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Abstract
Impaired activity of galactose-1-phosphate uridyltransferase (GALT) causes galactosemia, an autosomal recessive disorder of
galactose metabolism. Early initiation of a galactose-restricted diet can prevent or resolve neonatal complications. Despite
therapy, patients often experience long-term complications including speech impairment, learning disabilities, and premature
ovarian insufficiency in females. This study evaluates clinical outcomes in 34 galactosemia patients with markedly reduced
GALT activity and compares outcomes between patients with different levels of mean galactose-1-phosphate in red blood cells
(GAL1P) using logistic regression: group 1 (n = 13) GAL1P ≤1.7 mg/dL vs. group 2 (n = 21) GAL1P ≥ 2 mg/dL. Acute
symptoms at birth were comparable between groups (p = 0.30) with approximately 50% of patients presenting with jaundice,
liver failure, and failure-to-thrive. However, group 2 patients had significantly higher prevalence of negative long-term outcomes
compared to group 1 patients (p = 0.01). Only one of 11 patients >3 yo in group 1 developed neurological and severe behavioral
problems of unclear etiology. In contrast, 17 of 20 patients >3 yo in group 2 presented with one or more long-term complications
associated with galactosemia. The majority of females ≥15 yo in this group also had impaired ovarian function with markedly
reduced levels of anti-Müllerian hormone. These findings suggest that galactosemia patients with higher GAL1P levels are more
likely to have negative long-term outcome. Therefore, evaluation of GAL1P levels on a galactose-restricted diet might be helpful
in providing a prognosis for galactosemia patients with rare or novel genotypes whose clinical presentations are not well known.

Introduction

Galactose-1-phosphate uridyltransferase (GALT) catalyzes
the conversion of galactose-1-phosphate (GAL1P) and
UDP-glucose to glucose-1-phosphate and UPD-galactose in
the Leloir pathway (Holden et al. 2003). The enzyme is
encoded by the GALT gene located on 9q13.3 and composed
of 11 exons (Shih et al. 1984). Impaired activity of this en-
zyme causes galactosemia, an autosomal recessive disorder of

galactose metabolism (OMIM#230400). More than 300 vari-
ants in the GALT gene have been identified in patients with
galactosemia (ARUP galactosemia database: http://arup.utah.
edu/database/GALT/GALT_welcome.php) and cause
different degrees of enzyme activity impairment (Tyfield
et al. 1999; Tyfield 2000). The most common pathogenic var-
iants found in Caucasians are p.Q188R, p.K285N, and p.
L195P (Elsas and Lai 1998; Tyfield et al. 1999; Berry 2014)
while p.S135L or IVS2-2G are more frequent in individuals of
African or Hispanic descent, respectively (Lai et al. 1996;
Yang et al. 2002). A large 5.2 kb deletion has been reported
in Ashkenazi Jews (Coffee et al. 2006; Goldstein et al. 2011).
These homozygous or compound heterozygous genetic
changes are associated with undetectable or markedly reduced
GALT activity in red blood cells (RBC).

Classic galactosemia, characterized by markedly reduced
GALT activity, leads to multiple neonatal and long-term com-
plications (Berry 2014; Coelho et al. 2017). Galactosemia
patients can present in the newborn period with jaundice,
vomiting, failure to thrive, and diarrhea. These acute symp-
toms may be complicated by Gram-negative sepsis, progres-
sion to liver failure, septic shock, and even death if patients are
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left untreated. A galactose-restricted diet can prevent or re-
solve neonatal complications. However, even with therapy
there can be long-term complications, such as cognitive and
language impairments, developmental delays, and learning
disabilities (Gitzelmann and Steinmann 1984; Waggoner
et al. 1990; Schweitzer et al. 1993; Schweitzer-Krantz
2003). The majority of females with classic galactosemia also
develop premature ovarian insufficiency (POI) (Berry 2014),
and low concentrations of anti-Müllerian hormone (AMH), a
cycle-independent marker of ovarian reserve, have been re-
ported in these patients (Sanders et al. 2009; Fridovich-Keil
et al. 2011; Spencer et al. 2013).

Several mechanisms have been implicated in the pathogen-
esis of galactosemia. It has been suggested that the accumula-
tion of toxic metabolites, galactose, galactitol, and GAL1P
could cause permanent damage to various tissues and organs
in the prenatal and the postnatal periods (Chen et al. 1981;
Bandyopadhyay et al. 2003; Lai et al. 2009; Coelho et al.
2017). The impact of abnormal glycosylation on the physio-
logical function of different glycoproteins and glycolipids has
been considered a contributing factor to galactosemia
complications (Liu et al. 2012; Coss et al. 2014a, b).
Recent in vitro and in vivo studies have also demon-
strated the increase in oxidative stress and downregula-
tion of PI3K/Akt pathway in response to the impaired
GALT func t i on ( Jumbo-Luc ion i e t a l . 2013 ;
Balakrishnan et al. 2016), although the understanding
of the complex interplay between these different mech-
anisms is still limited (Viggiano et al. 2017).

Genotype-phenotype correlations in galactosemia have
been the subject of many studies in the past 30 years.
Residual GALTactivity is usually associated with milder clin-
ical outcomes (Berry and Elsas 2011), with patients homozy-
gous for p.S135L escaping many of the long-term complica-
tions of the disease (Lai et al. 1996; Elsas and Lai 1998).
Patients carrying GALTalleles associated with <1% of normal
enzymatic activity had higher incidence of long-term compli-
cations, such as ovarian dysfunction and learning deficits,
compared to those with alleles retaining >1% WT activities
(Ryan et al. 2013; Spencer et al. 2013). In addition, the risk of
verbal dyspraxia has been associated with the rate of galactose
oxidation to CO2 (the Bbreath test^) and mean GAL1P con-
centrations (Robertson et al. 2000; Webb et al. 2003).
However, other studies found no correlation between biochem-
ical phenotype and long-term outcomes in classic galactosemia
patients (Waggoner et al. 1990; Walter et al. 1999; Shield et al.
2000; Schweitzer-Krantz 2003; Hughes et al. 2009).

This study presents an analysis of clinical, molecular, and
biochemical data from 34 galactosemia patients with marked-
ly reduced or undetectable GALT activity in RBC. The inci-
dence of neonatal and long-term outcomes in these patients
was evaluated and compared between patients with low and
high concentrations of GAL1P. The results suggest an

association between levels of GAL1P in red blood cells and
long-term complications.

Methods

Subjects

All patients (16 females, 18 males) included in this study were
diagnosed with galactosemia following an abnormal newborn
screen result, and were followed at the Metabolic Clinic of the
University of Utah and/or at outreach clinics. In this study,
patients were divided into two groups based on their GAL1P
levels obtained at ≥6 months of age with the exception of very
young patients 3F and 6M, whose levels were obtained be-
tween 3 and 6 months of age. The mean GAL1P in group 1
and group 2 were ≤1.7 mg/dL (n = 13) and ≥2 mg/dL (n = 21),
respectively (Fig. 1b and c). Patients 3F and 20F had only one
GAL1P measurement; therefore, mean GAL1P was not cal-
culated in these patients.

Clinical outcomes were compared between these two
groups of patients. Symptoms at diagnosis included jaundice,
liver failure, cataracts, sepsis, vomiting, and failure-to-thrive.
Long-term outcomes included abnormal motor function,
speech deficits, learning deficits, intellectual disability, devel-
opmental delays, neurologic deficits, premature ovarian insuf-
ficiency, and menstrual irregularities. Speech deficits and
learning disabilities were assessed in all patients >3 yo.
Reproductive function was evaluated in female patients ≥15
yo. To evaluate the growth of our patients, the Z-scores of the
heights (or length in patients <2 yo), weight and BMI (or
weight-to-length in patients <2 yo) for age were calculated
using WHO growth charts for patients <2 years and CDC
growth charts for patients ≥2 years. The patients’ socioeco-
nomic status was not formally assessed in this study. This
study was reviewed and approved by the Institutional
Review Board at the University of Utah.

Standard treatment for all patients was the administration
of lactose-free formula (soy-based or elemental) from the mo-
ment the diagnosis was suspected. Galactose-restriction is
maintained for life, primarily restricting dairy products and
fermented soy products with the exception of some aged
cheeses. Fruits, vegetables, and legumes are no longer restrict-
ed based on new guidelines in recent years (Van Calcar et al.
2014). However, prior to these guidelines, patients were ad-
vised to restrict certain fruits, vegetables, and legumes with
high concentrations of galactose. Our clinic allowed some diet
liberalization in childhood, including introduction of toma-
toes, their derivatives, legumes, and aged cheeses.

Patients with galactosemia are typically seen in the
Metabolic Clinic every 3 months until 1 year of age, every
6 months between 1 and 3 years of age, and yearly thereafter.
Laboratory testing depends on clinical status and can include
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red blood cells GAL1P, vitamin D, and liver function tests.
Follicle-stimulating hormone (FSH), luteinizing hormone
(LH), estradiol and, more recently, anti-Müllerian hormone
are usually measured in female patients to evaluate their re-
productive function. All female patients with abnormal ovar-
ian function are referred to Obstetrics and Gynecology for
hormone replacement therapy (HRT).

Biochemical and molecular testing

The GALT activity and galactose-1-phosphate in the majority
of patients’ samples was measured at ARUP Laboratories
(Salt Lake City, UT) using a spectrophotometric assay (Tietz
1995) and GC-MS/MS (Chen et al. 2002), respectively. The
biochemical testing was also performed at Emory Genetic
Laboratory (Atlanta, GA), Children’s Hospital of
Philadelphia (Philadelphia, PA), Mayo Medical laboratories
(Rochester, MN) and University Children’s Genetic
Laboratory (Los Angeles, CA). All laboratories reported

similar reference ranges for the enzyme activity and
galactose-1-phosphate in red blood cells.

The levels of FSH, LH, estradiol, and AMH in galacto-
semia females were measured at ARUP Laboratories (Salt
Lake City, UT) and LabCorp (Burlington, NC). DNA testing
by targeted gene analysis or full gene sequencing was per-
formed at ARUP laboratories (Salt Lake City, UT) or Emory
Genetics laboratory (Atlanta, GA). All laboratory testing was
performed according to standard procedures.

Statistical analysis

Data were summarized using descriptive statistics: mean and
standard deviations for continuous variables and frequencies
for dichotomous variables. Differences between groups were
analyzed using Wilcoxon rank-sum tests for continuous vari-
able and Fisher’s exact test or Kruskal-Wallis test for categor-
ical variables. Logistic regression was used to predict the pres-
ence of one or more long-term clinical complications using
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Fig. 1 Concentrations of red
blood cells galactose-1-phosphate
in galactosemia patients. (a)
GAL1P in all patients from birth
to adulthood, (b) and (c) GAL1P
in individual patients, ≥6 mo. The
levels in patients 3F and 6M were
obtained between 3 and 6 months
of age. The white (group 1) and
dark gray (group 2) boxes repre-
sent the first and the third quar-
tiles of GAL1P range with whis-
kers definingmin andmax values.
Total number of GAL1P mea-
surements is shown above each
box. Normal range (≤1 mg/dL) is
shown as a light gray area, and
dashed line represents the recom-
mended GAL1P range on dietary
treatment, <4 mg/dL
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mean Gal1P levels for each patient as a continuous variable
after adjusting for age. Statistical analyses were conducted
using Stata/IC 14.0. Significance was defined as a two-sided
p value with alpha of 0.01 to account for multiple comparisons
and reduce the risk of type I error.

A sample size of 32 (patients 3F and 6M excluded) with an
allocation ratio of 1.9 between group 1 and group 2 was ade-
quate to produce 80% power to detect a mean difference in the
proportion of galactosemia patients with a negative long-term
outcome of 0.55 (conservative estimation based on (Schweitzer
et al. 1993; Jumbo-Lucioni et al. 2012; Frederick et al. 2017)
with an alpha of 0.01 in a two-sided analysis.

Results

Biochemical findings

The majority of patients in this study had undetectable GALT
activity in red blood cells, and 12 patients had markedly re-
duced GALT activity ranging from 0.2 to 1.7 μmol hr−1 g
Hb−1 (Table 1). It is unclear if these non-zero values represent
true residual activities or they reflect analytical limitations of
the spectrometric method in measuring low enzymatic activity
(Li et al. 2010, 2011). The repeat analysis of GALT activities
by LC-MS/MS (Li et al. 2010, 2011) in four patients showed
undetectable activity of the enzyme (values in parentheses in
Table 1).

The measurements of red blood cell GAL1Pwere routinely
performed at the clinic visits (see Methods). The highest
GAL1P concentrations were observed at the time of diagnosis,
and the levels stabilized after 4–6 months of galactose restric-
tion (Fig. 1A) (Hutchesson et al. 1999; Walter et al. 1999).
Overall, the intra-individual variability of GAL1P measure-
ments in patients with abnormal GAL1P findings was <25%
(Fig. 1b and c) suggesting a strong effect of the genotype and
relative consistency in dietary galactose consumption.
Significantly higher GAL1P levels were recorded on one oc-
casion in patients 17M and 23F, probably reflecting higher
than usual galactose intake (Fig. 1b and c). Based on
GAL1P levels on dietary treatment patients were divided into
two groups: group 1 with mean GAL1P <2-fold of the upper
normal range (patients 1F-13M, mean GAL1P 0.3–1.7 mg/
dL, n = 13) and group 2 with mean GAL1P ≥2-fold of the
upper normal range (patients 14M-34F, mean GAL1P 2.0–
4.9 mg/dL, n = 21) to compare biochemical, molecular and
clinical findings (Tables 1 and 2).

Molecular findings

Themost common pathogenic variant in theGALT gene in our
cohort of patients was p.Q188R with 47.1% allele frequency:
eight patients were homozygous and 13 patients were

compound heterozygous for p.Q188R (Table 1). The frequen-
cies of other common alleles, such as p.K285N, p.L195P,
p.S135L, p.T138M, and p.D98N, were 2.9% each, while other
variants were unique to individual families. Twelve variants
were missense, two nonsense (p.W249X and p.Q212X), and
one affected splicing (IVS2-2G). All 15 variants were previ-
ously reported in literature (Walter et al. 1999; Yang et al.
2002; Calderon et al. 2007; Tang et al. 2012). The results of
molecular testing were not available for six patients (Table 1).
In addition, targeted DNA analysis for the nine most common
variants (Calderon et al. 2007; Jama et al. 2007) did not iden-
tify a second pathogenic allele in the GALT gene of four other
patients (10M, 13M, 20F, and 21F).

The majority of patients in group 2 were homozygous or
compound heterozygous for p.Q188R and other severe path-
ogenic variants, such as p.K285N and p.L195P (Tyfield et al.
1999). Interestingly, none of the group 1 patients who received
genetic testing had Q188R/Q188R, Q188R/K285N orQ188R/
L195P genotypes (Table 1) (Berry 2014). Instead, they carried
variants characterized by residual activity in model organisms,
such as p.D98N, p.T138M, p.R223S, p.I278N, and p.R201H
(Riehman et al. 2001; Tang et al. 2012; Spencer et al. 2013),
suggesting a correlation between accumulation of GAL1P and
genotype.

Nutrition and growth

A galactose-restricted diet was initiated in all patients in the first
weeks of life and, in general, all patients except 10M followed a
galactose-restricted diet (Fig. 1b and c, Table 1). Despite consis-
tent dietary recommendations for patients in group 1 and group
2 (see methods), growth deficiencies were more frequently ob-
served in group 2 patients. Six out of 21 patients (29%) with
mean GAL1P ≥2 mg/dL (group 2) were underweight (Z-score
< −2), and four of them also had short stature (Z-scores < −2). In
contrast, only one of 13 patients (patient 10M) with mean
GAL1P levels ≤1.7 mg/dL (group 1) had Z-scores <2 SD below
the 50th percentile for height and BMI (Fig. 2). Z-scores for
weight were significantly lower in galactosemia patients in
group 2 vs group 1 (p = 0.045; Fig. 2). Patient heights were
not corrected for the mid-parental target heights, and unequal
distribution of very tall or very short families in group 1 and
group 2 could potentially influence the results.

Clinical findings

The clinical findings in our galactosemia patients are summa-
rized in Fig. 3, Tables 1 and 2. Long-term outcomes were not
assessed for patients 3F and 6M due to very young age. In 27
out of 34 patients, galactose restricted diet was initiated within
the first ten days of life. Dietary treatment in three patients in
group 1 (4M, 5M, and 7F) and four patients in group 2 (18M,
27F, 33F, and 34F) started between 11 and 21 days of life.
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Approximately half of the patients presented at birth with
neonatal complications, such as jaundice, liver failure,

vomiting, and failure to thrive. The acute symptoms resolved
shortly after starting a galactose-free diet. These early

Table 1 Clinical, molecular, and biochemical findings in 34 galactosemia patients

Patient sex Age at the l
ast visit

Genotype GALT activity
(μmol hr−1 g Hb−1)

Mean GAL1P
(mg/dL)b

Neonatal outcomes Long-term outcomec

Group 1

1F 21 y R201H/M336 L 1.3 0.3 ± 0.2 None Normal

2F 16 y Q188R/T138 M 1.6 0.4 ± 0.1 None Normal

3Fsib <1 y Q188R/T138 M 0.0 0.5 J Not assessed

4Msib 5 y Q188R/T138 M 0.4 0.7 ± 0.3 J Normal

5M 11 y Q188R/R223S 1.7 0.6 ± 0.3 None Normal

6M <1 y L195P/I278N 0.3 0.6 ± 0.3 None Not assessed

7F 9y Q188R/E203K 0.2 (0.0a) 0.6 ± 0.2 J Normal

8M 13 y UNK/UNK 0.0 0.7 ± 0.3 J Normal

9M 18 y UNK/UNK 0.6 0.9 ± 0.2 None Normal

10M 26 y Q188R/UNK 0.8 1.1 ± 0.2 None LD, Autism, ADHD, AMF (tremor, ataxia),
mild cortical atrophy on CT, dietary
noncompliance, lives in a group home

11Msib 11 y Q188R/D98N 0.6 (0.0a) 1.5 ± 0.3 J, LF Normal

12Msib 9 y Q188R/D98N 0.0 1.6 ± 0.3 None Normal

13M 10 y S135 L/UNK 0.0 1.7 ± 0.2 J Normal

Group 2

14M 17 y Q188R/M142 K 0.0 2.0 ± 0.3 J SD, LD

15F 8 y S135 L/IVS2-2G 0.9 (0.0a) 2.1 ± 0.3 J SD, LD

16Msib 16 y UNK/UNK 0.0 2.5 ± 0.7 FTT SD, LD

17Msib 17 y UNK/UNK 0.0 2.6 ± 1.7 None SD, LD

18M 23 y UNK/UNK 0.4 2.7 ± 0.7 J, HM SD, Asperger

19M 15 y UNK/UNK 0.9 2.8 ± 0.5 J, FTT, S SD

20F 36 y Q188R/UNK NA 2.5 J, V, HM, Cat Successful pregnancy, mild LD

21F 23 y Q188R/UNK NA 3.2 ± 0.7 J, FTT, S SD, LD, DD, MI

22F 15 y Q188R/Q188R 0.0 2.5 ± 0.6 None Normal

23F 25 y Q188R/Q188R 0.0 2.6 ± 2.0 None SD, AMF (tremor), DD, LD, POI

24F 25 y Q188R/Q188R 0.0 2.7 ± 0.5 None LD, POI

25F 22 y Q188R/Q188R 0.0 2.7 ± 0.3 None SD, DD, POI

26M 8 y Q188R/Q188R 0.0 3.6 ± 0.6 J, HM SD, AMF (coordination problems)

27F 33 y Q188R/Q188R 0.6 (0.0a) 3.8 ± 0.4 J, Cat Two successful pregnancies, AMF
(tremor), normal brain CT

28Fsib 20 y Q188R/Q188R 0.0 4.3 ± 0.4 None MI

29Msib 16 y Q188R/Q188R 0.6 4.8 ± 0.6 None Normal

30M 8 y Q188R/K285 N 0.0 3.7 ± 0.3 J Normal

31M 12 y Q188R/K285 N 0.0 4.3 ± 0.9 J, LF, S SD, DD

32F 19 y Q188R/W249X 0.8 3.5 ± 0.6 V SD, AMF (tremor), POI

33F 3.8 y Q188R/Q212X 0.0 4.8 ± 0.5 FTT, V SD, DD

34F 2.2 y Q188R/L195P 0.0 4.9 ± 1.1 J, LF, FTT, seizures DD, mildly delayed myelination on
MRI at 22 months of age

a repeat measurement by the LC-MS/MS based method; bmean GAL1P levels on treatment (see methods); c long-term outcomes were not assessed in
patients 3F and 6M due to very young age, reproductive function was access in female patients ≥15 yo

Abbreviations: F– female; M–male; LF– liver failure; HM– hepatomegaly; Cat–cataracts; S – sepsis; V– vomiting; J– jaundice; AMF– abnormal motor
function; SD– speech deficits; LD– learning deficits; ID– intellectual disability; POI– premature ovarian insufficiency; DD– developmental delays; ND–
neurologic deficits; FTT– failure to thrive; Sib– siblings; MI– menstrual irregularities, CT– computerized tomography, MRI– magnetic resonance
imaging
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manifestations were observed with similar frequencies among
the two groups, 46% in group 1 and 52% in group 2 (p = 0.30,
Table 2). The presence of long-term complications did not
correlate with participant sex and GALT activity in RBC
(Table 2). The comparison of the long-term outcomes in early
treated (≤ 10 days of age) vs late treated (11–21 days of age)
infants also did not demonstrate any significant effect (p =
1.0). However, higher mean GAL1P levels were associated
with a 2.53-fold increase in the odds of having one or more
long-term complications associated with galactosemia after
controlling for age (95% CI 1.24–5.16, p = 0.010). Only pa-
tient 10M among 11 patients >3 yo in group 1 had neurolog-
ical and severe behavioral problems of unclear etiology
(Table 1). In contrast, 17 out of 20 patients >3 yo in group 2
(85%) presented with one or more negative outcomes
(Tables 1 and 2). Speech impairment and learning disabilities

were the most frequent galactosemia-related complica-
tions observed in group 2 for both males and females
(Table 2). The difference in the prevalence of speech
deficits between group 1 and group 2 was statistically
significant (p < 0.01).

The number of galactosemia females ≥15 yo was too small
for the comparison of reproductive outcomes between group 1
and group 2 patients. However, six out of nine females ≥15 yo
in group 2 experienced menstrual cycle irregularities and four
of them were later diagnosed with premature ovarian insuffi-
ciency (Table 1, Fig. 3). These patients demonstrated elevated
levels of follicle-stimulating hormone and luteinizing hor-
mone in combination with low estradiol consistent with their
poor ovarian outcomes (Fig. 4). Notably, patients 20F and
27F, both presenting with multiple galactosemia-related com-
plications, had successful spontaneous pregnancies (Table 1,

Table 2 Summary of clinical,
molecular, and biochemical
findings

All n = 34 Group 1 n = 13 Group 2 n = 21 p-valuec

Sex/age

Females 16 (47%) 4 (30%) 12 (57%) 0.17

Age (years) 15.0 ± 8.6 11.5 ± 7.3 17.2 ± 8.8 0.08

Range (years) 1 to 36 1 to 26 3 to 36

Genotype

Q188R/Q188R 8 (24%) 0 (0%) 8 (38%) 0.08d

Q188R/other(Unk) 16 (47%) 8 (62%) 8 (38%)

Other/other(Unk) 4 (12%) 3 (23%) 1 (5%)

Unk/Unk 6 (17%) 2 (15%) 4 (19%)

Biochemical findings

GALT activity (μmol hr−1 g Hb−1) 0.4 ± 0.5 0.6 ± 0.6 0.2 ± 0.4 0.06

GAL1P (mg/dL) 2.3 ± 1.4 0.9 ± 0.5 3.3 ± 0.9 <0.01

Clinical presentation

Neonatal outcomes

Failure-to-thrive 6 (20%) 1* (8%) 5 (24%) 0.37

Jaundice/Liver failure 17 (50%) 6 (46%) 11 (52%) 0.72

Cataracts 2 (6%) 0 (0%) 2 (10%) 0.51

Long-term outcomesa

Developmental delays 6 (19%) 0 (0%) 6 (29%) 0.06

Learning disabilitiesb 8 (26%) 1* (9%) 8 (40%) 0.11

Speech deficitsb 13 (42%) 0 (0%) 13 (65%) <0.01

Neurological/motor 5 (16%) 1* (8%) 4 (19%) 0.63

Newborn screening (NBS)

Frequency by NBS (Utah) 1:58,998

USA average frequency 1:53,554

Other– L195P, S135 L,M142K, K285N, IVS2-2G, Q212X,W249X,M336 L, E203K, D98N, T138M, R201H,
R223S, R258C, I278N; Unk– molecular analysis of the GALT gene was not done
a patients 3F and 6M <1 yo were excluded from the analysis of long-term outcomes
b only patients 3 yo and older
c continuous data analyzed using Wilcoxon rank-sum test and categorical data analyzed

using Fisher’s exact test
d analyzed using Kruskal-Wallis test

*patient 10M
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Fig. 3). Interestingly, several FSH, LH, and estradiol measure-
ments in patient 27F taken before pregnancy were in the post-
menopausal range (Fig. 4) demonstrating limited utility of the
measurement of these hormones for fertility assessment
(Committee on Gynecologic Practice 2015).

Five patients ≥15 yo in group 2 had persistently low AMH,
a cycle-independent marker of ovarian reserve, suggesting
decreased ovarian function (Fig.4). AMH levels were also
evaluated in three very young pre-pubescent patients, 7F,
15F and 34F, and the results showed markedly reduced
AMH levels in patients 15F and 34F (group 2) and normal
AMH in patient 7F (group 1). Patient 34F was only 6 months
of age when the first AMH measurement was taken (Fig. 4)
and a prolonged longitudinal assessment of ovarian function is
necessary to define the prognostic value of early AMH
measurements.

Discussion

In this study we present clinical, molecular, and biochemical
findings from 34 classic galactosemia patients. All patients
were identified by newborn screening and started on
galactose-free formula in the first weeks of life. Despite early
diagnosis and dietary treatment, the majority of our patients
developed one or more long-term complications, including
speech deficits and mild to moderate learning disabilities
(Tables 1 and 2), as reported by many other investigators
(Waggoner et al. 1990; Schweitzer et al. 1993; Waisbren et al.
2012). Interestingly, approximately one third of our patients
with markedly reduced or undetectable red blood cell GALT
activity have not developed long-term compilations associated
with galactosemia (Table 1), which prompted further investiga-
tion into differences in biochemical and molecular findings
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between galactosemia patients with normal long-term out-
comes vs negative long-term outcomes.

The measurement of GALT activity in patients’ red
blood cells was not sufficient to predict the severity of
clinical phenotype, as previously reported (Viggiano
et al. 2015). Enzymatic testing is also method-dependent
(Li et al. 2010, 2011). In this study, re-analysis of GALT
activity in four galactosemia patients by LC-MS/MS did
not detect the presence of low residual activity previously
measured by spectrometry in these patients (Table 1), al-
though the results obtained with both methods were con-
sistent with classic galactosemia. Importantly, undetect-
able red blood cell GALT activity does not exclude resid-
ual GALT activity in other tissues and organs as seen in
patients homozygous for the p.S135L mutation (Lai et al.
1996; Lai and Elsas 2001).

Further analysis of clinical findings with respect to bio-
chemical data showed that patients with higher mean Gal1P
were more likely to develop one or more long-term symptoms
than patients with mildly increased GAL1P levels (group 1 vs
group 2, p = 0.01), whereas acute neonatal symptoms were
observed with similar frequencies in both groups (p = 0.30).
It should be noted that patients in group 1 were overall youn-
ger than in group 2 (Tables 1 and 2), and although we
accounted for age in the logistic regression model, the long-
term symptoms in group 1 patients may become more appar-
ent with increasing age. One previous study found no corre-
lation between Gal1P levels and neurological outcome

(Hughes et al. 2009). However, levels of GAL1P described
in these patients were mostly above 2 mg/dL (96–397 μmol/
L) (Hughes et al. 2009), and we also did not observe increased
frequency of negative outcomes among group 2 patients with
higher GAL1P. The same study reported borderline low IQ
(73 and 74 on a Wechsler Intelligence Scale) in two classic
galactosemia siblings with GAL1P values <1 mg/dL (23–
30 μmol/L) on dietary treatment suggesting poor association
between GAL1P and neurological outcomes at least in some
galactosemia patients. Additional possible causes of low in-
tellectual functioning were not explored in these two siblings
with persistently lowGAL1P levels despite a severe genotype,
making it difficult to evaluate the contribution of other genetic
or environmental factors to clinical outcome. Other studies
have also demonstrated association of higher GAL1P levels
>2.7 mg/dL and >3.5 mg/dL with verbal dyspraxia and pre-
mature ovarian failure, respectively (Guerrero et al. 2000;
Webb et al. 2003). In our limited population, such a correla-
tion could not be established.

The socioeconomic status of patients could have a signifi-
cant effect on clinical outcomes (Shulman et al. 1991;
MacDonald et al. 2010; Stockler et al. 2012) and this was not
formally assessed in our study. However, a recent study of 231
patients with classic galactosemia (Frederick et al. 2017)
showed no association between family income or parent edu-
cation level and rigor of child dietary galactose restriction as
well as between rigor of non-dairy galactose restriction and
long-term outcomes, including growth.
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The majority of galactosemia females ≥15 yo in group 2
exhibited varying degrees of ovarian function impairment from
menstrual irregularities to premature ovarian insufficiency/in-
fertility, and demonstrated abnormal levels of reproductive hor-
mones including AMH (Fig. 4). In classic galactosemia, AMH
levels are lower and correlate with antral follicle counts
ascertained by ultrasound (Spencer et al. 2013). Markedly re-
duced AMH is associated with diminished ovarian reserve and

poor response to ovarian stimulation, but low measurements in
the general population are not considered predictive of failure
to conceive (Committee on Gynecologic Practice 2015), a rec-
ommendation shared for patients with galactosemia (Welling
et al. 2017). It would be important to continue longitudinal
evaluation of reproductive function in young galactosemia fe-
males with various AMH and GAL1P levels (for example,
patients 2F and 7F in group 1 vs patients 15F, 32F and 33F in
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group 2, Fig. 4) to further assess the correlation between
GAL1P accumulation, AMH measurements, and the degree
of ovarian function impairment. Since the number of females
with galactosemia followed up by a single metabolic clinic is
usually small, a multi-center study might be necessary to ad-
dress this question.

Previous studies showed suboptimal growth in some galac-
tosemia patients (Waggoner et al. 1990; Schweitzer et al. 1993;
Panis et al. 2007), and growth restriction in a mouse model of
classic galactosemia (Tang et al. 2014). Growth deficiencies (Z-
scores < −2 for weight, height or both) were also observed in
eight patients in this study (Fig. 2). Only one male patient in
group 1 (patient 10M with essentially normal GAL1P, 1.1 ±
0.2 mg/dL) was underweight in addition to having significant
neurological and behavioral problems (Table 1, Figs. 2 and 3).
It is unclear if the negative outcomes observed in this patient are
related to untreated galactosemia (patient did not follow diet for
many years) or secondary to other diagnoses causing severe
behavioral issues (autism and ADHD, patient lives in a group
home) or both. Increased risk of malnutrition in autistic indi-
viduals has been reported in previous studies (Hyman et al.
2012; Phillips et al. 2014; Mari-Bauset et al. 2017). All other
patients with growth deficiencies in this study had mean
GAL1P ≥ 2 mg/dL, suggesting that patients with higher
GAL1P levels were more likely to be underweight and/or have
short stature (Fig. 2). In our study, the patient height was not
corrected for the mid-parental target height and, therefore, un-
equal distribution of very tall or very short families in group 1
and group 2 could have potentially influenced our results.

A decreased bone mass has been reported in patients with
classic galactosemia (Batey et al. 2013). This was not assessed
in our study. It must be noted that a recent meta-analysis found
only a limited reduction in bone mineral density in patients
with classic galactosemia (Z-score − 0.7) indicating overall
only a mild bone involvement (van Erven et al. 2017).

Higher GAL1P levels have been associated with poor die-
tary compliance of galactosemia patients (Guerrero et al. 2000;
Robertson et al. 2000). All our patients, with the exception of
patient 10M, followed a galactose-restricted diet (as repeatedly
verified by 3-day diet records) and recommendations for die-
tary galactose restriction were similar in groups 1 and 2.
Therefore, lower GAL1P accumulation in group 1 individuals
might reflect the presence of residual GALT activity in their
tissues and organs (not in red blood cells), which could alleviate
phenotype severity. As an example, the mild clinical and bio-
chemical phenotype in S135L/S135L individuals on treatment
has been attributed to the residual activity of the S135L allele in
liver and intestine (Lai et al. 1996; Elsas and Lai 1998; Palmieri
et al. 1999). Similarly, the presence of variants p.D98N,
p.T138M, p.R223S, p.I278N, and p.R201H, all characterized
by ≥5% wild type residual activity in model organisms
(Riehman et al. 2001; Tang et al. 2012; Spencer et al. 2013),
in group 1 patients might explain their normal clinical

outcomes as well as low GAL1P accumulation. In contrast,
homozygosity or compound heterozygosity for p.Q188R and
other severe variants with <1% wild type residual activity, such
as p.K285N and p.L195P (Riehman et al. 2001; Ryan et al.
2013; Berry 2014), was unique to group 2 patients (Table 1).
Global impairment of GALT activity would be expected to
dysregulate many physiological pathways through various
pathogenic mechanisms, including aberrant glycosylation and
abnormal activation of signaling pathways (Lebea and
Pretorius 2005; Liu et al. 2012; Jumbo-Lucioni et al. 2013;
Coss et al. 2014a, b; Balakrishnan et al. 2016; Coelho et al.
2017), although normal outcomes were still observed in several
patients with severe genotypes in this study (Table 1, Fig. 3).

In summary, the results of our study suggest that higher
mean GAL1P levels are associated with poorer long-term out-
comes in galactosemia patients. Therefore, evaluation of
GAL1P levels on dietary treatment might be used in estimat-
ing the risk of developing long-term complications in patients
with markedly reduced or undetectable red blood cell GALT
activity. Considering wide genotypic heterogeneity of galac-
tosemia patients, GAL1P levels might be especially helpful in
providing a prognosis for patients with rare or novel geno-
types whose clinical presentations are not well known. As
for many other rare disorders, our conclusions are based on
a small cohort of galactosemia patients, and, therefore, addi-
tional studies on a larger pool of patients with various geno-
types and older age are necessary to corroborate predictive
values of GAL1P and genotype-phenotype association.
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