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Summary

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common enzyme deficiency worldwide. Detection
of heterozygously deficient females can be difficult as residual activity in G6PD-sufficient red blood cells (RBCs) can mask
deficiency. In this study, we compared accuracy of 4 methods for detection of G6PD deficiency in females. Blood samples
from females more than 3 months of age were used for spectrophotometric measurement of G6PD activity and for
determination of the percentage G6PD-negative RBCs by cytofluorometry. An additional sample from females suspected
to have G6PD deficiency based on the spectrophotometric G6PD activity was used for measuring chromate inhibition and
sequencing of the G6PD gene. Of 165 included females, |14 were suspected to have heterozygous deficiency. From 75
females, an extra sample was obtained. In this group, mutation analysis detected 27 heterozygously deficient females. The
sensitivity of spectrophotometry, cytofluorometry, and chromate inhibition was calculated to be 0.52 (confidence interval
[CI]: 0.32-0.71), 0.85 (Cl: 0.66—0.96), and 0.96 (CI: 0.71—1.00, respectively, and the specificity was 1.00 (CI: 0.93—1.00), 0.88
(ClI: 0.75-0.95), and 0.98 (CI: 0.89—1.00), respectively. Heterozygously G6PD-deficient females with a larger percentage
of G6PD-sufficient RBCs are missed by routine methods measuring total G6PD activity. However, the majority of these
females can be detected with both chromate inhibition and cytofluorometry. (] Histochem Cytochem 65:627-636, 2017)
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Introduction

Glucose-6-phosphate dehydrogenase (G6PD) is the key Received for publication June |11, 2017; accepted August 15, 2017.
enzyme in the oxidative pentose phosphate pathway- In *Member of The Histochemical Society at the time of publication.
this pathway, NADP* is converted into its reduced form .
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NADPH, which is essential for protection against reactive Rob . . . )

I 1 . ob van Zwieten, Laboratory of Red Blood Cell Diagnostics, Sanquin

oxygen species In red blood cells (RBCS) G6PD defi- Amsterdam, Plesmanlaan 125, 1066 CX Amsterdam, The Netherlands.
ciency is the most common enzyme deficiency, and E-mail: r.vanzwieten@sanquin.nl
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worldwide an estimated 300 to 400 million people carry
at least one deficient G6PD gene.?® G6PD deficiency
has been suggested to protect against severe malaria
infection*® and is mainly found in Africa, Oceania, Asia,
and Mediterranean Europe, areas where malaria is, or
has been, endemic.?’

G6PD deficiency can lead to acute hemolytic ane-
mia, favism, hemolysis, and hyperbilirubinemia result-
ing in neonatal kernicterus.® In daily life, G6PD
deficiency is usually clinically silent because only 1-2%
of the total NADPH production capacity is needed in
RBCs.® G6PD deficiency can cause acute hemolytic
anemia when stress is induced by medications such as
ciprofloxacin, glibenclamide, and nitrofurantoin, con-
sumption of fava beans, or during infection.'®"

G6PD deficiency is linked to the X-chromosome. By
random inactivation of one of the two X-chromosomes
in heterozygote females, any ratio of G6PD-sufficient
and G6PD-deficient RBCs can be produced (lyoniza-
tion). In clinical terms, the phenotype is more severe
with a larger fraction of G6PD-deficient cells.”
Diagnosing G6PD deficiency in heterozygous women
with methods based on measuring the total RBC G6PD
activity lacks sensitivity for females with only a small
fraction of G6PD-deficient RBCs.'>™

Some diagnostic laboratories use a test based on
the inhibitory effect of chromate on glutathione reduc-
tase (GR) activity. Inhibition only occurs in the pres-
ence of NADPH. As G6PD-deficient RBCs produce
less NADPH, the loss of inhibition of GR activity by
chromate is a measure for the amount of G6PD-
deficient cells. The sensitivity for detecting heterozy-
gously deficient females with chromate inhibition is
superior to measuring total G6PD activity. However,
the test cannot be used to detect heterozygous G6PD
deficiency in females with a small population of GE6PD-
deficient RBCs." These women are less at risk for
clinically relevant hemolysis, but they may pass the
defect to their children.

Until recently, the methods that most reliably iden-
tify heterozygously deficient females were the cyto-
chemical assay'® and mutation analysis.'* Despite
major improvements in labor and costs of mutation
analysis, it is still a demanding procedure for most
laboratories as more than 140 mutations have been
identified.” The cytochemical assay is time-consum-
ing and technically difficult. The assay can also miss
females with a small population of G6PD-deficient
cells as it is based on measurement of G6PD enzyme
activity in individual RBCs."""® Shah et al. recently
developed a relatively simple cytofluorometric assay
that appeared to have a high sensitivity for G6PD
deficiency and especially for detecting heterozygous
females.™

In the present study, we compare the test character-
istics of the cytofluorometric assay with the spectro-
photometric enzyme activity assay, with and without
addition of chromate, and sequencing of the G6PD
gene for the detection of heterozygously G6PD-
deficient females.

Materials and Methods

Sample Collection

The Laboratory for Red Blood Cell Diagnostics at
Sanquin routinely determines G6PD activity in RBCs
of patients suspected to have G6PD deficiency. From
March 1, 2015 until September 30, 2016, all blood
samples from female patients more than 3 months of
age that were screened for heterozygous G6PD defi-
ciency were used in parallel to validate the cytofluoro-
metric assay as developed by Shah et al." Patients
younger than 3 months were excluded as these
patients have other reference intervals for detection of
G6PD deficiency. Venous samples were drawn at least
3 months after a suspected episode of hemolysis. The
blood was collected in vacuum tubes coated with
EDTA and sent to the laboratory at 4C where the RBCs
were washed 3 times and stored in saline containing
adenine, glucose, and mannitol until analysis. Analyses
were performed once a week and included spectro-
photometric measurement of RBC enzyme activities,
chromate inhibition test, cytofluorometry, and G6PD
gene sequencing. Red cell indices and reticulocyte
counts were not available for this study.

Spectrophotometric Measurement of RBC
Enzyme Activities

The activities of G6PD, pyruvate kinase (PK), and GR
were measured spectrophotometrically in hemolysates
according to the method of Zurcher?® A detailed
description has been published earlier by our group.™
In short, RBCs were washed with 154 mmol/l NaCl.
The equivalent of 1 pl packed cells were added to a
microtiter plate containing 50 pl buffer consisting of 48
mmol/l Tris-HCI, 17 mmol/l MgCIZ, 6.7 mmol/l EDTA,
80 mmol/l KC1, and 0.02% (w/v) saponin 137, pH 7.5.
The reaction to determine G6PD activity was started
by the addition of 50 pl 5.3 mmol/l glucose-6-phos-
phate (G6P; Roche, Basel, Switzerland) and 50 pl
0.35 mmol/l NADP* (Roche). The reaction to deter
mine GR activity was started by the addition of 50 pl
5.3 mmol/l oxidized glutathione (GSSG; Sigma-
Aldrich, St. Louis, Missouri) and 50 pl 0.4 mmol/l
NADPH (Roche). The change in absorbance of the
reaction mixtures was measured at 340 nm on an
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Table |I. Baseline Characteristics and Test Result of Patients Categorized on the Basis of the G6PD:GR Ratio.

Females

Ratio <0.46 Ratio 0.46-0.9 Ratio >0.9 Cutoff Points for

mean (SD) mean (SD) mean (SD) Normal Values
Number 3 62 10
Age (years) 58 (12) 41 (27) 46 (25)
G6PD activity (IU/g Hb) 2.23 (0.38) 4.39 (0.73) 4.80 (0.49) >3.8 1U/g Hb
Inhibited GR activity in the 4.30 (0.61) 1.74 (1.37) 0.71 (0.28) <1.7 lU/g Hb

presence of chromate (IU/g Hb)

G6PD:GR ratio 0.42 (0.04) 0.74 (0.12) 1.07 (0.20) >0.9
Cytofluorometry G6PD-negative 68.2 (10.9) 15.2 (18.7) 1.5 (1.6) <10.15

cells (%)

A ratio >0.9 indicates no G6PD deficiency, a ratio <0.46 indicates G6PD deficiency. Females with a ratio between 0.46 and 0.9 are suspected to
have heterozygous G6PD deficiency. In the last column, the reference values for spectrophotometry, spectrophotometry with chromate inhibition,
and cytofluorometry are given. Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; IlU g/Hb, international units per gram hemoglobin; GR,

glutathione reductase.

EON microtiter plate spectrophotometer (BioTek,
Winooksi, Vermont) during a 30 min incubation period
at 30C. Afterward, the absorbance at 540 nm was read
to determine the hemoglobin concentration. Activities
of G6PD and GR were expressed in international units
per gram hemoglobin (1U/g Hb). The reference interval
for G6PD activity for individuals older than 3 months
was 3.8 to 5.9 IU/g Hb. The reference interval for the
G6PD:GR activity ratio was 0.9 to 1.31. A G6PD:GR
activity ratio of 0.46 to 0.9 was considered to be an
indication of heterozygous G6PD deficiency, and a
ratio of <0.46 was interpreted as G6PD deficiency
(Table 1). Patients were considered to be G6PD defi-
cient when both G6PD activity and G6PD:GR activity
ratio were below the reference threshold.

Chromate Inhibition Test

When the ratio G6PD:GR activity was <0.9 for females,
a second blood sample was requested for the chro-
mate inhibition test. The blood was mixed 20:1 with 0.1
mol/| Na20rO4. G6PD and GR activity was determined
as described in the previous section (reference inter-
val, GR < 1.7 IU/g Hb; Table 1).

Cytofluorometric Assay

We used the protocol of Shah et al. to determine G6PD
activity per individual RBC." First, all hemoglobin was
converted to methemoglobin. To this end, 10 pl RBC
suspension (approximately 50% hematocrit) was sus-
pended in 90 pl PBS (Sigma) and 100 pl 0.125 mmol/l
sodium nitrite (Sigma). The sample was incubated at
room temperature for 20 min. Samples were then
washed 3 times with PBS, with a centrifugation step of

300 relative centrifugal force (RCF) for 1 min, and
resuspended in 1 ml PBS. After washing, the RBCs
were incubated to allow methemoglobin reduction in
100 pl PBS, 18 pl 0.28 mmol/l glucose (Sigma, St.
Louis, Missouri), and 6 pl 0.3 mmol/I Nile Blue sul-
phate (Sigma-Aldrich, St. Louis, Missouri). The sam-
ples were incubated at 37C for 120 min with the tube
lids removed. After completion of methemoglobin
reduction, 2.5 pl 0.4 M KCN (Sigma) was added to all
samples followed by incubation at room temperature
for 5 min. Five pl of each sample was then added to
100 pl 3 wt% H202 (Sigma) in PBS and incubated for 3
min. After 2 final washing steps (PBS; 800 RCF for 3
min at room temperature), the samples were analyzed
in duplicate using a LSRII flow cytometer (BD, Franklin
Lakes, New Jersey). Samples were excited using a
blue laser (488 nm), and fluorescence emission was
measured in the Alexa 488 (530 nm) channel.

We used untreated RBCs as negative control and
RBCs of healthy volunteers as positive control. All
fluorescence plots of all tests were carefully inspected
for test quality. Only if the plots showed a clear sepa-
ration between G6PD-sufficient and G6PD-deficient
cells, the test was considered to detect G6PD defi-
ciency. The assay had to be repeated with a new sam-
ple when the positive population was asymmetrical
and extended more than healthy controls into the area
of negative cells (>10%), without the appearance of a
distinct negative peak. Plots with this “shoulder” of
G6PD-negative cells were considered to be false pos-
itive (Fig. 1).

The percentage of fluorescence-negative cells in
healthy volunteers has defined the sensitivity of the
cytofluorometric method. We used the mean percent-
age negative cells +/-3 SD. Females with a number
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Figure |. (A) Fluorescence distribution patterns after cytofluorometric analysis of G6PD activity in RBCs of a homozygous or hemizy-
gous G6PD-deficient individual. All RBCs have a low fluorescence intensity (region P2). (B) Heterozygous G6PD deficiency. One popula-
tion of RBCs has a low fluorescence intensity (region P2), and another one has a high fluorescence intensity (region P3). (C) Healthy
individual without G6PD deficiency. The majority of RBCs have a high fluorescence intensity (region P3). Only a few old RBCs with low
G6PD activity are found in region P2. (D) Healthy individual with an asymmetric population of RBCs with a high fluorescence intensity
(intensity in region P3 and a shoulder in region P2). A substantial amount of RBCs with low fluorescence intensity are localized in region
P2. Without proper visual inspection of the figure, this patient is falsely classified as heterozygously G6PD deficient. Abbreviations:

G6PD, glucose-6-phosphate dehydrogenase; RBCs, red blood cells.

exceeding this threshold value were classified as
G6PD deficient.

Gene Sequencing

DNA was extracted from peripheral blood. An Ampliseq
custom panel (Thermo Fisher Scientific, Waltham,
Massachusetts) was used to sequence the coding
exons, intron-exon boundaries, and the promotor
region of the G6PD gene. Library preparation was

performed according to manufacturer protocols, and
sequencing was performed on an lon Torrent Personal
Genome Machine or S5 system (Thermo Fisher
Scientific).

Statistical Analysis

Sequencing of the G6PD gene was used as the refer-
ence standard. Sequencing results were compared
with results of spectrophotometric measurements of
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Table 2. Characteristics of 75 Female Patients Suspected to Have Heterozygous G6PD Deficiency as Detected by Genotyping,
Related to G6PD Activity, G6PD:GR Activity Ratio, Chromate Inhibition, and Cytofluorometry.

Heterozygous
No Deficiency Deficiency Sensitivity (95%  Specificity (95%
Number of Number of  Total Number Confidence Confidence
Patients (%) Patients (%)  of Patients (%) Interval) Interval)
Spectrophotometry
G6PD < 3.8 IU/g Hb (deficient) 0 (0.0 14 (18.7) 14 (18.7) 0.52[0.32,0.71] 1.00[0.93, 1.00]
G6PD > 3.8 IU/g Hb (normal) 48 (64.0) 13 (17.3) 6l (81.3)
G6PD:GR < 0.46 (deficient) 0 (0.0 3 (4.0) 3 (4.0 0.96 [0.81, 1.00] 0.19 [0.09, 0.33]
G6PD:GR 0.46 — 0.9 (intermediate) 39 (52) 23 (30.7) 62 (82.7)
G6PD:GR > 0.9 (normal) 9 (12.0) 1 (1.3) 10 (13.3)
Chromate inhibition
Chromate > 2.0 [U/g Hb (deficient) I (1.3) 25 (33.3) 26 (34.7) 0.96 [0.71, 1.00] 0.98 [0.89, 1.00]
Chromate 1.7 — 2.0 IU/g Hb (intermediate) 0 (0.0 1 (1.3) I (1.3)
Chromate < 1.7 IU/g Hb (normal) 47 (62.7) 1 (1.3) 48 (64.0)
Cytofluorometry
Cytofluorometry > 10.15% (deficient) 6 (8.0) 23 (30.7) 29 (38.7) 0.85 [0.66, 0.96] 0.88 [0.75, 0.95]
Cytofluorometry < 10.15% (normal) 42 (56) 4(53) 46 (61.3)

Sensitivity of chromate inhibition and G6PD:GR ratio was calculated after combination of the intermediate group and the deficient group as one group.
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; GR, glutathione reductase; [U g/Hb, international units per gram hemoglobin.

G6PD activity in relation to GR activity, with or without
additional chromate inhibition, and with the percent-
ages of G6PD-deficient cells as evaluated by cytofluo-
rometry. Patients can be grouped as “intermediate
activity” in the chromate inhibition assay and G6PD:GR
ratio test. To calculate sensitivity and specificity for
these assays, the intermediate group and the deficient
group were combined (Table 2).

We performed a power calculation on the number
of false negative—tested patients. In a previous study,
chromate inhibition was compared with the cyto-
chemical method."” In this study, the cytochemical
method was assumed to be 100% specific and sensi-
tive, and chromate inhibition testing and spectropho-
tometric measurement of G6PD activity resulted in
26% and 51% false negatives, respectively, for detec-
tion of heterozygously G6PD-deficient females. We
assumed that cytofluorometry has a similar sensitiv-
ity as chromate testing and calculated that we needed
at least 78 inclusions to obtain a power of 90% and a
of 0.05 to validate the hypothesis that chromate inhi-
bition or cytofluorometry have better accuracy for
detection of heterozygous G6PD deficiency than
spectrophotometry without chromate inhibition. All
data were inspected for normal distribution. Normal
distributed data were expressed as mean + SD. Non-
normal data were expressed as median with inter-
quartile range.

Test results of chromate inhibition and cytofluorom-
etry were compared as paired nominal data with the
McNemar’'s Exact test to investigate whether one of

these test has superior sensitivity or specificity. A
p<0.05 was considered statistically significant. All sta-
tistical analyses were conducted with R version 3.1.2
(R Core Team, 2015, Vienna, Austria).

Results

Patients

From March 2015 until September 2016, we assayed
blood samples of 165 females more than 3 months of
age for G6PD deficiency. All samples were from
patients who were suspected to be G6PD deficient by
their physician or who were screened because G6PD
deficiency was detected in a family member. Test
results, grouped according to the G6PD:GR activity
ratio, are presented in Table 1.

Determination of the Cutoff of the
Cytofluorometric Assay for G6PD Deficiency

Healthy volunteers (n=72) expressed on average 2.27
+ 2.62% G6PD-negative cells in the cytofluorometric
assay. We used 10.15% negative cells (mean + 3 SD)
as the threshold value.

Spectrophotometric Measurement of G6PD
Activity and Additional Chromate Inhibition

Of the 165 included females, we identified 10 females
with G6PD activity below 3.8 1U/g Hb and a G6PD:GR
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activity ratio below 0.46 by spectrophotometric mea-
surement. On the basis of G6PD activity <3.8 IU/g Hb
alone, 14 females were considered to be G6PD defi-
cient. In 114 females, a G6PD:GR ratio in the range of
0.46-0.9 was measured, which, in our laboratory, man-
dates additional investigation with chromate inhibition
to detect G6PD deficiency. These 114 females were
referred to our laboratory for collection of an extra blood
sample for detection of G6PD deficiency with G6PD
gene sequencing, spectrophotometric determination of
G6PD activity after chromate inhibition, cytofluorome-
try, and regular spectrophotometric determination of
G6PD activity. A total of 78 females returned a sample
for chromate inhibition. Three females were excluded
from our analysis because of missing test data.
Therefore, the study group in which all parameters
were available comprised 75 individuals.

Comparison of Spectrophotometry, Chromate
Inhibition, or Cytofluorometry and Mutation
Analysis

A total of 27 females were heterozygously G6PD defi-
cient (1 G6PD Aures (WHO class 2, 48 lle—>Thr), 8
G6PD A- (WHO class 3, 68 Val->Met; 126 Asn—>Asp),
1 G6PD Chatham (WHO class 2, 335 Ala—>Thr), 2
G6PD Gaohe (WHO class 2, 32 His—Arg), 1 G6PD
Modena (WHO class 3, 282 Asp—>His), 5 G6PD Nefza
(WHO class 3, 323 Leu—>Pro), 9 G6PD Sassari/
Cagliari (WHO class 2, 188 Ser—>Phe).

Of these females, 25 had residual GR activity >2.0
IU/g Hb, which indicates GEPD deficiency. In total, 48
females presented full inhibition of GR activity, <1.7 IU/g
Hb, which indicates the presence of mainly G6PD-
sufficient cells. However, one of these females tested
false negatively. One patient had an intermediate chro-
mate-inhibited GR activity between 1.7 and 2.0 |U/g Hb.

With cytofluorometry and with chromate inhibition,
we identified 23 and 25 heterozygously G6PD-deficient
females, respectively, whereas the spectrophotometric
assay detected 14 heterozygous females (Table 2,
Figs. 2A-C and 3). Only 3 patients had a ratio
G6PD:GR <0.46, which indicates heterozygous G6PD
deficiency. One patient sample had a false positive
result after chromate inhibition testing. In 6 patients
with a normal G6PD genotype, the cytofluorometric
analysis resulted in a significant fraction of G6PD-
negative cells. However, in all 6 patients, there was no
distinct negative cell population visible as occurs with
heterozygous G6PD deficiency (Fig. 1). In these
patients, the flow-cytometric data image showed a
“foot” or “shoulder” as illustrated in Fig. 1D. With chro-
mate inhibition, 1 patient was false negative. In 4 het-
erozygously G6PD-deficient females, without a

substantial fraction of G6PD-negative RBCs, cytofluo-
rometry produced false negative results.

Table 2 presents estimates of sensitivity and speci-
ficity in detecting G6PD deficiency in females by
spectrophotometry, chromate inhibition, and cytofluo-
rometry, using mutation analysis as the reference
standard. The sensitivity for the chromate inhibition
test is 0.96 (95% CI: 0.71-1.00) and the specificity
0.98 (95% CI: 0.89-1.00). For the cytofluorometric
test, the sensitivity is 0.85 (95% CI: 0.66—0.96) and
the specificity 0.88 (95% Cl: 0.75-0.95). We compared
the sensitivity and specificity of spectrophotometry
and chromate inhibition with McNemar’s Exact test
and found that chromate inhibition has a superior sen-
sitivity for detection of G6PD deficiency (p=0.0005 for
sensitivity and p=1 for specificity). The sensitivity and
specificity of cytofluorometry and chromate inhibition
were also compared with McNemar’s Exact test and
had a similar test accuracy (p=0.25 for sensitivity and
p=0.13 for specificity).

Figure 3 illustrates the overlap between the positive
and negative test results of all assays used in this
study. Figure 3A shows the number of positive test
results. In this Venn diagram, all positive results that
are not also positive in the oval of G6PD sequencing
are considered false positive. Figure 3B shows the
negative test results. All negative results that are not
also negative in the oval of G6PD sequencing are false
negative.

Discussion

We investigated the accuracy of the cytofluorometric
assay as developed by Shah et al.” to detect hetero-
zygously G6PD-deficient females. Based on our
results, we conclude that (1) measuring the presence
or absence of a significant G6PD-negative population
by flow cytometry or chromate inhibition is a far more
sensitive method for detecting heterozygote G6PD
deficiency than measuring the total G6PD activity in
cell lysates by spectrophotometry; (2) the test charac-
teristics of the cytofluorometric test and chromate inhi-
bition test are comparable; (3) the flow cytometry data
of the cytofluorometric assay have to be inspected pre-
cisely to judge the test quality as this test can result in
false positive detection of G6PD deficiency.

Various studies have shown that quantitative assays
are unable to detect all heterozygously G6PD-deficient
females.’® %223 However, until recently, no (rela-
tively) easy and cost-effective test was available to
detect these females. Shah et al. developed a new
cytofluorometric assay and reported that this assay
was more reliable to detect heterozygous females as
compared with spectrophotometry.' Our findings con-
firm these data: we identified 14 of 27 heterozygously
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Figure 2. (A) Relationship between spectrophotometrically detected G6PD activity in RBC lysates and the percentage negative cells
as determined with the cytofluorometric assay. The dashed horizontal line indicates the threshold for the percentage G6PD-negative
cells in healthy controls (10.15%). The dashed vertical line indicates the lower threshold for G6PD activity (3.8 IU g/Hb) in healthy
controls. Black dots represent patients without G6PD deficiency, and gray dots represent patients with heterozygous G6PD deficiency
as determined by genetic analysis. Note that 4 females with normal G6PD activity and without mutations in G6PD showed a significant
number of negative RBCs as measured by flow cytometry. In all these cases, the negative population appeared as a shoulder of the posi-
tive populations and should be interpreted as inconclusive. (B) Relationship between G6PD:GR ratio and the percentage negative cells
as determined with the cytofluorometric assay. Additional testing for heterozygous G6PD deficiency was recommended for females
with a G6PD:GR ratio between 0.46 and 0.9 (dashed vertical lines). The dashed horizontal line indicates the threshold for the percent-
age G6PD-negative cells in healthy controls (10.15%). Black dots represent patients without G6PD deficiency, and gray dots represent
patients with G6PD deficiency as determined by the reference standard, genetic analysis. (C) Relationship between chromate-inhibited
spectrophotometric determination of GR activity and the percentage negative cells as determined with cytofluorometry. The dashed
horizontal line indicates the threshold for the percentage G6PD-negative cells in healthy controls (10.15%). The dashed vertical lines
indicate the range from 1.7 to 2.0, which was considered to represent an inconclusive result of chromate inhibition. Chromate-inhibited
activity <|.7 was considered to indicate absence of G6PD deficiency. Chromate-inhibited activity >2.0 was considered to indicate G6PD
deficiency. Black dots represent patients without G6PD deficiency, and gray dots represent patients with G6PD deficiency as determined
by genetic analysis. In all 4 females without a mutation in G6PD that showed a significant number of negative RBCs as measured by flow
cytometry, the negative population appeared as a shoulder of the positive peak and should be interpreted as inconclusive. Abbreviations:
G6PD, glucose-6-phosphate dehydrogenase; RBC, red blood cell; IU g/Hb, international units per gram hemoglobin; GR, glutathione
reductase.

G6PD-deficient females with spectrophotometry, symmetric population of positive (fluorescent) cells. In

whereas 23 of 27 females were detected with cytofluo-
rometry. Chromate inhibition was even more reliable
and identified 26 of 27 females.

During our study, it became apparent that several of
the cytofluorometric analyses did not result in a

these fluorograms, the peak of fluorescent cells
extended to the area where G6PD-deficient RBCs nor-
mally appear (Fig. 1). It is, therefore, paramount that all
flow cytometry data are inspected carefully to judge the
test quality. The assay has to be repeated with a new
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Figure 3. (A) Results of G6PD gene sequencing, chromate inhibition, cytofluorometry, and spectrophotometric determination of G6PD
activity and the G6PD:GR activity ratio to detect heterozygous G6PD deficiency. The Venn diagram indicates the number of females with
a positive result in the tests, which implies G6PD deficiency. For example, 14 females had a positive result in all tests whereas 3| patients
had a positive result of the G6PD:GR ratio determination only. (B) Results of G6PD gene sequencing, chromate inhibition, cytofluorom-
etry, and spectrophotometric determination of G6PD activity and the G6PD:GR ratio to detect heterozygous G6PD deficiency. The
Venn diagram indicates the number of females with a negative result in the tests, which implies normal G6PD function. For example, 9
females had a negative result in all tests whereas 9 patients only had a negative result in the G6PD activity determination. Abbreviations:
G6PD, glucose-6-phosphate dehydrogenase; GR, glutathione reductase.

sample when the positive population is asymmetrical
and extends more than healthy controls into the area of
negative cells (>10%), without the appearance of a dis-
tinct negative peak. Negative peak tailing can be
induced by storage of blood but is sometimes present
in freshly drawn samples as well. It cannot be excluded
that, even without a mutation in the gene, G6PD activ-
ity is affected by unknown modifier genes. The peak
may also have been caused by senescent RBCs with
decreased G6PD activity. The phenomenon of nega-
tive peak tailing is a subject for further investigations.
For now, we have excluded these samples from our
analysis, which has increased specificity. A limitation of
this assay is that patients with a population of G6PD-
deficient erythrocytes smaller than the current cutoff of
10.15% cannot be detected.

It could be debated whether it is essential to develop
a test to detect all heterozygous G6PD-deficient
females. G6PD deficiency is mainly found in individu-
als originating from Africa, Asia, Oceania, and
Mediterranean Europe, areas where malaria is
endemic or has been endemic in the past.? Both
G6PD-deficient females and males have a reduced
risk for lethal Plasmodium infection, although, in con-
trast with older studies, recent evidence suggests that

malaria protection is mainly exerted in heterozygous
females.®**?° The protective effect of G6PD deficiency
has not yet been fully elucidated. Evidence on whether
both homozygotes/hemizygotes and heterozygotes
are protected from severe malaria is conflicting.
Moreover, deficiency may not protect against all clini-
cal expressions of malaria infection. For example,
G6PD deficiency protects against cerebral malaria
whereas it increases the risk for severe anemia.**2"2®
G6PD deficiency may cause hemolysis during ill-
ness, after consumption of fava beans or after inges-
tion of certain drugs.*?”?® Luzzatto et al. state that

When a heterozygote female tests as G6PD deficient, in
practice her acute haemolytic anaemia is likely to be just
as severe as in a G6PD-deficient male, whereas a normal
G6PD activity indicates that she is likely not to develop
clinically significant haemolysis, and a result in the middle
range indicates that her haemolysis is likely to be mild."™

Moreover, Reclos et al. already recommended in
2000 that females with a low G6PD activity should be
advised to take preventive measures against acute
hemolytic crises (avoid certain drugs, fava beans, etc.),?
thus, staying “on the safe side” with heterozygotes. Our



RBC G6PD Deficiency Detection in Females

635

study shows that females with significant numbers of
G6PD-negative cells can still have a normal G6PD activ-
ity (Fig. 2). This may partly be caused by enhanced
erythropoiesis after a self-limited hemolytic episode and
high numbers of young RBCs with relative high G6PD
activity.

However, even if detection of mild G6PD deficiency
does not directly benefit patients with high residual
G6PD activity, it is important that a heterozygously
deficient female is informed about the implications of
G6PD deficiency. Heterozygotes pass the deficiency to
half of her children and during pregnancy, she should
avoid drugs that may cause intra-uterine hemolysis.
Also, post-natal jaundice can be treated with the knowl-
edge that the mother is G6PD deficient. Therefore,
development and validation of faster, reliable tests to
detect heterozygous G6PD deficiency is essential.

With this study, we are the first to compare standard
spectrophotometry, chromate inhibition, and the rela-
tively new cytofluorometric assay with G6PD sequenc-
ing as a reference standard. Our study is limited by the
relative small number of inclusions. Although rare in the
Northern European population, G6PD deficiency is the
most common enzyme deficiency worldwide. In the area
of our laboratory, our inclusions are mainly dependent
on immigrants from Africa, Asia, and the Mediterranean
that have been referred for diagnostics.® Our results for
detecting heterozygously deficient females indicate
good test accuracy for both the chromate inhibition test
and the cytofluorometric assay. However, additional
inclusions are needed to narrow the confidence inter-
vals. Moreover, conclusions cannot be drawn on test
characteristics for the general population as we only
included females suspected of being G6PD deficient.
Future studies with more inclusions may investigate
which of the methods to detect GE6PD deficiency are
most reliable for detection of heterozygotes that may
develop clinically significant hemolysis.

We used G6PD gene testing as the gold standard
but it should be stressed that, even in extensive
sequence-based studies, there is often a subpopulation
of individuals that has partial/full enzyme deficiency but
is genetically normal. This suggests that other variants,
possibly local non-coding or epigenetic modifiers, exert
a role in modifying G6PD activity. Therefore, we cannot
exclude that in our study, a test based on G6PD pheno-
type has been scored false positive.

As the cytofluorometric assay can be performed on
anticoagulated blood that is collected without special
treatment, in contrast with the dedicated tube and pro-
cedure that is needed for the chromate inhibition test,
we recommend it to be used as a screening test for
females suspected for G6PD deficiency. However, it
should be realized that the assay, as most assays that
depend on enzyme activity, is less reliable shortly after

a period of hemolysis as young RBCs do not yet
express a G6PD-deficient phenotype.'® In such cases,
comparing the ratio of G6PD activity with the activity of
another RBC enzyme (e.g., GR) may help to select
suspicious cases as candidates for genotyping.
Heterozygously G6PD-deficient females with a relative
high percentage of G6PD-sufficient RBCs are missed
by regular methods measuring total G6PD activity.
However, the majority of these females can be detected
with both chromate inhibition and cytofluorometry.
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