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ABSTRACT

Classical Galactosaemia (CG) is an inborn error of carbohydrate metabolism. In untreated neonates, CG leads to a multi-organ
toxicity with life-threatening symptoms. Newborn Screening for CG began in the Republic of Ireland in 1972. In Ireland, two
forms of neonatal screening occur. High-risk infants are fed lactose-free/galactose-free formula until the result of their Beutler
screening test on day 1. All other infants are fed as per parental preference and are screened on day three to five. While immedi-
ate or early implementation of a strict lactose-free diet together with medical interventions will usually address the acute med-
ical complications, long-term complications are common. We reviewed retrospectively and anonymised the clinical outcomes
of our CG cohort, derived from our hospital-based database. Patient demographic information, co-morbidities, developmental
assessment results, and other relevant health indicators were analysed from birth to 18 years. Out of 217 patients, 95% of sub-
jects were alive at 18years of age. Common co-morbidities were speech and language difficulty (43.5%) and learning difficulty
(25.5%). In this Irish cohort, Friedreich Ataxia is a genetically linked condition for a subgroup of CG individuals (7.9%). Our data
demonstrate that while early diagnosis prevents mortality, it does not prevent developmental disorders, underpinning the neuro-
developmental nature of CG. High-risk and routine newborn screening for CG have reduced the mortality rate of the disorder,
and early medical and dietetic intervention is a success story. However, long-term medical and developmental challenges persist,
and an early, proactive multidisciplinary approach may further mitigate the phenotype in CG patients diagnosed on NBS.

Abbreviations: CG, classical galactosaemia; CHI, Children's Health Ireland; D2, Duarte variant; DEXA, dual energy x-ray absorptiometry; FA, Friedreich's Ataxia;
FSIQ, Full-Scale Intelligence Quotient; GALE, UDP-galactose 4-epimerase; GALK, galactokinase; GALM, galactose mutarotase; GALT, galactose-1-phosphate
uridylyltransferase; HRS, high risk screening; ITC, Irish Travelling Community; LD, learning difficulty; NBS, newborn screening; NBSP, newborn screening
programme; NCIMD, National Centre for Inherited Metabolic Disorders; POI, primary ovarian insufficiency; QC, quality control; SLD, speech and language disorder
or delay; UMP, uridine monophosphate; WISC-V, Wechsler Intelligence Scale For Children 5th edition.
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Summary

« Developmental issues may occur in almost half of all
children with CG at some stage of their lives.

» Early and regular developmental assessments and
early, proactive intervention are recommended to fur-
ther improve developmental outcomes.

« Further studies are needed to identify further
pathophysiology-oriented treatments.

1 | Background

Classical galactosaemia (CG, OMIM # 230400) is an inborn error
of carbohydrate metabolism caused by severe deficiency in the
galactose-1-phosphate uridylyltransferase (GALT) enzyme due
to pathogenic GALT gene variants. The Leloir pathway is the
predominant enzymatic pathway in galactose metabolism. In
the first step, beta-D-galactose is epimerised by the enzyme ga-
lactose mutarotase (GALM) to alpha-D-galactose. Then, alpha-
D-galactose is phosphorylated by galactokinase (GALK) to yield
galactose 1-phosphate. The next enzyme of the Leloir pathway is
GALT which catalyses the conversion of galactose-1-phosphate
and UDP-glucose to glucose-1-phosphate and UDP-galactose.
The last step involves UDP-galactose 4-epimerase and generates
UDP-glucose [1, 2]. In CG, the near absence of GALT leads to
elevated metabolites like galactose-1-phosphate, galactitol, and
galactonate, which may be toxic [3]. Other findings include ab-
normal glycosylation and dysregulation of cellular pathways,
though the full pathogenesis is not understood [4, 5].

Newborn screening programmes (NBSPs) are crucial to prevent
morbidity and mortality which may be associated with inherited
metabolic disorders. Intoxication disorders like CG are ideal for
NBSPs due to brief symptom-free periods, specific markers, and
better outcomes with early treatment [6]. However, NBSPs face
challenges, with varying screening approaches by country [7-9].
The availability of a diagnostic test distinguishing disease from
non-classical or asymptomatic phenotypes is essential but not
always clear [10].

Primary CG NBSP tests include quantitative galactose determi-
nation and erythrocyte GALT enzyme activity using a fluoromet-
ric assay with high sensitivity and specificity [9]. Many centres
use fluorometric Beutler-based methods or galactose level test-
ing alone or combined with GALT [11, 12]. Combination GALT
enzymology and DNA testing in some regions reduce false pos-
itives [13]. Elevated erythrocyte galactose-1-phosphate and ge-
netic testing for GALT variants are also used [13]. Comparing
methodologies is challenging due to NBSP standardisation, with
no direct comparison studies [14, 15]. Reference range changes
impact specificity [16], but CG NBSP sensitivity remains high in
previous studies [13, 16].

In Ireland, the CG NBSP was introduced in 1972 using total
galactose testing through bacterial inhibition assay, later re-
placed by a colourimetric enzymatic assay in 2011-2012. A
second-tier confirmatory test for GALT enzyme activity using
the Beutler method was added in 1976 [10]. High-risk screen-
ing (HRS) began in 1996 [17], with high-risk infants screened

on the first day of life with 1st tier GALT activity analysis by
Beutler and fed non-lactose formula until results become avail-
able. HRS is offered to all babies born to Traveller parents and
to siblings of known cases. For other infants, standard NBS
occurs on days 3-5, measuring total galactose with second-
tier GALT enzyme activity if levels are high. High-risk infants
include those from the Irish Traveller Community (ITC) and
those with CG family history. Cut-off thresholds for galactose
are amended quarterly, if warranted, based on the 97th per-
centile. Two levels of commercial internal quality control (QC)
material are run with each batch of total galactose samples. For
the Beutler assay, previous samples known to have “no activity
present” or “activity present” are retested for quality assurance
purposes. The laboratory participates in an external quality as-
sessment scheme for the CG assays and follows multirule QC
procedures.

Reporting accurate Irish NBS enrolment rates is challenging
due to a lack of end-to-end automation but are estimated above
99%. Annually, about 1680 HRS and 60,800 NBS are performed.
Some HRSs are for reasons other than ITC ethnicity or CG fam-
ily history, such as impending blood transfusions.

Classical Galactosaemia typically presents in infancy as a po-
tentially life-threatening disease. Affected infants consuming
breast milk or lactose-containing formula usually develop life-
threatening multi-organ complications within days. Signs and
symptoms include poor feeding, faltering growth, hepatomeg-
aly, conjugated hyperbilirubinemia, umbilical stump bleeding,
hypotonia, and hypoglycaemia [18]. Coagulopathy, transamini-
tis, and septicaemia are cardinal features. Prompt treatment, in-
volving supportive care and immediate removal of lactose-based
foods, typically reverses all acute symptoms and significantly
reduces complications and death [18, 19].

Following diagnosis confirmation, a life-long lactose-free
andgalactose-restricted diet (in young infants also galactose-
free) is recommended for management of CG. Those affected
are recommended to exclude lactose from milk and milk
products of mammalian origin. In Ireland, galactose from
non-milk sources, for example, fruits, vegetables, legumes, or
offal, is not restricted. Studies show that patients with CG fol-
lowing a less strict diet may develop fewer neurological com-
plications [20]. A previous report from our centre reported
improvements in the glycosylation patterns in a subset of chil-
dren with CG after short-term galactose supplementation [21].
Nutritional assessments focus on calcium, iodine, and vitamin
D, as decreased bone health is common in CG [22-25]. This
is likely multifaceted, possibly linked to abnormal collagen
O-glycosylation and other alterations of bone metabolism, ad-
herence to a lactose-free diet without adequate micronutrient
supplementation, and primary ovarian insufficiency (POI) in
females [26].

Despite early treatment, individuals with CG often develop
long-term medical and developmental complications [27]. Most
females with CG exhibit POI, with up to 80% prevalence in older
populations [20]. Gonadal function in males appears unaffected
[28], likely due to higher levels of galactose metabolising en-
zymes in ovaries compared to testes [29, 30]. POI consequences
include amenorrhea, oligomenorrhea, delayed or absent pubertal
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development, subfertility, and infertility [31], though successful
pregnancies can occur [32].

Adverse developmental outcomes are common. Studies consis-
tently show most individuals with CG exhibit neurocognitive
impairments and generally function within a lower IQ range
than healthy comparisons [20, 33]. Speech motor issues, child-
hood apraxia of speech, dysarthria, and impairments in gram-
mar and vocabulary are prevalent, with 35%-66.5% affected
([20, 27, 34-36]). Additionally, motor disorders, particularly
strength and coordination issues and tremors, are common in
children and adolescents with CG [20, 37].

More than 300 variants of the GALT gene are linked to CG and
GALT deficiency, with the two most common pathogenic vari-
ants, ¢.563A>G, p.Q188R and c855G>T, p.K285N accounting for
over 70% of CG-causing variants in Caucasian populations inter-
nationally [20, 38]. Studies show that the c.563A>G (p.Q188R)
genotype may account for 92%-94% of galactosaemic alleles [17].
In the ITC, an indigenous ethnic minority group in Ireland, this
allele accounts for 100% of CG cases, with an incidence of about
1:340 [39]. This variant is generally associated with a severe phe-
notype, though smaller cohort studies show conflicting evidence
[40, 41]. In Black Americans with CG, S135L is a common vari-
ant rarely seen in Caucasians [42]. While long-term outcomes
for individuals homozygous for the S135L variant of GALT may
be milder, complications can still occur [43, 44].

2 | Methods

This single-centre, retrospective, longitudinal study analysed
biochemical, genetic, clinical, and developmental data from a
national cohort of patients aged 0-18years with CG over a 50-
year period. Conducted at the National Centre for Inherited
Metabolic Disorders (NCIMD) in Dublin, Ireland, the study ran
from August 2020 to June 2022. Our centre is based at Children's
Health Ireland at Temple Street in Dublin where care is pro-
vided for all paediatric galactosaemia patients in the Republic
of Ireland.

Institutional ethical approval was provided for this research
study by the CHI Research Ethics Committee.

2.1 | Subjects

Patients with CG diagnosed through NBSP from 1972 to 2022
were identified via the Galactosaemia Register and national
NBSP data, both based at NCIMD. Those diagnosed through
other means or abroad and later managed at NCIMD were iden-
tified via the Galactosaemia Register. Initially, 245 patients (ages
0-18years.) were included. Data was collected from initial con-
tact until age 18, discharge, or most recent available data. After
reviewing medical records, 28 patients with non-classical diag-
noses, including Duarte Galactosaemia or heterozygous carri-
ers, were excluded; these false positive screening results came
from both NBS (n=20) and HRS (n="7). Thus, 217 patients with
CG were included, representing the total number of paediatric
patients diagnosed with or managed for CG in the Republic of
Ireland from 1972 to June 2022.

2.2 | Data Points Collected

Data points were selected based on the clinical and biochemical
parameters of this study. A list of all 24 data points is available in
Table 1. This data was collected from paper-based or electronic
medical records.

2.3 | Statistical Analysis

Data was collected and patient characteristics summarised
using a Microsoft Excel spreadsheet and descriptive statistics
were applied. Missing data was documented and accounted for
in statistical analysis, and single imputation procedures were
applied where appropriate. Data quality for categorical vari-
ables was reviewed, and one-hot-encoding and data cleansing

TABLE1 | Datacompleteness for each data point collected.

Data point

Data completeness (n, %)

Gender

Ethnicity

Family history of CG
Sibling with CG

Date of Birth

Age at clinical presentation
Diet prior to diagnosis

Age at diagnosis

Genotype

Outcome at 18 years old
Coagulopathy at presentation

Hepatic dysfunction at
presentation

History of fracture

Bone density assessments
Cataracts present

Primary ovarian insufficiency

Learning difficulty at
> 5Syears old

Motor issues
Sepsis at clinical presentation

Type of sepsis

Speech and language
difficulty at > 5years old

Age at first ophthalmology
review

Medical comorbidities

Age at genetic testing

100% (n=217)
100% (n=217)
100% (n=217)
100% (n=217)
99.5% (n=216)
92.2% (n=200)
96.3% (n=209)
94.5% (n=205)
85.7% (n=186)
85.7% (n=186)
81.1% (n=176)
81.1% (n=176)

81.1% (n=176)
81.1% (n=176)
80.6% (n=175)
80.2% (n=174)
79.7% (n=173)

78.8% (n=171)
78.3% (n=170)
78.3% (n=170)
77.9% (n=169)

71.0% (n=154)

69.6% (n=151)
59.9% (n=130)
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NBSP

Symptomatic testing

Testing abroad

Suspected on NBS Suspected on HRS
n=114% =104

Tested due to clinical
suspicion
n=unknown n=4 n=2

Symptomatic testing ‘Unknown mode of

HIRS abroad abroad testing

NBS abroad
n=14 n=1

Result unknown HRS false positive
7 n=7

Result negative
n=unknown

NBS false positive
n=20

NBS true positive HRS true positive

Result positive

n=93* n=97

~_

NBSP true positive
n=190%

Previous NBSP
negative
n=6

Children with CG in

n=217

|:| Children with CG

D Children without CG

NBSP also positive Diagnosed abroad
ned* n=21

D Children in whom CG status is unknown

* 4 patients had symptomatic testing in addition to NBSP whilst NBSP result was pending

CG: Classical Galactosaemia; NBSP: Newborn screening programme,; NBS: Standard newborn screening; HRS: High risk screening; ROI: Republic of Ireland

FIGURE1 | Diagnostic pathway of the Classical Galactosaemia cohort in the Republic of Ireland. *Four patients had symptomatic testing in ad-

dition to NBSP while NBSP result was pending. CG: classical galactosaemia; HRS: high-risk screening; NBS: standard newborn screening; NBSP:

Newborn screening program; ROI: Republic of Ireland. - Children with CG, Children without CG, - Children in whom CG status is unknown.

were used with missing values set as NaN (“not a number”);
Boolean encoding was used where appropriate and Python li-
braries were used to structure datasets. Fisher's exact test, or
Chi square test, and the two-proportion test were used as appro-
priate. Linear correlation between two variables was measured
using Pearson correlation coefficient. Odds ratios (OR) and
confidence intervals (CI) were calculated, and Firth-type logis-
tic regression was applied as appropriate. Multivariate analysis
of variance (MANOVA) was used to test the effect of multiple
independent variables on outcome. For statistical procedures
IBM SPSS Statistics software and Jupyter Notebook were used.
Significance levels were set at p <0.05.

24 | Aim
The aims of this study were to report on:

1. The natural history of CG in a national cohort of patients
aged 0-18years

2. Survival to adulthood in children with CG (primary
outcome)

3. Survival to adulthood without developmental difficulties
in patients with CG (secondary outcome)

4. The relationship between survival to adulthood with/with-
out developmental disability and a number of clinical vari-
ables: age at diagnosis, clinical condition at diagnosis, and
mode of diagnosis.

3 | Results
3.1 | Demographics

Between 1972 and April 2022, CG was suspected on NBSP in 224
patients (53.1% male, n=119) aged 0-18years and confirmed in
190. Six additional patients were diagnosed symptomatically after
a false-negative NBSP result, giving a birth prevalence of 1 in
17936 [45]. Twenty-one more patients were diagnosed abroad (i.e.,
Irish General and ITC), totaling 217 CG patients nationally, with a
point prevalence of 4.04 cases per 100000 [45]. Figure 1 shows the
diagnostic pathway for this cohort.

Classical Galactosaemia is inherited in an autosomal reces-
sive pattern. Of those who attended for a clinical consultation
(n=217), a family history of CG was noted at the initial con-
sultation in 54.8% (n=119) of cases; 40.3% of these involved
an older sibling (n = 48), with the remainder relating to second
degree relatives (59.7%; n="71). Patients born in Ireland with
a family history were eligible for formal HRS from 1996, with
an 88% enrolment rate (n=81) and higher rates among ITC
individuals compared to others with 1st grade relatives. See
Table 2 for details.

For the 217 CG patients, age at diagnosis was known for 94.5%
(n=205). Infants who underwent HRS had better clinical status
at presentation and significantly lower odds of death compared
to those identified through NBS (OR: 0.127, 95% CI: 0.027-0.598,
p<0.009). See Table 3 for age at diagnosis by cohort.
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TABLE 2 | Enrolment rates to the high-risk screening program in the Republic of Ireland.

% (n) enrolled to

Population, born in Ireland HRS 1972-2022

% (n) enrolled to
HRS 1972-1996

% (n) enrolled to
HRS 1996-2022

ITC ethnicity 73% (84/115) 27.3% (9/33) 91.5% (75/82)
Family history of CG 75.5% (83/110) 44.1% (15/34) 89.5% (68/76)
Older sibling with CG 77.8% (35/45) 56.5% (13/23) 100% (22)
Abbreviations: CG: classical galactosaemia; HRS: high-risk screening; ITC: Irish Traveller community.
TABLE 3 | Ageatdiagnosis in the paediatric classical galactosaemia 100%
population. B SD00%
- — 80.0%
o - p<0.001
. Age. at 66.2% 66.2%
diagnosis, days Range 0%
Cohort Mean (median) (days) 46.1%
0 36.9% 4%
Total cohort with known 8(4) 1-544 40% pai
age at diagnosis n =205 ;;&
20% 2% %
NBS ROI n=87 7 (6) 2-19 5% 920% s =
. 2.4%
HRS Ireland n=96 2(1) 1-8 0%
Transaminitis Coagulopathy Sepsis Any acute symptom
Abroad n=12 100 1-28 uTotal cohort ®NBS  HRS
Symptomatic testing in 76 (19) 2-544 FIGURE2 | Presence of acute intoxication symptoms at diagnosis in

ROI (n=10)

Abbreviations: CG: classical galactosaemia; HRS: high-risk screening; NBS:
newborn screening; ROI: Republic of Ireland.

Most patients, 61.3% (n=133) were from the ITC, 37.8% from the
general Irish population (n =82), and 0.01% from other ethnic back-
grounds (n=2). The ITC, a nomadic Caucasian group from the
British Isles with distinct cultural traditions, constitutes 0.66% of
the Irish population but 61.3% of the CG population [46, 47]. Their
rights are protected in Irish policy [48], and high consanguinity
rates, along with increased prevalence of inherited metabolic dis-
orders and socioeconomic disadvantages, are noted [49-51].

Since the HRS programme began in 1996, 91.5% (n="75) of ITC
patients with CG in Ireland underwent screening. Additionally,
77.8% (n=14) of ITC patients diagnosed in the UK also under-
went HRS.

3.2 | Outcomes

Clinical outcomes were available for 71.9% of the cohort
(n=156), including those still attending the service (43.3%,
n=94), transitioned to adult services (24%, n=52), and those
who died before 18years of age (4.6%, n=10). The remainder
were lost to follow-up (11.1%, n=24), had missing or incom-
plete records (14.3%, n=31), or moved abroad (2.8%, n=6).
Most of these were from the ITC (83.3%, 74.1%, and 100%,
respectively).

4.6% (n=10) of the cohort died in childhood. All deaths oc-
curred in the neonatal period. Six were from the ITC. Five in-
fants died before the NBS card was received in the first 10years
of the NBSP, with clinical details about the deaths unknown.

infants with classical galactosaemia. CG: classical galactosaemia; HRS:
high-risk screening; NBS: newborn screening.

Among the remaining five, four were symptomatic at diagnosis
and died of galactosaemia-related issues, while one, diagnosed
via HRS, died in the neonatal period, though details are unavail-
able. The median age at diagnosis was 7days (range 1-16 days).
Genotype data was available for four patients, all homozygous
for the common Q188R variant; another likely had this variant
due to known family history. Five patients from the first decade
of NBSP lacked genotype data. Female sex was associated with
reduced odds of death compared to males, but this was not sig-
nificant (OR: 0.622, 95% CI: 0.156-2.484). HRS was associated
with better clinical outcomes and reducing odds of death com-
pared to NBS (OR: 0.127, 95% CI: 0.027-0.598, p < 0.009).

Clinical data on transaminitis, coagulopathy, or sepsis at pre-
sentation was available for 78.8% (n=171). Results of acute
symptoms and subgroup analysis is shown in Figure 2, with
the two-proportion test demonstrating higher rates of statisti-
cal significance of all acute intoxication symptoms in the NBS
compared to the HRS group. Transaminitis was defined by ALT,
AST, or conjugated bilirubin greater than or equal to three times
above the reference range threshold for the testing site at that
time, or a diagnosis of transaminitis or liver dysfunction made
by the referring or treating clinician. This was present in 29.9%
(n=65). Coagulopathy was defined by APTT, PT, or INR above
the reference range threshold for that testing site, presence of a
bleeding diathesis, or a clinical diagnosis of coagulopathy doc-
umented by the clinician. This was present in 29.5% (n=64).
Sepsis was indicated by positive blood cultures or high clinical
suspicion resulting in IV antibiotics for 5days or more. Sepsis
was present in 6.9% (n=15) and types included E. coli (n=11),
gram-positive (n =2), other gram-negative (n =1), and clinically
suspected (n=1). Infants identified through HRS had a lower
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percentage (8.98%) of coagulopathy at diagnosis than those
identified by NBS (66.15%); this was significant (p <0.001; 95%
confidence interval difference [0.44, 0.7]). Infants who received
soy-based feeds only had a lower percentage (8.51%) of coagu-
lopathy at diagnosis than those with other diets (71.42%); this
was significant (p <0.001; 95% confidence interval difference
[0.51, 0.74]).

3.2.1 | False Negative NBS

Six patients had false-negative NBS for CG but were later diag-
nosed based on clinical suspicion and testing. We are not aware
of patients with false-negative results who have died. Clinical
presentation data was available for 83.3% (n=5); all showed
biochemical transaminitis, 20% had coagulopathy, and 20% had
sepsis. All cases occurred before 2010 when the colourimetric
enzymatic assay replaced the bacterial inhibition assay for total
galactose quantification. Possible contributing factors include,
for example, poor feeding prior to NBS in two cases and non-
lactose-containing feed in one case. GALT activity through
Beutler testing was < 0.5gsubs/h per gram of haemoglobin in all
cases, and confirmatory genetic testing demonstrated Q188R/
Q188R in two cases, S135L/S135L in one case, and Q188R/
F194L, Q188R/R333W, and Q188R/K127E in the remaining
three cases.

3.2.2 | Genotype

Most patients had the common GALT Q188R variant in a homo-
zygous state (80.2%, n=174). Other variants included one case
each of: Q188R/F194L, Q188R/R333W, Q188R/Y89D, Q188R/
K127E, Q188R/S143L, Q188R/Q200fs, S143L/S143L, and com-
pound heterozygosity (c.982C>T/c.329-2A>C). Individuals who
did not meet criteria for having CG (n=28) were children with
GALT Duarte-2 variants, including N314D/Q188R and N314D/
N314D.

Genetic testing was incomplete for 6% (n=13), with six having
a first-degree relative with Q188R/Q188R. Genotype data was
missing for an additional 8.3% (n=18). There was no signif-
icant relationship between GALT Q188R and odds of develop-
mental disorders compared to non-homozygous individuals. In
CG patients with neurological or cardiac symptoms, analysis
of frataxin gene and whole exome sequencing was used when
available.

3.2.3 | Developmental Assessment, Screening,
and Clinical Outcomes

Paediatric patients are seen at NCIMD, predominantly in a spe-
cialised multidisciplinary Galactosaemia clinic, for follow-up
until 18years old. Early developmental progress was assessed
through history and clinical exams, with formal psychological
evaluations conducted if developmental concerns arose. Over
50years, many patients received non-standardised develop-
mental screening at ages two (n=136), three (n=129), and five
(n=119). Formal standardised developmental or cognitive as-
sessments were conducted for 40.1% (n=287) of patients during

their childhood. Psychometric tools used in this process evolved
over time, varying based on the era and needs of the child; these
included the Wechsler Intelligence Scale For Children (WISC),
Wechsler Preschool and Primary Scale of Intelligence, and
Stanford Binet assessment.

Learning difficulty (LD) and speech/language difficulties (SLD)
were found in 26.6% (n=47) and 43.5% (n="77) of patients aged five
and older who underwent clinical follow-up (n =177), respectively.
LD was defined by an FSIQ below 70, special needs schooling, or
any specific learning impairments. SLD was defined by a diagno-
sis of speech disorder using tests such as the Clinical Evaluation of
Language Fundamentals Preschool-3, Preschool Language Scales,
or Renfrew Action Picture Test, or significant deficits at age five or
older using non-standardised clinician evaluation.

Other developmental issues included unexplained motor disor-
ders (4%, n=7), such as ataxia, tremor, or developmental coor-
dination disorder. Among those with unexplained ataxia, two
siblings who also had a learning difficulty (intellectual disability
diagnosed through psychological assessment) had similar neu-
roimaging findings, including cerebellar atrophy, white matter
T2 hyperintensities, and hypomyelination. All had negative ge-
netic testing for FA.

There was significant overlap between LD, SLD, and motor
disorders, with 47.8% (n=385) having at least one of these dif-
ficulties. Significant associations were found between the year
of birth and survival without developmental issues (p =0.0233),
that is pointing towards more comorbidities in earlier years of
the screening program. Other factors associated with an in-
creased incidence of developmental issues were having no fam-
ily history of CG (p=0.029) which is likely directly due to the
impact of HRS eligibility. There was no significant difference
in developmental outcome between genders. Having any coag-
ulopathy was associated with a significantly increased odds of
developmental issues in childhood (OR: 3.3, 95% CI 1.536-7.091,
p=0.014). There was a trend towards lower rates of LD, SLD,
and motor issues in the ITC population compared to the non-
ITC population (40.9% and 57.5% respectively); the statistical
significance of the relationship between ethnicity and develop-
mental outcome could not be confirmed given the strong overlap
between screening modality and ethnicity. A graphical repre-
sentation of Pearson correlation coefficients between the differ-
ent variables is shown in Figure 3.

Patients diagnosed pre-symptomatically and on HRS had a ten-
dency towards lower rates of developmental issues. The two pro-
portion test demonstrated statistically significant lower rates of
LD in the HRS group compared to the NBS group (p=0.034) as
shown in Figure 4.

3.2.4 | Medical Co-Morbidities

Clinical screening for CG complications has evolved over
50years, influenced by improved knowledge, funding, and
healthcare changes. Complete clinical information about med-
ical co-morbidities was available for 53% (n=115) patients, par-
tial clinical information for a further 28.6% (n = 62) patients, and
no clinical information for 18.4% (n =40) patients.
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3.2.4.1 | Cataracts. Among patients with cataract data
available (n=175), childhood prevalence was 8% (n=14). Cat-
aracts were associated with Q188R/Q188R status using Fisher's
exact test (p <0.004). There was a trend towards older age at diag-
nosis (range 1-544 days, median 9 days) in those with cataracts.
Chi2 analysis and post hoc pairwise comparisons demonstrated
a statistically higher cataract prevalence in children diagnosed
with CG through a symptomatic testing pathway (58.3%) than
those diagnosed through NBS (6.1%) or HRS (3.2%) (p <0.0001).
No significant difference was found between NBS and HRS cat-
aract prevalence (p=0.62). See Figure 5 for more results.

3.2.4.2 | Osteopenia. Bone health screening was limited in
the early years due to awareness and resources. 18.9% (n =41) had
a dual energy x-ray absorptiometry (DEXA) scan in childhood,
10.6% (n=23) had childhood osteopenia, and 3.2% (n=7) had
one or more fractures and a subsequent bone health assessment.
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FIGURE 3 | Correlation heatmap showing Pearson correlation co-
efficients between numerical variables in the paediatric classical ga-
lactosaemia population. Standard diet: Breastmilk or cows-milk infant
formula pre-diagnosis. CG: classical galactosaemia; HRS: high-risk
screening; LD: learning difficulty; NBS: newborn screening; SLD:
speech and language difficulty.
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3.2.4.3 | Friedreich's Ataxia (FA). A subset of patients
with CG and comorbid FA, a unique genotype and phenotype
within the ITC, was identified. Patients diagnosed with FA had
confirmatory genetic testing for FA when clinical suspicion
arose or in case of a sibling with CG and FA. The prevalence was
6.7 per 100 patients with CG, all from the ITC. Regular neuro-
logical examination is recommended for CG patients due to FA
prevalence and neurological risks [52, 53].

3.2.4.4 | Primary Ovarian Insufficiency. Data on ovar-
ian insufficiency and fertility is limited due to changes in
data collection practises and screening methods, and due to
the 0-18year age range of the cohort. Of the 106 female patients
in the cohort, 59 were aged 16years or older during the study
period, of which 20.3% (n=12) were diagnosed with POI. This
figure almost certainly under-reports the incidence of POI in
the paediatric CG cohort.

4 | Discussion

This 217-patient CG cohort is the largest single-centre cohort de-
scribed to date, providing valuable insight into the longitudinal
outcomes of children with CG. Over half of the cohort were ITC
members, differentiating it from other studies and necessitating
consideration when reviewing outcomes. Given the significant
ITC population abroad, including over 54000 in the UK, these
findings may be relevant to families, clinicians, and researchers
outside Ireland [54].

Previous CG NBS cohort studies have discussed programme
implementation, financial implications, technicalities, and
acute outcomes, with some smaller studies addressing long-
term outcomes [55]. Our findings show a high survival rate
(over 95%) for CG patients in Ireland and a significant increase
in pre-symptomatic diagnoses due to NBS. Despite NBSP suc-
cess, symptomatic testing remains important for CG diagnosis,
partly due to false negatives and potential metabolic decom-
pensation before NBS results. Ongoing clinical education in
early CG recognition and management is recommended to en-
sure regular up-skilling of maternity and paediatric staff, even
with NBSP.

NS

48. 6% 47 8%

Any developmental
issue

Motor issues

HRS mTotal cohort

FIGURE 4 | Neurocognitive outcomes in children over 5years old with classical galactosaemia. CG: classical galactosaemia; HRS: high risk

screening; LD: learning difficulty; NBS: newborn screening; NS: No significance; SLD: speech and language difficulty.
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FIGURES5 | Cataract prevalence throughout childhood in the
paediatric classical galactosaemia population. Note: The diagnostic
pathway was unknown for 2 children, and that only children for whom
ophthalmic data was available are represented in this chart. NS: No
significance.

4.1 | Genotype

The prevalence of Q188R homozygosity in our cohort exceeds
that previously reported in Caucasian populations [56, 57|
but is lower than described in the Irish population by Coss
et al. [17]. Possible reasons include increased ethnic diversity,
declining ITC birth prevalence, and more frequent genetic
testing in CG patients since the prior study ([58]). Q188R ho-
mozygosity was associated with cataracts in this study. These
findings reinforce the evidence base that Q188R homozygosity
is associated with a more severe clinical phenotype than other
GALT variants.

4.2 | Role of Early Screening

Acute symptoms at diagnosis (e.g., coagulopathy, transami-
nitis, sepsis), pointing towards a more severe form of CG and
symptomatic therapy, were significantly associated with in-
creased odds of childhood developmental issues. Diagnosis on
HRS rather than NBS or symptomatic testing tended to improve
outcomes, with lower odds of death and developmental issues;
whether this finding is predominantly due to the lower inci-
dence of acute intoxication symptoms, the use of lactose-free
feeds from birth, or the earlier age at diagnosis in this cohort
remains unclear. Given the range of conditions screened for in
the Republic of Ireland through the NBSP, earlier testing for
CG would likely involve moving towards a biphasic NBSP, with
early (Day 1-2) testing for intoxication-type metabolic disorders
and later (Day 5-10) testing for other conditions; however, based
on our findings and practicability, changing the CG NBS timing
cannot be recommended given the increase in screening burden
this would incur, and insufficient data on whether the timing
of HRS or feed type in high-risk infants are the main drivers
of improved outcomes. Instead, improving early detection may
involve targeting HRS enrolment, which was 88% for eligible
infants since 1996. Further qualitative research is needed to

understand factors affecting enrolment, and further education
of maternity staff, families with CG history, and ITC members is
required to increase HRS enrolment. A pilot project for antena-
tal carrier testing in ITC women is underway in Ireland. If suc-
cessful, this could reduce the number of infants needing HRS
as well as parental anxiety and interference with breastfeeding,
where possible.

4.3 | Developmental Outcomes

Over the 50-year study period, access to developmental screen-
ing, assessment, and early intervention has evolved. Learning
and developmental issues in children with CG are common,
with rates in our study (47.8%) aligning with previous reports.
Inter-study variability may be due to differing definitions, study
periods, and screening standardisation. Comparison of these
figures with LD and SLD prevalence in the general paediatric
population is challenging due to variability in reported prev-
alence, definitions, and origin of report. A 2011 report by the
National Council for Special education reported 25% of children
having special educational needs of some form at age 7, while
the Growing Up In Ireland study from 2018 reported 16.8% of
children had a speech and language difficulty at 5years [59, 60].
Comparison of LD, SLD, and motor issue prevalence in the ITC
and non-ITC populations showed a trend towards higher rates of
developmental issues in the non-ITC population. This is notable
given the large body of evidence showing that the ITC popula-
tion has a higher incidence of neurogenetic disorders, lower lit-
eracy, and higher deprivation rates than non-ITC in the non-CG
general population [49-51].

Cerebellar, frontal grey matter, and diffuse white matter
changes have been noted in CG, though the pathophysiology of
developmental disorders is not well understood [61]. Regular,
standardised developmental screenings should be offered per
Galactosemia Network Guidelines [53]. Validated tools like the
Ages & Stages-3 questionnaire can help clinicians recognise
atypical developmental trajectories and offer early intervention
[62, 63]. The incidence of developmental issues has decreased
over the course of the study period, with the year of birth associ-
ated with developmental issues. This may be related to increased
understanding, evidence-based care, and developmental inter-
ventions in later years, but also changes in cognitive assessment
tools over the years.

The literature discusses motor planning pathways in CG,
though their relevance to genetic diagnosis or complications
is unclear. Possible causes may include cerebellar damage
[37], transcallosal fibre alterations, or pallidum involvement
[64]. Motor problems often co-occur with speech and lan-
guage impairments and other neurological issues in CG. Motor
issue prevalence in children with CG ranges from 18%-52%
[20, 27, 35, 36, 64-66]. In our cohort, distinct motor disorders
(excluding FA) were found in 4.3% of patients, and in 11.9%
when all motor disorders (including FA) were considered. The
lower rate may be due to earlier years' screening limitations,
as the relationship between CG and motor issues was not rec-
ognized. Most children with motor disorders also had speech
and language delays and learning difficulties, supporting the
hypothesis of a common cause.
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Given specific speech, language, and motor skill deficits, com-
prehensive neuropsychological assessments should be consid-
ered at key times, such as school placement decisions and before
state exams. Different cognitive functions develop at different
times, so repeat assessments can inform neurodevelopmental
trajectories and any widening skill gaps in CG. Children with
FSIQ above 70 but below average may have deficits masked by
standard tests like WISC 5th edition. In these cases, formal
speech and language assessments are crucial to identify the
nuanced expressive, receptive, grammatical, and word-finding
language deficits in CG. Executive functioning deficits may
also be masked as emotional or behavioral issues and should
be formally assessed using neuropsychological tools. CG pa-
tients often have lower white matter volume than controls, a
finding common across neurodevelopmental disabilities, lead-
ing to deficits in cognitive performance, learning, and social
skills [67]. In CG, dietary treatment from birth modifies white
matter changes [68, 69]. Unidentified genetic and biochemical
modifiers may contribute to this finding. Managing cognitive
and executive function impacts should focus on scaffolding
strengths, such as visual learning for those with language dis-
ruptions, and supplementing verbal learning when visuomotor
skills are lacking [67].

4.4 | Medical Comorbidities

The childhood prevalence of fractures in this study (3.2%) was
significantly lower than reported figures of 30% for the general
paediatric population [70]. The authors propose that this is due
to insufficient documentation of previous fractures in this study
rather than a lower true prevalence. Documentation and screen-
ing regarding bone health in our cohort were scarce in the early
years of this study, likely due to limited evidence on this compli-
cation at the time. Intermittent DEXA scanning access over the
50-year period is also a significant factor. Bone health assessment
and osteopenia prevention evidence have evolved, recognising
the role of Vitamin D, calcium supplementation, and bone den-
sity screening modalities, but DEXA access may still be limited.

The paucity of data on POI prohibits the drawing of any con-
clusions or recommendations on its screening, diagnosis, man-
agement, and prevention. POI was first described in the CG
population in 1979 [71]. A paediatric gynaecology specialist ser-
vice was made available to our cohort from 2008 for girls aged
12 and older. The true extent of POI in our cohort is unknown
and would not be expected to be fully recorded in our centre's
medical records. POI remains a known prevalent CG compli-
cation with significant lifelong medical and psychosocial con-
sequences, and European Galactosaemia Network Guidelines
should be followed for further management [53].

The prevalence of FA in our cohort exceeds that reported in the
international CG population. These two separate autosomal re-
cessive conditions (CG and FA), located on either side of chromo-
some nine's centromere, appear to be in linkage disequilibrium
in this subgroup of affected individuals [72-74]. FA is a progres-
sive neurological disorder characterised by ataxia, incoordina-
tion, sensory loss, and progressive neurological deterioration,
accompanied by cardiac, endocrine, and orthopaedic sequelae.
Symptoms typically onset in childhood, with an average age

of 10years. FA prevalence in Ireland has been estimated as the
highest in Europe at 1 in 23000 [75].

Cataracts were rare in this CG cohort, occurring in 8%. Cataract
development was associated with later diagnosis, symptom-
atic testing, and Q188R homozygosity, highlighting the role
of early diagnosis in preventing CG medical comorbidities.
Ophthalmology follow-up intervals in our cohort were subop-
timal; engaging with patients and families to discuss follow-up
barriers and solutions is recommended. These barriers and solu-
tions are likely specific to the area, culture, and health system,
rather than CG-related issues.

4.5 | Strengths and Limitations

The strengths of this study are its large-scale, population-based,
longitudinal design, describing the natural history of a classical
cohort of patients. This provides the CG community with real-
life data from patients diagnosed and treated in a single national
centre. The study timeline offers the research community in-
sight into the impact of changes in investigation, complication
recognition, and multidisciplinary management on CG patient
outcomes in Ireland.

Data completeness is the main limitation, with 30.6% missing in
primary outcomes; this is a recognised limitation of retrospec-
tive longitudinal studies [76]. The retrospective nature of our
study means that investigation and management methodologies
changed over time. Another limitation is the uneven application
of standardised cognitive or neuropsychological assessments
over the years.

5 | Conclusion

This study represents the largest cohort of CG patients re-
ported to date, providing a comprehensive analysis of the nat-
ural history, survival rates, and developmental outcomes of
CG in a national paediatric cohort since NBSP was introduced.
Over the time period studied here, NBS procedures and clin-
ical care changed, as knowledge of CG progressed. Overall, a
greater emphasis was placed on early diagnosis, HRS, NBSP
follow-up, early and comprehensive treatments, as well as the
establishment of a dedicated galactosaemia clinic with a pro-
active multi-disciplinary approach, in addition to needs-based
clinical interventions. The findings highlight the significant
impact of early diagnosis and intervention on clinical outcomes,
particularly through NBS and HRS. The high enrolment rates
in the HRS program among ITC individuals emphasise the
acceptability and importance of targeted screening efforts in
high-risk populations. The data show a high survival rate of
over 95% among CG patients, with a notable reduction in mor-
tality for those diagnosed on HRS. Despite these advances, the
study reveals persistent challenges in achieving optimal long-
term outcomes. Developmental disorders, including learning
difficulties, speech and language delays, and motor issues, af-
fect nearly half of patients with CG; being diagnosed on HRS
is protective. The association between acute CG symptoms at
the time of diagnosis and developmental issues highlights the
critical role of early detection and prompt dietary management
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in mitigating both acute and long-term complications. Further
efforts to embed developmental screening tools and early inter-
vention are warranted.

To further improve outcomes, the study recommends ongoing
clinical education for maternity and paediatric staff to ensure early
recognition and management of symptomatic CG, even in the
presence of an NBSP. Enhancing enrolment rates in the HRS pro-
gram and exploring antenatal carrier testing in high-risk popula-
tions could lead to earlier detection and better management of CG.

In conclusion, while the implementation of NBSP and HRS in
Ireland has significantly improved survival rates and early di-
agnosis of CG, there remains a need for standardised develop-
mental screening and early, multidisciplinary developmental
intervention to address the high prevalence of developmental
disorders. Continued efforts to refine screening programs and
provide comprehensive care for CG patients will be essential in
improving long-term outcomes and quality of life for affected in-
dividuals, and the impact of innovative pre-natal carrier testing
on the need for HRS requires further study.
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