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Abstract. A barrier to eliminating Plasmodium vivax malaria is inadequate treatment of infected patients.
8-Aminoquinoline–based drugs clear the parasite; however, people with glucose-6-phosphate dehydrogenase (G6PD)
deficiency are at risk for hemolysis from these drugs. Understanding the performance of G6PD deficiency tests is criti-
cal for patient safety. Two quantitative assays and two qualitative tests were evaluated. The comparison of quantitative
assays gave a Pearson correlation coefficient of 0.7585 with significant difference in mean G6PD activity, highlighting
the need to adhere to a single reference assay. Both qualitative tests had high sensitivity and negative predictive value
at a cutoff G6PD value of 40% of normal activity if interpreted conservatively and performed under laboratory condi-
tions. The performance of both tests dropped at a cutoff level of 45%. Cytochemical staining of specimens confirmed
that heterozygous females with > 50% G6PD-deficient cells can seem normal by phenotypic tests.

INTRODUCTION

Glucose-6-phosphate dehydrogenase (G6PD) is a house-
keeping enzyme that protects erythrocytes against oxida-
tive injury by providing reducing power in the form of
nicotinamide adenine dinucleotide phosphate (NADPH). Eryth-
rocytes are particularly susceptible to oxidative stress, because
unlike most cells, they lack other NADPH-producing enzymes.1

Rapid destruction of large numbers of erythrocytes in indi-
viduals with G6PD deficiency can occur after therapy with
certain drugs, including the 8-aminoquinolines used in treating
malaria. These episodes can range from mild to life-threatening
depending on the dose of the drug, the variant of G6PD defi-
ciency, age (severe reactions are more life-threatening in
children), and pre-existing or coexisting morbidities. In the
context of malaria treatment, people with G6PD deficiency
may experience serious hemolytic episodes if treated with
8-aminoquinolines, such as primaquine; thus, testing for
G6PD deficiency before drug administration is essential for
patient safety.2,3

G6PD deficiency affects nearly 400 million people world-
wide and is especially prevalent in malaria-endemic areas.4–6

The g6pd gene is located on the X chromosome; thus,
females can be homozygous or heterozygous, but males can
only be hemizygous for the gene. As a consequence and
through lyonization (inactivation of one X chromosome),
heterozygous women have two red blood cell populations,
each resulting from the expression of one of two G6PD
alleles: one population may have normal or deficient G6PD
levels, whereas the other population may have another level
of deficiency.7–9 G6PD variants are classified according to
the severity of the G6PD deficiency based on the level of
enzyme activity compared with normal activity in the popu-
lation under consideration.10 Class I variants cause con-
genital non-spherocytic hemolytic anemia (< 10% of normal
activity). Class II variants cause severe enzyme deficiency
(< 10% of normal activity). Class III variants cause moder-
ate to mild enzyme deficiency (10–60% of normal activity).

Class IV variants cause very mild or no enzyme deficiency
(60–100% of normal activity).
G6PD status is usually determined by measuring enzyme

activity in lysate from whole red blood cells with either quanti-
tative or qualitative assays.11 However, assays using whole-cell
lysate may classify women who are heterozygous for G6PD as
normal, even if they have a significant portion of cells that
are G6PD-deficient.12–15 Such cases may present safety con-
siderations. The only way to accurately identify females that
are heterozygous for G6PD is by either genotyping or cyto-
chemical staining for intracellular G6PD activity. Cytochemi-
cal staining of intracellular G6PD activity allows visualization
(by microscopy) or enumeration (by flow cytometry) of the
two distinct red cell populations resulting from the G6PD-
normal and -deficient allele expression.16–18 Quantitative
assays do allow the discrimination of intermediate to normal
levels with fine resolution; however, tests of this type cur-

rently on the market require advanced laboratory infrastruc-
ture and skilled personnel. A commonly used qualitative
assay is the fluorescent spot test (FST), which can be per-
formed in some low-resource areas and can identify severe
deficiencies. However, current commercially available tests
require advanced infrastructure and skilled personnel, which
limit their use out of laboratory settings. Of the qualitative
G6PD tests, the FST is most commonly performed, including
in some low-resource areas. Although the FST is able to
identify severe deficiencies, discrimination of intermediate
levels with this test is more difficult. Developing a robust,
quantitative point-of-care G6PD test for field use in low-
resource areas is a high priority for overall malaria control
and elimination.2,3

The purpose of this study was to perform a highly con-
trolled and standardized performance comparison of several
commercially available G6PD tests. This study assessed the
accuracy of each test in the identification of various levels of
G6PD deficiency under the same operating conditions with
the same blood samples. Data are presented describing (1) the
correlation between two quantitative tests, (2) the performance
of two qualitative tests against the selected reference quantita-
tive test, and (3) the relationship between intracellular G6PD
activity level assayed by a cytochemical staining method and
the quantitative G6PD status by the reference test.
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MATERIALS AND METHODS

Subjects and sample collection. All blood samples were
obtained from Bioreclamation, Inc. (Westbury, NY) and col-
lected between September of 2012 and July of 2013 from
volunteers who were at least 18 years of age and signed
consent under Institutional Review Board Protocol 2010-017.
All volunteers were of African-American origin. Specimens
were transported in ethylenediaminetetraacetic acid (EDTA)
anticoagulant venipuncture vacuum tubes on cold packs
and stored at 4 °C. Specimen processing took place between
2 and 4 days after blood collection. All enzyme activity
assays were conducted on the same day for each blood sam-
ple, and cytochemical staining assays were conducted within
24 hours. Blood lysis always was performed immediately
before conducting an enzyme assay as part of the test proto-
col. No personal identification data were collected, and all
G6PD assays were performed independently and blinded to

G6PD status.
Trinity Biotech quantitative G6PD test (reference assay).

All specimens were characterized for G6PD activity in dupli-
cate with the quantitative G6PD kit from Trinity Biotech
(catalog number 345-B; Trinity Biotech PLC, Bray, Ireland)
according to the manufacturer’s instructions as the refer-
ence assay for all testing. Normal, intermediate, and defi-
cient Trinity controls (catalog numbers G6888, G5029, and
G5888, respectively) were run using the same method on
each day of testing.
Briefly, 10 mL whole blood in anticoagulant was added

to 1 mL reagent and incubated at room temperature for
5 minutes. Two milliliters of substrate was added to the solu-
tion and mixed by inversion. One milliliter of the mixture was
aliquoted into each of two ultraviolet (UV) -transparent dis-
posable cuvettes (catalog number 47727-024; Brand Co.,
Wertheim, Germany). The duplicate cuvettes were incubated
at 30°C in a water bath for 5 minutes. Enzyme activity was
determined using a temperature-regulated spectrophotometer
(UV-1800 Shimadzu; Shimadzu Scientific Instruments,
Columbia, MD) set at 30°C by measuring the change in rate
in absorbance at 340 nm over 5 minutes. G6PD activity values
were calculated in units per gram hemoglobin (Hb). Hb con-
centration was determined using a Hemocue Hemoglobin
System (HemoCue Hb 201 + Analyzer, no. 121721, catalog
number 22-601-007; Fisher Scientific, Inc., Waltham, MA).
R&D Diagnostics Ltd. quantitative test. G6PD activity was

measured in units per gram Hb with the R&D Diagnostics
Ltd. (Athens, Greece) quantitative enzymatic colorimetric
method (catalog number ODMMR2000-D) according to the
manufacturer’s instructions. Briefly, reagent mixture was
reconstituted and pre-warmed to 30°C. Five microliters
whole blood with anticoagulant from each subject was added
in duplicate to wells in a flat-bottom 96-well plate. Normal,
intermediate, and deficient controls were run with each plate
(catalog numbers G6888, G5029, and G5888, respectively;
Trinity Biotech). Seventy-five microliters elution agent was
added to each well and mixed by pipet three times. The plate
was incubated at 30°C for 10 minutes. Fifteen microliters
eluant of each sample was transferred to a new round-bottom
96-well plate, and 75 mL reagent mixture and 80 mL color
reagent/booster mixture (mixed 1 part booster with 10 parts
reagent) were added and mixed by pipet three times. The
plate was equilibrated at 30°C for 3 minutes and then read in

a plate reader set to 30°C. Results were read at 60-second
intervals for 20 minutes at 550 nm. After the 20-minute
reading, the plate was read again for a single time point at
405 nm. G6PD enzyme activity was calculated by determin-
ing change in absorbance at 550 nm over 12 minutes, multi-
plying by a dilution factor, and dividing by the absorbance
reading at 405 nm.
Trinity Biotech fluorescent spot test. Each specimen and

the Trinity normal, intermediate, and deficient controls were
tested using Whatman No. 1 filter paper (catalog number
1001-150; GE Healthcare UK Limited, Buckinghamshire, UK)
with the Trinity Qualitative G6PD FST Kit (catalog number
203-A; Trinity Biotech) according to the manufacturer’s
instructions. The method detects the fluorescence of NADPH,
which is proportional to G6PD activity, under long-wave UV
light (365 nm). Controls (Trinity normal, intermediate, and
deficient as described previously) were tested the same day as
specimens. Briefly, 10 mL blood was added to 200 mL reagent
mixture and spotted onto filter paper at time 0. Each sample
was incubated at 37°C and spotted again after 5 and 10 minutes
of incubation. Fluorescence was observed for the three time
points after samples had dried. Fluorescence intensity was
used to classify specimens into three groups of enzyme activity:
normal (moderate to strong fluorescence after 5 minutes and
strong fluorescence after 10 minutes), intermediate (weak fluo-
rescence after 5 minutes and weak to moderate fluorescence
after 10 minutes), and deficient (very faint or no fluorescence
after 10 minutes).
BinaxNOW qualitative test. Blood specimens were evalu-

ated on the lateral-flow colorimetric test platform BinaxNOW
G6PDTest (catalog number 780-000;Alere Inc.,Waltham,MA),
which must be performed between 18°C and 25°C. Tests were
performed according to the manufacturer’s instructions at a
mean temperature of 20.2°C (range of 18°C to 23°C). G6PD
Trinity controls (normal and deficient only) were assessed peri-
odically to ensure quality performance of the BinaxNOWTest.
Cytochemical staining and flow cytometry. Whole-blood

specimens were characterized for intracellular G6PD activity
by flow cytometry as described previously.16 Briefly, 10 mL
50% hematocrit red blood cell suspension was diluted into
90 mL 0.9% NaCl, combined with 100 mL sodium nitrite
(0.125 M; Sigma-Aldrich, St. Louis, MO), and incubated
at room temperature for 20 minutes. Samples were washed
three times with phosphate-buffered saline (PBS), centri-
fuged at 3,000 rpm for 3 minutes, and resuspended in
100 mL PBS. The red blood cells were then combined with
18 mL glucose (0.28 M) in PBS and 6 mL Nile Blue Sul-
phate (0.01%; Sigma-Aldrich) and incubated at 37°C for
90 minutes in open Eppendorf tubes (Hamburg, Germany).
After incubation, 2.5 mL 0.4 M potassium cyanide (Sigma-
Aldrich) was added and incubated for 5 minutes; 5 mL each
sample was added to 100 mL 3% hydrogen peroxide in PBS,
agitated vigorously by hand, and washed two times in PBS.
Specimens were analyzed using a FACScaliber cytometer
(BD Biosciences, San Jose, CA) (10,000 events) in the FL1
channel (533 ± 30 nm). The percent normal and deficient cells
were calculated as described previously.16 Briefly, maxima in
the kernel density estimation function were identified, and the
midpoint between the two maxima was used as an arbitrary gate
between high- and low-intensity subpopulations. When only
one maximum was found (for example, for G6PD-deficient
homozygotes), the gate was placed 0.5 log units away.
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DNAextraction.Peripheral bloodmononuclear cells (PBMCs)
were separated from 1 mL whole blood using Lymphoprep
(catalog number 1114547; Axis-Shield, Oslo, Norway) and
resuspended in 1 mL PBS. DNA was extracted from PBMCs
using the Qiagen Blood and Cell Culture DNA Kit 20/G
(catalog number 13323; Valencia, CA). The DNA extraction
was performed according to the manufacturer’s instructions.
The DNA pellet was resuspended in 100 mL 10 mM Tris-HCl
(pH 8.0) and incubated at 55°C for 1–2 hours. DNA samples
were stored at −20°C.
DNA sequencing. The DNA libraries from genomic DNA

(gDNA) of proband and controls were constructed according
to Illumina paired-end libraries construction protocol. Briefly,
an ultrasonoscope (Covaris S2, Woburn, MA) was used to
fragment the gDNA into fragments of 200–300 bp. Purified
DNA were treated with T4 DNA polymerase, T4 phosphonu-
cleotide kinase, and the Klenow fragment of Escherichia coli

DNA polymerase to fill 5¢ overhangs and remove 3¢ overhangs.
Single nucleotide of A is added to the terminal of 3¢ ends of
blunt fragments. Adapter oligonucleotides from Illumina were
ligated to the ends, and a four-cycle polymerase chain reaction
(PCR) reaction was performed after adapter ligation.
A custom design array, which contains all the exon

sequences and their flanking sequences of the G6PD, was
used in this study; after hybridization and washing, sequenc-
ing was then performed with the HiSeq2000 (Illumina, San
Diego, CA) to produce paired-end reads (approximately
90 bp at each end) according to the manufacturer’s standard
cluster generation and sequencing protocol. Image analysis
and base calling were performed using the Illumina Pipeline
(version 1.3.4) to generate primary data. Indexed primers were
used to identify the different reads from different samples
in the primary data. The reads that could not be perfectly
matched to theoretical adapter indexed sequence were filtered
followed by the removal of low-quality reads from the pri-
mary data using a local dynamic programming algorithm, and
the remaining reads were considered suitable for additional
analysis. The clean reads with a length of 90 bp were then
subjected to alignment against NCBI37/hg19 assembly of the
human genome19 using the Burrows Wheeler Aligner (BWA)
software. Single nucleotide polymorphisms (SNPs) and indels
were called using the Genome Analysis Toolkit (GATK)
(Broad Institute, Cambridge, MA).
Statistical methods. All statistical analyses were conducted

in Stata 12.0 (Statacorp, College Station, TX). The Trinity
quantitative test was used as the reference assay. The mean,
SD, median, and range for G6PD activity were estimated for
the entire study population and by sex. To evaluate the per-
formance of other G6PD tests, the cutoff points for levels of
G6PD deficiency were determined as previously described.2

Briefly, the adjusted G6PD median activity value for normal
males was calculated (excluding males with severe G6PD
deficiency defined as £ 10% of the G6PD median value
for all males in the study population), and different cutoff
levels of activity were defined (i.e., 10%, 20%, 30%, and
60% of the adjusted male median value). Individuals were
classified as G6PD-deficient (less than or equal to the cutoff
value) or normal (more than the cutoff value) based on
these levels. The sensitivities, specificities, positive predictive
values (PPVs), and negative predictive values (NPVs) of the
BinaxNOW and the Trinity FST were evaluated for each
of the cutoff points.

The number and percentage of patients classified into each
test category for the BinaxNOW and Trinity FST were calcu-
lated (normal and deficient for both and intermediate for
the FST); for additional assessment of the FST, normal and
intermediate results were combined for one analysis, and defi-
cient and intermediate were combined for another analysis.
To evaluate the relationship between the Trinity quantitative
and R&D quantitative tests, we calculated the Pearson’s cor-
relation coefficient.

RESULTS

Study population. Blood samples were collected from 214
healthy African-American subjects ages 19–59 years old; one-
half were male, and one-half were female (107 each). All tests
for G6PD activity were performed blinded to the patient’s
G6PD status.
Quantitative determination of G6PD activity. All quantita-

tive results were determined at 30°C. The G6PD enzyme
activity reference values in the study population using the
Trinity Biotech G6PD quantitative test are given in Table 1.
G6PD reference values for this study were determined as
previously described.2 Six males had activity levels £ 10% of
the median value for all males in the study population and
were excluded for calculation of the adjusted G6PD median
activity value for normal males. This adjusted value is used to
calculate various cutoff levels (Figure 1) to avoid having
severely deficient values skew the population median. The
median G6PD activity for the entire population was 7.30 U/g
Hb (range = 0.12–14.04 U/g Hb), and the adjusted male
median was 7.18 U/g Hb (range = 0.84–12.26 U/g Hb). Figure
1 shows the distribution of G6PD activities in the study popu-
lation, with the 100% activity level (7.18 U/g Hb) indicated.
Various cutoff levels are also indicated as percentages of
adjusted male normal. The G6PD activities for each of the
cutoff values—10%, 20%, 30%, and 60% of normal—are
given in Table 2.
As shown in Figure 2, there was a moderately strong corre-

lation between G6PD activity levels measured by the Trinity
and the R&D quantitative tests, with a Pearson correlation
coefficient of 0.7585. For the R&D quantitative tests, the
median G6PD activity for the entire population was 10.20 U/g
Hb (range = 2.12–19.02 U/g Hb), and the adjusted male median
was 9.39 U/g Hb (range = 2.12–16.00 U/g Hb). The mean
absolute activity value was higher when measured by the
R&D test (10.33 U/g Hb) than the Trinity test (7.17 U/g Hb).
For all these values, the differences between the two tests were
statistically significant (P < 0.001). Both tests clustered severe
G6PD-deficient samples in the low G6PD activity range.
Qualitative determination of G6PD activity. Of 214 sub-

jects in the study, samples from 201 subjects were evaluated

Table 1

Reference values for G6PD activity in the study population by
Trinity quantitative test

Reference values
(U/g Hb)

Total
(N = 214)

Female
(N = 107)

Male
(N = 107)

Adjusted male*
(N = 101)

Mean 7.17 7.70 6.63 6.99
SD 2.67 2.39 2.83 2.48
Median 7.30 7.69 7.06 7.18
Range 0.12–14.04 1.03–14.04 0.12–12.26 0.84–12.26

*These values exclude males with severe G6PD deficiency defined as £ 10% of the G6PD
median value for all males in the study population.
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with the BinaxNOW G6PD test. Results indicated that 182
(90.5%) subjects had normal G6PD activity levels and that 19
(9.5%) subjects were deficient. The 19 deficient samples iden-
tified by BinaxNOW are identical to the 18 samples shown
below the 30% cutoff with the reference assay plus the 1
additional sample directly above this cutoff (Figure 1).
The FST was performed on all 214 specimens. Among these

specimens, 189 (88.3%) were determined to have normal
G6PD activity, 13 (6.1%) were determined to be deficient,
and 12 (5.6%) had intermediate levels when interpreted
according to the manufacturer’s instructions. The range of
activity for specimens classified as intermediate by the FST
test was 0.12–5.05 U/g Hb, with a mean activity of 2.80 U/g Hb.

Importantly, one FST intermediate had G6PD activity below
10% of normal activity, four FST intermediates were below
20% of normal activity, and five FST intermediates were
below 30% of normal activity. In a subsequent analysis of the
data, intermediate values were counted in two ways—grouped
with the deficient specimens or the normal specimens—to
assess test performance against the reference quantitative test
(Table 2). When intermediates were counted as deficient,
25 (11.7%) subjects were classified as deficient; when inter-
mediates were included with normal subjects, the number
deficient was 13 subjects.
Table 2 is a summary of the performance of the two quali-

tative assays evaluated against the Trinity quantitative test.
The BinaxNOW assay had 100% sensitivity and 100% NPV
for the 10%, 20%, and 30% activity cutoff values, but sen-
sitivity dropped to 82.6% when the cutoff level was 60%
of normal, and NPV fell to 97.8%. The FST results most
closely matched the quantitative test results when specimens

Figure 1. Distribution of G6PD activities for the study popula-
tion described in Table 1 indicating 10%, 20%, 30%, 60%, and 100%
of normal activity for this population. Normal activity was defined as
the adjusted G6PD median activity value for normal males. Females
are indicated by light gray bars, and males are indicated by dark gray
bars. N = 214 (107 females and 107 males).

Table 2

Clinical performance of the BinaxNOW test and the Trinity FST for detection of deficiency in G6PD activity compared with Trinity quantitative
test.

Cutoff value, U/g Hb (percent of adjusted normal
male median value = 7.18) 10% Activity cutoff 20% Activity cutoff 30% Activity cutoff 60% Activity cutoff

Cutoff value, U/g Hb 0.718 1.436 2.154 4.308
No. of samples with G6PD levels
below cutoff (%) [no. of M + no. of F]

6 (2.80) [6 M] 16 (7.48) [15 M + 1 F] 18 (8.41) [16 M + 2 F] 23 (10.75) [17 M + 6 F]

BinaxNOW G6PD test
Sensitivity % (95% CI) 100.0 (54.1–100.0) 100.0 (79.4–100.0) 100.0 (81.5–100.0) 82.6 (61.2–95.0)
Specificity % (95% CI) 93.3 (88.9–96.4) 98.4 (95.3–99.7) 99.5 (97.0–100.0) 100.0 (97.9–100.0)
PPV % (95% CI) 31.6 (12.6–56.6) 84.2 (60.4–96.6) 94.7 (74.0–99.9) 100.0 (82.4–100.0)
NPV % (95% CI) 100.0 (98–100.0) 100.0 (98–100.0) 100.0 (98.0–100.0) 97.8 (94.5–99.4)

Trinity fluorescent spot test*
Sensitivity % (95% CI) 100.0 (54.1–100.0) 100.0 (79.4–100.0) 100.0 (81.5–100.0) 91.3 (72.0–98.9)
Specificity % (95% CI) 90.9 (86.1–94.4) 95.5 (91.5–97.9) 96.4 (92.8–98.6) 97.9 (94.7–99.4)
PPV % (95% CI) 24.0 (9.36–45.1) 64.0 (42.5–82.0) 72.0 (50.6–87.9) 84.0 (63.9–95.5)
NPV % (95% CI) 100.0 (98.1–100.0) 100.0 (98.1–100.0) 100.0 (98.1–100.0) 98.9 (96.2–99.9)

Trinity fluorescent spot test†
Sensitivity % (95% CI) 83.3 (35.9–94.6) 75.0 (47.6–92.7) 72.2 (46.5–90.3) 56.5 (34.5–76.8)
Specificity % (95% CI) 96.2 (92.6–98.3) 99.5 (97.2–100.0) 100.0 (98.1–100.0) 100.0 (98.1–100.0)
PPV % (95% CI) 38.5 (13.9–68.4) 92.3 (64.0–99.8) 100.0 (75.3–100.0) 100.0 (75.3–100.0)
NPV % (95% CI) 99.5 (97.3–100.0) 98.0 (95.0–99.5) 97.5 (94.3–99.2) 95.0 (91.0–97.6)

CI = confidence interval; F = female; M = male.
*Trinity fluorescent spot test: intermediate test results combined with deficient test results.
†Trinity fluorescent spot test: intermediate test results combined with normal test results.

Figure 2. Correlation between G6PD activities measured by
Trinity and R&D quantitative tests (N = 214). The Pearson correla-
tion coefficient is 0.7585. N = 214.
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with intermediate levels were added to those with deficient
values, with 100% sensitivity and 100% NPV at the 10%,
20%, and 30% activity cutoff values. The FST was more accu-
rate for measuring sensitivity and NPV (91.3% and 98.9%,
respectively) than the BinaxNOW at the 60% cutoff value
(Table 2). FST accuracy fell for these parameters when inter-
mediate values were added to normal values.
Additional analysis of the data indicated reduced sen-

sitivity for both the BinaxNOW and FST qualitative tests at
the 45% cutoff level (Figure 3).
Cytochemical staining and flow cytometry. The cytofluo-

rometric assay was performed on all samples with automated
measurement in a flow cytometer. Figure 4 shows the corre-
lation between median fluorescein isothiocyanate (FITC)
values determined by flow cytometry and G6PD activity
determined by the Trinity quantitative reference assay. Using
either median FITC or total FITC gave similar correlations
(data not shown for total FITC). The flow cytometry data
were also analyzed to quantify the percentage of red blood
cells with normal G6PD activity as previously described.16

Figure 5 shows the correlation between the percentage of
cells with normal activity determined by flow cytometry and
whole-blood cell lysate G6PD activity as determined by the
reference quantitative test.
DNA sequencing results. The G6PD gene was sequenced

for 110 of 214 samples, comprising 79 females and 31 males.
Selection of specimens for sequencing was biased toward
patients with low G6PD activity levels and females. The final
set of specimens sequenced included all 6 females with
activity < 4.308 U/g Hb (60% cutoff), 34 of 39 females with
£ 100% of normal activity (6.99 U/g Hb), 39 of 68 females
with activity > 100% of normal activity, 4 of 6 males with
activity < 10% of normal, 11 of 17 males with < 60% of
normal G6PD activity, and the remaining 16 male samples
with activity throughout the remaining G6PD activity
dynamic range. Table 3 provides a summary of the G6PD
genotypes and associated G6PD activities for 110 sequenced
genes. In addition, 96 synonymous mutations (changes in
DNA sequence with no impact on the protein sequence) were
identified (data not shown). Figure 6 shows the percentage
of bright cells and the G6PD activities for the different geno-
types identified in this subset of study samples. Males hemi-
zygous for A(−) had < 25% bright cells and < 20% of normal
G6PD activity. Males hemizygous for A(+) showed results
similar to those with the normal G6PD allele. One female was
heterozygous for both A−

(202) and A−
(968) and correspondingly,

had both a low percentage of bright cells and low G6PD activ-
ity. Females with an A(−) allele and either an A(+) or a
normal allele showed the broadest range of G6PD activity
and percentage of bright cells, but values were still signifi-
cantly (P < 0.001) below those for females homozygous for
normal G6PD activity or heterozygous for normal and A(+).

DISCUSSION

A challenge in assessing the performance of currently
available tests for G6PD deficiency is poor harmonization in

Figure 3. Sensitivity of two qualitative G6PD tests, the BinaxNOW
and Trinity FST, at various cutoff levels for enzyme activity between
10% and 60% of the adjusted normal activity. Gray triangles =
FST with intermediate samples counted as deficient; white circles =
BinaxNOW; white triangles = FST with intermediates counted as
normal. N = 214.

Figure 4. Relationship between median FITC fluorescence of
intact red blood cells assayed by a cytochemical staining test and
G6PD activity measured in lysed samples from the same subjects
by the quantitative Trinity test.

Figure 5. Relationship of G6PD activity measured by the Trinity
quantitative test in whole-blood lysate (x axis) and percent cells
with normal G6PD activity measured by flow cytometry ( y axis);
10%, 20%, 30%, and 60% cutoff levels as well as 100% normal
activity by the Trinity test for the study population are shown.
N = 214. RBC = red blood cell.
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evaluation criteria. One example is the problem of defining
normal G6PD activity, which typically is described as the
mean or median activity for a given population including
deficient and heterozygous values. However, the prevalence
of G6PD deficiencies, which ranges from < 0.1% to > 15%,
can significantly influence the population normal value.4

Robust G6PD reference normal values for a given popula-
tion can only be obtained using large sample numbers, but
this is not feasible for evaluation studies of tests for G6PD
deficiency. When smaller sample numbers are used, the
prevalence of severely deficient individuals may skew the
population normal value. In practice, there is wide variability
in how G6PD tests are evaluated.14,20–23

A recent report recommended the use of standardized
evaluation criteria for G6PD tests to better harmonize the
performance comparison studies of different G6PD diagnos-
tic tests.2 This approach includes using a quantitative test to
measure activity levels and establish a normal G6PD activity
reference value for a study population. The standardized
normal reference value (adjusted male median) is established
for a study population by taking the median G6PD activity
value of the male population excluding males with severe
deficiency (< 10% of the median activity) to minimize the
impact of prevalence of severely deficient individuals on the
reference normal value. For this study, a commercially avail-
able spectrophotometric quantitative test, the Trinity quan-
titative assay, was selected as the reference assay to define
normal G6PD activity and used for analysis of the sam-
ples.24,25 Using this approach for this study, 6 males were
identified as severely deficient, with activity £ 10% of the
G6PD median value for all 107 males in the study popula-
tion. These values were removed from the study popula-
tion, and the resulting adjusted male median was used as the
normal value.
A comparison of the reference test with another com-

mercially available quantitative test showed that, although
both tests clustered severely deficient specimens, the overall
correlation was moderate, and the absolute activity values
were significantly different for the same samples between
the two tests. Criteria for selecting the cutoff value on one
test could not be applied to the other test. The difference in
G6PD activity determined by the two assays highlights the
sensitivity of enzyme activity to reaction conditions as well
as platforms. Thus, the need to harmonize to a reference
standard assay should be considered for the evaluation of

new tests for G6PD deficiency, including those intended for
point-of-care use. A recent study highlights the impact of
specimen handling and assay conditions on G6PD test per-
formance.26 The effects of different conditions on assay per-
formance are likely to be assay- and platform-dependent.2

The G6PD activity as determined by the Trinity quantita-
tive test and the adjusted male median activity were used
to evaluate the performances of two qualitative tests, the
BinaxNOW G6PD Test and the Trinity FST. Using 10%,
20%, or 30% of the adjusted male normal value as different
cutoffs for deficiency, both qualitative tests were 100% accurate
when intermediate results were grouped with G6PD-deficient
samples for the FST. Of 12 specimens with intermediate
FST results, as noted above, 1 specimen had G6PD activity
levels below 10% of normal, 4 specimens had G6PD activity
levels below 20% of normal, and 5 specimens had G6PD
activity levels below 30% of normal. It is not clear if these
discordant results are a consequence of poor test perfor-
mance or a reflection of measuring enzyme activity under
different reaction conditions (such as temperature and dilu-
tion). Accuracy for both tests fell when the cutoff level was
³ 45% of normal (Figure 3). Similar results for performance
of the BinaxNOW G6PD Test were previously reported.23

Discrepancy between the FST and quantitative test results
also has been reported previously.12,14,15 In the previously
published reports and the results presented here, the tests
were run by laboratory experts in highly regulated labora-
tory settings, conditions that are not likely to be found in
low-resource settings. In this study, the qualitative tests were
performed at low ambient temperatures (mean temperature
of 20.2°C; range = 18°C to 23°C). Given the temperature
dependence of enzyme activity and the probable higher
operational temperatures in malaria-endemic settings, it is
likely that the performance of these tests will decline further
at lower cutoff values in those settings.
Cytochemical staining presents an alternative way to assess

G6PD deficiency, and because it assays intact red blood cells,
it can identify heterozygous females.16–18 A recently described
cytofluorometric method using flow cytometry to measure
fluorescence in intact cells was used in our study to compare
intracellular G6PD activity distributions with the reference
assay G6PD activity in lysed cells for each sample.16 Using
this latter method, this study indicated that females with as
much as 58% of their red blood cell population deficient in
G6PD activity (assayed by cytofluorometric method) and

Table 3

G6PD genotypes determined by sequencing and associated G6PD activity values

Mutation Zygosity Amino acid substitutions N

G6PD values (U/g Hb)

Range Median Mean (SD)

Male
Normal Hemizygous − 14 4.9–9.14 6.54 6.8 (1.44)
A(+) Hemizygous N126D 7 5.1–6.67 6.21 5.98 (0.59)
A−

(202) Hemizygous N126D and V68M 10 0.12–1.45 1.03 0.93 (0.41)
Female
Normal Homozygous − 23 5.4–14.04 9.45 9.17 (1.88)
A+ Homozygous N126D 2 6.44–7.25 N/A 6.85 (0.57)
A+ Heterozygous N126D 28 5.29–12.33 7.81 8.06 (1.75)
A−

(202) Heterozygous N126D and V68M 23 1.84–7.33 5.05 5.22 (1.47)
A−

(968) Heterozygous N126D and L323P 1 N/A 5.5 N/A
A−

(202) and A−
(968) Heterozygous N126D, V68M, and L323P 1 N/A 1.03 N/A

Ilesha Heterozygous E156K 1 N/A 7.12 N/A

Synonymous mutations are not included. Sequencing was performed on 110 individual samples. N/A = not applicable.
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cytometry profiles indicative of heterozygotes would be
classified by the quantitative assay as above a cutoff value
of 60% activity and thus, normal using the analysis algorithm
described previously.16 In a recent report combining micros-
copy with cytochemical staining, patients with > 20% of red
blood cells deficient in G6PD activity were classified as
G6PD-deficient.14 In this study, all severely deficient partici-
pants (with < 10% G6PD activity) had 85% or more cells
deficient in G6PD activity as determined by flow cytometry.
Participants with < 30% G6PD activity had 67% or more cells
deficient in G6PD activity. These discrepancies most likely
arise as a consequence of the differences in platforms (micros-
copy versus flow cytometry) and analysis algorithms. Addi-
tional development of the cytochemical methodologies could
provide a powerful tool for analysis of G6PD activity level
and susceptibility to oxidative challenges.

G6PD sequencing showed that genotypes corresponded to
phenotypes by both G6PD activity and cytochemical staining,
with the exception of females heterozygous for an A(−) allele
and a normal or A(+) allele, which displayed a broad range
of G6PD activities and portion of bright cells. The data pre-
sented here confirms that the A(−) G6PD allele can result in
severe G6PD deficiency (< 10% normal activity), even if it is
currently classified as a class III G6PD variant.
Tests evaluated under this study are inappropriate for use

in low-resource settings because of either their functional
temperature working range or their complexity. The develop-
ment of high-quality point-of-care tests for G6PD deficiency
that are suitable for use in low-resource areas remains a criti-
cal need for supporting treatment strategies in malaria control
and elimination efforts. Adhering to harmonized evaluation
protocols and using standardized reference assays will be
essential for accurately assessing the performance of new diag-
nostic products in various populations with different G6PD
deficiency traits and epidemiology.
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