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Abstract

Background

The radical cure of Plasmodium vivax and P. ovale requires treatment with primaquine or

tafenoquine to clear dormant liver stages. Either drug can induce haemolysis in individuals

with glucose-6-phosphate dehydrogenase (G6PD) deficiency, necessitating screening. The

reference diagnostic method for G6PD activity is ultraviolet (UV) spectrophotometry; how-

ever, a universal G6PD activity threshold above which these drugs can be safely adminis-

tered is not yet defined. Our study aimed to quantify assay-based variation in G6PD

spectrophotometry and to explore the diagnostic implications of applying a universal

threshold.

Methods and findings

Individual-level data were pooled from studies that used G6PD spectrophotometry. Studies

were identified via PubMed search (25 April 2018) and unpublished contributions from con-

tacted authors (PROSPERO: CRD42019121414). Studies were excluded if they assessed

only individuals with known haematological conditions, were family studies, or had insuffi-

cient details. Studies of malaria patients were included but analysed separately. Included

studies were assessed for risk of bias using an adapted form of the Quality Assessment of

Diagnostic Accuracy Studies-2 (QUADAS-2) tool. Repeatability and intra- and interlabora-

tory variability in G6PD activity measurements were compared between studies and pooled

across the dataset. A universal threshold for G6PD deficiency was derived, and its diagnos-

tic performance was compared to site-specific thresholds. Study participants (n = 15,811)

were aged between 0 and 86 years, and 44.4% (7,083) were women. Median (range) activ-

ity of G6PD normal (G6PDn) control samples was 10.0 U/g Hb (6.3±14.0) for the Trinity

assay and 8.3 U/g Hb (6.8±15.6) for the Randox assay. G6PD activity distributions varied

significantly between studies. For the 13 studies that used the Trinity assay, the adjusted

male median (AMM; a standardised metric of 100% G6PD activity) varied from 5.7 to 12.6

U/g Hb (p �� 0.001). Assay precision varied between laboratories, as assessed by variance

in control measurements (from 0.1 to 1.5 U/g Hb; p �� 0.001) and study-wise mean coeffi-

cient of variation (CV) of replicate measures (from 1.6% to 14.9%; p �� 0.001). A universal

threshold of 100% G6PD activity was defined as 9.4 U/g Hb, yielding diagnostic thresholds

of 6.6 U/g Hb (70% activity) and 2.8 U/g Hb (30% activity). These thresholds diagnosed indi-

viduals with less than 30% G6PD activity with study-wise sensitivity from 89% (95% CI:

81%±94%) to 100% (95% CI: 96%±100%) and specificity from 96% (95% CI: 89%±99%) to

100% (100%±100%). However, when considering intermediate deficiency (��70% G6PD

activity), sensitivity fell to a minimum of 64% (95% CI: 52%±75%) and specificity to 35%
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(95% CI: 24%±46%). Our ability to identify underlying factors associated with study-level

heterogeneity was limited by the lack of availability of covariate data and diverse study con-

texts and methodologies.

Conclusions

Our findings indicate that there is substantial variation in G6PD measurements by spectro-

photometry between sites. This is likely due to variability in laboratory methods, with possi-

ble contribution of unmeasured population factors. While an assay-specific, universal

quantitative threshold offers robust diagnosis at the 30% level, inter-study variability

impedes performance of universal thresholds at the 70% level. Caution is advised in com-

paring findings based on absolute G6PD activity measurements across studies. Novel

handheld quantitative G6PD diagnostics may allow greater standardisation in the future.

Author summary

Why was this study done?

· Completecureof vivaxmalaria,themostgeographicallywidespreadmalariaspecies,
requirestheuseof 8-aminoquinolinedrugsto cleardormantliver stagesof theparasite
(`radicalcure');however,thesedrugscancauseseverehaemolysisin individualswith
glucose-6-phosphatedehydrogenase(G6PD)deficiency.

· Ultraviolet(UV) spectrophotometryisusedasthereferencetestto measureG6PDactiv-
ity, for validatingnewpoint-of-carediagnostics,andto determinepopulation-specific
definitionsof G6PDdeficiency.

· Currently,thereisno universalthresholdto defineG6PDdeficiency,andeachlabora-
tory mustinvesttime andresourcesto derivesite-andlaboratory-specificdefinitionsof
G6PDdeficiency.

What did the researchers do and find?

· Wepooledmeasurementsof G6PDactivityfrom studiesconductedacrossdifferent
countriesandlaboratoriesworldwide.

· Weassessedthecomparabilityof spectrophotometryresultsbetweentheselaboratories
to seewhetherauniversaldefinition anddiagnosticcutoff for G6PDdeficiencycouldbe
determined.

· Therewassubstantialvariationin theperformanceandabsolutemeasurementsof spec-
trophotometryconductedin differentlaboratories,hinderingthedefinition of auniver-
salcutoff for G6PDdeficiency.

What do these findings mean?

· Thesefindingshighlight theimportanceof quality-controlmeasuresto minimisethe
influenceof laboratoryprocedureson observedmeasurements.
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· Thedatasuggestthatwhilearobustuniversal,assay-specificG6PDactivitycutoff value
canbeestablishedfor diagnosisof severeG6PDdeficiency(<30%normalenzymeactiv-
ity), thisapproachis lessrobustfor diagnosingintermediateG6PDdeficiency.

· Newlydevelopeddiagnosticassaysthatarelesssensitiveto laboratoryconditionsand
requirelesssamplepreparationarerequiredandmayhelpprovidemorestandardised
quantitativeG6PDactivitymeasurementsacrossdifferentcontexts.

Introduction
��������	� 
�
�� and�. �
��� both form dormantliver stages(hypnozoites)thatcanreacti-
vateweeksto monthsfollowinganinitial infection,resultingin relapsingmalaria[1]. The
completetreatmentof eitherspeciesrequirestheuseof drugsableto clearhypnozoitesfrom
theliver (`radicalcure'),alongsidestandardblood-stageantimalarials.Theonly licencedanti-
malarialcompoundsthatcankill hypnozoitesandpreventrelapsesarethe8-aminoquinoline
drugsprimaquineandtafenoquine.Primaquineisusedto treatpatientswith malariain two
scenarios:eitherasasinglelow doseto kill �. �������	� gametocytesandreducetransmission,
or atahigherdoseadministeredover14daysto kill �. 
�
�� hypnozoites.Tafenoquine,is
another8-aminoquinolinedrug,whichhasrecentlybeenlicensedasasingle-dosehypnozoiti-
cidalagentfor �. 
�
�� liver stages.While well toleratedin themajority of recipients,standard
dosingof eitherdrugcancauseseverehaemolysisin patientswith glucose-6-phosphatedehy-
drogenase(G6PD)deficiency[2]. Tafenoquineismoreslowlyeliminatedthanprimaquine;
hence,patientsareexposedto potentiallyhaemolyticconcentrationsof thedrug for longer.
Thesuccessfulrollout of tafenoquinewill thereforerequiremorestringentG6PDscreening
thaniscurrentlyavailablein malariaendemicareas.

G6PDdeficiencyisacommoninheritedenzymopathythat isparticularlyprevalentin
malaria-endemicregions[3,4].Redbloodcells(RBCs)of affectedindividualsaresusceptible
to haemolysiscausedbyoxidativestress,inducedbyavarietyof stimuli includingdrugs(e.g.,
rasburicase,8-aminoquinolines,anddapsone),foods(e.g.,favabeans),or acuteinfection[5,6].
ThegeneencodingG6PDis locatedon theX chromosome(Xq28).Hence,malesinherit asin-
glecopyandareeitherhemizygousG6PDdeficient(G6PDd)or G6PDnormal(G6PDn),
whereasfemalescarrytwo copiesandcanbehomozygousdeficientor normal,or heterozygous
for amutant ���� allele.Hemizygousandhomozygousdeficientindividualsexpress>95%
deficientRBCs,whileheterozygotesharbourtwo distinctRBCpopulations,aG6PDdanda
G6PDnpopulation.Differentpatternsof X-inactivationin heterozygotesleadto differentpro-
portionsof deficientRBCsbetweenindividualsandwidelyvaryingG6PDphenotypes[7].
Thus,whilemalesarephenotypicallyeitherG6PDdor G6PDn,femalesexhibitawiderangeof
G6PDlevelsfrom verylow deficientlevelsthroughintermediateto normal.Furthermore,the
G6PDgeneitselfexhibitssubstantialgeneticvariability,with over200distinctG6PDmuta-
tionsdescribed[8,9],exhibitingawiderangeof enzymeactivitylevels[10,11].

Ultraviolet(UV) spectrophotometryis thereferencestandarddiagnosticmethodfor quan-
tifying G6PDenzymeactivity[12]. Multiple commercialassaykits areavailable,andalthough
thereisstrongcorrelationof measurementsbetweenassays,absolutevaluesvary[13,14].Such
absolutevalueswill beimportant for theuniversaluseof novelpoint-of-carequantitativediag-
nostics,suchasforthcomingbiosensors.Theinterpretationof quantitativeG6PDmeasure-
mentsrequiresapredetermineddefinition of `normal'(100%)G6PDactivity.However,there
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isno consensusdefinition of normalactivity.Eachlaboratorymustestablishits ownreference
valuesanddiagnosticthresholds[15]. In 2013,Domingoandcolleaguesproposedamethodof
standardisingthisprocess[16], derivingnormalenzymeactivityfrom themedianvalueof
non-deficientmales,knownastheadjustedmalemedian(AMM). Althoughthisapproachis
lessvulnerableto outliersor theunderlyingprevalenceof G6PDdthanthestandardmeanor
median,interpretationof assayresultsrequiresderivationof acontext-specificlocalAMM.
Oncedefined,theAMM enablesclassificationof samplesbasedon their relativeG6PD
activity.

Treatmentdecisionsfor primaquineor tafenoquinearecurrentlybasedon two important
thresholds:30%and70%normalenzymeactivity,respectively.Theformer is theapproximate
cutoffactivityfor mostqualitativetests[17]. Thelatterisdesignedto excludeheterozygous
femaleswith intermediateenzymeactivitywhoarealsoat risk of haemolysis[18,19].Setting
thethresholdtoo low risksfalselycategorisingpatientsasG6PDnandexposingindividualsto
primaquine-inducedhaemolysis.Settingthethresholdtoo highpotentiallyexcludesG6PDn
patientsfrom receivingradicalcure,putting themat risk of repeatedepisodesof vivaxmalaria
andassociatedmorbidity.

Theaimof thecurrentstudywasto poolspectrophotometricdatafrom diverselaboratory
andgeographiccontextsto quantifythedegreeto whichassay-basedvariability influences
inter- andintra-studycomparabilityof G6PDspectrophotometry,andto exploretheimplica-
tionsof thisvariabilityon diagnosingsevereandintermediateG6PDdeficiency.

Methods

Data collation
Thedatafor thisprospectivelyplannedmeta-analysiswerepooledfrom asystematicliterature
reviewandunpublishedcontributionsfrom collaboratinginvestigators(PROSPERO:
CRD42019121414)accordingto PRISMAguidelines(S1File).Studiesinvolving individual-
levelspectrophotometricmeasurementsof G6PDactivitywereidentifiedviaaPubMedsearch
(25April 2018)usingthefollowing terms:���� �� ���	���������������� �������������� ��
���	���� � ��������� ��������������� � � !"	��������
� �� ����������� � �. Additional studies
wereidentifiedviareferencelistsandcorrespondencewith authors.In viewof thewiderange
of assaymanufacturersandlaboratorymethodologiesin thepublishedliterature,only papers
publishedbetweenJanuary2005andApril 2018werescreenedfor inclusionto ensurecompa-
rability of diagnosticprotocolsandqualitycontrol procedures.Thetitle, abstract,andfull text
of studiesbetweenthesedateswerethenscreenedto identify thosethatusedUV spectropho-
tometryto defineG6PDactivity.Only studiesthatmeasuredNADPH formationatawave-
lengthof 340nm wereincluded.Authorswerecontactedviaemailandinvited to contribute
individual patientandqualitycontrol data.A minimum of two attemptswasmadeto contact
authorsbeforeexcludingstudies.Studiestargetingspecificethnicgroups(e.g.,African-Ameri-
canblooddonors)wereincluded,but thosethatonly includedindividualswith knownhaema-
tologicalconditions,familystudies,or studiesfor whichinsufficientdetailswereavailablewere
excluded.Studiesof patientswith malariawereincludedbut analysedseparatelyfrom individ-
ualswithout malaria.Onepaperincludedstudiesperformedin two differentcountriesand
wasconsideredastwo separatedatasources([20]; S1Table).

Demographicdataandavailablehaematologicalparameterswerecollatedandstoredin a
standardiseddatabasealongwith metadataof thestudycharacteristics.Samplesmissingdata
on eitherG6PDactivity(U/g Hb) or sexwereexcludedfrom theanalysis,aswerethosefor
whichmeasuredG6PDactivitywasextreme(>30 U/g Hb). Qualityof includedstudieswas
assessedusinganadaptedform of theQUADAS-2tool ([21]; S2File).
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Data analysis
Intra-laboratoryassayrepeatabilitywasinvestigatedfrom replicatemeasures.Foreachsample,
thecoefficientof variation(CV) andabsolutedifferencebetweenreplicatemeasureswerecal-
culated,alongwith ameanCV andmeandifferencefor eachstudy.CV valuesandproportion
of sampleswith high inter-replicatevariabilitywerecomparedbetweenstudiesusingtheKrus-
kal-Wallisandchi-squaredtests.

To assessinter- andintra-laboratoryvariability in G6PDspectrophotometry,datafrom the
measurementof manufacturer-providedqualitycontrol sampleswereusedto quantifythe
magnitudeandvarianceof control measurements(deficient,intermediate,andnormal)and
howthesedifferedbetweenassaysandstudies.

World HealthOrganization(WHO) prequalificationfor in vitro diagnosticsrecently
definedG6PDdeficiencyfor malesandfemalesatbelow30%andintermediateactivity
between30%and80%G6PDactivity[22]. Theanalysisperformedhereusesthe70%threshold
usedfor thetafenoquineclinical trials [18,19].Forpopulationstudies,theAMM [16] wascal-
culatedfor eachstudyseparatelyanddefinedas100%G6PDactivity.G6PDdeficiencywas
definedas`activitybelow30%of therespectivestudyAMM' andintermediateG6PDdefi-
ciencyas`activitybetween30%and70%of therespectivestudyAMM'. Variationbetweendif-
ferentstudypopulationswasassessedbyassayandwhethertheparticipanthadmalaria.
Studieswith ahigh risk of biasdueto patientselectionwereexcludedfrom theanalysis(S2
Table).To precludetheinfluenceof heterozygosityon theobservedvariability,only malesam-
pleswerecompared.G6PDactivitydistributionsfrom control andparticipantsampleswere
comparedusingtheKruskal-Wallistestwith pairwiseMann-Whitney-Wilcoxontestsusing
Bonferronicorrection(magnitude)andLevene'stest(variance).

A universalAMM wascalculatedbyapplyingthestandardAMM formulato acomparable
subsetof all includedsamples.To control for differencesdueto assayvariabilityor malariasta-
tus,theuniversalAMM wasonly derivedfrom samplestestedusingtheTrinity assayin
patientswithout malaria.Foreachstudy,separatelyandacrossthepooledsubsetof data,the
diagnosticperformance(sensitivity,specificity,andnegativepredictivevalue[NPV]) of this
universalAMM wasthenevaluatedatboth the30%and70%thresholds,consideringdiagno-
sesderivedfrom study-specificAMMs asthereference.Exactbinomialconfidencelimits were
estimatedfor bothsensitivityandspecificity.Performancewascomparedto aconservative
universalthreshold,where100%G6PDactivitywasdeterminedby theupperlimit of the95%
CI of themeanG6PDactivityfor G6PDnmalesin theincludedsubset.Dueto thelimited
availabilityof relevantcovariatedatafrom includedstudies,theuniversalAMM, conservative
threshold,andthresholdperformanceswerenot adjustedfor study-levelcovariates.Further-
more,suchadjustmentfor study-levelcovariateswould imposeanimpracticallevelof com-
plexityin clinicalpractice.

All datamanagement,visualisation,andstatisticalanalyseswereperformedusingthetidy-
verse[23], ggplot2[24], cowplot[25], epiR[26], andbaseRpackagesin Rversion3.5.2[27].
Prior ethicalapprovalwasobtainedfor all primary studiesincludedin theanalysis.

Results
In total,312studieswereidentifiedfrom theliteraturepublishedbetweenJanuary2005and
April 2018,aswellas18unpublishedstudies.Of these,243studieswereexcludedbasedon
title, abstract,or full text review,and55studieswereexcludedbecausethecorresponding
authordid not respondor therelevantdatawerenot available(Fig 1).A further two studies
wereexcludeddueto methodologicalcriteria(incomparablemeasurementunitsor spectro-
photometrywavelength).Datafrom 231individualswereexcludedfor reasonsstatedin Fig 1.
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Thefinal datasetcomprisedspectrophotometricmeasurementsfrom 15,811individuals
collectedfrom 30studies(20in Asia,5 in Africa,and5 in theAmericas;Table1).Theageof
participantsrangedfrom 0 to 86years,and44.4%of participants(7,083individuals)were
female.G6PDspectrophotometry resultsweregeneratedfrom sixdifferentmanufacturer's
assays:Trinity Biotech,Ireland(21studies,12,222participants);RandoxLaboratories,United
Kingdom(4 studies,1,476participants);PointeScientific,United States(2 studies,883partici-
pants);Sigma-Aldrich,US(2 studies,691participants);BIOLABO,France(1 study,320partic-
ipants),andSpinreact,Spain(1 study,319participants).

Assayrepeatability
Replicatemeasurementsof G6PDactivitywereavailablefrom fivestudies,including14.4%
(2,204/15,811)of samples(Table2 andFig 2).Onestudy(� = 609)performedtriplicatemea-
sureson all samples,while four studies(� = 1,595)performedduplicatemeasurementson all
samplesandathird teston asubsetof sampleswith high inter-replicatevariability(� = 53).
Themagnitudeof inter-replicatevariabilitydifferedbetweenstudies,with thestudy-specific
maximumdifferencerangingfrom 0.65U/g Hb to 8.64U/g Hb andthemeanCV ranging
from 1.6%to 14.9%(Table2).Thepercentageof samplesthatshowedahigh inter-replicate
difference(>2 U/g Hb) differedsignificantlyacrossall studies(� < 0.001),rangingfrom 0%to
32%of eachstudy'ssamples.Similarinter-studydifferenceswereevidentwhenconsidering

Fig 1. PRISMAflow diagramdepicting the literature searchanddata-screeningprocedures.G6PD,glucose-6-phosphatedehydrogenase;RBC,redbloodcell.

https://doi.org/10.1371/journal.pmed.1003084.g001
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relativevariability,with thepercentageof samplesexhibitingahighCV (>10%) rangingfrom
1.53%to 62%.

Inter- and intra-laboratory variability
Qualitycontrol datawereavailablefrom ninestudies:seventhatusedtheTrinity assay(using
normal,intermediate,anddeficientcontrols)andthreestudiesthatusedtheRandoxassay

Table1. Characteristicsof the final pooleddatabaseby malaria status.

Characteristics Malaria Positive Malaria Negative Malaria Unknown Total

Sex

Male 3,433 (21.71) 3,360 (21.25) 1,990 (12.59) 8,783 (55.55)

Female 3,446 (21.79) 1,422 (8.99) 2,160 (13.66) 7,028 (44.45)

Region

Africa 808 (5.11) 708 (4.48) 127 (0.8) 1,643 (10.39)

Americas 1,588 (10.04) 324 (2.05) 346 (2.19) 2,258 (14.28)

SoutheastAsia 4,483 (28.35) 3,750 (23.72) 3,677 (23.26) 11,910 (75.33)

Age

0 to 1 115 (0.73) 8 (0.05) 566 (3.58) 689 (4.36)

1 to 5 601 (3.8) 194 (1.23) 123 (0.78) 918 (5.81)

5 to 15 1,250 (7.91) 930 (5.88) 1,104 (6.98) 3,284 (20.77)

15to 60 3,408 (21.55) 2,939 (18.59) 2,099 (13.28) 8,446 (53.42)

>60 179 (1.13) 29 (0.18) 50 (0.32) 258 (1.63)

Unknown 1,326 (8.39) 682 (4.31) 208 (1.32) 2,216 (14.02)

G6PDAssay�

Trinity 5,119 (32.17) 3,964 (24.91) 3,139 (19.73) 12,222 (77.3)

Randox 1,296 (8.15) 180 (1.13) - - 1,476 (9.34)

PointeScientific 564 (3.54) 319 (2) - - 883 (5.58)

Sigma-Aldrich - - - - 691 (4.34) 691 (4.37)

BIOLABO - - - - 320 (2.01) 320 (2.02)

Spinreact - - 319 (2) - - 319 (2.02)

Total 6,879 (43.51) 4,782 (30.24) 4,150 (26.25) 15,811 (100)

Valuesindicatethenumberof individualsandpercentageof thetotal database,� (%),in eachcell.
� Onehundredindividualstestedby bothTrinity andRandoxarecountedtwicehere.

https://doi.org/10.1371/journal.pmed.1003084.t001

Table2. Inter-replicate differencesin G6PDspectrophotometry.

Study Assay Sample
Size

Mean�ïa �ï >2 U/g Hb MeanCV CV >10%

(Range) (%Samples) (Range) (%Samples)

Banconeet al., 2015[28] Trinity 150 0.1(0.0±0.7) 0.0 2.5(0.0±23.2) 3.3

Hailu et al., 2018b Trinity 367 0.7(0.0±2.7) 1.6 4/0 (0.0±15.7) 4.9

Leyet al., 2018b�

Randox 92 0.6(0.0±1.9) 0.0 9.8(0.0±48.8) 34.8

Leyet al., 2018b�

Trinity 100 1.8(0.0±8.6) 32.0 14.9(0.3±60.5) 62.0

Oo et al., 2016[29] Trinity 978 0.2(0.0±3.6) 0.5 1.6(0.0±35.2) 1.5

Satyagrahaet al., 2016[30] Trinity 609 1.0(0.0±7.8) 12.6 6.7(0.0±140) 16.3

a�ï = absolute inter-replicatedifference(U/g Hb).
bUnpublishedstudy.
� Note:Theserowsreferto asinglestudywhichprovidedmeasurementsof thesamesamplesusingbothRandoxandTrinity.

Abbreviation: CV, coefficientof variation(%)

https://doi.org/10.1371/journal.pmed.1003084.t002
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(normalanddeficientcontrols;Fig 3).Resultsdifferedsignificantlyacrossstudiesfor all con-
trol categories(� < 0.001),whenconsideringboth theTrinity andRandoxassays.Smaller
inter-studydifferenceswereobservedbetweenthestudiesusingRandox,all of whichwere
conductedin thesamelaboratory.Intra-studyvariability(study-levelvarianceof control mea-
surements)differedsignificantlyfor all control categoriesfor studiesusingboth theTrinity
(normal,� < 0.001;intermediate,� < 0.001;deficient,� < 0.001),andRandox(normal,
� = 0.002;deficient,� = 0.02)assays.

To control for differencesattributableto assaymethod,theanalysisof thevariability in
spectrophotometrydatabetweenstudypopulationswasfirst addressedin the18studies(6,245
individuals)usingtheTrinity assay.Therewasconsiderableinter-studyvariationin thedistri-
bution of G6PDactivityandthederivedAMM valuesacrossstudies(Fig 4).TheAMM ranged
from 5.7to 12.6acrossstudiesconsistingof participantswithout malariaand7.8U/g Hb to
12.4U/g Hb for thosewith malaria.Theinter-studydifferencesin G6PDactivitywere

Fig 2. Repeatabilityof G6PDspectrophotometry. Inter-replicateagreementin fivestudiesenrolling2,204participants. (A) AbsoluteG6PDactivity(U/g Hb) of
replicatemeasures.Eachpoint representsasingleG6PDactivitymeasurement,with measurementsfrom thesameindividual connectedbyverticallinesfor clarity.(B)
Relativedifference(CV; %)betweenreplicatemeasuresof G6PDactivity.Fivepointswith CV greaterthan50%areshownas`50+'for clarity (CV = 51,61,98,110,140).
Forbothpanels,theassayusedis labelledfor eachstudyandthestudy-wisemean(range)inter-replicatedifferenceisshown.Note:Onestudy,Leyetal.,2018,provided
measurementsfrom thesamesamplesusingbothRandox(� = 92)andTrinity (� = 100).CV,coefficientof variation;G6PD,glucose-6-phosphatedehydrogenase.

https://doi.org/10.1371/journal.pmed.1003084.g002
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statisticallysignificantacrossall studies(� < 0.05).In thestudiesthatusedaspectrophotome-
try assayotherthanTrinity, therewassignificantinter-studyvariationin G6PDnmalesfor
PointeScientific(� < 0.001),Randox(� = 0.04),andSigma-Aldrich(� < 0.001)(S1Fig).

Fig 3. Inter-study variation in control samplemeasurements.Qualitycontroldatafrom ninestudiesareshown(� = 1,509).Thethreeleftmostpanelscontain
measurementsof deficient, intermediate,andnormalcontrolsfrom studiesusingtheTrinity assay;panelson theright depictdeficientandnormalcontrol
measurementsusingtheRandoxassay.Themedianandinterquartile rangefor eachcategoryaresuperimposedin black.Pointsarecolouredto indicatestudies
conductedin thesamelaboratory.A square-roottransformation isappliedto they-axisto depictvariationin deficientsamplesmoreclearly.Note:Onestudy,Leyetal.,
2018,providedmeasurementsfrom thesamesamplesusingbothRandox(� = 92)andTrinity (� = 100).G6PD,glucose-6-phosphatedehydrogenase.

https://doi.org/10.1371/journal.pmed.1003084.g003

Fig 4. Inter-study variation in G6PDactivity measuredusingthe Trinity assay.Thedistribution of G6PDactivitymeasurementsisshownfor malesenrolledin
representativestudiesusingtheTrinity G6PDassay.Participantswith (� = 2,694)andwithout malaria(� = 3,516)areshownseparately.TheAMM (blacktext),70%
threshold(blue),and30%threshold(red)arelabelledfor eachstudy(U/g Hb). Pointcoloursindicatethecountryof origin of eachstudy.FilledpointsrepresentG6PDn
individuals(>30%studyAMM) andhollowpointsindicateG6PDdindividuals(<30%studyAMM). Note:Rohetal.,2016,included63males<1 yearof age,whomay
havehadelevatedG6PDactivity[31,32].AMM, adjustedmalemedian;G6PD,glucose-6-phosphatedehydrogenase;G6PDd, G6PDdeficient;G6PDn,G6PDnormal.

https://doi.org/10.1371/journal.pmed.1003084.g004
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Universalthresholds
Participantswerecategorisedasbeingeitherseverelydeficient(<30%AMM; ineligiblefor pri-
maquine)or severely/intermediatelydeficient(<70%AMM; ineligiblefor tafenoquine)using
thestudy-specificAMMs. In patientswithout malariaassessedusingtheTrinity assay,the
pooledAMM (i.e.,100%G6PDactivitythreshold)was9.4U/g Hb, resultingin a70%thresh-
old of 6.6U/g Hb anda30%thresholdof 2.8U/g Hb. Theconservativeuniversalthreshold
(calculatedastheupperlimit of the95%CI of themeanG6PDactivity,insteadof themedian
usedfor theAMM) yieldeda100%thresholdof 9.7U/g Hb; 70%thresholdof 6.8U/g Hb, and
30%thresholdof 2.9U/g Hb.

Usingthesite-specificAMM asthereference,thepooledAMM correctlycategorised89%
to 100%of severelydeficientpatients(bothmalesandfemales)at the30%thresholdwith a
pooledsensitivityof 97%(95%CI: 95%±98%).At this threshold,thestudy-wisespecificitywas
greaterthan96%for all studieswith apooledspecificityof 100%(95%CI: 100%±100%)
(Table3,S3File: S7±S12Figs).Seventeenindividuals(12femalesand5males,out of atotalof
7,520)werefalselyclassifiedasG6PDn,with amean(range)G6PDactivityof 26.8%(23%±
29.6%)of thelocalAMM (S4Table,Fig 5,S3File: S2andS3Figs).

At the70%threshold,thestudy-wisesensitivityof theuniversalAMM rangedbetween64%
and100%with apooledsensitivityof 89%(95%CI: 87%±91%).At this threshold,thespecific-
ity rangedfrom 35%to 100%,with apooledspecificityof 96%(95%CI: 95%±96%)(Table3 &
S3File: S7±S12Figs).Onehundredandthirty-nine individuals,107femalesand32males,
werefalselyclassifiedasG6PDnat the70%level,with amean(range)G6PDactivityof 56.5%
(52.4%±59.5%)of thelocalAMM (S4Table,Fig 5,S3File: S2andS3Figs).At both the30%
and70%threshold,performancewasslightlyimprovedwhenconsideringtheconservative
universalthresholds(S3andS4Tables,S3File: S4±S6,S13±S19Figs).Diagnosticperfor-
manceof universalthresholdsdid not differ substantiallyin patientswith or without malaria.
At all thresholds,whentherewasadifferencein diagnosticperformanceof universalthresh-
olds,theperformancein femaleswasworsethanin males,acrossall studiesandwithin indi-
vidualstudies(Table3 andS3File:S8±S13Figs).

Discussion
Safeimplementationof radicalcureof malariawith primaquineor tafenoquinewill becritical for
thetimelyeliminationof �. 
�
��. In viewof therisk of drug-inducedhaemolysis,patientsshould
betestedfor G6PDdeficiencyprior to treatmentto avoidexposingvulnerableindividualsto

Table3. Performanceof pooleduniversalAMM diagnosticthresholds.

Deficient Threshold(30%)

Sensitivity Specificity NPV

Males 0.99(0.97±1.00) 1.00(1.00±1.00) 1.00(1.00±1.00)

Females 0.91(0.85±0.95) 1.00(0.99±1.00) 1.00(0.99±1.00)

Overall 0.97(0.95±0.98) 1.00(1.00±1.00) 1.00(1.00±1.00)

Intermediate Threshold(70%)

Sensitivity Specificity NPV

Males 0.95(0.93±0.96) 0.96(0.95±0.96) 0.99(0.98±0.99)

Females 0.84(0.81±0.87) 0.96(0.95±0.97) 0.97(0.96±0.97)

Overall 0.89(0.87±0.91) 0.96(0.95±0.96) 0.98(0.97±0.98)

Abbreviations:AMM, adjustedmalemedian;NPV,negativepredictivevalue

https://doi.org/10.1371/journal.pmed.1003084.t003
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oxidativestress.Widespreadapplicationof radicalcurewill thusrequirerobustandeasilyinter-
pretablediagnosticthresholdsfor G6PDenzymeactivity.Our pooledanalysisof G6PDactivity
acrossadiverserangeof studiesandgeographicallocationshighlightssignificantinter-studyand
intra-studydifferencesin absoluteG6PDmeasurementsderivedusingspectrophotometry.This
variabilityhasstrongpotentialto confoundreliablediagnosisof G6PDdeficiency.

Weobservedconsiderablevariability in G6PDactivitymeasurementsbetweensites,even
whenconsideringthesamespectrophotometricassay.Thedifferencesin thequantificationof
control samplessuggestsubstantialcontribution of laboratory-or assay-basedfactors,
althoughthesemaybeexacerbatedbyunmeasuredgeneticor environmentaldifferences
betweenstudies.Despitethelargesamplesizeof thismeta-analysis,thedatalackedthegranu-
lar information necessaryto isolatespecificlaboratoryor proceduralfactorsatplay.Thepres-
enceof differencesbetweenresearchlaboratoriesillustratesthelikely pervasivenessof
interlaboratorydifferencesin G6PDspectrophotometry,with fundamentalimplicationsfor
comparingabsoluteG6PDactivitymeasurementsbetweenstudies.

Despitethisvariability,our findingsdemonstratestrongperformanceof auniversalthresh-
old for identifyingG6PDactivitybelow30%of thelocalAMM. At this level,theuniversal
diagnosticthreshold(2.8U/g Hb) demonstratedrobustdiagnosticperformancewith sensitiv-
ity andspecificityexceeding97%.In thesecohorts,17out of 7,520individualswouldreceive
primaquinedespitehavingaG6PDactivitylessthan30%thelocalAMM; however,all of these
misdiagnosesoccurredaroundthediagnosticcutoff,with aminimum G6PDactivityof 23%
(S4Table,Fig 5).Themajority of the17misdiagnoseswerein females,suggestingthatapor-
tion of thesemaycomefrom heterozygousfemaleswith G6PDactivitiesspanningthe30%
threshold.Hence,this thresholdmayhaveutility in certaincontextswherealocalAMM is
unavailable(e.g.,validationstudiesof qualitativeassays).

Theuseof tafenoquinerequiresamorestringentthresholdto reducetherisk of haemolysis
in heterozygousfemaleswith intermediatedeficiency.At the70%enzymeactivitylevel,the

Fig 5. Universaldiagnosticclassificationsby G6PDactivityÐ both malesand females,usingpooledAMM. RelativeG6PDactivityisshown(x-axis,normalisedto
site-specific AMM) for individualsfalling into eachdiagnosticcategory,asdepictedbycolouredbars(falsenormal[FN], red;falsedeficient[FD], orange;truenormal
[TN], light grey;truedeficient[TD], black).Diagnosesareshownatboth the30%threshold(left;17FN,21FD,6,926TN, 556TD) and70%threshold(right; 139FN,
258FD,5,983TN, 1,140TD). All individuals testedwith Trinity without malariainfection areshown,except69individualswith G6PDactivity>200%localAMM
(� = 7,451).AMM, adjustedmalemedian;G6PD,glucose-6-phosphatedehydrogenase.

https://doi.org/10.1371/journal.pmed.1003084.g005
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diagnosticperformanceof pooleduniversalcutoffswasworsethanthat for the30%threshold.
This is likely aconsequenceof both inter-studyvariationin G6PDactivity,aswellasnatural
variation(noise)in G6PDactivitylevelsaroundthis70%limit. Of the139individualsmisclas-
sifiedasG6PDnat this level,only 36(25.4%)exhibitedaG6PDactivitylessthan60%of the
localAMM, andall hadaG6PDactivitygreaterthan53%.Again,similar to the30%threshold,
themajority of thesewerefemalesthatarein the60%±70%activityrange.Theexactrelation-
shipbetweenG6PDactivityandthehaemolyticrisk associatedwith tafenoquineisunknown,
althoughtherisk is thoughtto beinverselycorrelatedwith enzymeactivity[33]. Reassuringly,
falsenormaldiagnosesat the70%enzymeactivitylevelusingtheuniversalthresholdsoccurred
in aminority of individualswith G6PDactivitymostlynearthe70%mark.

Theuniversalthresholdsdefinedin our studyarebasedon theTrinity assaykit, which is
nowdiscontinued.While AlamandcolleagueshaveshowngoodcorrelationbetweenTrinity
measurementsandresultsfrom aPointeScientificassay,with little differencein absolutemea-
surements(� = 50,[14]), astudybyPalandcolleaguesfoundamoremodestcorrelationin
absolutemeasurements(� = 183;[13]). Consequently,demonstrationof suitabilityof apro-
poseduniversalthresholdwill needto bedemonstratedwith eachspecificassayprior to its
widespreadendorsementandapplication.Promisingpoint-of-carequantitativebiosensors
reducetheneedfor samplestorageandcomplexprocessing[12,34].Assuch,thesenewassays
mayexhibitsuperiorinterlaboratorycomparabilityandin futuremayprovidethebasisfor a
universaldefinition of G6PDdeficiency.Until thereisconsensusregardingsafeandrobust
universalthresholds,site-andassay-specificdefinitionsof G6PDdeficiencywill still be
required.Currently,laboratorieseitherusetheproductinsertrangesor determinenormal
rangesbasedon normalsamplestestedin thelaboratory.

Weidentifiednotabledifferencesin assayrepeatabilityandvarianceof control measure-
mentsbetweensites.Suchassay-basedvariabilitymayarisefrom inconsistenciesin assaypro-
cedures,or samplehandling[16,34,35].Thisvariationdemonstratestheimportanceof
performingandmonitoring replicatemeasurementsandcontrol samplemeasurementsin
orderto minimiseassay-basedvariabilityandmaximisecomparabilityof results.

It isworth noting thatdiagnosticdefinitionsof `intermediate'G6PDactivityhavevaried
overtime andcontexts.TheearlyWHO classificationsof G6PDvariantsconsideredanything
above60%to benormalG6PDactivity[36], currentWHO guidelinesplacethecutoffat80%
normalactivity[17], andprescriptionrequirementsfor tafenoquinein theUSandAustralia
requireaG6PDactivityof 70%or higher[37]. Regardlessof thedefinition, our studyhigh-
lightsthesignificantchallengesin establishinganestimateof 100%G6PDactivity(in clinically
relevantunitsof U/g Hb) from whichpatients'relativeenzymeactivitycanbecalculated.

Our studyhasanumberof limitations.First,althoughweexcludedstudiesin whichhaema-
tologicalconditionsmayhaveinfluencedobservedG6PDactivitylevels,thefinal datasetcon-
sistedof samplesfrom diverseclinicalandcommunitysurveycontexts.Thismayhaveledto
unequalinfluenceof undiagnosedhealthconditions(e.g.,otherhaematologicalconditions)
uponmeasuredG6PDactivity.However,therewasno clearpatternin G6PDactivitybystudy
type.Furthermore,while it hasbeensuggestedthatneonateshaveelevatedG6PDactivity
[31,32],introducingpossiblebias,fewof theincludedstudiesenrollednewborns([38,39]).
Second,it is commonpracticeto excludereplicatemeasuresthatdiffer bymorethanacertain
amount(e.g.,CV > 10%)aswellascontrol measurementsfallingoutsideof anexpectedrange.
Includeddatasetsmayhavealreadyexcludedthesevaluesin some,but not all,cases,meaning
that thecurrentstudywouldoverestimatetrueassayperformance.Third, thestudydid not
considerlot-to-lot variability in control isolates(whichconsistof lyophilisedbloodspecimens)
andassayreagents;thesemayhavecontributedto someof theinter-studyvariabilityobserved

PLOS MEDICINE Meta-analysis of G6PD spectrophotometry

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003084 May 14, 2020 13 / 18



for both thecontrolsandAMM values.Nevertheless,thecurrentfindingsrepresentanindica-
tion of inter- andintra-studyvariability in `valid'resultsof G6PDspectrophotometry.

Conclusions
Interlaboratoryvariabilityhindersthedefinition of universalcutoff valuesfor theclassification
of G6PDactivityusingspectrophotometry,particularlyat the70%G6PDactivitylevel.Cau-
tion isadvisedin comparingresearchfindingsbasedon absoluteG6PDactivitymeasurements
acrossstudies,suchasthosecharacterisingnovelvariantsor assessingclinicalsafetyin patients
exposedto 8-aminoquinolines.In thesecases,thederivationof relativeG6PDactivityusing
theAMM remainsamoreappropriateapproach.Becauseassayprecisionvariesconsiderably
betweenlaboratories,theuseof replicatemeasuresandcontrol samplemeasurementsiscru-
cial to ensurequalitycontrol.Clinical laboratoriestypicallyprovidethepatients'G6PDvalue
andanormalG6PDrangefor thelaboratory,whichisoftendeterminedsuchthat it discrimi-
natesator abovethe70%thresholdrequiredto prescribetafenoquine.Novelpoint-of-care
assays,suchasrecentlydevelopedquantitativebiosensors,arecurrentlybeingevaluatedin
field trials.Theseassaysaredesignedto requirelesssamplepreparationandoffermorerobust
performanceacrossdiversetemperaturerangesandclinicalcontextsthanspectrophotometry.
Assuch,theymayprovidesuperiorinter-sitecomparabilitythanthecurrentreferencestan-
dardof spectrophotometry;however,until thishasbeenshown,routinequantitativediagnosis
of G6PDdwill requiresite-andassay-specificlocaldefinitionsof G6PDactivityto ensurethat
tafenoquinecanbeadministeredsafely.In anycase,no diagnosticassayisperfect,meaning
that radicalcuretreatmentpoliciesmustbeaccompaniedbypatientandhealthworkertrain-
ing on thewarningsignsandrisksof haemolysis,alongwith accessto transfusionservices
whenneeded.
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