
INTRODUCTION

Galactosemia is an autosomal recessive disorder of carbohydrate metabolism caused by a deficien-
cy in one of the galactose-metabolizing enzymes. These enzymes include galactokinase (GALK), galac-
tose-1-phosphate (Gal-1-P) uridyltransferase (GALT), uridine diphosphate (UDP)-galactose 4-epimerase 
(GALE), and galactose mutarotase (GALM)1,2.

Newborns with galactosemia typically appear healthy at birth, but within days or weeks of ingesting 
breast milk or formula containing lactose, they develop symptoms of systemic galactose toxicity, includ-
ing vomiting, diarrhea, failure to thrive, liver and kidney dysfunction, and sepsis. Without intervention, 
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this can result in a potentially lethal condition. Early dietary restriction of galactose is essential to pre-
vent severe liver dysfunction and sepsis and to reverse major morbidities. Newborn screening (NBS) for 
galactosemia1,3,4enables timely diagnosis and intervention, significantly reducing early neonatal compli-
cations and mortality, thus meeting the Wilson and Jungner criteria5.

Screening tests for galactosemia markers have been available since the 1960s, and since then, NBS 
for galactosemia has been implemented in many countries, either through government programs or 
non-governmental initiatives6,7. However, some countries have excluded it from their screening panels 
due to the high cost and the persistence of long-term complications despite early diagnosis through NBS 
and dietary restriction4.

In this narrative review, we describe the pathophysiology of galactosemia and analyze studies on 
NBS, with a focus on the principles, strategies, and performance metrics of these programs.

GALACTOSE METABOLISM

The disaccharide lactose, found in breast milk and infant formula, is a key energy source for infants. 
Galactose is absorbed by enterocytes in the small intestine and actively transported across the brush 
border membrane by the sodium–glucose cotransporter 1. From there, it enters the liver via the portal 
vein and is taken up by hepatocytes through the glucose transporter 2 transmembrane carrier protein. 
Approximately 88% of ingested galactose is retained in the liver, with the remainder being distributed to 
various other tissues1,8. The conversion of galactose to glucose, which produces energy or supports the 
biosynthesis of complex molecules, occurs via the enzymes of the Leloir pathway1. Galactose from both 
dietary intake and endogenous synthesis is metabolized by four enzymes active in the Leloir pathway: 
GALT, GALK, UDP-GALE and GALM9,10.

In the Leloir pathway, β-D-galactose is epimerized to α-D-galactose by the action of GALM, which is 
then converted to galactose-1-phosphate (Gal-1-P) by GALK. In the presence of GALT, Gal-1-P reacts with 
UDP-glucose to form UDP-galactose (UDP-Gal) and glucose-1-phosphate (Glc-1-P). UDP-galactose is sub-
sequently converted into UDP-glucose by GALE. The UDP-glucose is then recycled in the pathway. Glc-
1-P produced in this process can either enter the glycolytic pathway or react with UTP in the presence of 
UDP-glucose pyrophosphorylase to form a new molecule of UDP-glucose (Figure 1). This pathway plays 
a crucial role in converting D-galactose to Glc-1-P for entry into glycolysis and also supplies UDP-galac-
tose for the galactosylation of carbohydrates and lipids.

Figure 1. Leloir pathway and alternative pathways of galactose metabolism. Enzymes involved: galactose-1-phos-
phate uridyltransferase (GALT), galactokinase (GALK), UDP-galactose 4-epimerase (GALE), and galactose mutaro-
tase (GALM).
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There are three accessory pathways of galactose metabolism (Figure 1): the reductive pathway, in 
which D-galactose is reduced to galactitol by aldose reductase; the oxidative pathway, where D-ga-
lactose is oxidized to galactonate by galactose dehydrogenase; and the pyrophosphorylase pathway, 
where, through the sequential activities of GALK and GALE, UDP-glucose/galactose is converted into 
Glc/Gal-1-P10.

In cases of enzyme deficiencies in the Leloir pathway, the prevalence of these alternative pathways 
leads to the accumulation of galactitol and galactonate, which exert toxic effects in various tissues1,10.

HEREDITARY GALACTOSEMIA

Hereditary galactosemia is caused by defects in the Leloir pathway enzymes, leading to four distinct 
types: type I results from GALT deficiency, type II from GALK deficiency, type III from GALE deficiency, 
and type IV from GALM deficiency. The key features of hereditary galactosemia are described in Table 
1. Non-hereditary galactosemia can result from disruptions in various steps of galactose metabolism, 
such as in portosystemic shunt, liver dysfunction, cholestasis, and other metabolic disorders, such as 
Fanconi-Bickel syndrome11.

GALT DEFICIENCY

Galactosemia type I, caused by GALT deficiency, is classified into three forms based on residual enzyme 
activity: classic galactosemia (CG), clinical variant galactosemia, and biochemical variant galactosemia. 
The incidence of CG, the most severe form, is approximately 1 in 60,000 live births in the general pop-
ulation. The highest incidence is among Caucasians (1:47,000), ranging from 1:16,000 to 1:44,000 in 
infants in the UK and Ireland4. Ireland has the highest incidence of CG (1:16,476), particularly in the Irish 
Travelers’ ethnic group, while Sweden reports the lowest incidence (1:100,000)12,13. A very low incidence 
is also reported in Japan (1:788,000)4. In the USA, the incidence ranges between 1:30,000 and 1:60,000 
live births14. In the UK, where CG is often identified incidentally during NBS for phenylketonuria due to 
elevated phenylalanine and tyrosine, the incidence of CG is similar to that in other European and west-
ern countries, at about 1:38,621 live births15.

CG is caused by a complete or profound loss of GALT activity, resulting from mutations in the GALT 
gene located on chromosome 9p13. The most common mutation in CG among Caucasians is p.Q188R, 
which substitutes a strictly conserved glutamine with arginine at residue 188 of the GALT protein. The 
second most common mutation of European origin is c.855G>T in exon 9, resulting in p.K285N10. GALT 
normally converts Gal-1-P and UDP glucose (UDP-Glc) to UDP-Gal and Glc-1-P in a double-displacement 
reaction1,10. In CG, residual GALT activity is below 1% of normal, leading to an inability to metabolize 
Gal-1-P, which accumulates in the liver, kidneys and brain, causing multi-organ toxicity. Symptoms be-
gin to manifest a few days after birth when infants ingest breast milk or lactose-containing formulas. 
These symptoms include vomiting, diarrhea, jaundice, lethargy, hypotonia, hepatomegaly, and liver 
dysfunction. Continued galactose accumulation leads to cataracts, liver damage, abnormal bleeding, 
gram-negative sepsis, and pseudotumor cerebri. Complete removal of lactose from the diet and the use 
of soymilk formulas improve acute symptoms and prevent fatal outcomes16. However, despite appropri-
ate dietary treatment, individuals with CG often experience medium- to long-term complications, such 
as cognitive impairment, movement disorders, and primary ovarian insufficiency in females17. Elevated 
erythrocyte Gal-1-P levels, urinary galactitol, and the identification of biallelic pathogenic variants in the 
GALT gene confirm the diagnosis of CG. Gal-1-P concentrations despite falling upon diet implementa-
tion, never normalize.

In clinical variant galactosemia, residual GALT activity is between 1% and 10–15% of normal. This 
form is primarily observed in African–Americans and native Africans. The most frequent genotype is 
homozygosity for the c.404C>T/p.(Ser135Leu) variant in the GALT gene, which reduces GALT activity in 
erythrocytes but maintains activity as high as 12% in the liver and intestines. Unlike CG, clinical variant 
galactosemia does not typically result in long-term complications despite dietary restrictions1,18. 

The biochemical variant of galactosemia, with residual enzyme activity >15% of normal, has two 
forms: D1 (the Los Angeles/LA variant) and D2 (Duarte galactosemia [DG]). The incidence of biochem-
ical variant galactosemia, including Duarte variant, is about 1 in 4,000, roughly 10 times higher than 
CG12. The D1 variant, defined by the c.940A>G/p.(Asn314Asp) mutation in cis with c.652C>T/p.(Leu218=), 
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Abbreviations – GALT: galactose-1-phosphate uridyltransferase; GALK: galactokinase; GALE UDP: galactose-4-epimerase; GALM: galactose mutarotase; RBC: red blood cells; WBC: white blood cells.

Table 1. Key features of hereditary galactosemia. 

TYPE - 	 Enzyme 	 Clinical clues	 Incidence	 Newborn	 Main	 Diagnostic
  OMIM	   deficiency			     screening	   laboratory	   confirmation
				      results	   abnormalities
					   
Type  I -	 GALT	 Classic - Absent or barely detectable GALT 	 1:60.000	 ↑ Total galactose	 ↑↑ plasma galactose 	 ↓ RBC GALT enzyme
  230400		    activity. Severe neonatal symptoms, 		  ↓ GALT 	 ↑ ↑↑ urine galactitol	   activity
		    long term complications			   ↑↑↑ RBC galactose-	 GALT mutation analysis
		  Clinical variant - Residual GALT activity. 			       1-phosphate  
		    Less severe neonatal symptoms, lower risk 
		    of long-term complications 				  
		  Biochemical variant - Residual GALT activity. 	 1:4.000
		    Asymptomatic
Type II -	 GALK	 Less severe than Classic galactosemia, 	 1:100.000	 ↑ Total galactose	 ↑↑ plasma galactose 	 ↓ RBC GALK enzyme activity
  230200		    cataract is the most common manifestation		  Normal GALT	 ↑ ↑↑ urine galactitol	 GALK mutation analysis
					     Normal or↓RBC galactose-
					       1-phosphate  
TYPE III -	 GALE	 Generalized - Very low or absent GALE activity. 	 1:70.000	 ↑ Total galactose	 ↑ plasma galactose 	 ↓ RBC GALE enzyme activity
  230350		  Clinical features similar to those 		  Normal GALT	 ↑ urine galactitol	 GALE mutation analysis
		    of GALT deficiency 			   ↑RBC galactose-1-phosphate 
		  Peripheral - Enzyme activity deficient in RBC 
		    and WBC, normal or near normal in other 
		    tissues. Asymptomatic				  
	 	 Intermediate - Enzyme activity deficient in RBC 
		    and WBC and less than 50% of normal in other 
		    tissues. Asymptomatic				  
TYPE IV- 	 GALM	 Symptoms similar to those of type II	 1:228.000	 ↑ Total galactose	 ↑↑ plasma galactose	 ↓ RBC GALM enzyme activity
  618881		    galactosemia, such as bilateral cataracts		  Normal GALT 	 ↑ urine galactitol	 GALM mutation analysis
					     Normal RBC galactose-
					       1-phosphate  
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results in normal or slightly elevated erythrocyte GALT activity. In contrast, the D2 variant involves 
the c.940A>G variant on the same allele as three intronic variants (c.378-27G>C, c.507+62G>A, c.508-
24G>A) and a four-base deletion in the promoter region (5’UTR-119_-116delGTCA), leading to reduced 
GALT enzymatic activity. Heterozygotes for the Duarte allele have 75% of normal GALT activity, while 
homozygotes have 50%, and compound heterozygotes for the Duarte allele and a CG allele have 25% 
activity in red blood cells10. Symptoms in these individuals are typically much milder, and dietary inter-
vention is usually unnecessary16.

GALK DEFICIENCY

Galactosemia Type II is a rare autosomal recessive disorder caused by mutations in the GALK1 (17q24) 
and GALK2 (15q.21.1-q21.1) genes, which encode GALK. This enzyme converts α-D-galactose to Gal-1-P. 
More than 30 different mutations have been identified in patients with GALK deficiency. The prevalence 
of GALK deficiency ranges from 1 in 50,000 to 1 in 2,200,000. In the USA, the incidence is approximately 
1 in 100,000 newborns19.

The phenotype of Galactosemia Type II is generally less severe than that of CG or galactosemia type 
III. GALK deficiency typically does not cause dramatic symptoms in the early weeks or months of life; 
cataracts are the most common manifestation of the disease. Pseudotumor cerebri can occur due to in-
creased cerebrospinal fluid osmotic pressure resulting from elevated galactitol levels. Additional clinical 
features include unexplained hyperbilirubinemia, elevated transaminases in the early neonatal period, 
encephalopathy, bleeding diathesis, microcephaly, failure to thrive, seizures, bilateral deafness, hypo-
glycemia, hypercholesterolemia, and hepatomegaly. Heterozygous carriers of GALK deficiency are at an 
increased risk of developing presenile cataracts19,20. A diagnosis of GALK deficiency is confirmed by the 
absence of GALK activity in erythrocytes or fibroblasts; Gal-1-P is not elevated21.

GALE DEFICIENCY

Galactosemia type III, or GALE deficiency, is caused by mutations in the GALE gene (1p36), which en-
codes the UDP-Gal 4-epimerase enzyme. This enzyme catalyzes the final step of the Leloir pathway, 
converting UDP-Gal to UDP-Glc and vice versa. GALE deficiency presents in several forms: severe gen-
eralized, mild peripheral, and intermediate22. The incidence of GALE deficiency, including all forms, is 
about 1 in 70,000 in European infants and 1 in 6,700 in African–American infants12,14.

The generalized form is associated with very low or completely absent GALE activity and manifests 
clinical features similar to those of GALT deficiency, including nervous deafness and hypotonia. It is as-
sociated with modestly elevated blood total galactose and Gal-1-P levels. Symptoms are improved by 
restricting galactose in the diet. However, dietary restriction is less effective in GALE deficiency than in 
other types of galactosemia, as GALE also plays a role in converting UDP-N-acetylgalactosamine and 
UDP-N-acetylglucosamine, a process not addressed by galactose restriction. Longer-term complications 
in patients with generalized GALE deficiency may include short stature, developmental delay, sensori-
neural hearing loss and skeletal anomalies23.

In contrast, newborns with mild peripheral or intermediate forms of GALE deficiency generally re-
main clinically asymptomatic, even on a regular milk diet, and are often identified only through bio-
chemical testing in NBS programs. In the peripheral form, enzyme activity is deficient in red blood cells 
and white blood cells but is normal or near normal in other tissues. In the intermediate form, enzyme 
activity is deficient in red blood cells and white blood cells and less than 50% of normal in other tissues22.

GALM DEFICIENCY

Galactosemia type IV, or GALM deficiency, is a relatively newly discovered disorder caused by bi-
allelic mutations in the GALM gene. These mutations lead to dysfunction of the GALM enzyme, 
which catalyzes the first step of the Leloir pathway, supporting the equilibrium between the α- and 
β-anomers of D-galactose. The incidence of GALM deficiency is estimated to be 1 in 228,411 across 
all populations, 1 in 80,747 in the Japanese population, and highest at 1 in 10,388 in the African 
population24.
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In type IV galactosemia, galactose levels are elevated, but Gal-1-P levels remain unchanged. Patients 
may exhibit symptoms similar to those of type II galactosemia, such as bilateral cataracts, though gastro-
intestinal symptoms or severe liver dysfunction are absent4,25. The natural history of the disease is not 
yet fully understood. Galactose intake was restricted in all reported patients, though some were able to 
discontinue dietary restrictions at follow-up, possibly due to the natural reduction in lactose intake with 
age, allowing for spontaneous equilibrium in older patients. Severe complications, such as neurological 
symptoms, have not been reported when early treatment with a galactose-restricted diet is initiated.

NEWBORN SCREENING FOR GALACTOSEMIA

The primary goal of NBS is to identify disorders that pose a threat to life or long-term health before 
symptoms arise, allowing for early diagnosis and intervention to prevent death or disability and enabling 
children to reach their full potential. Robert Guthrie’s unforgettable intuition led to the introduction of 
mass screening for phenylketonuria using dried blood specimens (DBS), which formed the basis for the 
comprehensive screening programs conducted worldwide today for endocrine, cystic fibrosis, immuno-
logical, and neurological disorders. A growing number of inborn errors of metabolism are now screened 
using a single blood spot via tandem mass spectrometry (MS/MS)26-29.

The number of disorders included in NBS programs varies worldwide and evolves over time, influ-
enced by healthcare organizations, funding, local politics, and ongoing debates about appropriateness. 
Some NBS programs have excluded galactosemia due to high costs relative to the incidence of the 
disease and the fact that early diagnosis through NBS does not entirely prevent long-term complica-
tions4,30. Nevertheless, studies on cost-effectiveness, non-trial literature, as well as ethical consider-
ations, support the appropriateness of NBS for galactosemia31,32.

In the USA, CG is included in the list of disorders recommended by the Secretary of the Department 
of Health and Human Services as part of state NBS services. Since 2004, essentially all infants have been 
screened for galactosemia through the combined efforts of state NBS programs14,29. According to a re-
cent survey by the International Society for Neonatal Screening, which collected data from 51 nations 
in Europe, NBS for galactosemia is included in the screening panel in 17 countries and performed on a 
regional or pilot program basis in 3 countries27.

The UK does not recommend screening for galactosemia, and cases of CG detected through NBS are 
typically identified incidentally based on elevated phenylalanine and tyrosine levels during screening for 
phenylketonuria15.

In Italy, the first screening programs date back to the 1980s, but galactosemia was officially included 
in the extended neonatal screening panel following a 2016 national law. Today, NBS for galactosemia is 
offered to all newborns through 16 regional and inter-regional programs28,33-35.

All principles of NBS are intended to apply to galactosemia screening, including the selection of 
appropriate biomarkers, the strategy for screening, the application of cut-off values to ensure optimal 
sensitivity and specificity, and the organization of the program to respect the turnaround time required 
for preclinical diagnosis.

SCREENING TEST

The biomarkers used for galactosemia screening include accumulated galactose due to disrupted metabo-
lism and GALT activity. GALT activity specifically serves as a biomarker for type I galactosemia. It can be used 
when the goal is to screen exclusively for this type of defect or as a second-level test. Since the 1960s, at least 
two Escherichia coli metabolite inhibition tests were developed to detect elevated galactose, as well as tests 
to measure GALT activity in DBS6,36,37. The subsequent development of assays based on enzymatic reactions 
coupled with spectrometric or fluorescent detection allowed for faster, less cumbersome, and high-through-
put methods, making the inclusion of galactosemia in large-scale screening programs feasible.

Currently, the quantification of total galactose (TGAL), which is the sum of galactose and Gal-1-P, is 
performed using an enzymatic assay that degrades the galactose present in the sample. In the fluores-
cent method using galactose oxidase, a series of enzymatic reactions produce a fluorescent product 
directly proportional to the TGAL contained in the DBS. Specifically, galactose oxidase generates hy-
drogen peroxide during the oxidative reaction, and the resultant hydrogen peroxide is detected by a 
horseradish peroxidase-catalyzed reaction (Figure 2)38.
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The measurement of GALT activity in DBS is an adaptation of the semi-quantitative assay developed 
by Beutler and Baluda6. A 3 mm DBS punch is incubated with a cocktail containing Gal-1-P, UDP-Glc 
and NADP+. One of the enzymatic products of GALT, Glc-1-P, is then converted to 6-phosphogluconate 
through a series of endogenous enzymes, including phosphoglucomutase-1 (PGM1), glucose-6-phos-
phate dehydrogenase (G6PD), and 6-phosphogluconate dehydrogenase (6PGD). During this stepwise 
process, nonfluorescent NADP+ is converted to fluorescent NADPH. GALT activity is thus quantified 
indirectly by measuring the fluorescence signal of NADPH (Figure 3)39.

Currently, TGAL and GALT measurements cannot be multiplexed, unlike markers for other met-
abolic diseases that are assayed using MS/MS. Therefore, one DBS punch per sample is required. 
A multiplex assay using liquid chromatography-tandem mass spectrometry for screening GALT de-
ficiency alongside X-linked adrenoleukodystrophy and biotinidase deficiency has been described, 
and a sensitive, quantitative method for determining GALT activity by liquid chromatography-tan-
dem mass spectrometry has been recently validated40,41. Additionally, a method to measure Gal-1-P 
via MS/MS, which can be easily multiplexed into current expanded NBS tests, has also been de-
scribed42. Gal-1-P is a key pathogenic agent in galactosemia. It is elevated in patients with galacto-
semia due to GALT or GALE deficiency, and therefore is a suitable analyte for both diagnosis of the 
disease and monitoring dietary compliance. The measurement of Gal-1-P measurement using MS/
MS represents a significant improvement for diagnostic testing as it offers several advantages; it is 
rapid, simple, can be multiplexed, and easily integrates the analysis in the existing workflow, with 
minimal adjustments, and reduced reagent use. 

Interestingly, in a large cohort of routine NBS stored samples, including positive confirmed galactose-
mia samples, all affected newborns were identified with a clear distinction from normal samples, based 
on GALT activity42. Comparable results were obtained in a larger pilot study of archived NBS samples 
conducted in Israel, where GAL-1-P was measured by flow injection analysis using MS/MS. In this study, 
five false positives and no false negatives were reported. The results of the study led to changes in the 
screening algorithm, which now includes Gal-1-P measurement in the routine MS/MS as the first-tier 
screening test, and GALT enzyme activity used as the second-tier43. 

Figure 2. Determination of total galactose using a fluorescent galactose oxidase method. Enzymes involved: 
alkaline phosphatase (AP), galactose oxidase (GAO), horseradish peroxidase (HRP), D-galacto-hexadialdose (GHD), 
and 10- Acetyl-3,7-dihydroxyphenoxazine (ADHP).
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NEWBORN SCREENING PROGRAM STRATEGIES

The two primary biomarkers used in NBS for galactosemia are TGAL and GALT enzyme activity. These 
can be used as single tests or, more commonly, in combination within a two-tier setup. Some programs 
use a single-tier approach, measuring either TGAL or GALT activity. Others use a two-tier approach, 
measuring TGAL as the primary marker and GALT as the second-tier test, while some programs measure 
GALT activity first and use TGAL as the second-tier test. The choice of screening protocol results in dif-
ferent outcomes.

In a single-tier approach using GALT, a profound enzyme deficiency would suggest type I galacto-
semia, and depending on the cut-off values, biochemical variant galactosemia (with reduced GALT ac-
tivity) may also be identified. Screening protocols that rely on TGAL determination as the first tier will 
identify all four types of hereditary galactosemia. Depending on the cut-off, this method can also detect 
biochemical variant forms and heterozygous CG carriers. Additionally, this approach may identify sec-
ondary causes of galactose elevation, such as congenital hepatitis, congenital hepatic arteriovenous and 
portosystemic shunts, delayed hepatic maturation, or hepatic dysfunction seen in metabolic disorders, 
such as type I tyrosinemia, citrullinemia type II and Fanconi–Bickel syndrome44.

Each assay has advantages and disadvantages. The TGAL assay is faster since it does not require 
incubation. Regardless of whether TGAL or GALT is used in a single-tier approach, NBS should not miss 
CG, the most severe and clinically relevant form, which is the primary objective of each screening pro-
gram. However, falsely normal GALT activity may occur in samples collected after blood transfusions, 
while falsely low TGAL results may be found in newborns who have not yet been fed lactose or are on 
parenteral nutrition.

A key challenge in NBS for galactosemia, as in all screening programs, is minimizing false-positive re-
sults. Falsely low GALT activity can occur if DBS samples are exposed to high temperatures or humidity 
during handling and transport or in newborns with enzyme deficiencies affecting GALT assays, such as 

Figure 3. Determination of GALT activity according to the Beutler method. Enzymes involved: galactose-1-phos-
phate uridyltransferase (GALT), phosphoglucomutase (PGM), glucose-6-phosphate dehydrogenase (G6P-DH), and 
6-phosphogluconate dehydrogenase (6PGD).
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PGM1 deficiency, G6PD deficiency, and 6PGD deficiency44,45 On the other hand, elevated TGAL levels can 
be found in all four types of hereditary galactosemia, as well as in non-hereditary cases.

To achieve a more selective screening, most programs use a two-tier approach, measuring GALT in 
samples flagged due to elevated TGAL or measuring TGAL in samples with low GALT activity. The use 
of second-tier tests has been shown to improve the positive predictive value (PPV) in other screening 
programs46.

Studies on NBS strategies for galactosemia demonstrate significant variability across different pro-
grams worldwide. The most common strategy, employed in Germany, Ireland, Hungary, Austria, New 
England, Italy and Taiwan, involves measuring TGAL with an enzymatic/fluorometric assay as the pri-
mary marker and GALT activity as the second-tier test14,28,30. In Italy, since the introduction of extended 
NBS through national regulation, all regional programs have used TGAL measurement via a quantitative 
fluorometric assay as the first tier, with some also measuring GALT activity as a second tier. In Sweden, 
Japan, USA and The Netherlands, GALT activity is used as the primary marker, with TGAL measurement 
as the second-tier test13,14,25,47. The Swedish program measures GALT activity first, followed by a rapid, 
semi-quantitative test for TGAL on the same day, with a confirmatory Gal-1-P test performed the next 
day13. The Dutch Health Council recommends including GALK deficiency in NBS, as it can be suspected 
when TGAL is elevated but GALT activity is normal48.

In Galicia, the program first measures Gal-1-P via MS/MS, with urine-reducing substances as the sec-
ond step (to detect GALK deficiency) and confirmation by thin-layer chromatography as the third step49. 
Denmark and some screening laboratories in Germany also use only Gal-1-P measurement by MS/MS42.

In the USA, where CG is the primary focus of NBS, all programs measure GALT activity as the primary 
marker, though some also measure TGAL in samples flagged due to borderline, low, or absent GALT ac-
tivity14. In the Canadian province of Alberta, NBS for galactosemia was recently introduced, with GALT 
used as the primary marker and TGAL as the second tier50 (Table 2).

Table 2. Strategies of galactosemia screening programs.

Country (reference)	 Primary marker	 Second tier

USA14	 GALT	 TGAL*
Greece30	 TGAL	
Ireland12	 TGAL	
Hungary30	 TGAL	 GALT
Austria30	 TGAL	 GALT
Sweden13	 GALT	 TGAL
		  Gal-1-P 
The Netherlands47,48	 GALT	 TGAL
Israel43	 Gal-1-P MS/MS	 GALT
Galicia (Spain)53	 Gal-1-P MS/MS	 Reducing substances in urine
Italy28	 TGAL	 GALT *
Germany30,42	 TGAL 	 GALT
Japan25,30	 GALT	 TGAL
New Zealand51	 TGAL	
Taiwan55	 TGAL	 GALT

*Not in all programs.

Regardless of the chosen marker or sequence, a crucial aspect of any screening program is deter-
mining appropriate cut-off values to report abnormal GALT activity or TGAL concentration. The cut-offs 
must ensure that no affected individuals are missed (maximizing sensitivity), while limiting the num-
ber of negative test results from confirmatory tests (maximizing specificity). Cut-off values are defined 
based on epidemiological and statistical data and are continually reviewed and adjusted to improve 
assay specificity without compromising sensitivity, so changes over time are expected.
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Laboratories vary in their TGAL cut-off values, which range from 5 to 20 mg/dL44. It is assumed that 
normal infants ingesting lactose may have blood galactose levels up to 8–10 mg/dL. In most infants with 
CG, TGAL levels exceed 20 mg/dL, though missed cases with TGAL as low as 9 mg/dL have been report-
ed44,51. Programs with cut-offs between 8 and 15 mg/dL will not miss cases of CG but may also identify 
cases of DG.

GALT activity cut-off values also vary worldwide, either expressed as a reference range or as a 
percentage of normal control. In the USA, GALT cut-offs range from 2.5 to 4.3 U/dL or 1.7 to 3.1 
U/gHb14. In Sweden, where the focus of NBS for galactosemia is CG, the GALT activity cut-off was 
lowered from 30% to 15% in 199213. In Israel, where GALT activity is used as a second-tier test to 
avoid false positives, the cut-off was lowered from 3 to 2.4 U/gHb, while in Germany, the cut-off is 
2.5 U/dL43,52.

An evaluation of clinical data from the Dutch NBS program demonstrated that lowering the GALT cut-
off from 2.7 to 2.0 U/dL improved specificity for CG screening, as GALT activities in CG cases were <0.8 
U/dL, while Duarte variants had GALT activities between 0.8 and 2.7 U/dL47. Applying higher TGAL and 
lower GALT cut-offs will focus on detecting CG, while more conservative cut-offs may also detect GALT 
deficiency variants and secondary galactosemia. Most programs apply different cut-offs: a “panic” cut-
off, where GALT or TGAL values trigger an immediate referral to a metabolic clinic, and a “borderline” 
cut-off, which triggers retesting14,44.

Performance indicators used to assess and compare screening tests, both over time and across dif-
ferent programs, include the PPV, detection rate, and false-positive (FP) rate.

Several factors affect the performance of NBS for galactosemia, including the choice of primary 
marker (with or without a second-tier test), the applied cut-off values, and whether or not to include DG 
in the definition of positive cases.

The reported FP rate for galactosemia NBS ranges from 0.0005% to 0.25%30. The lowest FP rate 
comes from the Swedish program, which uses a two-tier approach13. In the USA, NBS programs that 
use both GALT activity and TGAL levels report a higher median FP rate than those that rely solely on 
GALT activity, which may reflect the detection of secondary galactosemia. The PPV for galactosemia 
NBS varies from 0.9% to 64.3% (average 8.1%), with the highest value reported by the Swedish pro-
gram13,30.

In the Galician region, a PPV of 55.5% and of 84.23% has been reported for galactosemia and for dis-
eases screened through MS/MS, respectively53. In The Netherlands, the PPV ranges from 3.2% to 6.3%54, 
while in New Zealand, it is 7.4%51. In Italy, the PPV is 2.5%, as described in the annual report of the Italian 
Society for the Study of Hereditary Metabolic Diseases and Neonatal Screening55. A recent study from 
Taiwan reported a PPV of 16.3%56.

In the Alberta screening program, the PPV was 79% when clinical and Duarte variants of galactose-
mia were included, but it dropped to 7% when only CG was considered. This underscores the value of 
second-tier testing, which significantly improves PPV. In the Alberta study, without a second-tier test, 
the PPV would have been 0.8% excluding variant galactosemias and 8% including them50. 

CONCLUSIONS

The dramatic impact of early diagnosis and treatment on reducing the mortality and morbidity associ-
ated with galactosemia justifies its inclusion in NBS programs. However, significant heterogeneity exists 
in its inclusion across government and non-government programs worldwide. Some programs exclude 
galactosemia screening, arguing that it is impossible to prevent all complications, even with early diag-
nosis, and citing the high-cost relative to the disease’s incidence. Conversely, other programs support 
screening despite the very low incidence in their populations. 

Total galactose and GALT activity are the tests employed for galactosemia newborn screening, 
used as a single test or with a two-tier approach in the various programs worldwide. Regardless of 
the strategy employed the positive predictive value of newborn screening for galactosemia remains 
low.

There is no doubt that adjusting algorithms and cut-offs, applying tandem mass spectrometry to 
galactosemia screening, and utilizing second-tier molecular analyses will enhance the effectiveness of 
these programs. However, based on numerous studies, NBS for galactosemia remains appropriate and 
valuable.
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