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A B S T R A C T   

Background: Galactosemia was introduced into Taiwan’s routine newborn screening (NBS) program in 1985. This 
study presents a 12-year experience, emphasizing disease diagnosis and screening performance. 
Method: NBS for galactosemia utilized dried blood spot samples taken 48–72 h post-delivery, with total galactose 
(TGal) level as the primary marker. Newborns with critical TGal levels were referred immediately, while those 
with borderline TGal underwent a recall test. GALT activity measurement was applied simultaneously as the 
second-tier marker. Further confirmatory tests, such as whole exome sequencing (WES), were conducted upon 
referral. 
Results: From January 1st, 2011, to December 31st, 2022, 51 cases were identified from 817,906 newborns. Of 
these, nine individuals had persistently elevated TGal. Diagnoses included one case of GALT deficiency, one of 
GALM deficiency, and seven of GALE deficiencies. Notably, the classic galactosemia patient (GALT deficiency) 
presented with extreme high TGal and was referred to the hospital for diet management immediately. All affected 
patients were instructed to adopt a galactose-restricted diet. By the median age of 2.5 years, all exhibited normal 
development and liver function. 
Conclusion: The incidence of classical galactosemia and its variants is extremely low in Taiwan. Incorporating 
WES into NBS has improved our ability to detect various galactosemia forms, enriching our understanding of the 
genetic underpinnings. While these newly discovered forms often present with milder initial elevations in TGal, 
specific biochemical investigations and regular monitoring are essential to understanding the long-term impli-
cations and outcomes.   

1. Introduction 

Galactosemia is an inherited disorder affecting the carbohydrate 
metabolism of galactose. It is categorized into four distinct types based 
on the enzymatic deficiencies found in the Leloir pathway: classic 
galactosemia (galactose-1-phosphate uridylyltransferase deficiency, 
GALT deficiency, OMIM #230400), galactokinase deficiency (GALK 
deficiency, also known as type II galactosemia, OMIM #230200), UDP- 
galactose-4′-epimerase deficiency (GALE deficiency, type III galacto-
semia, OMIM #230350), and galactose mutarotase deficiency (GALM 
deficiency, type IV galactosemia, OMIM #618881) [1,2]. 

While newborns with classic galactosemia often present as 

asymptomatic at birth, they rapidly develop symptoms upon consuming 
breast milk or formula milk [3]. The primary therapeutic strategy for 
classic galactosemia is a restricted diet that excludes lactose and 
galactose [4]. Such dietary interventions can potentially avert or reverse 
specific complications, such as hepatic failure or sepsis. This highlights 
the importance of newborn screening (NBS) for galactosemia [5,6]. 

Various screening methodologies exist today, each adapted based on 
primary screening objectives and their efficacy. Utilizing total galactose 
concentration (TGal) as the sole primary marker has resulted in a sig-
nificant number of false positives. This led Dutch NBS programs to adopt 
GALT activity as the first tier of testing instead and to use TGal as the 
second-tier marker [7]. In the United States, most programs utilize GALT 
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activity in dried blood spots (DBS) as the primary marker [5], either 
alone or in conjunction with other supplementary markers. These 
additional markers either serve as secondary tier indicators or as a 
combined panel to screen for all types of galactosemia [8]. 

Taiwan introduced routine screening for galactosemia in its NBS 
program in 1985 [9]. Although many countries utilize GALT assays, 
Taiwan focuses on TGal as its primary marker. The preference is influ-
enced by the challenges associated with GALT measurement, which can 
be impacted by external factors such as temperature, humidity, and the 
prevalent incidence of G6PD deficiency in Taiwan [10]. Furthermore, 
elevated TGal levels can also be observed in newborns with citrin defi-
ciency, an important screening target in this region [11]. Nonetheless, 
since 2013, the GALT assay has been incorporated as a second-tier test, 
and whole exome sequencing (WES) was introduced as a molecular 
diagnostic test in 2018. These additions have enhanced our diagnostic 
accuracy and accelerated clinical decision-making. This study demon-
strates the development process for a more effective galactosemia NBS 
strategy and evaluates the efficacy of early therapeutic interventions. 

2. Method 

2.1. Newborn screening 

Screening for galactosemia was conducted using DBS samples taken 
48–72 h post-delivery. The National Taiwan University Hospital 
Newborn Screening Center (NTUH-NBSC) handled the screening for 
approximately 35–37% of newborns in Taiwan [12]. The DBS TGal 
concentration was the primary marker, which was evaluated using the 
R&D’s GALMMR2000 Screening Kit (R&D Diagnostics Ltd., Greece) 
before 2013, the Neonatal Total Galactose kit (Perkin Elmer, Turku, 
Finland) from 2013 to 2020, and the GSP® Neonatal Total Galactose 
assay (Perkin Elmer, Turku, Finland) from 2020 onwards. Although the 
government mandates the inclusion of galactosemia in screening, it has 
not specifically delineated primary from secondary markers. However, 
the screening program conforms to the quality assurance standards of 
the U.S. Centers for Disease Control and Prevention (CDC) and the 
Japanese newborn screening system. 

For the cutoff values, we employed a dual-tier approach. Based on 
our experience and prior studies [13] and given the exceedingly low 
incidence of GALT deficiency, the critical cutoff was set at the 99.99th 

percentile (equivalent to 30 μmol/L) of the normal population to iden-
tify cases for immediate referral. Alternatively, newborns hitting the 
borderline cutoff (99.95th percentile, equal to 15 μmol/L with the 
Neonatal Total Galactose kit or 18 μmol/L with the GSP® Neonatal Total 
Galactose assay) needed a second abnormal sample result before being 
referred. These screened positive cases were directed to designated 
hospitals for confirmatory testing. Simultaneously, a second-tier GALT 
enzyme measurement was performed on the DBS of patients with 
elevated TGal using the Neonatal GALT kit by PerkinElmer (Turku, 
Finland) after 2013. 

2.2. Study population 

This study included newborns screened at NTUH-NBSC between 
January 1st, 2011, and December 31st, 2022, who subsequently required 
confirmatory testing due to abnormal TGal results. The newborns who 
had passed away or whose parents declined confirmatory testing were 
excluded from the study. The retrospective analysis was performed on a 
diverse set of data, including medical records that included birth history, 
clinical presentation, physical observations, and biochemical assess-
ments such as aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), total bilirubin (T. bil), direct bilirubin (D. bil), TGal, and 
ammonia levels, molecular genetic investigations, final diagnoses, di-
etary recommendation, and follow-up conditions. The need for informed 
consent was waived, and the study received approval from the institu-
tional review board of the National Taiwan University Hospital (NTUH- 

IRB; No. 202302105RIN). 

2.3. Confirmatory testing 

Once referred, newborns underwent a comprehensive physical ex-
amination and subsequent biochemical assessments focusing on liver 
function, complemented by a repeat TGal analysis. Red blood cell GALT 
activity was measured for those born before 2013, or in cases where the 
second-tier GALT test could not be obtained. Newborns with rising 
galactose levels or levels surpassing the critical cutoff were recom-
mended to undergo additional assessments, including GALT, GALE, and 
GALK gene sequencing. This could involve separate tests in the past or 
WES more recently. The molecular genetic diagnosis of galactosemia 
was made by identifying variants categorized as likely pathogenic or 
pathogenic, according to the ACMG classification [14]. It’s important to 
note that analyzing biochemical markers, such as erythrocyte galactose- 
1-phosphate (Gal-1-P), plasma-free galactose, and urine galactitol, 
necessitated specialized sample handling and analysis outsourcing to 
overseas laboratories; therefore, these markers were not analyzed in our 
participants. Post-referral, our protocol mandates immediate dietary 
intervention for newborns with initial TGal levels above critical cutoffs, 
persistent or increasing TGal upon re-screening, and abnormal GALT 
enzyme activity. This ensures swift action for those at high risk, such as 
infants with classic galactosemia. For newborns with borderline or 
decreasing TGal levels, we proceed more cautiously to avoid unnec-
essary dietary restrictions and the associated stress (Fig. 1). 

2.4. Statistical analysis 

Data were collected and tabulated using Microsoft Excel. We recor-
ded the incidence rates of the different galactosemia subtypes. The 
Clopper-Pearson method, known as the exact interval, was used to 
calculate the 95% confidence intervals. This method is particularly 
appropriate for our analysis because it can handle situations with small 
sample sizes and rare events. Analyses were conducted using SPSS 
(version 25.0; IBM Corp, Armonk, NY). A two-tailed p-value below 0.05 
was deemed statistically significant. Continuous variable group differ-
ences were tested using the Mann–Whitney U test, while Fisher’s exact 
test was applied for categorical variables. 

3. Result 

From January 1st, 2011, to December 31st, 2022, we identified 51 
cases from 817,906 screened newborns. During the study period, no 
individual with elevated TGal refused confirmatory testing or passed 
away before their referral visits. Nine displayed persistently elevated 
galactose levels, with one diagnosed with GALT, one with GALM, and 
seven with GALE deficiencies (Table 1). The remaining 42 were even-
tually categorized as transient hypergalactosemia, as they demonstrated 
normal GALT activity and TGal at the following measurements. No 
further molecular tests were arranged. Confirmatory testing was per-
formed at a mean age of 16.62 days (range: 6–30 days). It is important to 
note that while milder forms of galactosemia (e.g., GALE, GALK, or 
GALM deficiencies) may present with lower TGal levels, there has been 
no reported cases of false negatives back to NTUH-NBSC. No cases of 
missed citrin deficiency were reported in subjects categorized with 
transient hypergalactosemia at NTUH-NBSC during the study period. 
Additionally, hypergalactosemia was included as an indication for 
testing citrin deficiency [15] using a second-tier algorithm. Since initi-
ating this testing in 2018, no cases of citrin deficiency associated with 
hypergalactosemia have been identified. 

Compared to those with transient hypergalactosemia, patients 
diagnosed with galactosemia underwent confirmatory testing at earlier 
ages (16.62 vs. 11.11 days, p = 0.012) and hence started diet restriction 
sooner. They also received their second DBS earlier (p = 0.049) 
(Table 2). Notably, persistently and significantly higher TGal 
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concentrations in the initial (35.55 vs. 24.09 μmol/L, p = 0.012) and 
second DBS (42.17 vs. 15.46 μmol/L, p = 0.0001) were observed in 
galactosemia patients. Conversely, most transient cases displayed a 
decreased TGal concentration in consecutive DBS results (Fig. 2). There 
was no significant difference in sex, gestational age (GA), birth body 
weight (BBW), or the age at which the first DBS was obtained between 
the two groups. 

Overall, GALE deficiency had the highest incidence among all 
galactosemia types. The incidences of GALT deficiency, GALE defi-
ciency, and GALM deficiency detected through NBS were 1 in 817,906 
(95% confidence interval (CI) 32,305,446 to 146,798), 1 in 116,844 
(95%CI: 290,618 to 56,710), and 1 in 817,906 (95%CI: 32,305,446 to 
146,798), respectively. The nine diagnosed galactosemia patients were 
all identified between 2016 and 2022, with the longest follow-up 
spanning 7 years. Over the past 12 years, no false-negative cases were 
reported. The overall sensitivity of our screening was 100% (66.4%– 
100%), specificity was 99.99%, and the positive predictive value (PPV) 
was 16.3%. 

The newborn with GALT deficiency displayed the highest initial TGal 
at 111.7 μmol/L on day 7. Partial impairment of GALT activity was 
found in this individual (2.6 U/g Hb, with the normal threshold being 
>3.5 U/g Hb). Although potentially categorized as Duarte galactosemia 
(DG) [16], jaundice was observed, and initial liver function tests were 
abnormal. Consequently, dietary restrictions were initiated on day 7. 
Jaundice was later resolved, and the liver function test normalized. At 3 
years and 3 months old, the patient demonstrated normal development 
without clinical manifestations such as vomiting, hypoglycemia, 
bleeding tendency, sepsis, or hepatomegaly. This patient possesses a 
homozygous GALT c.1034C > T (p.Ala345Asp) variant, classified as 
uncertain significance (VUS) in ClinVar [17]. 

Among the seven patients with GALE deficiency, initial TGal ranged 
between 23.6 and 44.1 μmol/L, and second TGal between 26.7 and 49.5 
μmol/L. Based on these findings, a dietary intervention was recom-
mended, involving a galactose-free formula, which commenced at a 
median age of 9 days (range: 5–16 days). There were no reported icterus, 

hypoglycemia, or abnormal liver function tests. However, no ophthal-
mologic consultation was conducted due to the unavailability of oph-
thalmologists for pre-dietary change cataract assessments. Currently, 
with a median age of 2 years and 6 months old, all patients have re-
ported normal development, no evidence of liver cirrhosis on abdominal 
sonography, or growth retardation. The most frequently observed GALE 
variant was c.923 A > G (p.Tyr308Cys), seen in 5 of the 14 alleles 
(35.7%), followed by c.505C > T (p.Arg169Trp) (21.4%). ClinVar lists 
the GALE c.923 A > G variant as VUS, while c.505C > T is reported as 
likely pathogenic [17–19]. Two variants, GALE c.925G > A (p. 
Ala309Thr) and c.528 + 1G > A, account for 14.3% each. ClinVar 
identifies the c.925G > A variant as VUS [17,20]. The c.528 + 1G > A 
variant was predicted by both MaxEntScan and SpliceAI to result in a 
donor splicing gain. 

Additionally, the first known case of GALM deficiency in Taiwan 
featured two novel variants: GALM c.325G > A (p.Gly109Arg) and 
c.587 T > C (p.Ile196Thr). Adhering to dietary recommendations, this 
patient consumes a 75% galactose-free formula, maintaining normal 
galactose levels. No other associated symptoms or signs have been 
reported. 

4. Discussion 

This 12-year study presents the results of newborn galactosemia 
screening in Taiwan. Consistent with previous observations [21], we 
reaffirmed the infrequency of GALT deficiency in our population. We 
also identified seven patients with GALE deficiency and, notably, the 
first reported case of GALM deficiency in Taiwan. However, the precise 
severity of these conditions still needs to be discovered. Despite 
concerted efforts to enhance the screening program’s efficacy, we 
continue to face the challenge of low PPV. 

Our research highlights the varied incidences of different galacto-
semia forms [22,23]. While the global incidence of classic galactosemia 
is between 1:40,000 and 1:60,000, it’s significantly rarer in the Asian 
population at approximately 1 in 1,000,000 live births [3,24,25]. The 

Fig. 1. Diagnostic Flowchart for Galactosemia Screening and Management. 
Caption: The flowchart represents the decision-making process for the screening and subsequent management of galactosemia based on total galactose (TGal) levels 
measured by newborn screening (NBS) and galactose-1-phosphate uridyltransferase (GALT) enzyme activity assays. Extremely elevated TGal levels (over 99.99th 

percentile, approximately equal to 30 μmol/L) or abnormal GALT activity prompts immediate confirmatory testing, while TGal levels between 99.95th percentile (i.e. 
18 when using the GSP® Neonatal Total Galactose assay) and 99.99th percentile (approximately 30 μmol/L) alone require further evaluation of GALT activity. Based 
on GALT activity and TGal levels, dietary restrictions may be implemented and adjustments made as additional test results become available. 
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less severe form, DG, has a prevalence of roughly 1 in 4000 in the United 
States [26,27]. Our data only documented a singular case of GALT 
deficiency, with enzyme activity levels suggestive of DG, emphasizing its 
rarity in our cohort. GALK deficiency is most prevalent among the Roma 
populations of Bulgaria and Bosnia [28]. Among our cohort of approx-
imately 800,000 newborns, we did not identify any cases of GALK 
deficiency. While GALE deficiency is more common among African 
Americans, with an incidence of around 1:7000 [26], it remains un-
common in our cohort. However, our observed incidence (1 in 116,844) 
is higher than that reported in China’s Zhejiang Province (1 in 350,000) 
[19]. GALM deficiency, recently recognized as a variant of galactosemia 
with an estimated prevalence of 1 in 80,747 in the Japanese population 
[29], also showed a low incidence in our cohort. Given the overall low 
prevalence of all galactosemia types in Taiwan, molecular test covering 
all genetic etiologies that lead to abnormal galactose levels, is necessary 
for the confirmatory tests for babies with hypergalactosemia, alongside 
GALT activity or Gal-1-P analysis. 

The patient with GALT deficiency, likely presenting with a clinical 
variant galactosemia with homozygous hypomorphic GALT variants, 
displayed abnormal liver function tests before diet control. Notably, this 
patient did not show the hypoglycemia or bleeding tendencies some-
times observed in classic galactosemia patients. The patient’s GALT 
variant c.1034C > T has been identified in a patient presenting with 
classic galactosemia [30], and a Duarte variant galactosemia patient in 
conjunction with a Duarte-2 allele [31]. To the best of our under-
standing, the patient was from a non-consanguineous family. The allele 
frequency of GALT c.1034C > T (p.Ala345Asp) recorded in Taiwan 
biobank is 0.0007, which is higher than in other populations (allele 
frequency 0.00009693 by gnomAD East Asia, and 0 in all other genetic 
ancestry groups on gnomAD) [32,33]. However, further observation or 
larger scale database is still warranted. Due to abnormal lab data and 
uncertain genotype-phenotype correlations, coupled with the absence of 
targeted biochemical evaluations such as erythrocyte Gal-1-P measure-
ments, we initiated dietary restrictions after discussing with the parents. 
Remarkably, the patient’s liver function abnormalities resolved swiftly 
after treatment, and the potential future discontinuation of dietary re-
strictions will be deliberated. 

Our program’s identification of several GALE deficiency cases can be 
attributed to the common variants GALE c.923 A > G (p.Tyr308Cys) and 
c.505C > T (p.Arg169Trp). According to the Taiwan Biobank, both 
c.923 A > G and c.505C > T are rare variants with allele frequencies of 
0.002, and 0.001, respectively [32]. Both have been previously linked 
with GALE deficiency. The c.505C > T variant has been detected in a 
compound heterozygous state in patients with peripheral/mild GALE 
deficiency [18,19]. While our assessment suggests that our patients are 
likely to have the peripheral form of GALE deficiency [34,35], there is 
insufficient data to justify recommending a normal diet for affected 
newborns. These patients initially showed no symptoms and had no 
systemic or developmental abnormalities. A deeper and more compre-
hensive understanding of the genotype-phenotype relationship in GALE 
deficiency is necessary and requires further investigation. 

As for GALM deficiency, our understanding is still in its infancy. 
Given the challenge of measuring mutarotase activity, we recommend a 
diet that maintains normal galactose levels in the patient. Whether di-
etary restrictions are necessary and the potential for future systemic 
issues in GALM deficiency patients remain topics of inquiry. We plan to 
conduct annual multi-system evaluations to monitor potential long-term 
effects. Nonetheless, given the small patient number and varied 
screening protocols, broader and more extended collaborative research 
is essential. 

The suboptimal PPV of the TGal screening method is well- 
recognized, given that galactose levels may be influenced by a range 
of etiologies beyond disorders of galactose metabolism [5]. False- 
positive results can be seen in patients with liver diseases, extrahe-
patic portosystemic shunts, citrin deficiency, Fanconi–Bickel disease, 
neonatal diabetes mellitus, among others [11,36–39]. Multiple Ta
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strategies have been suggested to address this problem. One such 
strategy, as implemented in our program, is monitoring TGal changes 
over time. Typically, patients with classic galactosemia or GALK defi-
ciency exhibit extreme elevation of TGal levels, signaling the urgency for 
prompt specialist referral to evaluate the clinical status of the newborn. 
On the other hand, most individuals with transient hypergalactosemia 
exhibit a decline in TGal levels in subsequent tests. Re-evaluating 
borderline cases might differentiate between transient hyper-
galactosemia and genuine galactosemia cases, minimizing unnecessary 
interventions. Increasing the TGal cutoff values could reduce false pos-
itives without the risk of increasing false negatives for newborns who are 
under regular diet. However, For babies who are not drinking milk, such 
as those using soybean-based formula or those under total parenteral 
nutrition, using TGal as the primary screening marker may underdiag-
nose galactosemia patients [5]. Therefore, we routinely re-screen cases 
after fully oral feeding to decrease the possibility of false negative. 
Alternatively, assessing markers such as Gal-1-P [40,41] instead of TGal 
could be advantageous in accurately detecting elevated Gal-1-P levels in 
newborns. However, a caveat exists: patients with GALK deficiency may 
present with normal Gal-1-P levels or TGal and might be overlooked in 
such screenings. A combined evaluation of GALT enzyme activity and 
TGal may be the optimal two-tier screening for GALT deficiency. 
Considering the diverse array of screening methods, NBS programs 
across countries should tailor these strategies according to their national 

screening policies and the prevalence of galactosemia in their region. 
The value of newborn galactosemia screening is debated due to the 

uncertain long-term benefits of dietary modifications for both classic 
galactosemia and certain variants of galactosemia. Although NBS for 
galactosemia has been widely embraced, there are still NBS programs 
that do not include galactosemia as their routine conditions [6]. Our 
study emphasizes additional concerns regarding galactosemia NBS, 
including the extremely rare incidence of the disorder and uncertainties 
surrounding treatment. While WES/WGS can detect all types of galac-
tosemia, the risk-benefit balance and the cost-effectiveness still need to 
be determined. Currently, we craft personalized treatment plans and 
monitoring to prevent potential issues arising from elevated blood 
galactose levels while avoiding unnecessary stringent galactose 
restrictions. 

There are several limitations in this retrospective study. While our 
data spans the past 12 years, all identified patients were found after 
2016, limiting the maximum follow-up to 7 years. This limited obser-
vation timeframe constrains our ability to provide comprehensive in-
sights into long-term outcomes and potential complications. 
Additionally, the absence of specialized biochemical testing and gene 
panels might have influenced the incidence rate calculations. Still, all 
transient hypergalactosemia newborns had normal follow-up blood 
galactose levels, and no false negatives were noted during the 12 years. 
Lastly, being a single-center study, our data could have regional biases. 

Table 2 
Comparative Analysis of Galactosemia Subtypes and Transient Hypergalactosemia.   

Galactosemia Transient 
(n = 42) 

p-value  

GALT def 
(n = 1) 

GALE def 
(n = 7) 

GALM def 
(n = 1) 

Total 
(n = 9) 

Sex (M) 0 (0%) 5 (71.4%) 1 (100%) 6 (66.6%) 21 (50%) 0.473 
GA (weeks) 39.6 38.7 ± 1.2 37.7 38.7 ± 1.2 38.8 ± 1.0 0.584 
BBW (gm) 3400 3167.14 ± 328.97 3220 3198.89 ± 295.23 2951.07 ± 391.40 0.059 
Age of confirmation (days) 7 11.14 ± 4.1 15 11.11 ± 4.08 16.62 ± 6.28 0.012 
Initial DBS 
Age (days) 2 2.43 ± 0.53 3 2.44 ± 0.53 2.98 ± 1.81 0.145 
TGal (μmol/L) 86.2 30.88 ± 8.28 17.6 35.55 ± 20.77 24.09 ± 20.95 0.012 
2nd DBS 
Age (days) 7 7.57 ± 1.9 9 7.67 ± 1.73 10.36 ± 4.25 0.049 
TGal (μmol/L) 111.7 33.39 ± 7.82 34.1 42.17 ± 26.94 15.46 ± 7.28 <0.001 

M: male, GA: gestational age, BBW: birth body weight, DBS: dried blood spot, TGal: Total galactose concentration, def: deficiency. 

Fig. 2. Variations in Total Galactose Concentration Among Galactosemia Subtypes and Transient Hypergalactosemia. 
Caption: The scatter plot illustrates the total galactose concentration (y-axis) for patients across four distinct groups: GALT, GALE, GALM, and transient hyper-
galactosemia (Negative). Red squares represent the initial dried blood spot (DBS) galactose levels, the retest DBS by blue circles, and the confirmatory DBS by green 
triangles, where applicable. 
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Nevertheless, our sample represents over a third of Taiwan’s newborns 
from various regions over 12 years. Furthermore, as parents can freely 
move and select places for delivery, our cohort should reasonably 
represent Taiwan’s population. 

In conclusion, both classical and variant forms of galactosemia are 
exceedingly rare in our population. Incorporating WES into NBS has 
enhanced our capability to identify the various forms of galactosemia, 
improving our understanding of the disease’s genetic complexities. 
Although these recently discovered forms often manifest with milder 
initial elevations of TGal levels, more specific biochemical investigations 
and long-term monitoring are paramount to comprehending these var-
iants’ long-term implications and outcomes. Screening through a 
straightforward total galactose assay offers a chance for newborns to 
avoid severe liver failure. Expanding our collective knowledge of these 
individuals with rare genetic variants, including the research for tailored 
treatments where required, will be foundational in the emerging 
genomic screening era. 
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