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Learning Objectives

After this presentation, participants will be able to:

- Describe the clinical significance of G6PD
deficiency in pediatric populations

- List the challenges in establishing pediatric
reference intervals for G6PD

- Detail the principles and advantages of indirect
statistical modeling for reference interval
development
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G6PD Introduction

Glucose
* Glucose-6-phosphate dehydrogenase l 6-phospho-
» Expressed in the cytoplasm of all cells Glucose 66 gluconate
» Prevents cellular damage due to reactive >m<
oxygen species (ROS) NADPH NADP*
 Clinical importance 2 GSH GSSG

» Red blood cells are particularly
vulnerable to ROS Peroxidase

» Inherited G6PD deficiency can lead to H,0, H,0
cellular damage and acute hemolytic }
anemia Lipid Oxidation

» ~400 million people affected worldwide e

Protein Cross Linking
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Example Case

Blood smear from a 3-year-old boy
with G6PD deficiency

» Contracted erythrocytes,
spherocytes, and hemighosts
(bite cells)

Pamba A, et al. Blood 2012; 120(20): 4129 ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 4



Genetics of G6PD Deficiency

X-Linked Genetic Disorder

* Inherited through the X chromosome 4,

Mﬁ’?g %%’%&? ol %

» Males are more susceptible to the

condition ,
2 3] 4 * S i 7 8 9 10 11 ] 1 1
 Males N -e @ ;q‘ }P.Q ;l* *
» Hemizygous (normal/deficient)
* Females

» Homozygous (normal or deficient)

: . EIEI il > Most severe clinical phenotype
» Heterozygous (partial deficiency)

White filled > Milder phenotype
Colored - Extensively investigated

Luzzatto L, et al. Hematol Oncol Clin North Am. 2016; 30(2):373-93. PMID: 27040960 ARUP LABORATORIES | UNIVERSITY OF UTAHHEALTH | 5



Demographics

5% . _ )
0% ' &

C.] : Polymorphic G6PD variants
Malaria free ' T A

‘@ A-(202A) O Chatham O Mediterranean @ Taipei

A A-(968C) © Coimbra O Mabhidol ® Union

@® Aures @® Cosenza @ Santamaria @ Viangchan
(O Canton @® Kaiping @ Seattle @ Localvariant
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Significant Events in the Clinical Evaluation
and Understanding of G6PD Deficiency

Population
studies, WHO Universal
guidelines Updated newborn
Favism Discovery of Fluorescent Molecular laboratory screening
described G6PD enzyme spot test testing guidelines initiative
~1920s 1950s 1991 2016 2023 2025
19t Century 1932 1960s-1970s 2000s 2020 2024 |
Drug- Link between 18 WHO WHO revised ARUP
induced G_6_PD laboratory Global classification pediatric
hemolysis deficiency guidelines malarial _reference
hemolysis G6PD

ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 7



G6PD Enzyme Activity Classification

« WHO acknowledged the public health
significance in 1966

« Formalized WHO classification criteria (1985)
» Variants are categorized by enzyme activity:

Class | (severe)

Class Il (moderate)

Class Il (mild)

Class IV (normal)

Class V (increased)

« 2023-2025 updates
= Class | (severe)
= Class B (<45% of normal)
= Class IV (normal)
= Class V (increased)
» Percentage of normal activity
= Deficient: <30% males, <80% females
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Clinical Manifestations in Pediatric Patients

Neonates:

« Asymptomatic

« Pallor, lethargy, fatigue, dark urine
« Hemolytic anemia

« Neonatal jaundice
» Hyperbilirubinemia
» Severe cases can lead to kernicterus

Immature liver:

e Exacerbation of bilirubin
overload/lower rate of conjugation in
G6PD deficient neonates

Source: MedlinePlus, National Library of Medicine

Jaundice Kernicterus

Yellowing
v —of eyes
/ "i\__
-, \
W ,
Yellowing :
of skin ;
Bilirubin moves
Excess bilirubin from bloodstream
in blood into brain tissue
FADAM.
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Triggers of Hemolytic Anemia in G6PD Deficiency

% Infections Bacterial or viral

E. Medications Oxidative metabolites/byproducts

Fava beans (breast milk or

A Foods ingested) (favism)

&@= Chemical Naphthalene, henna
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Medications to Avoid by G6PD Deficient Individuals

» Antimalarials <";‘;\} Ay

» Primaquine, chloroquine, quinine, mefloquine ;Z’> \" 41"'» Bl

- Sulfonamides and sulfones 4 }~ o Do

» Dapsone, sulfacetamide, sulfamethoxazole, ‘HI { .‘"4'\

sulfanilamide F % e

e <'>1j“~Arj

- Antibiotics (other) i N owiele

» Nitrofurantoin, nalidixic acid, chloramphenicaol, ;‘ H‘i/‘{.';(“; ;‘
ciprofloxacin "'f;' \ .." e

- Miscellaneous 7. AJ’; I~r

» Methylene blue, rasburicase, pyridium, flutamide ,;: < - ‘}i,‘

- o '.:; ﬂf h¢ e
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Example Case Presentation

Blood smear from a 3-year-old boy
with G6PD deficiency

 Treated for acute malaria

« Combination of dapsone and
chlorproguanil

* Acute hemolytic anemia due to
severe oxidative damage

Pamba A, et al. Blood 2012; 120(20): 4129 ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 12



Laboratory Diagnosis of G6PD Deficiency

Phenotype Sequencing

« WHO, AAP, BSH recommend as
first line test

Single nucleotide variants

.  Deletions
 Direct measurement of enzyme _
activity * Insertions
* Whole blood Specific Mutation Detection

* Normalized to hemoglobin Detects the most common
. U/g Hb pathogenic variant

 Turnaround time: 1-3 days » The A- _a”?le_ N
(median 19 hours) » Primarily in individuals of
African descent

« Recent transfusion/hemolytic
» €.376A>G and c.202G>A

event may mask G6PD deficiency

aruplab.com ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 13



Point of Care Testing

7

Fluorescence spot test (FST)
Classify males

» Poor sensitivity in detecting
partially affected females

Not normalized to RBC elements
Not corrected for temperature

2

X

X

Instrument based
» Moderate complexity
Higher cost per test/QC

X

7

Quantitative w Qualitative w

Baird JK, et al. Transl Res. 2015 Jun;165(6):677—688.
Anderle, et al. Int J Neonatal Screen. 2018 Nov 19;4(4):34.

Fluorescent Spot Test

NORMAL
CONTROL

INTERMEDIATE
CONTROL

DEFICIENT
CONTROL

INTERMEDIATE
TEST OUTCOME

NORMAL
TEST OUTCOME
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Universal G6PD Newborn Screening

To prevent severe hyperbilirubinemia
and kernicterus.

Testing is indicated when the child:
» Presents with hemolytic anemia
» Presents with hemolytic jaundice

» Has neonatal jaundice persisting
beyond the first week of life

» |s admitted to the hospital for
jaundice following discharge

» Has a familial, racial, or ethnic risk
of G6PD deficiency
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Increased G6PD in Reticulocytes

Neonates have elevated nucleated red blood cells

NRBC, at birth, gestational age 23-43 weeks

20000 - Reticulocyte (NRBC/pL)
>33 Weeks Gestation
’4 XS | sgmo, | 97.5t0%
Fowo - 0 337 3134
1 102 650
] 2 53 236
_— 3 36 104
- . - 4 29 67

Christensen R, Doyle K, et.al. (2025) Submitted for publication ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 16



Pediatric-Specific
Reference Intervals
Are Lacking For
G6PD Activity

ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 17



Reference Intervals (RIs)

* Are:

» A representation of the typical distribution of analyte values observed in a healthy
reference population

» Are reported to clinicians to support the interpretation of clinical pathology results

e Are not:
» The same as clinical decision limits (CDL)

* Regulatory requirements in US and ISO:
» CLIA: Rls must be provided with lab results when applicable
» CAP: Each laboratory to establish or verify Rls

» 1SO15189: Verify Rls

= When new clinical data is available
= When a method has been in use for an extended time

ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 18



Direct Method

Planning apd prep';:autie:rt\ and

-

Created with BioRender.com and EP Evaluator

*\j i

Specimen
processing

Specimen testing Data collection

Histogram

and analysis
» '
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https://biorender.com/

DIRECT METHOD

Benefits and Limitations

e Benefits

»

»

»

Controlled, well-characterized reference group

Defined protocols for volunteer preparation, specimen
collection, and analysis

Simple statistical methods used

e Limitations

»

»

»

»

»

»

»

»

Cost

Time

Ethical issues — e.g., pediatric or pregnant individuals
Selection bias — volunteers may not be truly representative
Inclusivity challenges — pediatrics, pregnant, elderly, ethnic

Preanalytical conditions may not fully represent all
variables

Possible harm to subjects — bruising, time
Difficult to define/assure health of subjects

Histogram

| 8]
-
.

0.5 15 2

2.5% 97.5%

N 45 b

Doyle, K., & Bunch, D. R. (2023). Crit Rev Clin Lab Sci, 60(6), 466—482.
Martinez-Sanchez et al. (2021) Adv Lab Med 2(1)
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cG6PD, 1 y.0.-17 y.o.

1200 —
1000 —

800 —
600 —

Aouanbalg
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Activity [U/g Hb]
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Indirect Method

Results from routine testing

> |V

Warehouse Wrangling Algorithms Mixed distribution Verification
fitting

Created with BioRender.com.
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INDIRECT METHOD

Benefits and Limitations

« Benefits
» Cost
» Time

» Ethical advantages

» Mixed datasets—i.e., pathological and non-pathological test E [ ¢ E

results : e ) :
» Data collected under routine lab processes 3 | ¢ \‘ :
» Difficult to collect scenarios (e.g., 24-hour urine) : / 5y *E
» When many in the general population may be excluded (e.qg., :‘? :o o

PTH in elderly)

4 » -

o<
J
e

« Limitations
» Useful after the testing has commenced — need data!
» There may be too little data for some partitions

» May be too challenging to minimize the influence of
pathological results

Mixed Distribution Fitting

Farrell and Nguyen. Clin Biochem Rev 40 (2) 2019 ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 23



Data Preparation

Data Cleaning Data Quality Review
« Remove invalid test results » Ensure population and assay
« Exclude results from certain stability
erart_ments (e.g_., oncology, » Quality control
intensive care unit) » Proficiency testing data
* Filter results to include each » Instrument to instrument
patient only once comparisons
« Define sex and age partition » Moving median evaluation

e Qutlier exclusion or data
truncation is not required for
refineR

ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 24



INDIRECT METHOD

Modern Methods

Mixtools

Truncated Minimum Chi-Square (TMC)

Kosmic
refineR

R
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INDIRECT METHOD ALGORITHMS

refineR Package - R

refineR: A Novel Algorithm
for Reference Interval Estimation

from Real-World Data

Tatjana Ammer®2™, André Schiitzenmeister?, Hans-Ulrich Prokosch?, Manfred Rauh?,
Christopher M. Rank?® & Jakob Zierk?*>

1 Data preprocessing

A Observed routine data B Determination of C Calculation of histogram H
(RWD) including pathological  parameter search regions  using overlapping bins within
and non-patholegical samples  and main peak salected ragion
Histograrm of raw data Histogram H
2
=]
8 8
Tast Resulls Tast Results Tost Results

2 Model optimization

W

A=0.0

For each A inrange ..,

A Testing of a Box-Cox

Tast Rasults

C Optimization using multi=level grid search LL =

B Calculation of costs using

— transformed normal distritsution M — bins within the confidence
(paramatars A, u,, o scaling factor F)

band -

Test Resulls

N

_ Ziwg loglf Chi|m; 1) + log(r;)

5

Ammer T et al. Sci Rep. 2021 Aug 6;11(1):16023

-
3 Derivation of reference intervals

123 reference interval %01

I central 95%
Optimal modal M* with minimum cost leads o
the identification of the non-pathological
disiribution.
Reference intervals can be d erived from the 2
estimated model. E
Tes| Results
ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH |
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€ studio

g
File Edit Code View Plots Session Build Debug Profile Tools Help

O -%nla- H A Go to file/function - Addins ~

sis v1.R @] Reference Interval.R @] IGF_refineR_scriptR 9] FIG3_scriptR @7 Rolling_Median_refineRvi_5.R @] 1TOHF _refineR.R* @] Rolling_Median_disac: 3 [

Console

: ) [sourceonSave | O A = =+Run | %

rollmedian_data =- rollmedian({Data.DFIRESULT, k = nN+1, 111 =

Data_median.DF <- Data.DF %% mutate(rollimedian_data)

rRM.plot <- ggplot(Data_median.DF, aes(VER.WHEN, rollmedian_data)) +
geom_line() +
coord_cartesian(ylim =
scale_x_datetime (date_breaks =
labs(title= "Rol11ling Median”, y = "Median”,

RM. plot

Ma, align = "right”)

c(0,100)) +
"1 year”,date_minor_breaks =
subtitle = ANALWTE, caption

"1 month”, date_labels = ("%b 2y")) +
= paste("Based on N =", NJ)

#grefiner ("BoxCox", "modBoxCoxFast",
#is.na(Data. DFSRESULT)
Data.DF[is.na(Data.DFERESULTY,]
pata.RI<- Data.DF[!is.na(Data.DFIRESULT), ]

"modBoxCox")

fit_OHP_F_16_17 <- findrI(Data = Data.RISRESULT,

model = "BoxCox",
NBoOtstrap = 1200,
seed = 123)

print(fit_oHP_F_16_17)
ri <- getRI(fit_oHP_F_16_17, RIperc = c(0.0253, 0.975), CIprop = 0.95, pointest ="medianBs")
plot (fit_OHP_F_16_17, RIperc = c(0.025, 0.973), CIprop = 0.95, pointest ="medianes",

x1im = c(0,300), xlab = "Concentration [ng/dL]"”, title = "17-hydroxyprogesterone, Females, 16-17 y.o0.",

Nhist=30, showvalue = FALSE)
mtext(text = round(risPointest, 0, "R, cex =

", /refiner_model_OHP_F_16_17.RData")

at = rifPointest, col = 1.0)

save(fit_OHP_F_16_17, file =
# to Toad again into the workspace to use the model for further plots or additional analysis
fit_OHP_F_16_17 <- get{load(file = "./refiner_model_oHP_F_16_17.RData"))

E3 17-0OHP, Females, 16-17 y.o. &

Terminal Background Jobs

(R RA422 . UyStats math/Reference Intervals/Indirect Rl/Tools/refineR/refineR_TestScripts/test_data/

N
>
>
¥
¥
-
-
>
>

L
<
=
=

b
+
+
+

sigma: 1.95
shift: 0
cost: -14.2
p fraction: 0.941

ri <- getRI(fit_OHP_F_16_17, RIperc = c(0.025, 0.975), CIprop = 0.95, pointEst ="medianBs")
plot(fit_oWP_F_16_17, RIperc = c(0.025, 0.975), CIprop = 0.953, pointest ="mediangs",
x1im = c(0,300), xlab = "Concentration [ng/dL]", title = "17-hydroxyprogesterone, Females, 16-17 y.o0.",

Nhist=30, showvalue = FALSE)

mtext(text = round(rifpointest, 0), at = rijpPointest, col = "green3”, cex = 1.0)
save(fit_owp_F_16_17, file = ". /refiner_model_oHP_F_16_17.RData")
Data.DF[is.na(Data. DFERESULT), ]

1] patid RESULT AGE.DECIMAL SEX VER.WHEN Device

0 rows> (or 0-length row.names)

pata.RI<- Data.DF[!is.na{Data.DF$RESULT),]

fit_oHP_F_16_17 «- findRI(Data = Data.RISRESULT,
model = "BoxCox”,
NBooOtstrap = 1200,
seed = 123)

™ Source ~| =

-

-

R Script

=0
®

27

Environment

=S

History

#* Import Dataset ~

Connections

& 358 MiB - &

R = 1 Glebal Envirenment ~
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Ori
D rM.plot
values
ANALYTE
myPaths
N
rollmedian_data

- hed

Rl project: (None) ~

=0
List ~ -

LISt our o oas
123565 obs.
2 obs.
List of 9

of 6 variables
of 4 variables

"17-0HP, Females, 16-17 y.o."

chr [1:2] "c:/Program Files/R/R-4.2.2/1ibrary” "C:/Users/204783/Documents/R/R...
50

num [1:2503] NA NA NA NA NA NA NA NA NA NA ...

=0
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INDIRECT METHOD ALGORITHMS

refineR Package - R

JOURMAL ARTICLE

Estimation of Reference Intervals from Routine
Data Using the refineR Algorithm—A Practical
Guide &

Tatjana Ammer &, André Schitzenmeister, Christopher M Rank, Kelly Doyle
Author Notes

The Journal of Applied Laboratory Medicine, Volume 8, Issue 1, January 2023, Pages 84—
91, https://doi.org/10.1093/jalm/jfac101
Published: 04 January 2023  Article history »

PMID: 36610416
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Application of refineR to Establish
G6PD Reference Intervals




Archived Result Dataset — Post Cleaning

Total Results
N= 32,677 (59% male)

0—7 days
N= 15,080
8—30 days
N= 2,698

1—6 months

N= 1,895
7—12 months

N= 1,368
1—17 years

N= 11,535
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Data Review: Moving Medians

Rolling Median
GBPD

a0 -

20-

M edian

10-

2018

EDIED
VER_WHEN

2022 2024

Based on M =50
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butions and refineR Estimates

G6PD (U/g Hb) Distr
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WHO Bangkok Criteria for Percentage of
Normal Activity

* Collect a large set of male G6PD
activity results

2012 WHO Interdisciplinary Workshop - Bangkok

Because G6PD activity can vary by:

- Assay method, temperature, and hematologic
factors

« Remove the lowest 10% of results

* Define the median of the remaining

Expressing results as a percentage of a locally -
results as 100% activity

established normal median:
- Standardizes interpretation across different
settings

* Establish percent-of-normal ranges
based on the median

* e.g.,80%, 70%, 30%

Domingo GJ, et al. Malar J. 2013;12:391 ARUP LABORATORIES | UNIVERSITY OF UTAH HEALTH | 34



Bangkok Criterta Demographic Limitations
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Verification of Estimated Ranges
by Genotype Correlation




G6PD Activity Per Genotype Classification

ao

25

GBPD Activity (Uig Hb)

-4
=

G6PD Activity Per Genotype Classification (0 - <18 years)

Genotype Classification

- Mormal Homozygote
- Mormal Hemizygote

- Heterozygote

- Deficient Homozygote
- Deficient Hemizygote

Marmal Marmal Heterozygote Deficient Deficient
Homozygote Hemizygote Homozygote Hemizygote

Normal
Homozygote

Normal
Hemizygote

Heterozygote

Deficient
Homozygote

Deficient
Hemizygote

G6PD (U/g Hb)

Mean

19.8

19.0

8.1

2.7

3.4

SD

5.6

3.8

3.9

0.5

2.0

Median

18.7

18.1
8.7

2.6

3.1
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Fhenotype (GEFPD Activity Uf'gHh)
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Concordance Graphs of Percentage of Normal
Activity and Genotype Classifications
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Concordance Between Reference Interval or
Percent Activity and Genotype

Reference
Interval
Concordance
to Genotype

Percentage of
Normal
Activity

Concordance

to Genotype

Normal
Homozygote

89% (17/19)

Female
>80% activity

89% (17/19)

Normal
Hemizygote

98% (47/48)

Male
>30% activity

100% (48/48)

Heterozygote

75% (3/4)

Female
30-80% activity

75% (3/4)

Deficient
Hemizygote

Deficient
Homozygote

Total
Concordance

96% (101/105)

100% (5/5)  100% (29/29)

Female Male Total
<30% activity <30% activity ]y ETye
100% (5/5) 86% (25/29) 93% (98/105)
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Data Summary: G6PD Rls, and 100/80/30% Activities

o Percent of Normal Activit
Reference Interval (U/g Hb) (95% CI) (100% defined as 50 percenxcile)
J4 13 e RO, (Males and Females)

" g7.5th . 0 0
2.5 percentile 100% 80% 30%
Age percentile

<8 days 16.4 16.0-16.7) 24.1 (236 - 244
8 - <31 days 13.6 (131 - 140 23.9 (23.3 - 24.5) 18.2 14.6 5.5
1 — <7 months 11.5 a1.0-123) 21.5 (207 -226) 16.2 13.0 49
7 — <13 months 10.3 (08-11.9) 17.9 (165-186) 13.7 11.0 4.1
1-<18 years 9.7 9.4-99) 16.9 (16.4-17.9) 12.9 10.3 3.9
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Summary

« G6PD deficiency is the most common enzymopathy
worldwide (~400 million individuals)

RBCs are vulnerable to oxidative stress leading to
hemolytic anemia in deficient individuals

Oxidative triggers include drugs, infections,
Ingestion of fava beans

Pediatric specific reference intervals or percentage
of normal activity ranges are critical for appropriate
management

Indirect modeling tools like refineR provide
reference intervals with high correlation to
genotype data
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