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ABSTRACT

Glucose-6-phosphate dehydrogenase (G6PD) deficiency, the most common enzymopathy worldwide,
is an insufficient amount of the G6PD enzyme, which is vital to the protection of the erythrocyte.
Deficient enzyme levels lead to oxidative damage, hemolysis, and resultant severe hyperbilirubinemia.
If not promptly recognized and treated, G6PD deficiency can potentially lead to bilirubin-induced
neurologic dysfunction, acute bilirubin encephalopathy, and kernicterus. Glucose-6-phosphate
dehydrogenase deficiency is one of the three most common causes for pathologic hyperbilirubinemia. A
change in migration patterns and intercultural marriages have created an increased incidence of G6PD
deficiency in the United States. Currently, there is no universally mandated metabolic screening or
clinical risk assessment tool for G6PD deficiency in the United States. Mandatory universal screening
for G6PD deficiency, which includes surveillance and hospital-based risk assessment tools, can identify
the at-risk infant and foster early identification, diagnosis, and treatment to eliminate neurotoxicity.

Keywords: acute bilirubin encephalopathy; G6PD; glucose-6-phosphate dehydrogenase
deficiency; hyperbilirubinemia; kernicterus; metabolic; newborn screening

LUCOSE-G-PHOSPHATE DEHYDROGENASE

(G6PD) deficiency most commonly
involves a tenfold reduction in enzyme
activity within the erythrocyte. The G6PD
enzyme is important in the regulation of oxi-
dative stress within the erythrocyte. Deficient
enzyme levels destabilize the erythrocyte
leading to oxidative damage and hemoly-
sis.!® During the early postnatal period, an
increased rate of hemolysis can give rise to
severe hyperbilirubinemia. If unrecognized
and untreated, bilirubin-induced neurologic
dysfunction (BIND), acute bilirubin enceph-
alopathy (ABE), and kernicterus can develop
during the initial hospitalization or in the
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timeframe between hospital discharge and
the first outpatient pediatric visit.
Glucose-6-phosphate dehydrogenase
deficiency is regarded as the most common
enzymopathy and affects approximately
five percent of the global population (Table
1).% A change in migration patterns and
intercultural marriages have created an
increased prevalence of GO6PD deficiency
in the United States.®!'' Risk factors
include ethnicity originating from malaria-
endemic areas such as the Mediterranean
basin, Middle East, Asia, and Africa; male
gender; and a family history of this
X-linked recessive disorder (Table 2).%12°15
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TABLE 1 B Global Incidence of G6PD Deficiency's3#

Regions/Countries Percentage of G6PD Deficiency

Africa
Nigeria 16.9
Uganda 14.5
Sudan 15.3
Benin 23
Greece 4.5
Italy 3
Sardinia 7.5-33
India 27
Pakistan 15
South China 4-20

Southeast Asia
Cambodia 7-14.3
Laos 3.1
Myanmar 10.8
Thailand 3-18
Vietnam 2-31
Malaysia 3.1
Philippines 4.5-25.7
Indonesia 6.2

Middle East
Turkey 0.5-20
Syria 30
Cyprus 7-10
Lebanon 3
Iraq 6.1
Iran 11.6
Israel 4.33
Jordan 10-15
Gaza Strip 3.5
Egypt 5.9
Saudi Arabia 1-39.8
Kuwait 5.5
Yemen 6.2
Oman 2-29
Bahrain 18
United Arab Emirates 11

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.

TABLE 2 H Familial Risk Factors for G6PD Deficiency'4®

Family history

Prolonged neonatal jaundice
Recurrent jaundice

Anemia

Splenomegaly

Cholelithiasis

Favism

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.

While G6PD deficiency is a known protective mechanism
against malaria (hence its prevalence in malaria-endemic
areas), it is associated with significant neonatal morbidity
because of hyperbilirubinemia-induced, severe, neurotoxic
consequences.*

Currently, there is no universally mandated metabolic
screening or clinical risk assessment tool for GO6PD defi-
ciency in the United States.®!1%° As a result, G6PD-deficient

VOL. 39, NO. 5, SEPTEMBER/OCTOBER 2020

NEONATAL NETWORK

infants may not be identified during their initial hospi-
talization and do not undergo appropriate screening for
the development of severe hyperbilirubinemia. Affected
infants, particularly those discharged home without a diag-
nosis of G6PD deficiency whose disease process is triggered
by stressors such as infection, quickly develop severe hyper-
bilirubinemia, which could cause BIND, ABE, and ker-
nicterus.®'12 It is imperative that clinicians independently
appraise risk through a review of the maternal and family
history and assess the progression of postnatal hyperbili-
rubinemia. Early hospital discharge is an additional risk
factor because the infant may have minimal blood work
ordered or fail to reach his peak total serum bilirubin
(TsB) level when discharge occurs within 24-36 hours after
birth.*

According to the National Quality Forum,* part of the
Agency of Healthcare Research and Quality (AHRQ), and
the American Academy of Pediatrics (AAP),** hyperbili-
rubinemia that leads to kernicterus must be viewed as a
“never event” and is “largely preventable”.*® Failure to
diagnose and treat infants with G6PD deficiency, regard-
less of the setting, puts infants at high risk for permanent
brain damage and the clinician at risk for litigation and
reprimand from state medical or nursing boards.*® The
purpose of this article is to discuss the state of the science
regarding GO6PD deficiency, increase provider awareness
of this disease process, and reinforce the need for a univer-
sally-mandated G6PD deficiency screening mechanism in
the birth hospitalization because current systems appear
inadequate and neurotoxic effects of hyperbilirubinemia
still occur.*

EPIDEMIOLOGY
Worldwide Distribution

Glucose-6-phosphate dehydrogenase deficiency impacts
infants born on every continent (Figure 1).*** Globally,
11 million G6PD-deficient infants are born each year.3#5:46
Approximately 7.5 percent of the worldwide population
carry one to two genes for this disorder, making G6PD
deficiency the fifth most common congenitally-acquired
disorder.'®* More than 33 percent of the global health
burden imposed by hyperbilirubinemia is a result of G6PD
deficiency.!®

GG6PD Deficiency in the United States

The incidence of G6PD deficiency is increasing in the
United States, particularly among infants of East Asian
and African American descent.®!! The current U.S. preva-
lence is four to seven percent of live births, twice what was
recorded in 1989.37% The most significant ethnic risk fac-
tor of G6PD deficiency occurs in East Asians, as they have
an incidence rate of 22 percent (401,914 males identified
as East Asian only in 2017).!1%#%% Second to East Asian
ethnicity are those of African American descent, with an
incidence rate of 11-13 percent in males and four percent
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FIGURE 1 B Global distribution of G6PD deficiency>*
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in females (2.1-2.5 million males and 864,296 females
identified as African American only in 2017).115:4049,50
These statistics are based on males and females who are
identified as African American or East Asian only; there-
fore, there could be a higher prevalence because of inter-
marriage. Based on this data, it is likely that all neonatal
clinicians will encounter East Asian or African American
newborns with GO6PD deficiency in their clinical practice.
While some cities in the United States may report a low
incidence of G6PD deficiency, that incidence is not zero,
and therefore G6PD deficiency should be considered as
part of a hyperbilirubinemia risk assessment and differen-
tial diagnosis in the face of rising bilirubin levels.

GENETIC INFLUENCES

The G6PD gene is mapped to the q-arm of the X chro-
mosome (Xq28) and is an X-linked recessive disorder.!33*
Therefore, males comprise 90 percent of the affected indi-
viduals.®® The enzymopathy results from genetic muta-
tions in the G6PD gene and the impact mostly affects
erythrocytes.*

Males and females have different genotypes for G6PD
deficiency because of its X-linked heritability (Figure 2).*
Male genotypes are hemizygous normal and hemizygous
GO6PD deficient.* Female genotypes include homozygous
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normal, homozygous deficient, and heterozygous, which
are genetic mosaics because of inactivation of the recessive
X-chromosome.*3%2 Genetic mosaics have 50 percent of
their cells G6PD deficient and the remaining 50 percent
normal in random inactivation, with the G6PD-deficient
cells in female genetic mosaics as vulnerable to hemo-
lysis as their G6PD-deficient male counterparts.3?°3-°°
Nonrandom inactivation also occurs, which produces
three heterozygous female phenotypes: ten percent with
normal GO6PD enzyme activity, 80 percent with intermedi-
ate, and ten percent with low.***” Consequently, because of
X-linked inactivation, most affected females present with
less severe symptoms of G6PD deficiency. The severity of
symptoms is contingent on the extent of X-chromosome
inactivation. Rare cases have been reported of G6PD-
deficient females who present with extreme hemolysis
comparable to affected males.*%3

The World Health Organization (WHO) categorized G6PD
deficiency variants into five classes, according to the level of
enzyme deficiency, to forecast the severity of hemolysis in GOPD-
deficient individuals (Table 3).!%% Approximately 186 G6PD
deficiency gene variants have been detected, each with variable
clinical severity and ethnic prevalence; however, more than one
variant can be present within a population or country.®** For
example, an estimated 90 percent of G6PD deficiency in the
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FIGURE 2 B G6PD deficiency inheritance: An X-linked recessive disorder®®
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TABLE 3 B The WHO Classification of G6PD Deficiency?>'3

G6PD Mutations

Level (Percentage) of Enzyme Activity

Health Outcome

Class | <10
Class Il <10
Class Il 10-60
Class IV 60-150
Class V >100

Severe—chronic hemolytic anemia
Severe—severe periodic hemolytic anemia
Mild—stressor-induced hemolytic anemia

Asymptomatic

Asymptomatic

Abbreviations: G6PD = glucose-6-phosphate dehydrogenase; WHO = World Health Organization.

United States is caused by four gene variants.® Afiican A-, a
class III variant, originated from Africa and is the most com-
mon variant in the United States that affects African Americans.®
A class III variant reduces enzyme activity by 40-100 percent,
which can cause significant hemolysis.®* There are only a few de
novo mutations reported in the literature.!+60-62

PATHOGENESIS

The primary role of the G6PD enzyme is to provide anti-
oxidant defense for the erythrocyte.’® Normally, the G6PD
enzyme is present in every cell and its function is to yield
reduced nicotinamide adenine dinucleotide phosphate
(NADPH), which is vital for many biologic functions includ-
ing erythrocyte protection against oxidation and hemolysis.*
Initially, G6PD catalyzes the first stage of the pentose phos-
phate pathway (PPP) in glucose metabolism, which coincides
with the reduction of nicotinamide adenine dinucleotide
phosphate (NADP+) to NADPH."* NADPH then catalyzes
glutathione disulfide to its reduced form, glutathione, an
essential antioxidant highly concentrated in the erythrocyte.*

VOL. 39, NO. 5, SEPTEMBER/OCTOBER 2020

FIGURE 3 H Role of G6PD enzyme'4611.13.1539,53,63
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Abbreviations: G6PD = glucose-6-phosphate dehydrogenase; NADPH =
nicotinamide adenine dinucleotide phosphate.

Lastly, glutathione shields the sulthydryl groups of hemo-
globin from oxidation, which would otherwise damage the
erythrocyte (Figure 3).13

Enzymopathy of the RBC in G6PD Deficiency

A reduction in G6PD enzyme activity causes a malfunction
in the PPP, which is the only origination of NADPH; therefore,
NADPH production is decreased, which leads to depleted lev-
els of glutathione."'"* This causes the oxidation of the hemo-
globin sulthydryl groups and compromises the integrity of
the erythrocyte membrane.!® This oxidative stress is the prox-
imate cause for hemolysis and apoptosis of the erythrocyte.}!?
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Hemolysis of red blood cells (RBCs) releases bilirubin into the
bloodstream, leading to an increased bilirubin load accumu-
lating as the erythrocyte is removed by macrophages, the liver,
and the spleen. This gives rise to concurrent hemolytic anemia
and probable severe hyperbilirubinemia (Figure 4).5153

Neurotoxic Consequences
Untreated, GO6PD deficiency resulting in hemolysis may
induce BIND, ABE, and kernicterus (Table 4).34° Serum total
bilirubin (unconjugated [indirect] and conjugated [direct])
levels of >25 mg/dL (427.6 pmol/L) by 96 hours of age,
which are typically higher than the diffusion threshold, can

FIGURE 4 B Enzymopathy: G6PD deficiency'#611.131539,53,63

cause bilirubin to cross the blood-brain barrier and dam-
age the basal ganglia and brainstem.**® Studies indicate that
GO6PD-deficient infants have a greater probability of develop-
ing kernicterus and G6PD deficiency is a significant risk fac-
tor for mortality and morbidity resulting from kernicterus.®¢*

RISK ASSESSMENT AND CLINICAL
CORRELATION

Prompt evaluation of the infant risk factors for severe
hyperbilirubinemia is critical in avoiding devastating and
permanent injury (Figure 5).%%% Risk factors include a
TsB or transcutaneous bilirubin (TcB) in the intermediate

GEPD- L_Jnable to tathi ) Red blood cells Hemoglobin Red blood Bilirubin
deficient :> I:,i[e)?a;e = G L:-jt:t| londe is = vulnt-arablle to and additional cell :> released into
cells b plete oxidative proteins are hemolyzes bi
production damage damaged oodstream
Severe
hyperbilirubinemia
can develop

l

Can lead to BIND,
ABE, and
kernicterus if not

promptly
identified and
treated

Abbreviations: ABE = acute bilirubin encephalopathy; BIND = bilirubin-induced neurologic dysfunction; G6PD = glucose-6-phosphate dehydrogenase;

NADPH = nicotinamide adenine dinucleotide phosphate.

TABLE 4 B Neurotoxic Consequences of G6PD Deficiency38404265-68

Conditions
BIND ABE Kernicterus
Severity Least severe Severity dependent upon stage Irreversible
neurodevelopmental Severity is progressive Most severe neurodevelopmental
disabilities disabilities
Clinical Lower TsB levels Mild Stage: hypotonia, lethargy, and poor feeding Chronic manifestations of ABE

Manifestations  Neonatal lethargy

Unanticipated apneas

Evident in first year of life

Intermediate Stage (greater risk for permanent damage):
hypertonia, retrocollis, opisthotonos, high-pitched or

shrill cry, apnea

Advanced Stage (most likely irreversible):
fever, apnea, seizures, decreased or absent feeding, deep
stupor, and severe retrocollis, opisthotonos, death

Long-Term
Consequences

Deafness, visual motor
disturbances, flat affect,
delay in smiling

Must perform emergent exchange transfusion for
Intermediate and Advanced Stages

Reversible if detected promptly and treated emergently by
exchange transfusion in Mild and Intermediate Stages

Athetoid cerebral palsy, permanent
movement difficulties, hearing loss,
upward gaze paralysis, tooth enamel
dysplasia, intellectual handicaps

Abbreviations: ABE = acute bilirubin encephalopathy; BIND = bilirubin-induced neurologic dysfunction; G6PD = glucose-6-phosphate dehydrogenase;

TsB = total serum bilirubin.
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FIGURE 5 B Evaluation of hyperbilirubinemia treatment and risk factors
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Abbreviations: AAP = American Academy of Pediatrics; TcB = transcutaneous bilirubin; TsB = total serum bilirubin.

TABLE 5 H The Risk of Hyperbilirubinemia that Aligns with G6PD Deficiency*

Maijor Risk Factors

Minor Risk Factors

TsB or TcB in high-risk zone

Visible jaundice in the first 24 hours

ABO incompatibility with positive DAT or known hemolytic disease

35-36 weeks’ gestational age

Previous sibling received phototherapy
Cephalohematoma or significant bruising
Exclusive breastfeeding

East Asian race

TsB or TcB in high-intermediate risk zone

37-38 weeks’ gestation

Visible jaundice before discharge

Previous sibling with jaundice
Macrosomic infant of a diabetic mother
Maternal age >25 years

Male gender

Abbreviations: DAT = direct antiglobulin test; G6PD = glucose-6-phosphate dehydrogenase; TcB = transcutaneous bilirubin; TsB = total serum bilirubin.

or high-risk zone, East Asian race, male gender, exclusive
breastfeeding, and a family history of a sibling requiring

phototherapy (Table 5).%2

NEONATAL NETWORK

VOL. 39, NO. 5, SEPTEMBER/OCTOBER 2020

Rapidly rising bilirubin levels are a hallmark manifestation
of G6PD deficiency. Serum total bilirubin levels can elevate
by 10-15 mg/dL (171.04-256.56 pmol/L) in only a few




hours.3% Other noteworthy manifestations that may pres-
ent just prior to or during the development of severe hyper-
bilirubinemia include feeding difficulties, fatigue, fussiness,
irritability, and opisthotonos. Jaundice that progresses to the
abdomen and extremities is associated with evolving hyper-
bilirubinemia; however, it is not a reliable indicator of rate of
rise or severity of hyperbilirubinemia (Figure 6).7°

Evaluation of Risk Factors and Bilirubin Results

All newborns should be frequently evaluated for hyperbil-
irubinemia during the birth hospitalization, regardless of the
presence or absence of risk.*?> Unfortunately, risk assessment
is often exclusive to the interpretation of laboratory results
and not the holistic assessment of family history, ethnicity,
and presence of other risks clearly articulated in the Bhutani
nomogram for infants <35 weeks’ gestation*> and the

FIGURE 6 B Manifestations of hyperbilirubinemia””!
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Maisels and colleagues’”

gestational age.

Initially, clinicians should identify the gestational age of
the infant. This will guide them toward use of the AAP*
nomogram for term infants or Maisels and colleagues™?
guidelines for infants <35 weeks’ gestation. Clinicians should
then review the maternal medical record and identify medical
or ethnic/cultural risk factors and discuss the family health
history, including the history of siblings, with the birth par-
ents or guardians. This permits clinicians to assign a neuro-
toxicity risk category.

Next, interval bilirubin assessments should commence
after birth; an early onset of testing with increased frequency
is indicated for infants at risk for hemolytic disease and severe
hyperbilirubinemia. For infants <35 weeks’ gestational age,
the TcB or TsB results should be interpreted according to the
diagnostic guidance offered by the AAP** or Maisels and col-
leagues.” Bilirubin results should be plotted on the Bhutani
nomogram for infants <35 weeks’ gestation to determine the
phototherapy threshold, hour-specific risk severity, and the
recommended interval for repeat testing.*>”® Repeat testing
is warranted for high-risk levels within 6-12 hours, high-in-
termediate levels within 2448 hours, and low-intermediate
levels within 48 hours.*

For infants <35 weeks’ gestational age, TcB or TsB results
should be interpreted according to the diagnostic guid-
ance offered by Maisels and colleagues.”” In addition, the
PremieRecs tool (https://pbr.stanfordchildrens.org) can be
used to aid clinical management and laboratory monitoring
of hyperbilirubinemia among infants <35 weeks’ gestation
and who are >48 hours of age.

Transcutaneous bilirubin screening is a pain-free and
cost-effective clinical monitoring tool that offers immediate
results; its use as an exclusive diagnostic tool remains subject
to debate.* Transcutaneous bilirubin measurements demon-
strate good agreement with TsB measurements among pre-
mature and term infants and afford clinicians a unique ability
to trend bilirubin rate of rise without exposing the infant to
repetitive, painful phlebotomy testing.*

guidelines for infants <35 weeks’

DIAGNOSTIC STRATEGIES FOR G6PD
DEFICIENCY

The diagnosis of GO6PD deficiency can be made through
several approaches, including a complete blood count (CBC)
and peripheral blood smear, qualitative and quantitative assays
measuring GO6PD enzyme activity,' or the gold standard for
diagnosing GOPD deficiency which is genetic molecular test-
ing via the polymerase chain reaction (PCR).113:34

Hematologic Indicators for G6PD Deficiency
Analysis of a CBC and peripheral blood smear as well as
an examination of the RBC indices can differentiate between
GO6PD deficiency and hereditary spherocytosis (HS), the
third most common nonhemolytic cause for hyperbilirubin-
emia. ¥7* The mean corpuscular hemoglobin concentration
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(MCHC) divided by the mean corpuscular volume (MCV)
provides the “Neonatal HS Index” and can correlate the
probability of disease, with a result of >0.36 indicating a high
probability of HS.”*7® The peripheral blood smear in HS
demonstrates spherocytes, while findings in G6PD deficiency
include polychromasia, poikilocytes, hemighosts, bite or blis-
ter cells, or Heinz bodies.>'*7¢78 Additionally, microparti-
cles, which are cast off from a cell during oxidative stress and
apoptosis, are elevated at levels of 865-2,532 /uLL compared
to normal levels of 235-575 /uL.”

Additional hematologic findings can further narrow the
differential diagnosis of G6PD deficiency.”” Providers must
be aware of GO6PD deficiency in the differential diagnosis
of nonimmune hemolytic anemia because of its increasing
prevalence (Table 6).*° Findings consistent with G6PD defi-
ciency include low hemoglobin levels (reference range of
13.4-18.5 g/dL [134-185 g/L] for birth to two weeks
of life), elevated lactic dehydrogenase (upper normal limit
is in the range of 500-700 U /L), absent haptoglobin, and
reticulocytosis of 20 percent or greater.!33%768031 Glucose-6-
phosphate dehydrogenase deficiency screening in an infant
demonstrating reticulocytosis, active hemolysis, or post-acute
hemolysis could potentially lead to a false negative result.''*?
In these states, the oldest RBCs with the lowest G6PD enzyme
levels are eradicated and replaced with reticulocytes that have
up to a fivefold amount of the G6PD enzyme, causing a tem-
porary increase in the G6PD enzyme level.>** Therefore,
these infants should be tested again at three months of age.*?

G6PD Deficiency Enzyme Assays

Another diagnostic strategy involves a qualitative or quanti-
tative analysis of the generation of NADPH through NADP+
reduction which is commensurate to the level of G6PD
enzyme activity.$? Quantitative assays measure NADPH pro-
duction through spectrophotometric analysis and this is con-
sidered the superior G6PD enzyme test because of its ability
to detect the full spectrum of deficiency.!'** The normal
GO6PD enzyme activity range is 7-10 U /g of hemoglobin. In
GO6PD deficiency, enzyme activity will be less than 20 percent

TABLE 6 W Differential Diagnosis of G6PD Deficiency®®?

Disease or Disorder Classification
G6PD deficiency

Pyruvate kinase deficiency

Erythrocyte enzyme defect
Erythrocyte enzyme defect
Gilbert’s syndrome Inherited gene mutation
Hereditary spherocytosis Erythrocyte membrane defect
Hemolytic disease of the newborn Newborn blood disorder
Sickle-cell disease Hereditary hemoglobinopathy
Alpha-thalassemia Hereditary hemoglobinopathy
Gamma-thalassemia Hereditary hemoglobinopathy
Elliptocytosis Erythrocyte membrane defects

Pyknocytosis Erythrocyte membrane defects

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.
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of normal or below 2 U/g of hemoglobin.!** Turnaround
time for quantitative test results can be 24 hours; timing for
results may differ by institution.! A quantitative assay can
detect individuals with G6PD-deficient levels that are above
the cutoft for deficiency values in a qualitative assay, therefore
making the quantitative assay more sensitive.®

The WHO recommends the fluorescent spot test (EST),
a qualitative enzyme assay, which visually discerns the pro-
duction of NADPH under ultraviolet light."!!" A positive test
occurs if the blood spot does not fluoresce under ultraviolet
light.®* Advantages of the FST are that it can be conducted in
low-resource settings, the test is inexpensive, and test results
are rapid; however, this test only detects severe deficien-
cies and consequently some G6PD-deficient individuals are
missed.*8 Therefore, in cases involving a suspected G6PD-
deficient neonate with a negative FST, the quantitative assay
would be the more sensitive test, and the PCR would be con-
firmatory.®* The FST (Trinity Biotech, Wicklow, Ireland) and
the CareStart Rapid Diagnostic Test (AccessBio, Somerset,
New Jersey) are the two most utilized qualitative tests.®?

Confirmatory Testing for G6PD Deficiency

The gold standard confirmatory test for G6PD deficiency is
a molecular DNA analysis performed by the PCR method.!**
Genetic testing is the definitive diagnostic tool and can detect
heterozygotes with moderate G6PD activity.!**83 Polymerase
chain reaction methods are utilized in detecting region-spe-
cific alleles; however, alleles from other regions would not be
detected with this targeted PCR test.?*%5 Disadvantages of
PCR testing include its high cost and longer time to receive
results.b!!

Providers could use expedited newborn metabolic screen-
ing results when there is suspicion of G6PD deficiency; how-
ever, in the United States, only Pennsylvania and Washington
DC, screen for G6PD deficiency.!!8¢ Pediatric clinicians need
to appreciate the significant risk and manifestations of G6PD
deficiency and either expedite the newborn metabolic screen
or order a quantitative G6PD assay before discharge in a
suspected G6PD-deficient neonate.!'¥ Most state newborn
screening programs are based in the Department of Health
and contact information is readily available on each state’s
website. Providers can communicate with the Department of
Health directly, request test results, and request recommen-
dations for follow-up.3¢

Female infants are often overlooked by clinicians because
of GOPD deficiency’s more commonly recognized X-linked
heritability; however, females can also be affected.>® Clinicians
must recognize that enzyme activity among females may
be increased compared to males but still abnormally low.
Females often exhibit a 1:1 ratio of normal-to-abnormal
GO6PD enzyme activity. Males commonly present with a more
obvious 60-100 percent reduction in enzyme activity.»** To
reduce the risk for false-negative results and missed diagno-
ses, females should undergo combined enzyme activity test-
ing and molecular screening for G6PD deficiency.!?
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LIFESPAN IMPLICATIONS OF G6PD
DEFICIENCY

Long-term implications of GO6PD deficiency include
acute and chronic hemolytic anemia.** Exposure to oxida-
tive stressors, such as fava beans, naphthalene (moth balls),
umbilical triple dye, henna, and certain drugs, could lead to
an acute hemolytic reaction and should be avoided (Table
7).1518788  Chronic nonspherocytic hemolytic anemia can
occur in a small percentage of G6PD-deficient individ-
uals and typically requires an RBC transfusion when the
patient is symptomatic.>'®% Chronic reticulocytosis occurs
and a splenectomy, though rare, may be beneficial to these
individuals.®¥8

The long-term consequences associated with undiagnosed
and untreated GO6PD deficiency are related to severe hyper-
bilirubinemia, the development of kernicterus, and lifelong
devastating neurologic effects. Neurotoxicity as a result of
severe hyperbilirubinemia is a disastrous and mostly avoidable
disorder, making universal screening a priority.* The lifespan
consequences of neurotoxicity involve negative impacts on
family well-being, potential physical and emotional suffering
of the affected patient, and increased medical costs.**

NEWBORN SCREENING FOR G6PD
DEFICIENCY

In 1989 the WHO advised screening newborns for G6PD
deficiency in regions with an incidence of three to five percent
in males.”* The goals of the WHO screening recommenda-
tions are to recognize infants at high risk for hyperbilirubin-
emia and to procure treatment to prevent adverse neurotoxic
outcomes.?” Debates are ongoing regarding universal screen-
ing in areas with less than the WHO-recommended criteria.'®
Despite the WHO recommendations, global screening has
not been implemented and cases of bilirubin-induced neu-
rotoxicity are still reported.>!%352%0 Countries that have
implemented GOPD deficiency programs with or without a
combined parental education program have demonstrated
significantly decreased rates of bilirubin neurotoxicity and
kernicterus.!®*8 Table 8 contains a list of countries that have
instituted newborn universal screening programs for G6PD
deficiency.

TABLE 7 B Medications to Avoid in G6PD Deficiency'®

Medications Usage

Dapsone Sulfone antibiotic

Methylene blue Methemoglobinemia treatment

Nitrofurantoin Antibacterial

Phenazopyridine  Urinary analgesic for simple urinary tract infections

Primaquine Antimalarial

Rasburicase Hyperuricemia because of tumor lysis syndrome

during chemotherapy treatment

Toluidine blue Oral and thyroid malignancies

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.
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TABLE 8 B Countries with Mandatory Newborn G6PD Deficiency
Screening Programs'03487

Countries

Hong Kong
Singapore
Taiwan
Philippines
Malaysia
Vietnam
Thailand
Cyprus
Greece
Italy
Germany
Saudi Arabia
Turkey

Lebanon

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.

In the United States the metabolic newborn screen tests for
the five most frequently occurring gene variants in this coun-
try, encompassing approximately 90 percent of those found
in Americans with G6PD deficiency.!®®! Routine screening is
not performed in the United States and is only reccommended
by the AAP* for jaundiced infants undergoing phototherapy
treatment who have risk factors of family history or ethnicity,
and for neonates who have phototherapy-resistant hyperbili-
rubinemia.’ Glucose-6-phosphate dehydrogenase deficiency
screening remains an ongoing discussion in the United
States; many pediatricians are in favor of a nationwide screen-
ing program.!l1215:4292

Benefits of Mandated G6PD Screening During the Birth
Hospitalization

The benefits of ecarly G6PD deficiency screening during
the birth hospitalization include the identification of affected
infants to prevent neurotoxic disability or a decrease in the
severity of neurotoxic disability, or the provision of life-res-
cuing treatment.*” 838793 Presently, some newborns are dis-
charged home as carly as 24 hours of age, but the majority
stay in the hospital for 48 hours following a vaginal birth and
three to four days for cesarean section births.**”® Therefore,
rising bilirubin levels, which typically peak on day of life four
or five can be missed.* Glucose-6-phosphate dehydroge-
nase-deficient newborns can have TsB levels within normal
limits at discharge but develop severe hyperbilirubinemia
within hours during an acute hemolytic event once they are
home."’*® The TsB level cannot be precisely detected by
visualization alone, which is often how parents evaluate the
degree of hyperbilirubinemia.*8”

The United States is considered low risk for G6PD defi-
ciency according to the WHO recommendations; however,
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there are communities that are at an increased risk and should
be appraised for G6PD deficiency.'? African American infants,
highest at risk in the United States for inheriting G6PD defi-
ciency, manifest with lower peak TsB levels than Caucasian
infants, making diagnosis of severe hyperbilirubinemia a chal-
lenge.? Additionally, African American infants are at a greater
likelihood of developing kernicterus after discharge from the
birth hospitalization—25 percent of kernicterus cases in the
United States have occurred in African American infants.®%
It is hypothesized that G6PD-deficient infants develop biliru-
bin-induced neurotoxicity at lower TsB levels than their non-
affected counterparts.® Infants of East Asian descent are also
at an increased risk, and, in contrast with African American
and Caucasian infants, manifest with significantly higher TsB
levels.*® Targeted programs for G6PD deficiency screening
have been implemented in areas that serve increased num-
bers of high-risk neonates, such as African Americans, yet
these programs will not identify all cases of the deficiency.”!?
Universal screening would be advantageous to additionally
recognize affected infants with a diverse heritage because of
intermarriage.!!

Establishing and implementing a GO6PD deficiency screen-
ing program or mechanism utilized by nurses could identify
infants at high risk for developing severe hyperbilirubinemia
in the birth hospitalization. Identified high-risk infants could
then be closely monitored for hyperbilirubinemia and followed
after discharge as necessary. Advantages include affordability,
more timely screening as compared to the newborn meta-
bolic screen, and ease in performance. Several studies have
demonstrated the cost-effectiveness of a GO6PD deficiency
screening program, with significantly lower costs of screening
in contrast to the substantial costs of treating G6PD-deficient
infants with neurotoxic consequences.*** Overall positive
effects would be enhanced society health and well-being. The
emotional suffering of the parents and the physical and emo-
tional suffering of affected children could be prevented.

Barriers to Mandated G6PD Screening During the Birth
Hospitalization

Several barriers to mandated G6PD deficiency screening
during the birth hospitalization have been identified. The
fiscal cost of GOPD deficiency testing remains one of the
most significant barriers (Table 9).19% The barrier of orga-
nizational restraints includes the addition of a centralized
laboratory, highly trained laboratory technicians, and turn-
around time for metabolic testing results, which could be
considerably past the birth hospitalization at approximately
ten days to one month.b!! Furthermore, there exists a per-
ceived paucity of superior-level evidence regarding neuro-
toxic consequences of extreme hyperbilirubinemia caused by
GO6PD deficiency.>1%32%9 For example, GOPD deficiency is not
included in the U.S.-mandated metabolic newborn screen
because of the statement made by the American College of
Medical Genetics that G6PD mutations in the United States
and their relationship with kernicterus is not clearly defined.
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TABLE 9 B Financial Cost of G6PD Deficiency Testing'

Test Financial Cost
Molecular analysis $1,500

BinaxNOW* G6PD Test $15

Fluorescent spot test $10

Spectrophotometric analysis $8

Abbreviation: G6PD = glucose-6-phosphate dehydrogenase.
*BinaxNOW G6PD test (Abbott, Abbott Park, Illinois)

However, the recommendations were from 2004, and 15
years later the devastating consequences of G6PD deficiency
are still reported.!s%

CONCLUSION

Globally, G6PD deficiency is the most common enzy-
mopathy. Oxidative damage to the erythrocyte results from
a deficiency of the GOPD enzyme and can lead to severe
hyperbilirubinemia. Neurotoxic consequences can result
from GO6PD deficiency-induced severe hyperbilirubinemia if
not promptly identified and treated. Cases of ABE, BIND,
and kernicterus resulting from GOPD deficiency-induced
extreme hyperbilirubinemia are still being reported. There
is evidence that bilirubin-induced neurotoxicity can be pre-
vented by neonatal GO6PD deficiency screening programs.
However, no universally mandated metabolic screening or
clinical risk assessment tool for G6PD deficiency currently
exists in the United States. Glucose-6-phosphate dehydroge-
nase deficiency screening inclusive of areas that are not con-
sidered high-risk, such as the United States, could assist in
the identification of infants at a greater threat of developing
extreme hyperbilirubinemia-induced neurotoxicity. Targeted
screening for high-risk neonates may lead to legal and ethi-
cal issues as some GO6PD-deficient infants could be missed.
Therefore, a cost-effective, time-efficient, and universally
mandated GO6PD deficiency screening tool utilized during
the birth hospitalization and increased provider awareness of
this enzymopathy could make kernicterus a “never event.”
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