided by the manufac-
turer (Trinity) G6PD activity was calculated as U/dL and
normalized by haemoglobin measurements performed
on the same sample at the same time by a digital hae-
moglobin meter (Hemocue 201, Hemocue, Angelholm,
Sweden).

Statistical analysis

Analysis was done using STATA version 14.0. (StataCorp,
USA) and Excel (Microsoft Corp, USA). Categorical data
were compared using McNemar’s test for correlated
proportions, the Chi squared test, or Fisher’s exact test
as appropriate. Test performance was calculated using
standard formula [32]. In Laos 100% G6PD activity was
defined by calculating the adjusted male median (AMM)
[28]. In Cambodia the study population was purposively
selected and 100% G6PD activity was defined as 11.8 U/
gHb based on previous studies [16, 21]. G6PD deficiency
(G6PDd) was then defined as any result below 10, 30 or
70% of the AMM. The FST and G6PD RDT were evalu-
ated considering spectrophotometry as the reference
method. Areas under the receiver operating curve (ROC)
were calculated for each assay applying 10, 30 and 70%
cut-off activities and using the formula for binary tests
[33], areas were subsequently compared for significant
differences in size [34]. Analysis for the FST was done
repeatedly, considering intermediate results (FSTdefint)
either as G6PD deficient (FSTdef) or G6PD normal.

Results

In Laos a total of 757 participants and in Cambodia 505
participants were enrolled during 2015-2016 and tested
by all three diagnostic tests (FST, G6PD-RDT and spec-
trophotometry). Four G6PD-RDT results from Laos
(0.5%) and seven from Cambodia (1.4%) were considered
invalid and were not included in the analysis.
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Prevalence of G6PD deficiency

The AMM by spectrophotometry (AMM) in Laos was
11.5 U/gHb, with 1.5% (n=11) of all participants having
G6PD activities below 10% of the AMM, 5.2% (n=28)
between 10 and below 30% and 12.2% (n=53) having
activities between 30 and below 70% of the AMM. A total
of three female participants had G6PD activities below
30% of the AMM, compared to 36 male participants
(p<0.001), whereas significantly more females (n=237)
than males (n=16) had intermediate G6PD activities
between 30 and 70% of the AMM (Fig. 1). In the non-
randomly selected Cambodian population (n=505),
100% G6PD activity was defined as 11.8 U/gHb [16, 21],
with 8.7% (n=44) of all participants having G6PD activi-
ties of less than 10, 20.0% (n=101) having G6PD activi-
ties between 10% and less than 30% G6PD activity and
28.3% (n=143) having G6PD activities between 30% and
less than 70% G6PD activity. Significantly less females
than males had G6PD activities below 30% (n=36,
p<0.001), whereas significantly more females had inter-
mediate G6PD activities between 30% and 70% (n=103)
compared to males (p <0.001).

Test performance

Sensitivity and specificity of the FST and the G6PD RDT
compared to spectrophotometry are presented in Table 1.
Both FST and RDT performed significantly better in Laos
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compared to Cambodia, irrespective of definition or cut-
off applied (Table 1).

Laos

When intermediate results were considered as G6PD
normal results and an AMM of 30% was considered as
cut-off activity the FST showed a perfect match with
spectrophotometry and performed significantly better
(p<0.001) than intermediate results defined as G6PD
deficient (Table 1, Fig. 2). The G6PD RDT performed
best at the same cut-off activity as the FST, while perfor-
mance was lower than FSTdef (p =0.002), the G6PD RDT
performed significantly better than FSTdefint (p <0.001)
(Table 1).

Cambodia

Test performance of FSTdefint, FSTdef and the G6PD
RDT was best at a cut-off activity of 30%. The FST per-
formed significantly better when defining intermediate
results as G6PD normal (p <0.001) and FSTdef performed
better than the G6PD RDT at a 30% cut-off (p<0.001),
while G6PD RDT performed significantly better than
FSTdefint (p<0.001) (Table 1). The FSTdef identified 15
(2.9%) and 1 (0.2%) samples and the G6PD RDT 12 (2.4%)
and 1 (0.2%) samples as G6PD normal that had less than
30 and 10% of the AMM, respectively (Fig. 2). The false
positives were not the same in the different test methods.
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Fig. 1 G6PD activity distribution by spectrophotometry in Laos. Red lines indicate 10, 30, 70 and 100% G6PD activity of the adjusted male median
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Table 1 Test performance/cut-off activity/country
Laos Cambodia
Sensitivity (95%Cl) Specificity (95%CI) ROC area (95%Cl) Sensitivity Specificity (95%Cl) ROC area (95%Cl) p*
(TP/TP+FN) (TN/TN+FP) (95%ClI) (TP/ (TN/TN+FP)
TP+FN)

Cut-off activity =10%

FSTdefint  100.0% (71.5-100.0)  86.73% (84.1-89.1) 0.934(0.921-0.946)  100.0% (92.0-100.0)  56.2% (51.5-60.7) 0.781(0.758-0.804) <0.001
(11/11) (647/746) (44/44) (259/461)
FSTdef 100.0% (71.5-100.0)  96.25% (94.6-97.5) 0.981(0.974-0.988)  97.7% (88.0-99.9) 80.5% (76.6-74.0) 0.891 (0.862-0.920) <0.001
(11/11) (718/746) (43/44) (371/461)
RDT 100.0% (71.5-100.0)  94.88% (93.0-96.4) 0974 (0.966-0982)  97.6% (87.1-99.9) 753% (71.1-79.2) 0.864 (0.833-0.895) <0.001
(11/11) (704/742) (40/41) (344/457)
Cut-off activity =30%
FSTdefint  100.0% (90.1-100.0)  90.1% (87.7-92.2) 0951 (0.940-0.961)  97.9% (94.1-99.6) 71.1% (66.1-75.7) 0.845 (0.819-0.871)  <0.001
(39/39) (647/718) (142/145) (256/360)
FSTdef 100.0% (90.1-100.0)  100.0% (99.5-100.0)  1.000 (1.000-1.000)  89.7% (83.5-94.1) 99.2% (97.5-99.8) 0.944 (0.920-0.969) <0.001
(39/39) (718/718) (130/145) (357/360)
RDT 100.0% (90.1-100.0)  98.6% (97.4-99.3) 0.993 (0.989-0.997)  91.4% (85.5-95.5) 93.0% (89.9-95.4) 0.922 (0.895-0.949) <0.001
(39/39) (704/714) (128/140) (333/358)
Cut-off activity = 70%
FSTdefint  80.0% (67.7-89.2) 91.1(88.7-93.1) 0.856 (0.803-0.908)  71.9% (66.3-77.0) 82.0% (76.3-86.9) 0.770(0.733-0.806) <0.001
(48/60) (635/697) (207/288) (178/217)
FSTdef 65.0% (51.6-76.8) 100.0% (99.5-100.0)  0.825 (0.764-0.886)  46.2% (40.3-52.1) 100.0% (98.3-100.0)  0.731(0.702-0.760)  <0.001
(39/60) (697/697) (133/288) (217/217)
RDT 73.3% (60.3-83.9) 99.3% (98.3-99.8) 0.863 (0.807-0.920)  53.4% (47.3-59.3) 99.1% (96.7-99.9) 0.762 (0.732-0.792)  <0.001
(44/60) (688/693) (151/283) (213/215)
FSTdefint intermediate G6PD deficiency, FSTdef, G6PD deficiency, RDT rapid diagnostic test
*Derived from number of true and false results
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Discussion

Despite suboptimal operational characteristics, the FST
remains the most widely used G6PD diagnostic in Asia
and possibly worldwide [28, 35]. Any test to replace the
EST will need to perform at least comparable and ideally
show better operational characteristics. While the FST
showed a perfect match in Laos if a 30% cut-off activ-
ity was applied and intermediate results were catego-
rized as G6PD normal. Applying a clinically appropriate
approach and considering intermediate results G6PD
deficient, the FST showed a sensitivity of above 95% in
both countries, comparable to earlier reports from Asia
[21, 27, 31, 36, 37]. The processing and interpretation of
ESTs can be challenging under field conditions and this
may be reflected in the lower performance of the test in
Cambodia, where the laboratory technicians were less
experienced than in Laos.

The G6PD RDT performed well in Laos at 30% cut-off
activity and in both countries significantly better than
FSTdefint. The results of the current study confirm ear-
lier evaluation studies on the same version of the test
[21, 31, 36, 37], suggesting good production standards.
Considering test performance, its favourable operational
characteristics and the tests current price of 1.5 USD/
test (Carestart Accessbio, personal communication), the
G6PD RDT is a good alternative to FST.

One of the key areas of deployment for qualitative
G6PD diagnostics is to guide primaquine treatment,
using a cut-off of 30% G6PD activity [3]. Tafenoquine,
another 8-aminoquinoline is reaching registration and
may be used in a single dose regimen for the radical cure
of vivax malaria [38]. Tafenoquine will probably only be
made available to patients with more than 70% G6PD
activity and diagnostics with corresponding cut-off activ-
ities are needed. An accurate, affordable biosensor which
can provide quantitative G6PD activity read-outs would
be a major break-through in the management of P. vivax
malaria as it would allow to customise 8-aminoquinoline
therapy according to individual enzyme activity.

A major limitation of this study were the different
selection criteria in Laos and Cambodia. While in Laos
all eligible participants were tested by the diagnostic tests
(FST, RDT, and spectrophotometry) in Cambodia only
participants with a positive FST, along with village- sex-
matched controls, were evaluated by RDT and spectro-
photometry. Since the study population in Cambodia was
not selected randomly, it was not possible to estimate the
distribution of G6PD activity in the study population in
Cambodia and define the prevalence of deficiency.

In conclusion, the G6PD RDT provides a good alterna-
tive to the widely used FST and both tests identified more
than 90% of all G6PD deficient individuals not eligible for
primaquine based radical cure. The RDT was sometimes
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difficult to interpret and needed to be repeated, there-
fore, careful training of health workers will be needed
alongside deployment of these tests.
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