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Background: Quantitative detection of glucose-6-phosphate dehydrogenase (G6PD) is 
commonly done to screen for G6PD deficiency. However, current reference intervals (RIs) 
of G6PD are unsuitable for evaluating G6PD-activity levels with local populations or associ-
ating G6PD variants with hemolysis risk to aid clinical decision-making. We explored ap-
propriate RIs and clinical decision limits (CDLs) for G6PD activity in individuals from Guang-
zhou, China.

Methods: We enrolled 5,852 unrelated individuals between 2020 and 2022 and 
screened their samples in quantitative assays for G6PD activity. We conducted further in-
vestigations, including G6PD genotyping, thalassemia genotyping, follow-up analysis, and 
statistical analysis, for different groups.

Results: In Guangzhou, the RIs for the G6PD activities were 11.20–20.04 U/g Hb in male 
and 12.29–23.16 U/g Hb in female. The adjusted male median and normal male median 
(NMM) values were 15.47 U/g Hb and 15.51 U/g Hb, respectively. A threshold of 45% of 
the NMM could be used as a CDL to estimate the probability of G6PD variants. Our results 
revealed high hemolysis-risk CDLs (male: <10% of the NMM, female: <30% of the NMM), 
medium hemolysis-risk CDLs (male: 10%–45% of the NMM, female: 30%–79% of the 
NMM), and low hemolysis-risk CDLs (male: ≥45% of the NMM, female: ≥79% of the 
NMM).

Conclusions: Collectively, our findings contribute to a more accurate evaluation of G6PD-
activity levels within the local population and provide valuable insights for clinical decision-
making. Specifically, identifying threshold values for G6PD variants and hemolysis risk en-
ables improved prediction and management of G6PD deficiency, ultimately enhancing pa-
tient care and treatment outcomes.
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INTRODUCTION

Reference intervals (RIs) and clinical decision limits (CDLs) con-
stitute vital information from laboratories that support the inter-
pretation of laboratory results [1]. They are critical for health as-
sessments, disease diagnosis, treatment monitoring, and prog-
nostic judgments. An RI is commonly defined as 95% of the 
range of a certain indicator in a healthy population [2]. Owing to 
variants in population and measurement methods, RIs can dif-
fer across different regions and laboratories [3]. CDLs refer to 
specific thresholds, where values above or below the threshold 
are associated with a significantly higher risk of adverse clinical 
outcomes or are used to help diagnose the presence of a spe-
cific disease. CDLs are established based on comparisons with 
gold-standard diagnostic results or clinical outcomes in patients. 
When laboratory results exceed the CDL threshold, they can 
support clinical decision-making, such as diagnosis or treat-
ment. CDLs vary for different purposes.

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the 
most common human enzymopathy, affecting over 500 million 
people worldwide [4, 5]. Quantitative detection of G6PD is a 
commonly used screening method for assessing G6PD defi-
ciency. Improving the interpretation of quantitative G6PD-detec-
tion results requires a predetermined definition of normal 
(100%) G6PD activity. In 2013, Domingo, et al. [6] introduced a 
standardized method for calculating normal G6PD activity, in-
volving two steps: (1) calculating the initial median (M0) value of 
the male population and (2) recalculating the median for the 
male population with values of more than 10% of the M0, desig-
nated as the adjusted male median (AMM). In 2018, the WHO 
acknowledged the aforementioned method for calculating nor-
mal G6PD activity [7]. In 2022, the WHO proposed a new defini-
tion and calculation method for normal G6PD activity: (1) male 
individuals with abnormal G6PD expression are excluded by ge-
netic testing (typically targeting prevalent G6PD variants in a 
specific geographic region, such as the 18 common G6PD vari-
ants in China), and (2) the median G6PD activity in the remain-
ing male population is calculated and referred to as the normal 
male median (NMM) [5].

Currently, for quantitative G6PD detection, laboratories typi-
cally utilize the G6PD-activity RI provided by test manufacturers 
(1,300–3,600 U/L). RI values are not specific to any region and 
fail to combine AMM, NMM, and CDL data to facilitate clinical 
decision-making. We established reliable and region-specific RIs 
for G6PD activity to improve the assessment of G6PD activity 
levels in a local population. We calculated the AMM and NMM 

values for G6PD activity to define normal G6PD activity in indi-
viduals from Guangzhou, China and better interpret the quanti-
tative G6PD results. We also used appropriate G6PD-activity 
CDLs to provide a reference for the probability of G6PD variants 
and hemolysis-risk assessment based on G6PD activity.

MATERIALS AND METHODS

Participants and data collection
From July 2020 to January 2022, we enrolled 5,852 individuals, 
including 3,307 male (aged 18–91 yrs) and 2,545 female (aged 
18–89 yrs), in a single-center study. All individuals were healthy 
and visited Zhujiang Hospital, Southern Medical University, 
Guangzhou, China, for a physical examination. The physical ex-
amination included testing for hematological parameters such 
as the mean corpuscular Hb (MCH) mean corpuscular volume 
(MCV), as well as Hb levels (assessed via electrophoresis) and 
biochemical parameters (liver and kidney function, myocardial 
enzymes, blood glucose, and blood lipid levels). The remaining 
blood samples were collected for quantitative assays of G6PD 
activity and G6PD and thalassemia genotype determinations. In-
dividuals whose blood samples showed evident hemolysis and 
lipemia or nucleated red blood cells were excluded from this 
study. The study protocols were approved by the Ethics Commit-
tee of Zhujiang Hospital of Southern Medical University, Guang-
zhou, China (approval number 2018-JYYXB-002). All procedures 
performed in this study involving human participants were in ac-
cordance with the guidelines of the 1964 Declaration of Helsinki 
and its later amendments or comparable ethical standards. In-
formed consent was obtained from all individual participants in-
cluded in the study. The study protocol is presented as a flow-
chart in Fig. 1, and a more detailed description of the protocol is 
provided in Supplemental Data Text S1.

Quantitative assays of G6PD activity
G6PD activity was detected using a G6PD Detection Assay Kit 
(Antu Co., Ltd., Beijing, China), which measures changes in the 
absorbance of the reduced form of nicotinamide adenine dinu-
cleotide phosphate. Absorbance readings at 340 nm were taken 
at 37°C to calculate the G6PD-activity values (U/L). G6PD activ-
ity was normalized to the amount of Hb (U/g Hb), as recom-
mended by the International Council for Standardization in He-
matology (ICSH) and WHO. All tests were conducted according to 
the manufacturer’s instructions. The reliability of the test results 
was monitored by calibration and using the controls provided by 
Antu Co., Ltd. in each test run.
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G6PD genotyping
Genomic DNA was extracted from peripheral venous blood using 
a DNA Extraction System and Kit (Tianlong, Co., Ltd., Xian, 
China), according to the manufacturer’s instructions. G6PD vari-
ants were identified using a method based on multiplex poly-
merase chain reaction technology and matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry (MALDI-TOF-

MS; Darui Biotechnology Co., Ltd., Guangzhou, China), according 
to the manufacturer’s instructions. This kit enables qualitative 
detection of 18 G6PD variants in human peripheral blood geno
mic DNA that are common in China, namely c.95A>G, c.202G>A, 
c.473G>A, c.383T>C, c.392G>T, c.487G>A, c.493A>G, c.592C>T, 
c.835A >G, c.871G >A, c.1004C >A, c.1024C >T, c.1339G >A, 
c.1360C>T, c.1376G>T, c.1387C>T, c.1388G>A, and c.1466C>T.

Individuals
N=5,852

Male: 3,307, Female: 2,545

Enrolled population
N=5,810

Male: 3,284, Female: 2,526

Quantitative assays of
G6PD activity

Male: G6PD 1,600 U/L*
Female: G6PD 2,000 U/L*

G6PD genotyping
(MALDI-TOF MS)

Male: 158, Female: 246

MCH >27 pg and MCV 82 fl>

Group A
N=5,146

Male: 3,019, Female: 2,127

Positive group identified
during preliminary screening

N=664
Male: 265, Female: 399

Divide according to the
-genotyping resultsG6PD

Thalassemia genotyping
(MALDI-TOF MS)

Divide according to the result of
the hemoglobin electrophoresis and

thalassemia genotyping

Male: G6PD 1,600 U/L
Female: G6PD 2,000 U/L*

*

Group B (N=260)
Male: 124, Female: 136

Group C (N=4,886)
Male: 2,895, Female: 1,991

G6PD-variation probability analysis
plus follow-up

Male: 145, Female: 232

�
N=273

�
N=115

���
N=10

Normal
N=30

N=377 Yes

Variant samples
(N=260)

- Wild-type samples (N=117)
- Samples not subjected to
genotyping (N=4,769)

G6PD

N=428

Remove

N=236

Yes No

N=5,810

Yes N=404

N=5,810

Remove

N=42

Hb detection via
electrophoresis

From July 2020 to January 2022

Apparently healthy

18 91 years old

Visible hemolysis and lipemia samples

Nucleated red blood cell positive detected
by testing hematological parameters

Fig. 1. Study protocol. During our pre-
liminary screening, we identified a tha
lassemia-negative group, a thalasse
mia-negative group with an abnormal 
G6PD genotype, and a thalassemia-
negative group with a normal G6PD 
genotype (Groups A–C, respectively).
Abbreviations: G6PD, glucose-6-phosphate 
dehydrogenase; MALDI-TOF MS, matrix-as-
sisted laser desorption/ionization time-of-
flight mass spectrometry; MCH, mean cor-
puscular Hb; MCV, mean corpuscular vol-
ume; α, group with α-thalassemia; β, group 
with β-thalassemia; α/β, group with α/β 
complex thalassemia; Normal, group with 
thalassemia and a normal G6PD genotype.
*The screening criteria were based on one 
of our previous studies [25].
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Thalassemia genotyping
Genomic DNA was extracted from peripheral venous blood using 
a DNA Extraction System and Kit (Tianlong, Co., Ltd.), according 
to the manufacturer’s instructions. Variants were identified us-
ing a method based on the target-allele-specific probe single-
base extension and traditional single-base extension method to 
detect 28 α-/β-thalassemia variants by single-tube MALDI-TOF-
MS. The principle of the method, reagents and instrumentation 
used, and steps followed were published previously [8].

Follow-up analysis
A follow-up analysis was conducted on a subset of individuals 
with low G6PD activity (male: G6PD ≤1,600 U/L; female: G6PD 
≤2,000 U/L). The follow-up included telephone calls and case 
review analysis. The follow-up questions included: (1) Did you 
have any of these symptoms before: dark-colored urine or blood 
in the urine, paleness, jaundice, shortness of breath, dizziness, 
weakness, and back and/or abdominal pain [7]? If yes, were 
you hospitalized as a result? (2) Have you ever taken any of the 
following drugs: analgesics, antipyretics, or antibacterials [9]? If 
yes, did you experience any adverse reactions? (3) Have you 
ever consumed fresh broad beans and experienced any adverse 
reactions? (4) Do you have a history of adverse reactions to 
other drugs or foods? (5) Does anyone in your family suffer from 
G6PD deficiency? If yes, do they have any of the conditions men-
tioned in the previous four questions?

Statistical analysis
Data were analyzed in accordance with the EP28-A3c guidelines 
issued by the CLSI [2]. Excel 2016 (Microsoft Corporation, Red-
mond, WA, USA), SPSS 26.0 (IBM Corporation, Armonk, NY, 
USA), GraphPad Prism 9.2.0 (GraphPad Software, San Diego, 
CA, USA), and Origin 2021 (OriginLab Corporation, Northampton, 
MA, USA) were used for statistical analyses and data process-
ing. The Kolmogorov–Smirnov test was used to determine the 
normal distribution of G6PD activity. We used Tukey’s method to 
eliminate discrete values. RIs were calculated using nonpara-
metric methods. Differences between groups were tested using 
the Mann–Whitney U-test. Statistical significance was set at 
P <0.05.

RESULTS

Distribution of G6PD activity
The distributions of G6PD activities in three male and three fe-
male groups are shown in Fig. 2, and a detailed description of 

the data shown in Fig. 2 is presented in Supplemental Data Text 
S2.

Effects of thalassemia on G6PD activity
Supplemental Data Fig. S1 shows that the measured values of 
G6PD activity in thalassemia-positive individuals were higher 
than those in thalassemia-negative individuals, as determined 
during preliminary screening, irrespective of sex or type of thal-
assemia (P <0.001).

AMM and NMM determinations
Normal G6PD activity is generally represented by the AMM and 
NMM, which are based on different criteria and calculation 
methods. We calculated the M0, AMM, and NMM values sepa-
rately for two groups: Group 1 (all male in the enrolled popula-
tion, N =3,284) and Group 2 (all male in Group A, N =3,019) 
(Supplemental Data Table S1). The M0 and AMM values of each 
group were calculated as follows: First, the M0 values for male in 
each group were calculated. The M0 of Group 1 was 15.60 U/g Hb, 
and that of Group 2 was 15.01 U/g Hb. Group 1 included 53 in-
dividuals with a G6PD activity of less than 1.56 U/g Hb, and 
Group 2 had 38 individuals with a G6PD activity of less than 
1.501 U/g Hb. After removing these individuals from both 
groups, the median was recalculated to obtain the AMM for 
each group. The NMM value of each group was calculated as 
follows. Group 1 (N=3,284) had 138 individuals with a G6PD 
variant, and Group 2 (N =3,019) had 124 individuals with a 
G6PD variant. After removing these individuals from both groups, 
the median was recalculated to obtain the NMM for each group. 
Statistical analysis showed significant differences between 
AMM1 and AMM2 (P <0.001) and between NMM1 and NMM2 
(P <0.001). However, the difference between the AMM and 
NMM values of both groups was not significant (NS).

Establishment of RIs
We established the RIs for G6PD activity in two groups: Group A 
(thalassemia-negative group based on preliminary screening, 
N=5,146) and Group C (thalassemia-negative group with a nor-
mal G6PD genotype based on preliminary screening, N=4,886). 
We checked for outliers and calculated 95% RIs (Table 1). We 
identified significant differences in G6PD activities between 
male and female in Groups A and C (P <0.001) and between fe-
male in both groups (P =0.036). However, no statistically signifi-
cant difference in G6PD activity was found between the two 
groups (NS) with male.
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Relationship between G6PD-activity levels and  
G6PD-variant probabilities
The relationship between G6PD-activity levels and G6PD-variant 
probabilities is shown in Table 2. When the G6PD activity was 
less than or equal to 45% NMM in male and female, the positive 
rate for a G6PD variant was 100%. When G6PD activity was 
greater than 45%, zero male were positive for genetic variants in 
G6PD, whereas female had a variant-positivity rate ranging from 
30% to 91.3%. 

Follow-up analysis
Follow-up analysis was successful with 235 individuals: of these 
235 individuals, 7 had hemolysis, and 3 did not, but their rela-
tives did (Supplemental Data Table S2, Table 3). All individuals 

with hemolysis avoided exposure to triggers after the diagnosis 
of G6PD deficiency and did not develop hemolysis again during 
the study. The distribution of G6PD activities in the follow-up 
population is shown in Supplemental Data Fig. S2. Based on fol-
low-up-analysis data combined with previous reports and guide-
lines [5, 10], we used CDLs of 10% and 45% NMM for male and 
30% and 79% NMM for female to assess the risk of acute he-
molysis. The RIs and CDLs for G6PD activity in the study region 
are shown in Fig. 3.

DISCUSSION

G6PD deficiency is a common inherited hematological disorder 
in southern China [11]. Several reports have shown G6PD-activ-
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Fig. 2. Distributions of glucose-6-phos-
phate dehydrogenase (G6PD) activi-
ties. (A and B) G6PD-activity distribu-
tions in the study population. (C and D) 
G6PD-activity distributions in Group A 
(thalassemia-negative group identified 
during preliminary screening). (E and F) 
G6PD-activity distributions in Group C 
(thalassemia-negative group with a 
normal G6PD genotype identified dur-
ing preliminary screening). The distri-
butions shown in panels A–D did not 
follow a normal distribution, whereas 
those in panels E and F exhibited a 
normal distribution.
*The asterisks indicate the median of each 
peak.
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ity distributions for different populations [6, 12]. Consistent with 
previous reports, in this study, the G6PD activity in the enrolled 
population showed a bimodal distribution in male and a uni-
modal distribution in female, both before and after removing 
samples through positive preliminary screening for thalassemia. 
The G6PD activities of male and female in the high range had a 
narrower distribution, and the overall distribution shifted to the 
left, suggesting that thalassemia may influence the measured 
G6PD activity. After excluding individuals with G6PD variants, 
the G6PD activities of male and female showed a unimodal dis-
tribution in accordance with a normal distribution (NS).

Thalassemia is another common inherited hematological dis-
order in southern China [13]. Notably, G6PD activity is higher in 
individuals with thalassemia [14-16]. Concordantly, our results 
showed that G6PD activity was higher in both male and female 
in the thalassemia group than in the non-thalassemia group. 
These findings may reflect the compensatory production of new 
red blood cells in individuals with thalassemia, resulting in a 
false increase in the measured G6PD-activity values. Quantita-

Table 1. Establishment of reference intervals for G6PD

Variables
Group A* Group C*

Male Female Male Female

N1 3,019 2,127 2,895 1,991

    Distribution Bimodal, abnormal distribution  
(P <0.001)

Unimodal, abnormal distribution  
(P <0.001)

Unimodal, normal distribution  
(NS)

Unimodal, normal distribution  
(NS)

N2    155       64       37       27

N3 2,864 2,063 2,858 1,964

    Distribution† Unimodal, normal distribution  
(NS)

Unimodal, normal distribution  
(NS)

Unimodal, normal distribution  
(NS)

Unimodal, normal distribution  
(NS)

G6PD activity, U/g Hb

    Mean 15.51 17.27 15.51 17.51

    SD 2.26 2.96 2.24 2.69

    Minimum 8.91 9.05 9.51 10.35

    Maximum 21.94 25.15 21.80 24.99

    P2.5 11.16 11.06 11.20 12.29

    P50 15.50 17.34 15.50 17.48

    P97.5 20.05 23.23 20.04 23.16

    Reference interval 11.16–20.05 11.06–23.23 11.20–20.04 12.29–23.16

G6PD activity, % of normal‡ 72–129 71–150 72–129 79–149

*Group A is the thalassemia-negative group identified during preliminary screening, and Group C is the thalassemia-negative group with a normal G6PD geno
type identified during preliminary screening.
†The distributions after removing discrete values are shown.
‡The G6PD activity (% of normal) is calculated as a percentage by dividing the G6PD (U/g Hb) result by the NMM2 value (15.51 U/g Hb).
Abbreviations: N1, total number of people; N2, number of discrete values; N3, total number of people after removing discrete values; NMM2, normal male me-
dian in group 2; P2.5, 2.5th percentile; P50, 50th percentile; P97.5, 97.5th percentile; U/g Hb, units per g of Hb; G6PD, glucose-6-phosphate dehydrogenase; NS, 
not significant.

Table 2. Relationship between the G6PD activity level and G6PD 
variant probability

G6PD activity, 
% of normal*

Cases with G6PD variants/total cases (positive rate, %)
Male Female

<10 43/43 (100) 3/3 (100)

10–<20 77/77 (100) 6/6 (100)

20–<30 4/4 (100) 9/9 (100)

30–<45 0/0 (0) 16/16 (100)

45–<60 0/6 (0) 21/23 (91.3)

60–<70 0/12 (0) 29/39 (74.4)

70–<80 0/2 (0) 25/49 (51.0)

80–<90 0/1 (0) 18/57 (31.6)

90–<110 ND 9/30 (30.0)

*The G6PD activity (% of normal) is calculated as a percentage by dividing 
the G6PD (U/g Hb) result by the NMM2 value (15.51 U/g Hb).
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; ND, not tested 
for G6PD variants; NMM2, normal male median in group 2.
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Table 3. Ten cases where either the individual or their family has a history of hemolysis

No. 
case*

Age, 
yrs Sex

G6PD 
activity, 
U/g Hb

G6PD  
activity,  

% of normal†
G6PD 

genotype
Occurrences of 

hemolysis

Onset age of 
hemolysis 
occurred

Trigger(s) Clinical 
manifestation Hospitalization‡ Note

1 56 Male 0.86 5.5 c.1376G>T 
hemizygote

1 School age Sulfonamides, 
analgesic-
antipyretic

Blood in  
the urine

Yes -

2 23 Male 1.09 7.0 c.1376G>T 
hemizygote

1 School age Fava beans Jaundice Yes -

3 33 Male 1.51 9.7 c.1388G>A 
hemizygote

1 School age Fava beans -§ Yes -

4 29 Male 2.29 14.7 c.95A>G 
hemizygote

1 Neonatal 
period

- Neonatal 
jaundice

No|| -

5 37 Female 4.26 27.5 c.1376G>T 
heterozygote

1 School age Fava beans -§ Yes -

6 56 Female 9.02 58.2 c.871G>A 
heterozygote

1 Preschool 
age

Sulfonamides -§ No Her father has G6PD 
deficiency

7 37 Female 10.09 65.0 c.1376G>T 
heterozygote

1 Neonatal 
period

- Neonatal 
jaundice

No|| -

8 41 Female 6.22 40.1 c.1388G>A 
heterozygote

0 - - - - Her daughter: 
neonatal jaundice

9 41 Female 8.43 54.3 c.95A>G 
heterozygote

0 - - - - Her nephew: 
paleness after 
taking an analgesic-
antipyretic

10 37 Female 10.18 65.6 c.1388G>A 
heterozygote

0 - - - - Her son: neonatal 
jaundice

*Patients 1–7 had hemolysis, whereas patients 8–10 showed no symptoms, but their relatives had hemolysis.
†The G6PD activity (% of normal) is calculated as a percentage by dividing the G6PD (U/g Hb) result by the NMM2 value (15.51 U/g Hb).
‡Hospitalization was due to sudden acute hemolysis.
§Patients 3, 5, and 6 forgot their symptoms.
||Patients 4 and 7 underwent no additional hospitalization and had no symptoms of hemolysis after the last follow-up.
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; NMM2, normal male median in group 2.
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Fig. 3. RIs and CDLs for G6PD activity in individuals from Guangzhou, China. For male, the CDLs were 10% and 45%, the RI was 72%–
129%, and NMM2 was used as the 100% value. For female, the CDLs were 30%, 45%, and 79%; the RI was 79%–149%; and NMM2 was 
used as the 100% value. The G6PD activity (% of normal) is calculated as a percentage by dividing the G6PD (U/g Hb) result by the NMM2 
value (15.51 U/g Hb).
Abbreviations: RI, reference interval; CDL, clinical decision limit; G6PD, glucose-6-phosphate dehydrogenase; NMM2, normal male median in group 2.
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tive detection of G6PD in individuals with thalassemia cannot 
truly reflect the G6PD activity level. To establish regional RIs for 
G6PD activity, individuals with thalassemia must be excluded.

The AMM and NMM values are based on different criteria for 
defining normal (100%) G6PD activity. Unlike previous studies, 
we compared the calculated AMM and NMM values between 
the two groups. The differences between AMM1 and AMM2 (NS) 
and between NMM1 and NMM2 (P <0.001) were statistically sig-
nificant, indicating that thalassemia can increase the AMM and 
NMM values. No statistical difference was found between AMM 
and NMM values among both populations (P >0.05), indicating 
that the AMM and NMM results were very similar. Theoretically, 
the NMM is more accurate than the AMM, although it involves 
G6PD genotyping. Conducting G6PD genotyping for all samples 
is expensive, complex, and time-consuming, and it requires con-
siderable human and material resources. We propose that AMM 
can be used to estimate NMM and that AMM2 (15.47 U/g Hb) 
and NMM2 (15.51 U/g Hb) can be used to define normal G6PD 
activity (100%) in adults in this region.

Excluding thalassemia-positive samples identified during 
screening, we established the RIs for G6PD activities in Groups 
A and C. G6PD activities between male and female differed sig-
nificantly (P <0.001). No statistical difference in G6PD activity 
was found between the two groups (NS) among male. However, 
a statistical difference was observed between both groups 
among female (P =0.036). We believe that this difference was 
likely owing to the removal of female heterozygotes from Group 
C through G6PD genetic testing, which made the RIs more accu-
rate. Therefore, we selected Group C as the reference popula-
tion to establish the RIs for G6PD activity for male (11.20–20.04 
U/g Hb, 72%–129% of normal G6PD activity) and female 
(12.29–23.16 U/g Hb, 79%–149% of normal G6PD activity) in 
the local adult population.

Currently, no region-specific RIs for G6PD activity have been 
established in China. Test manufacturers provide the RIs for 
G6PD activity in most regions. We established RIs for G6PD ac-
tivities that differed from the RIs provided by manufacturers 
(1,300–3,600 U/L, 54%–149% of normal G6PD activity), with 
the lower limit of our RI being higher. Specifically, we standard-
ized the RI using Hb levels and accounted for different factors, 
such as thalassemia and gender differences. Standardizing 
G6PD activity using Hb levels is recommended by both the WHO 
and ICSH [7, 9]. However, the manufacturers did not provide 
standardized G6PD-activity RIs. In a prospective study of G6PD 
deficiency in 74,114 healthy adults from 21 provinces and cities 
in China, Ying, et al. [11] found that the mean G6PD-activity val-

ues in normal male and female were 15.49±2.67 U/g Hb and 
18.01±3.37 U/g Hb, respectively. Consistently, in this study, the 
mean G6PD-activity values of male and female in Group C were 
15.51±2.24 U/g Hb and 17.51±2.69 U/g Hb, respectively.

Increased G6PD-activity values were associated with de-
creased G6PD-variant probabilities in both male and female; the 
decreasing trend in male was more evident, whereas that in fe-
male was more gradual. Heterozygous female showed a wide 
range of G6PD levels, consistent with previously published stud-
ies and guidelines [7, 17-19]. All male and female homozygotes 
had G6PD activities of less than 45% of the NMM, which is con-
sistent with the 2022 WHO guidelines for G6PD deficiency [5]. 
In 2022, the WHO established a new classification scheme for 
G6PD variants using thresholds of 20%, 45%, 60%, and 150% 
NMM and indicated that no variants have been identified with 
median G6PD-activity values in male hemizygous and/or female 
homozygous individuals that fell between 45% and 60%. We 
found that a threshold of 45% of the NMM could serve as a CDL 
to estimate the probability of a G6PD variant and indicate the 
necessity for G6PD testing in individuals. When the G6PD activ-
ity was greater than 45% NMM, the probability of a G6PD vari-
ant was 0% for male and between 30% and 91.3% for female. 
Further G6PD genetic testing is necessary for female but not for 
male in this region. The limitations of using 45% NMM to esti-
mate the probability of a G6PD variant should be noted. The re-
sults of studies conducted in China and other countries revealed 
some rare variants that are classified as class IV variants (class 
C, 60%–150% of the NMM), such as c.660C >G (G6PD São 
Paulo) [20, 21], c.152C>T, c.290A>T, and c.1285A>G (G6PD 
Yucatan) [22]. Estimating the G6PD-variant probability using 
45% NMM only applies to common G6PD variants. We detected 
18 common variants in G6PD in human peripheral blood from 
Chinese individuals, as outlined in the materials and methods 
section.

Foods and drugs that trigger hemolysis in G6PD-deficient indi-
viduals include fava beans, antimalarial drugs, analgesics, anti-
pyretics, and antibacterial agents [9]. Although antimalarial 
drugs are rarely used in this region, edible fava beans and other 
oxidative drugs and some traditional Chinese medicines (includ-
ing honeysuckle and bezoar) are often used. G6PD is expressed 
abundantly in the human body, and many people do not develop 
hemolytic symptoms even when the enzymatic activity of G6PD 
is below the normal RI. This indicates that the risk for hemolysis 
in individuals is not well assessed using the G6PD activity as an 
RI. We correlated G6PD-activity levels with the risk of acute he-
molysis through follow-up analysis (Supplemental Data Table 
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S2, Table 3), which provided a reference for establishing CDLs 
based on G6PD-activity levels to evaluate the risk for hemolysis 
in individuals with G6PD deficiency in the region in the future.

Our follow-up analysis revealed that most individuals did not 
know their status and had no symptoms or complications. Two 
compound heterozygous female and four homozygous female 
had no symptoms. Only seven individuals (cases 1–7) showed 
hemolysis symptoms; all seven individuals tested positive for a 
G6PD variant, and G6PD activity below the RI established in this 
study, and hemolysis did not re-occur after it was resolved. They 
paid special attention to their diet and medications after hemo-
lysis occurred. These findings suggest that G6PD deficiency can 
greatly reduce the risk of hemolysis by preventing exposure to 
oxidative stress factors after diagnosis and that standardized 
life guidance is of great importance for individuals with G6PD 
deficiency. Cases 8–10 had no hemolytic symptoms, but their 
relatives showed symptoms of hemolysis, suggesting that rela-
tives of individuals with G6PD deficiency should also pay atten-
tion to preventing G6PD deficiency. In cases where hemolysis 
symptoms occurred during the follow-up period, the triggers in-
cluded fava beans, sulfonamides, analgesics, and antipyretics, 
and the symptoms included jaundice, blood in the urine, pale-
ness, and rash. These findings suggest that more attention 
should be paid to these triggers and symptoms to prevent, diag-
nose, and manage G6PD deficiency in this region.

CDLs were previously established to better assess the risk of 
acute hemolysis in individuals with G6PD deficiency. In 2016, 
the WHO predicted the risk of acute hemolysis with primaquine 
treatment based on G6PD-activity levels (10%, 30%, and 80% of 
the AMM) in male and female [10]. In 2019, a cut-off value of 
70% was used to evaluate the risk for hemolysis in individuals 
who took tafenoquine [23]. In 2020, Commons, et al. [24] rec-
ommended a threshold of 70% normal G6PD activity to evaluate 
tafenoquine use in terms of hemolysis risk. These CDLs are as-
sociated with antimalarial drug use. Antimalarial drugs were not 
a trigger in Guangzhou because malaria is not endemic to the 
area. No CDLs have been established for this region that can be 
used to assess the risk of hemolysis in individuals with G6PD 
deficiency.

We classified G6PD-activity levels into high, medium, and low 
hemolysis risk groups. This classification utilized CDLs of 10% 
and 45% of the NMM for male and 30% and 79% of the NMM 
for female. The basis for the specific classifications is shown in 
Supplemental Data Text S3. People with high and medium he-
molysis risk should establish G6PD profiles and indicate their 
G6PD-deficiency status. People at high risk for hemolysis should 

be prohibited from taking fava beans, sulfonamides, analgesics, 
and antipyretics, as well as oxidative drugs. People at medium 
risk for hemolysis should be cautious when taking these drugs, 
taking them only after assessment and guidance from profes-
sional doctors and undergoing close observation. When acute 
hemolysis occurs, patients should immediately stop taking sus-
picious food and drugs. Consumption of fava beans and the 
aforementioned drugs is generally considered safe for people 
with a low risk of hemolysis.

In summary, based on the complex genetic background of the 
high prevalence of G6PD deficiency and thalassemia in Guang-
zhou, our findings contribute to a more accurate evaluation of 
G6PD activity levels within the local population and provide valu-
able insights for clinical decision-making. Specifically, the identi-
fication of threshold values for G6PD variants and hemolysis 
risk enables improved prediction and management of the asso-
ciated conditions, ultimately enhancing patient care and treat-
ment outcomes. In the future, establishing hemolysis risk 
threshold values for each commonly consumed drug in this re-
gion will enhance clinical drug decision-making guidance.

SUPPLEMENTARY MATERIALS

Supplementary materials can be found via https://doi.
org/10.3343/alm.2023.0477
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