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Galactosemias are inherited disorders of galactose metabolism
due to deficiency in one of the three enzymes involved in the Leloir
pathway: galactose-1-phosphate uridyltransferase, galactokinase,
and uridine diphosphate (UDP)-galactose-4′-epimerase.
Galactose-1-phosphate uridyltransferase deficiency, or classic
galactosemia, is the most frequent and the most severe of
the three enzyme deficiencies; it is characterized by failure to
thrive, liver failure, susceptibility to sepsis, and death, if untreated.
Newborn screening for classic galactosemia has been implemented
in all of the United States, while screening for galactokinase

deficiency and UDP-galactose-4′-epimerase deficiency is not
universal. Early identification and treatment of galactosemia
leads to improved outcome. This document reviews the
laboratory methods and best practices for the diagnosis of
galactosemia.
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METHODS
This laboratory technical standard and guideline was
informed by a review of the literature, including any current
guidelines, and expert opinion. Resources consulted included
PubMed (search terms: galactosemia, galactose-1-phosphate
uridyltransferase, galactokinase, galactose epimerase, galac-
tose-1-phosphate, Duarte variant), the American College
of Medical Genetics and Genomics (ACMG) Technical
Standards and Guidelines for Clinical Genetics Laboratories,
Clinical and Laboratory Standards Institute guidelines, CLIA
regulations, and the Centers for Disease Control and
Prevention’s Morbidity and Mortality Weekly Report on Good
Laboratory Practices for Biochemical Genetics Testing and
Newborn Screening for Inherited Metabolic Disorders. When

the literature provided conflicting evidence about a topic or
when there was insufficient evidence, the authors used expert
opinion to inform the recommendations. Expert opinion
included the coauthors of the document, as well as any experts
consulted outside the workgroup and acknowledged in this
document. Any conflicts of interest for workgroup members
or consultants are listed. The ACMG Laboratory Quality
Assurance Committee (Lab QA) reviewed the document
providing further input on the content, and a final draft was
delivered to the ACMG Board of Directors for review and
approval to send out for member comment. The final draft of
the document was uploaded to the ACMG website and an
e-mail link was sent to ACMG members inviting all to
provide comment. All members’ comments were assessed by
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the authors and additional evidence was included; our
recommendations were amended as deemed appropriate.
Member comments and author responses were reviewed by a
representative of the Lab QA committee and the ACMG
Board. The final document was approved by the ACMG
Board of Directors.

OVERVIEW
Galactosemia encompasses three distinct enzymatic deficien-
cies in the Leloir pathway of galactose metabolism (Figure 1).
This pathway plays a critical role in converting D-galactose
to glucose-1-phoshate for entry into glycolysis, as well as
supplying uridine diphosphate galactose (UDP-galactose) for
the galactosylation of carbohydrates and lipids. Classic
galactosemia (MIM 230400) is caused by deficient galactose-
1-phosphate uridyltransferase (GALT) activity, leading to
elevated galactose-1-phosphate (Gal-1-P) and other galactose
metabolites in blood and urine. A variant form of galacto-
semia, referred to as Duarte variant or DG galactosemia, is
characterized by approximately 25% of normal GALT activity
and may be clinically benign.1 Galactokinase (GALK)
deficiency and UDP-galactose-4′-epimerase (GALE) defi-
ciency are clinically and biochemically distinct from classic
galactosemia. For each of these conditions, the diagnosis is
based on the demonstration of severely reduced or absent
enzyme activity in red blood cells (RBCs). DNA analysis of
the GALT, GALK1, or GALE genes is often performed as part
of the diagnostic evaluation.
Because galactosemia is included in all newborn screening

programs in the United States and many other countries
worldwide, the majority of diagnostic testing originates from

this referral source. Newborn screening for classic galactose-
mia identifies patients with decreased GALT activity in dried
blood spots (DBS) and, for some states, elevated galactose
sugars. States including galactose sugars as part of their
screening also identify cases of GALK and GALE deficiencies,
while those relying only on galactose sugars alone may miss
cases of GALT deficiency in patients on a galactose-limited
diet. Galactosemia testing may also be initiated by a positive
family history, or by nonspecific features of the disease in an
older patient. Although diagnostic testing is relatively
straightforward, significant variability can result from pre-
analytic and analytic influences if not properly controlled.
These guidelines were developed to delineate best practices for
enzyme and metabolite testing for galactosemia and to
characterize variables that can influence test performance
and results interpretation.

BACKGROUND
Biochemical and molecular characteristics of galactose-
metabolizing enzymes
Galactose-1-phosphate uridyltransferase
Galactose-1-phosphate uridyltransferase (GALT; EC 2.7.7.12),
the second enzyme of the Leloir pathway, is a member of the
histidine triad superfamily and is a homodimer composed of
two 43-kDa subunits.2 This enzyme catalyzes the interconver-
sion of Gal-1-P to glucose-1-phosphate, with the concomitant
interconversion of the co-substrate UDP-glucose to UDP-
galactose. The reaction follows a “ping-pong” mechanism
whereby histidine at the active site reacts with UDP-glucose
loading the enzyme with uridine 5′-monophosphate (UMP);
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Figure 1 Metabolism of galactose. Galactose, deriving from diet and, in minor part, from endogenous synthesis, is phosphorylated to galactose-1-
phosphate (Gal-1-P) by galactokinase, the first enzyme in the Leloir pathway. Uridine diphosphate (UDP)-galactose is produced from Gal-1-P and UDP-
glucose through the enzyme galactose-1-phosphate uridyltransferase. UDP-galactose is then converted to UDP-glucose by the enzyme uridine
diphosphate galactose-4-epimerase. UDP-glucose is recycled back into the pathway.
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UMP then reacts with galactose-1-phosphate, forming the
final product, UDP-galactose.3

The GALT gene encompasses 11 exons spanning 4.3 kb of
chromosome 9p13. An open-access database has curated
more than 250 pathogenic variants including nonsense,
missense, frameshift, splice site variants, and large
deletions.4 The vast majority (~85%) are classified as causing
profound enzyme impairment consistent with classic galacto-
semia; of these, 61% are missense variants. Among patients of
European descent, c.563A>G (p.Q188R) is the most
common variant and accounts for 64% of all pathogenic
variants seen.5 The c.404C>T (p.S135L) variant is associated
with an attenuated phenotype, and is found almost exclusively
in patients of African origin.6 Other common pathogenic
variants include: c.855G>T (p.K285N), c.626A>G (p.
Y209C), c.413C>T (p.T138M), c.584T>C (p.L195P) and
IVS2-2A>G.5 A deletion of approximately 5.5 kb is common
among Ashkenazi Jewish individuals.7,8 All of these variants
are associated with near or complete loss of enzyme activity,
although for p.S135L the deficiency may be confined to
RBCs.6,9

Duarte variant (DG) galactosemia results from compound
heterozygosity for a profound GALT pathogenic variant (G)
and a second allele known as Duarte 2 (D2). D2 occurs in an
estimated 11% of European American populations, and was
originally characterized by an abnormal banding pattern on
gel electrophoresis or isoelectric focusing. It is now known to
encompass a haplotype of four variants including two intronic
changes, a 4-bp deletion in the promoter of the gene, and
c.940A>G (p.N314D). The D2 allele reduces GALT activity
by approximately 50%, such that when present in trans with a
classic galactosemia allele the net result is ~ 25% of normal
activity. Classic galactosemia pathogenic variants can occur in
cis with D2 resulting in complete loss of activity on that
allele.10 Current evidence supports the hypothesis that the
4-bp deletion is responsible for the reduction in enzyme
activity.11,12 A second variant, Duarte 1 (D1, also known as
the Los Angeles, or LA, variant), shares the D2 electrophoretic
banding pattern but is not associated with reduced GALT
activity.13 The D1 allele contains c.940A>G (p.N314D), a
synonymous nucleotide change in exon 7, c.652C>T
(p.L218= ), but not the 4-bp promoter deletion. For Duarte
variant galactosemia suspicious cases, it is most appropriate to
test for the 4-bp GALT promoter deletion to distinguish
between the D1 and D2 variants. Hence, integrating
biochemical and molecular results can improve the speed
and accuracy of a diagnosis by differentiating between
pathogenic and non-pathogenic variants as well as cis versus
trans combinations.

Galactokinase
Galactokinase (GALK; EC 2.7.1.6) is the first enzyme in the
Leloir pathway (Figure 1). This enzyme belongs to the
galactokinase, homoserine kinase, mevalonate kinase, and
phosphomevalonate kinase superfamily, and catalyzes the
MgATP-dependent phosphorylation of D-galactose to form

Gal-1-P.14 It is encoded by GALK1, a gene spanning 8 exons
and 7.3 kb on chromosome 17q25.1.15 Deficiency of GALK
results in type II galactosemia or galactokinase deficiency
(MIM 230200). Several GALK pathogenic variants have been
characterized, including insertions, deletions, and single base
changes in RBCs.16 The most severe phenotype is associated
with an insoluble enzyme, while milder phenotypes are
characterized by soluble enzyme with impaired catalytic
function.

UDP-galactose-4′-epimerase
UDP-galactose-4′-epimerase (GALE; EC 5.1.3.2) is the third
enzyme of the Leloir pathway and catalyzes the reversible
conversion of UDP-galactose to UDP-glucose and of UDP-N-
acetylgalactosamine to UDP-N-acetylglucosamine.17 GALE is
a member of the short-chain dehydrogenase/reductase family
of enzymes and is encoded by GALE, located on chromosome
1p36.11. In solution, GALE is a dimer and each subunit
contains a binding site with one molecule of the cofactor
NAD+. Impaired GALE activity results in type III galactose-
mia or epimerase deficiency (MIM 230350).

Clinical description of disease
GALT deficiency (classic galactosemia; type I galactosemia)
Untreated classic galactosemia is often fatal during infancy.
Even when identified and treated early, long-term, organ-
specific complications may occur. Patients typically present in
the first two weeks of life with poor feeding, lethargy,
vomiting, diarrhea, jaundice, hepatomegaly, and liver failure.
Escherichia coli sepsis is often an early complication of the
disease. Liver function tests are abnormal as a consequence of
the liver involvement.18 The withdrawal of lactose (galactose)
containing foods from the diet resolves the life-threatening
neonatal manifestations; however, even if treated early,
patients with classic galactosemia can have complications
such as speech dyspraxia, ataxia, and premature ovarian
failure in females.18,19 A better outcome is associated with the
p.S135L variant, common among African American patients,
which seems to retain some residual activity in liver and other
tissues.6,18

Patients with DG variant galactosemia have 15–25% of
normal GALT activity and are usually asymptomatic.12

Infants with DG galactosemia on galactose-containing diet
(e.g., breast milk or regular formula) have elevated RBC Gal-
1-P levels and urinary galactitol excretion.20 These biochem-
ical abnormalities normalize on a lactose-restricted diet;
however, even with an unrestricted diet levels typically
normalize during the first year of life.1 Despite the
biochemical abnormalities, untreated DG galactosemia
patients have not demonstrated adverse clinical outcomes
in all studies performed to date.1,21,22 It is unclear whether
this condition is clinically benign or may require lactose
restriction,1,21,22 however, the latest clinical guidelines
for the management of patients with galactosemia do not
recommend treatment for patients with DG variant
galactosemia.23
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GALK deficiency (type II galactosemia)
The only consistent clinical finding in GALK deficiency
patients is cataracts.24 Other clinical abnormalities including
epilepsy, intellectual disability, pseudotumor cerebri, and
neurofibromatosis were variably reported in a small percen-
tage of patients (2%).25 In patients identified through
newborn screening, dietary galactose restriction initiated
within the first two months of life resulted in complete
resolution of cataracts.24 While blood galactose may reach
normal levels in treated patients, galactitol in urine and blood
remains elevated.24

GALE deficiency (type III galactosemia)
The clinical consequences of GALE deficiency are variable,
ranging from asymptomatic to severe. GALE deficiency
comprises three clinical forms: (i) generalized, profound
enzyme deficiency in all tissues associated with a specific
pathogenic variant, p.V94M; (ii) intermediate, profound
deficiency in RBCs and white blood cells and partial
deficiency (50% of normal) in other tissues; and (iii)
peripheral, GALE deficiency limited to RBCs and white blood
cells.26 Patients with generalized GALE deficiency develop
clinical symptoms similar to classic galactosemia, including
hypotonia, vomiting, jaundice, hepatomegaly, liver dysfunc-
tion, and cataracts, which resolve with lactose/galactose
restriction. Patients with the peripheral or intermediate forms
are typically asymptomatic, and are only identified by an
abnormal newborn screen. Several GALE variants associated
with the three forms of GALE deficiency have been
reported.17,26

Newborn screening for galactosemia
In the United States, all states screen for classic galactosemia
(GALT deficiency), the most clinically severe form of the
disease. Depending on the screening approach, cases of GALK
and GALE deficiencies may also be detected.27 The majority
of programs use fluorometric Beutler-based methods to
semiquantitatively measure GALT activity in DBS. Approxi-
mately 30% of programs measure total galactose (galactose
plus Gal-1-P) in DBS either as their primary screening
method, or combined with GALT testing.28 The presence of
elevated galactose sugars together with normal GALT activity
suggests a deficiency of either GALK or GALE.26,27 The
measurement of total galactose alone can lead to false-
negative screening results in galactosemic infants on lactose-
free formula and in those receiving total parenteral nutrition.
False-positive screening results can be seen in newborns with
citrin deficiency, Fanconi–Bickel disease, or liver disease in
addition to various medications.29,30 DBS GALT activity is
stable in refrigerated samples for up to 2 weeks, but with
significant loss of activity at higher temperatures or high
humidity.31 In particular, DBS GALT activity decreases by
> 60% when stored at low humidity and 37 °C for 32 days,
and by > 70% when stored at high humidity for 1 week.32 As a
result, this enzyme lability may contribute to false-positive
screening results particularly in the summer. Because the

Duarte (D2) allele also reduces enzyme stability, there may be
a higher detection rate of DG galactosemia cases in the
summer. To increase screening specificity, some programs
perform a second-tier DNA test for enzyme or metabolite-
positive cases, targeting the most common GALT pathogenic
variants.33 Additional false-positive results can occur when
blood is put into an ethylenediaminetetraacetic acid (EDTA)
tube prior to being spotted onto filter paper and in infants
with G6PD deficiency.34 Transfusion with packed red cells
prior to newborn screening can lead to falsely normal GALT
enzyme activity.35 In these cases it is preferable to proceed
with DNA tests if there is a clinical suspicion for galactosemia.
Following an abnormal newborn screen, the diagnosis of

classic galactosemia is confirmed by the demonstration of
profound deficiency of the GALT enzyme in RBCs and
identification of pathogenic variants within the GALT gene by
molecular sequencing. States that include total galactose in
their screening algorithm can confirm or exclude GALK or
GALE deficiency by combining results from the enzyme assay
and molecular testing. Historically, DG galactosemia was
identified by electrophoresis or isoelectric focusing.12 How-
ever, with the relative ease and sensitivity of DNA sequencing,
these techniques have been replaced with molecular testing.

Incidence
Classic galactosemia (GALT) attributable to a GG genotype
(two pathogenic variants in trans) occurs in 1:53,554
newborns in the United States.36 The frequency of DG
galactosemia is approximately 10-fold higher, although the
true rate is unknown because of the differences in screening
and reporting among states.12 The prevalence of GALK
deficiency ranges from 1:2,200,000 to 1:50,000, with the
highest incidence in the Romani population of Bulgaria and
Bosnia.24 Profound (generalized) GALE deficiency is very
rare; epimerase deficiency identified by newborn screening,
comprising mostly peripheral/intermediate, is 1:70,000 in
infants of European descent and 1:6,700 in African
Americans.26

Mode of inheritance
All forms of galactosemia are inherited as autosomal-recessive
traits.

PREANALYTICAL REQUIREMENTS
Sample types
Enzymatic testing is typically performed in RBCs obtained
from heparinized whole blood, although other anticoagulants
may also be accepted. In patients with classic galactosemia
who have received a blood transfusion, donor GALT activity
can be detected up to 4 months post transfusion.35 In such
cases, alternative testing can be used to confirm or exclude a
diagnosis of galactosemia, such as blood Gal-1-P, urinary
galactitol, or parental testing. GALT mutational analysis can
be performed in DNA samples extracted from cultured cells,
DBS, or saliva samples when the patient has been transfused
with packed RBCs. The buffy coat (thin layer between the
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RBCs and the plasma containing mostly white blood cells and
platelets) is also a good source of DNA. As with all DNA
testing, DNA from several different sources may be used for
GALT mutational analysis as long as the quality and quantity
of the extracted DNA is sufficient. The laboratory performing
GALT mutational analysis must use validated protocols
specific for the sample type and amount of DNA required
(ACMG Standards and Guidelines for Clinical Genetics
Laboratories, Section G).

Sample volumes
As a general guideline, 3–5 ml whole blood (or 1–2 ml washed
RBC) is sufficient for measuring GALT, GALK, and GALE
activities and Gal-1-P levels, and 2–5 ml of urine for
measuring galactitol. Newly developed liquid chromatogra-
phy–tandem mass spectrometry (LC-MS/MS) based assays
are more sensitive and therefore require smaller sample
volume.37 For mutational analysis of the GALT gene, 1–2 ml
whole blood collected in lavender-top (EDTA) tube is
preferable. However, DNA extraction yields good results even
from heparinized blood. Consult with the testing laboratory
for specific sample requirements for unusual situations.

Conditions of sample shipping, handling, and storage
Whole blood is shipped to the laboratory at room
temperature or refrigerated, with special care taken to avoid
excessive exposure to heat (which destroys enzyme activity) or
cold (which freezes and thereby lyses RBCs). Early studies
determined that GALT enzyme activity is stable in whole
blood kept refrigerated (4 °C) or at room temperature for up
to 2 weeks; however, there are certain pathogenic variants,
such as the p.N314D mutant, that produce a more heat-labile
protein compared with wild type.31,38 The same precautions
should be taken when shipping whole blood for Gal-1-
phosphate testing to avoid loss of Gal-1-P in patients with
residual GALT activity. Alternatively, RBCs can be isolated
and washed immediately following sample collection and
shipped frozen to the testing laboratory. Sample processing
instructions should be provided by the testing laboratory, but
generally involve centrifuging whole blood to separate RBCs,
washing one or more times with normal saline, and freezing
the resulting RBC pellet prior to shipping. RBC lysates are
stable if stored at –20 °C or lower.31 Urine samples for
galactitol testing should be frozen after collection, stored at
–20 °C or lower, and shipped on dry ice.

METHOD VALIDATION
As for all laboratory methods used for clinical testing and in
agreement with CLIA and the College of American Pathol-
ogists (CAP), methods for galactosemia testing should be
established and validated by each laboratory.39 For enzyme
assays, this includes the characterization of optimal buffer
conditions, reaction times, and temperatures, as well as
relative enzyme and substrate concentrations. Laboratories
should verify enzyme stability under different conditions of
handling and storage, as well as assay accuracy, sensitivity,

analytical measurement range of enzymatic reaction product,
and intra- and interday reproducibility. A sample blank
containing all assay components except substrate should
be used to control for potential matrix interferents. Accuracy
can be demonstrated by comparing testing results with an
established method, an experienced reference laboratory, or
proficiency testing samples. Assay performance characteristics
should meet all requirements of CLIA, and should be verified
on a regular basis.

Calibration and quantitation
Appropriate calibration procedures should be performed with
each run of sample testing. Criteria for acceptance of
calibration and/or of the run should be established. A
reportable range for each analyte/enzyme should be deter-
mined. If the reportable range lies outside the calibration curve,
procedures for verifying this range should be performed at least
biannually, according to CLIA/CAP requirements. Calibrators
and critical assay reagents, such as substrates and added
enzymes, should be qualified/validated prior to their use.

Reference ranges
Each laboratory should establish reference ranges for enzyme
activities and metabolite levels. Affected ranges should be
established using positive control samples with a confirmed
genotype. An accepted practice is to verify previously
established reference ranges, which requires a smaller number
of samples (20 samples from an appropriately selected
reference population).40 Urinary galactitol should be normal-
ized to creatinine and compared with age-specific ranges
because of changes in creatinine, and possibly metabolite
excretion, with age. GALT, GALK, and GALE enzyme
activities and metabolite concentrations in unaffected controls
and affected patients are shown in Table 1a–c.

Testing personnel
Appropriate training and ongoing competency requirements for
laboratory personnel performing diagnostic testing for galacto-
semia must be established and documented. Personnel must
satisfy CLIA requirements for high-complexity testing and have,
at a minimum, an associate degree in a laboratory science or
medical laboratory technology from an accredited institution.
Additional specific requirements may apply in some states.

SAMPLE ANALYSIS
Sample preparation
The RBC hemolysate for measuring enzyme activity or
metabolites is prepared according to individual testing
protocols. Enzyme activity is expressed in U/g of hemoglobin
(Hb). Measurement of Hb content (mg/ml) in hemolysate is
performed using standard spectrophotometric protocols. For
accurate Gal-1-P quantification, RBCs should immediately be
separated from whole blood to avoid loss of Gal-1-P by
residual blood GALT enzyme, and washed with cold, normal
saline solution.
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Analytical methods
GALT assays
There are two widely used methods for measuring GALT
activity, one based on UDP-glucose (UDP-glu) consumption
and the second on UDP-galactose (UDP-gal) production.
In consumption assays, patient hemolysates are incubated
with UDP-glu and Gal-1-P, and the residual (unconsumed)
UDP-glu is measured by adding NAD+ and uridine
5′-diphosphoglucose dehydrogenase to form NADH. NADH
absorbs light at 340 nm; the increased absorbance is directly
proportional to residual UDP-glu concentration and inversely
related to GALT activity. For each sample, a blank is prepared
by omitting Gal-1-P from the reaction. Presence of endogen-
ous NAD+ can result in false-negative results, especially
concerning in newborns and infants in which erythrocytes’
NADase is not yet functioning. Preincubation of the sample
with NADase should obviate this problem.41 Because of this
possible confounder, the radioenzymatic assay is considered
more specific and sensitive particularly for different tissue
types that may vary in endogenous NAD+ concentrations.
Radioenzymatic assays directly measure the formation of

UDP-gal from a radiolabeled Gal-1-P substrate.42 Patient
hemolysates are incubated with UDP-glu and 14C-Gal-1-P at
37 °C for 10–30 min, then excess 14C-Gal-1-P is separated
from 14C-UDP-gal product by ion-exchange chromatography.
Radioactivity corresponding to each fraction is measured by
liquid scintillation counting or other means of radioisotope
detection. GALT activity is directly proportional to the
amount of 14C-UDP-galactose formed. This method is not
suitable for high throughput because it involves radioactive
material and is labor intensive.

Recently developed ultraperformance LC-MS/MS methods
can accurately and reliably measure UDP-galactose produc-
tion and GALT activity.43,44 These methods can be multi-
plexed and allow the simultaneous determination of enzyme
activity for all three galactosemia types with minimal sample
volume. This represents a significant improvement for
diagnostic testing.

GALK and GALE assays
GALK and GALE activity are traditionally measured by
monitoring production of 14C-Gal-1-P and 14C-UDP-glucose
from 14C-galactose and 14C-UDP-galactose respectively.
Weak cation exchange materials, such as diethylaminoethyl
cellulose (DEAE), are used for separation of radiolabeled
substrates and products. Recently, LC-MS/MS methods have
been developed to measure GALK and GALE activity in RBCs
and/or DBS using 13C-labeled substrate.43–45

Metabolite assays
Analogous to the GALT consumption assay, a two-step
enzymatic reaction followed by spectrophotometric detection
of NADH or NADPH can be used to measure Gal-1-P in
RBCs. Alkaline phosphatase releases galactose from Gal-1-P,
which is then oxidized by galactose dehydrogenase in the
presence of NAD+ or NADP+ to form NADH or NADPH
respectively.46 RBC Gal-1-P can also be directly measured by
stable isotope dilution gas chromatography/mass spectro-
metry (GC/MS).47,48 GC/MS methods are more sensitive
compared with enzymatic methods with a comparable linear
range. Galactitol in urine or RBCs can be measured using the
same GC/MS methodology.48,49

Table 1 Enzyme activity and metabolites’ concentration in galactosemias
Enzyme activity,

U/Hb (RBCs)
Gal-1-P,a mg/dl

(RBCs)
Galactose,a mg/dl

(RBCs)
Galactitol,a mmol/mol

Cr (urine)

(a) Classic galactosemia (G/G) and Duarte galactosemia (D/G)

Classic galactosemia (G/G) o0.20b 4.3–272c 90–360d 38–335c

54–909e

Duarte galactosemia (D/G) 3.2–7.9f

5.2 ± 2g
14.7–33.8f NR 54–172f

Unaffected controls 15.9–26.4f

15.4–32.2b

27.4 ± 8g

o1h 0–4.3i 29 ± 23h

(b) Galactokinase (GALK) deficiency

GALK deficiency 0–0.15i NR 160 ± 94i 11,724± 4,496i

Unaffected controls > 1.2i NR 0–4.3i 29 ± 23h

(c) Galactose-4-epimerase (GALE) deficiency

GALE deficiency 0.04–0.44j

0.0–8.0k
30–170k NR Elevated

Unaffected controls 2.3–12.7j

17.1–40.1k
o1h 0–4.3i 29 ± 23h

NR, not reported; RBCs, red blood cells.
aThe concentrations listed are from treated and untreated patients. See references for specific details. bRef. 43. cRef. 19. dRef. 12. eRef. 51. fRef. 1. gRef. 13. hRef. 20.
iRef. 24. jRef. 44. kRef. 26.
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Molecular testing
Targeted testing for common pathogenic variants in GALT is
frequently performed; however, if this testing is inconsistent
with biochemical findings, GALT gene sequencing or gene-
targeted deletion/duplication testing is appropriate and useful
in the interpretation of equivocal biochemical testing results.
For example, since heterozygotes for classic galactosemia
(G/g), Duarte variant homozygotes (D2/D2), or LA variant
galactosemia (D1/G) all have approximately 50% of the
normal enzyme activity, molecular testing can distinguish
between these three different allele combinations. Since the
D1 variant is not associated with decreased GALT activity,
this allele should be reported as benign when detected.12

Molecular testing of the proband, along with follow-up
parental testing, identifies the GALT alleles present in the
family and allows for a more accurate risk assessment of a
couple having a child with classic galactosemia than
biochemical testing alone.
Full-gene sequencing followed by gene-targeted deletion/

duplication testing, rather than targeted mutation testing, is
typically performed for GALE and GALK.26

Quality control
A positive (affected) and negative (normal) control should be
included in each batch of patient samples for all enzyme
assays.39 Given the relatively high volume of RBCs needed,
positive (low enzyme activity) and negative (normal enzyme
activity) controls are usually prepared using pools of RBCs.
Positive controls can be heat inactivated prior to use. For
metabolite quantification, at least two control concentrations
should be included in each analytical run. Acceptable ranges
for quality controls (QCs) should be established prior to their
use for clinical testing with at least 20 (ideally 30) data points
obtained in different runs on different days. Criteria for
acceptance or rejection of quality controls, and remedial
procedures for failed QCs, should be defined in the laboratory
protocol. QC material should be stored in aliquots at –20 °C
or lower. Periodic review of QCs and QC activity should be
performed by the laboratory supervisor and/or director.

Proficiency testing
Proficiency testing for galactosemia enzymes and metabolites
should be carried out at least twice per year.39 Currently, there
are no external proficiency testing programs for galactosemia
(enzymes or metabolites). The Clinical and Laboratory
Standards Institute and the CAP suggest alternative profi-
ciency testing approaches such as interlaboratory sample
exchange or internal testing (reanalyzing previously tested
material in a blind fashion).

TEST INTERPRETATION AND REPORTING
Interpretation
Enzyme activity
Reduced GALT activity should be interpreted in the context
of historical and concurrent unaffected control samples. A
reduced GALT activity of ≤ 3% of normal is usually

diagnostic of classic galactosemia (Table 1a). The GALT
activity of DG (D2/G) galactosemia patients is approximately
25% of controls, while the activity of heterozygotes for classic
galactosemia (G/g), Duarte variant homozygotes (D2/D2), or
LA variant galactosemia (D1/G) is approximately 50% of the
normal activity. Heterozygotes for the Duarte (D2) allele
usually have 75% of normal enzyme activity and may not
always be distinguishable from normal controls or carriers
based solely on enzyme activity. Carriers of the LA variant
(D1) have normal to supranormal enzyme activity. Molecular
testing, targeted or full-gene sequencing and gene-targeted
deletion/duplication testing, is useful in confirming the
diagnosis, and should be correlated with biochemical results
whenever possible. GALK activity in galactokinase-deficient
patients varies from zero to approximately 10% of normal24

(Table 1b). UDP-galactose-4′-epimerase (GALE) deficiency
can be limited to erythrocytes (peripheral form), the cells
usually tested, or also affect the liver and other tissues
(generalized form) (Table 1c). Given the different
presentations DNA sequencing analysis of the GALE gene
may help to determine the clinical significance of deficient
GALE activity.

Metabolites
Untreated patients with classic galactosemia have markedly
elevated RBC Gal-1-P concentrations (Table 1) that decrease
rapidly upon elimination of galactose from the diet. Gal-1-P is
routinely used to monitor response to therapy and dietary
compliance. It usually takes 2–3 months for Gal-1-P to fall
within the therapeutic range (2–4 mg/dl).50 Patients with DG
galactosemia often show elevated Gal-1-P in the first weeks of
life, even up to 30–40 mg/dl, after which concentrations
normalize without dietary intervention. The combination of
endogenous production51 and dietary intake of galactose with
the reduced enzyme activity may underlie this transient
elevation of Gal-1-P. Galactitol accumulates in tissues and is
excreted in the urine of patients with different forms of
galactosemia. Baseline values of galactitol differ greatly
between patients and may be affected by age and body mass.
Early studies demonstrated that, although both urinary
galactitol and Gal-1-P are greatly increased in patients with
classic galactosemia, urinary galactitol may be a better marker
of dietary compliance;20,48,49,52 however, the clinical utility of
galactitol for managing patients with classic galactosemia is
still considered limited.23

Reporting
Written reports should follow appropriate guidelines (ACMG
Standards and Guidelines for Clinical Genetics Laboratories,
Section C 2.4, 2.4.1, and 2.4.2 and CLIA) and include patient
and specimen information as given, enzyme activity or
metabolite concentrations, units of measure, a reference
range, and an interpretation. For molecular test reports,
variants identified by common mutation panels or by full-
gene sequencing and gene-targeted deletion/duplication
analysis should be interpreted according to ACMG
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guidelines.53 Recommendations for follow-up, including
referral to a metabolic specialist, should also be included
when appropriate.
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