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Abstract

Background Glucose-6-Phosphate Dehydrogenase deficiency (G6PDd) is a common genetic enzymopathy that can
induce haemolysis triggered by various factors, including some anti-malarial drugs. Although many Point-of-Care
(PoC) tests, such as Standard G6PD™ are available to detect G6PDd, its pooled diagnostic test accuracy (DTA) remains
unknown.

Methods To estimate the DTA of StandG6PD-BS at various thresholds of G6PDd, a systematic review with a DTA
meta-analysis were conducted, searching EMBASE, MEDLINE, and SciELO databases up to April 4, 2024 The included
studies were those that measured G6PD activity using StandG6PD-BS (reference test) and spectrophotometry (gold
standard) in patients suspected of having G6PDd. The risk of bias (RoB) of the studies was assessed using the QUA-
DAS-2 tool and the certainty of evidence (CoE) with the GRADE approach. For the estimation of within-study DTA,

a random-effect bivariate meta-analysis was performed to determine the pooled sensitivity and specificity for 30%,
70%, and 80% enzyme levels'thresholds, and a graphical analysis of the heterogeneity using crosshair and Confidence
Regions on receiver operating characteristic (ROC) space plots.

Results After screening 2496 reports, four studies were included with 7864 participants covering all thresholds.
Two studies had high RoB in QUADAS-2 domains 2 and 3, and the others had low RoB, with low, moderate, and high
heterogeneity at the 30%, 70%, and 80% thresholds, respectively. The pooled sensitivity was 99.1%, 95.7%, and 90%
for 30%, 70%, and 80% thresholds, respectively. The pooled specificity was 97.4%; 92.9%; and 89.0% for 30%, 70%,
and 80% thresholds, respectively.

Conclusion StandG6PD-BS is a PoC test with high sensitivity and specificity to detect G6PDd at different thresholds.

Keywords Systematic review, Metanalysis, Glucose-6-phosphate dehydrogenase, Malaria, Point-of-care test, Standard
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Background

Glucose-6-phosphate dehydrogenase deficiency (G6PDd)
is a genetic disorder linked to the X chromosome, with
hemizygous males and homozygous females having a
deficient activity phenotype (<30% of enzyme levels).
In contrast, heterozygous females may have a normal
(>80%) or intermediate activity phenotype (30% to 80%
enzyme level) [1]. Individuals with deficient activity may
experience haemolytic episodes triggered by intrinsic or
extrinsic factors such as medications or certain foods [2].
G6PDd is the most common enzymopathy in humans,
with variable frequencies and distinctive region-specific
distribution [3]. It is particularly common in malaria-
endemic regions [1, 4], with an estimated frequency of
8-10% (~ 350 to 400 million cases per year) and over 200
identified genetic polymorphisms [5]. This overlapping
is attributed to the protective effect of G6PDd against
malaria [1].

Malaria caused by Plasmodium vivax is geographically
widespread and counts for most cases outside Africa,
particularly in the Americas and South-East Asia [6]. Pri-
maquine (PQ) and the novel tafenoquine (TQ) are the
only two approved drugs for treating hepatic stages and
are used for the radical cure of uncomplicated malaria
by P. vivax [5, 7]. However, these drugs may precipitate
haemolytic crises in individuals with G6PDd [1, 5, 7],
with the severity of the reaction being proportional to the
dose of the medication received and the enzyme geno-
type [5, 7]. To ensure safe administration of these drugs,
the World Health Organization (WHO) recommends
testing for G6PDd in those requiring treatment with PQ
[7]. This could be achieved by using Point-of-Care (PoC)
tests to determine G6PD activity before administering
PQ and TQ, as has been recommended by multiple stud-
ies [8].

Several PoC tests are currently available to determine
the G6PD activity, but they have different performance
regarding sensitivity and specificity, mainly due to the
kind of test and blood source [9, 10]. Since the gold stand-
ard for G6PD measurement (spectrophotometry) is not
suitable for PoC testing, as requires advanced laboratory
infrastructure and skilled personnel, qualitative tests have
been developed with variable diagnostic performance
and operational characteristics [11-13]. While those tests
discriminate between normal and deficient G6PD activity
and, therefore, are sufficient to guide PQ treatment, they
may not be dependable enough to prevent drug-induced
haemolysis with the introduction of TQ. Consequently,
more reliable diagnostic tests are required, and one of
such is the semi-quantitative assay Standard G6PD™ (SD
Biosensor, Republic of Korea), an enzymatic colourimet-
ric assay intended to aid the detection of G6PDd [14].
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This PoC test provides a numeric measurement of G6PD
enzymatic activity and total haemoglobin (Hb) concen-
tration in fresh capillary and venous human whole blood
specimens [14] and allows classification of the G6PD
activity as deficient, intermediate, or normal according to
thresholds provided by the manufacturer [14].

Despite the recommendation for PoC quantitative
or semi-quantitative testing before administering anti-
malarial treatment, there is only one synthesis of the
diagnostic test accuracy (DTA) of the Standard G6PD""
test manufactured by SD Biosensor (StandG6PD-BS)
[15] in which the authors pooled the individual results
of various studies without a complete systematic review
approach, risk of bias, and certainty of evidence assess-
ment. In this systematic review and metanalysis, the
pooled DTA of the StandG6PD-BS for different thresh-
olds of G6PD activity was estimated.

Methods

Protocol and registration

This systematic review and DTA meta-analysis were con-
ducted and reported following the Preferred Reporting
Items for Systematic Reviews and Meta-analyses of DTA
Studies (PRISMA-DTA) guidelines and the Cochrane
Handbook for Systematic Reviews of Diagnostic Test
Accuracy [16]. The protocol was registered in the PROS-
PERO database (CRD42022311085).

Search and study selection

Two authors (JCM, VVM) performed a structured
search in MEDLINE (via PubMed), EMBASE, and Sci-
ELO databases on August 2nd, 2022, and updated it
on January 31, 2023, on June 30, 2023, and on April 4,
2024, without language or date restrictions. The search
strategy is outlined in Table S1. Cross-sectional pro-
spective or retrospective studies that measured G6PD
activity levels using the reference standard enzymatic
test (spectrophotometry G6PD assay) and the reference
test (StandG6PD-BS) were included, regardless of the
population where those were carried out. The studies
must have reported enough data to calculate diagnos-
tic performance measures, i.e., true positives (TP), true
negatives (TN), false positives (FP), and false negatives
(FN), for at least one threshold (30%, 70%, and 80%) of
G6PD activity.

Using Rayyan software (Rayyan QCRI, Qatar) [17],
two authors screened titles and abstracts retrieved
from searches, and only those records considered eligi-
ble by both reviewers were retrieved in full texts for the
next stage. The same authors (JCM, VVM) reviewed
the potentially eligible full texts, independently and in



Martinez et al. Malaria Journal (2024) 23:327

duplicate, based on the pre-specified inclusion criteria.
Those studies considered eligible by both reviewers were
included. Disagreements were resolved by consensus
among the reviewers and with the participation of a third
reviewer, if needed (MLP, IDF).

The same authors (JCM, VVM) independently and in
duplicate extracted the data from the included studies
using a prespecified data extraction form designed in
Google Forms (Google LLC, US), which was discussed
and piloted among the research team. For each study, the
following information was extracted: first author, year
of publication, title, population, data for every thresh-
old recommended by the manufacturer (SD Biosensor),
number of participants, age (mean and standard devia-
tion), sex, type of blood sample (venous or capillary), and
the data needed for 22 contingency tables (TP, FP, EN,
and TN). Disagreements in the data extraction process
were discussed between the reviewers.

Risk of bias assessment and certainty of the evidence

Two authors (JCM, VVM) independently assessed the
Risk of Bias (RoB) for the included studies using the
Quality Assessment of Diagnostic Accuracy Studies 2
(QUADAS-2) tool [18]. The QUADAS-2 instrument
evaluates the RoB of DTA studies with four domains
(patient selection, index test, reference standard, and
flow and timing), judging each as high, low, or unclear
in risk of bias and concerns regarding applicability. The
authors discussed any disagreements and resolved them
through consensus, since the agreement was achieved in
all the cases, there was no need for involvement of a third
reviewer.

The Certainty of the Evidence (CoE) was assessed using
the GRADE framework for DTA systematic reviews [19,
20]. This approach evaluates four criteria: RoB (judged
using the QUADAS-2 assessment), indirectness (with
the evaluation of the study to our research question),
inconsistency (with a visual inspection of the crosshair
plots), publication bias (with funnel plot if feasible) and
imprecision (with the width of the confidence interval),
dose—response (with the changes of the sensitivity and
specificity in different thresholds), and rates the certainty
of the evidence in high, moderate, low, and very low.

Statistical analysis

R Software and the package mada (version 4.1.2, The R
Foundation for Statistical Computing) for the statisti-
cal analyses [21] and the GRADE Pro GDT platform
(McMaster University 2015, developed by EvidenceP-
rime, Inc) for creating the Summary of Findings (SoF)
tables were used. First, we calculated sensitivity, specific-
ity, positive likelihood ratio (+LR), negative likelihood
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ratio (-LR), and diagnostic odds ratio (DOR) at every
threshold. The cut-off recommended for the StandG6PD-
BS test manufacturer is a valuable tool for therapeutic
decisions because enzyme levels define the use of spe-
cific treatment. Thus, enzymatic levels above 30% allow
using PQ and other drugs at specific doses; levels above
70% allow using TQ and any PQ treatment schedule; and
levels above 80% define a normal G6PD activity. Then,
the type of blood sample data at each threshold with the
Reistma model was fitted [22], a bivariate random-effect
meta-analysis that can model the heterogeneity found in
the included studies. With this approach, the pooled sen-
sitivity, specificity,+LR, and —LR and their correspond-
ing 95% confidence intervals (95% CI) utilizing model
estimations was calculated, using data only from female
participants at 70% and 80% thresholds. The results for
venous blood samples were pooled because the com-
bined capillary samples were too small and not measured
in all the studies.

For between-studies heterogeneity, visual inspection
of forest plots for DTA pooled measures, crosshair plots
(sensitivity vs. false positive rate), confidence regions
in the Receiver Operating Characteristic (ROC) space,
evaluating the overlap in the confidence intervals, and
chi-square test for homogeneity (p-values<0.05 were
considered significant, and therefore as with heteroge-
neity) was used. There were not enough studies to fit the
sensitivity and subgroup analysis models as stated in the
registered protocol (sex and studies conducted in partici-
pants of African ethnicities).

Results

Search results

3015 records and after removing duplicates were
obtained, 2496 unique reports and identified nine poten-
tially eligible studies were screened. After the full-text
assessment, five studies were excluded and four studies
were included that met the inclusion criteria for qualita-
tive and quantitative synthesis (Fig. 1).

Included and excluded studies

Five studies were excluded (Table S2) because of the dif-
ferent populations, reference tests, or outcomes (i.e.,
neither provides DTA measures nor data to calculate
them; Table S2). Table 1 summarizes the characteristics
of the four included studies [23—-26]. These studies were
conducted in the United States (U.S.) [23, 26], United
Kingdom (U.K.) [23], Brazil [24], Bangladesh [25], and
Thailand [26]. In total, they included 3122 (30% thresh-
olds of the StandG6PD-BS), 2371 (70%), and 2371 (80%)
participants for each test analysis, respectively. All studies
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Fig. 1 PRISMA flow diagram indicating the process of inclusion and exclusion of studies

were cross-sectional DTA, two included healthy adults
(>18 years old) [23, 26], one included participants older
than 2 years [24], and three studies included individuals
with known G6PD status [24—26], only one reported the
ethnic background of the participants [23]. The reference
test used in all the studies was spectrophotometry for the
G6PD kit (Pointe Scientific).

Risk of bias (RoB)
Two studies were judged as high [25, 26], and two as low
RoB in domain one [23, 24] (patient selection) of the

QUADAS-2 tool. One study was judged high [25], two
unclear [23, 26], and one low RoB in domain four [24]
(flow and timing). All studies had low RoB and applicabil-
ity concerns in domains two and three (reference test and
standard). This information is presented as a table and
diagram using the QUADAS-2 tool resources (Fig. 2).

Diagnostic test accuracy from primary studies and pooled
data

Sensitivities and specificities from primary studies are
presented in Fig. 3. Sensitivity ranged from 91 to 99%,
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whereas specificities were from 89 to 97% for 30% and
80% thresholds, respectively. Figure 3 displays the cross-
hair plot (sensitivity vs. false positive rates) for the three
thresholds. Positive and negative LR from studies are pre-
sented in Fig. S1. Pooled DTA measures for each G6PD
activity threshold are described (Table 2).

Pooled results showed high DTA measures for all the
thresholds being better for lower than the highest thresh-
old. Positive and negative LR ranged from 8.2 to 35.3 and
0.009 to 0.106. The CoE for sensitivity and specificity was
high for 30% and 70% thresholds, but for 80% threshold
sensitivity was low and specificity was moderate due to
concerns in the RoB, indirectness, inconsistency, and
imprecision (See Table S3).

Low, moderate, and high heterogeneity were found in
the results for the 30%, 70%, and 80% thresholds, respec-
tively (Figs. 4 and 5).

Discussion

In this systematic review, four studies were included,
evaluating 7,864 patients and found that StandG6PD-BS
is a semi-quantitative PoC test with high sensitivity and
specificity values to detect G6PDd at the different G6PD
activity thresholds recommended by the manufacturer
(30%, 70%, and 80%). The test showed better perfor-
mance and CoE for 30% and 70%, compared with the 80%
threshold. Likewise, the heterogeneity in the results was

Page 6 of 11

low, moderate, and high at 30%, 70%, and 80% thresholds,
respectively.

The included studies were conducted in both high and
low-middle-income countries, and participants were
predominantly healthy adults with or without known
G6PD status. This allows the decision-makers to assess
the potential impact of implementing the StandG6PD-
BS PoC test in the general population, particularly for
uncomplicated malaria by P vivax. The evidence sug-
gests that introducing this test in tropical and subtropical
malaria-endemic countries with P vivax high transmis-
sion regions would be both feasible and desirable and
could provide numerous benefits [5, 7, 27]. For instance,
a recent study in Brazil [27] found that combining TQ
treatment with the StandG6PD-BS test improved the
response to radical cure treatment by enhancing adher-
ence, reducing relapses, and increasing protection against
new P, vivax infections.

The literature describes factors related to lower test
accuracy that may not be explained just by the PoC test
performance. A recent controlled study suggested that
the StandG6PD-BS test performed well in venous blood,
exhibiting good repeatability and inter-laboratory repro-
ducibility [28]. However, the same study found that the
reliability of the test was poor in discriminating between
intermediate and low G6PD activities in lyophilized sam-
ples [28], emphasizing the need for further research in
field-based scenarios. This study found similar estimates
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Fig. 3 Pooled Sensitivity and Specificity for Standard™ G6PD (SD Biosensor) in venous blood samples

for sensitivity and specificity as reported by Addisu et al.
[15]. However, this work is the first to conduct a com-
plete systematic review approach through a comprehen-
sive search and selection, a random model meta-analysis,
risk of bias assessment, and certainty of evidence using

the GRADE approach and following the methods recom-
mended by the Cochrane collaboration.

In our approach, only results of venous blood samples
were pooled because other sources, such as capillary and
lyophilized blood, provided limited results due to small
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Table 2 Pooled DTA values for each threshold defined by Standard™ G6PD (SD Biosensor) test
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some evidence suggests that capillary and lyophilized
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blood samples could drive less accuracy in the PoC test
results [23, 28-30].

In the included studies, only one [26] used frozen
venous blood to run the StandG6PD-BS test showing
slightly less DTA than the fresh venous blood samples
[26]. This could be due to the small number of partici-
pants, the specimen collection, or the storage method.
An alternative cause is the study population (Thailand),
which carries the G6PDd Mahidol phenotype with mod-
erate enzymatic activity (30-70%). However, the Stand-
G6PD-BS sensitivities and specificities at those levels are
still around 90% [23, 28, 31].

The current evidence strongly supports the implemen-
tation of the PoC test for G6PD activity. At the individual
level, it will enable the safe treatment of more patients
with deficient and intermediate G6PD activity, diminish-
ing the risk of recurrent malaria and acute haemolytic
anaemia [5, 7, 32, 33]. At the healthcare systems level,
it could reduce the associated costs and the burden on
transfusion services by reducing the number of haemo-
lytic crises caused by PQ or TQ in individuals with
unknown G6PD status and malaria treatment [5, 7, 32,
34]. Additionally, this could impact parasite transmission
rates when combined with other interventions [5, 7, 32].
Given that up to 50% of the patients with P. vivax malaria
may experience relapses [5, 7], administering radical cure
with PQ or TQ is essential for stopping morbidity-related
and community transmission [5, 7, 27, 33].

This work has several strengths. This systematic review
with meta-analysis is the first to evaluate the DTA of the
StandG6PD-BS test. Moreover, state-of-the-art meth-
odologies for conducting DTA studies was followed, as
recommended by the Cochrane Handbook for System-
atic Reviews of Diagnostic Test Accuracy [16]. The final
report of this review following the recommendations by
the PRISMA-DTA statement was prepared [35], with
information on the pooled sensitivity and specificity for
each threshold, which can facilitate decision-making in
different clinical scenarios.

There are some limitations. First, the number of
studies was low, preventing from performing addi-
tional analyses, such as sensitivity and subgroup
analysis, so further studies should evaluate the diag-
nostic accuracy of this test in women, and partici-
pants of African ethnicities. Additionally, the quality
of some studies was not optimal, although this analy-
sis is robust enough to show adequate pooled DTA
measures for venous blood samples. Future studies
using capillary and lyophilized blood, along with field-
based studies, are needed to determine the appropriate
usage of this test. A study on barriers and facilitators
for G6PD test implementation [36] identified three
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main barriers: perceived low risk of haemolysis, wrong
perception of P vivax malaria as a benign condition,
and the cost of routine testing as part of the health-
care attention of malaria patients. A study conducted
in Brazil on the operational challenges associated with
pragmatic G6PD testing [37] found that the Stand-
G6PD-BS PoC test was well accepted by both health-
care professionals and patients and can be performed
at malaria treatment units in the Brazilian Amazon
to inform treatment decisions with PQ. However, the
authors found limitations linked to technical and cul-
tural aspects that should be addressed when expanding
screening to larger areas [37]. A recent scoping review
[38] addressed the issue and found barriers regarding
acceptability, such as time and logistics to travel to a
health centre and concerns regarding the test steps
compared to a qualitative test; feasibility, e.g., the use
of the kit, concerns regarding the operative use and
maintenance of the machine; and the value of the out-
come, i.e., not knowing why the test was done.

Conclusion

StandG6PD-BS is a PoC test with high sensitivity and
specificity to detect G6PDd at the different thresholds
recommended by the manufacturer (30%, 70%, and 80%).
Implementing this kind of test in malaria-endemic areas
can lead to early diagnosis of G6PDd, help to prevent
haemolytic episodes triggered by PQ or TQ, and poten-
tially impact malaria transmission.
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