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lassical galactosemia is an autosomal recessive con-
ition in which there is near total absence of the
ctivity of galactose-1-phosphate uridyltransferase. Pa-
ients with this condition have substantial motor, cog-
itive, and psychiatric impairments despite dietary
reatment. A characteristic pattern of biochemical
bnormalities is observed in patients with this disor-
er. Galactose-1-phosphate, the substrate of galactose-
-phosphate uridyltransferase, accumulates within
ells, and surplus galactose is reduced to galactitol or
xidized to galactonate. Using sophisticated mass spec-
rometry, these compounds as well as free galactose
an be measured in plasma and in urine. It is clear that
nitiation of dietary restriction of galactose in the
ewborn period produces reversal of hepatic, renal,
rain, and immune dysfunction, along with reduction
f the accumulated galactose metabolites. However, the
eurologist should be aware that chronic and progres-
ive neurologic impairments occur even in patients
pared these neonatal symptoms. The purpose of this
eview is to summarize current information about
eurologic complications of galactosemia and what is
nown, and still unknown, about its pathophysiology.

2005 by Elsevier Inc. All rights reserved.
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istory: Galactosemia Identification and Screening

Classical galactosemia was first described by von Reuss
n 1908 [1]. In the mid 1950s, Komrower et al. demon-
trated the accumulation of galactose-1-phosphate in red
lood cells [2], and the condition was enzymatically
efined as a deficiency of the galactose-1-phosphate uri-
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yltransferase (GALT) enzyme by Kalckar in 1956 [3].
efore this enzymatic characterization, Mason and Turner
emonstrated that restriction of dietary galactose could
lleviate the acute neonatal symptoms [4]. During the
960s, an enzyme assay was developed by Beutler which
ould be used to screen the same dried blood spot
pecimens collected for phenylketonuria screening [5].
odifications of this screening test are used in all 50 states

f the United States as well as many European countries.
owever, the initial expectations that early ascertainment

nd dietary restriction would result in a normal adult
ndividual were tempered by the mid 1980s when it
ecame clear that adverse long-term outcomes continued
o occur, even in patients with well-documented compli-
nce with the recommended galactose-restricted diet [6-9].

Transient hypergalactosemia, which has several causes,
nd two other genetic causes of galactosemia, caused by
efects in galactokinase and uridyl diphosphogalactose-4-
pimerase, are rarer, generally lack neurologic manifesta-
ions, and are not addressed in this review.

enetics and Epidemiology

Galactosemia is a relatively rare inherited enzyme
eficiency with variable worldwide incidence reported
etween 1:30-40,000 in Europe [10] and 1:1,000,000 in
apan [11]. The incidence in the United States, with most
ases ascertained by newborn screening, is currently
stimated at 1:53,000 (National Newborn Screening and
enetics Resource Center; 2002 Newborn Screening and
enetic Testing Symposium).
The GALT gene, localized on 9p13, is a relatively

ompact gene with 11 exons spanning 4 kilobases [12].
ne hundred sixty-seven mutations have been identified

http://www.emory.edu/PEDIATRICS/medgen/research/
b.htm). The most prevalent mutation in Western popula-
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ions is Q188R, in which an A to G transition in exon 6
onverts a glutamine residue near the catalytic site to an
rginine. Expression of this allele in yeast systems pro-
uces no detectable catalytic activity [13,14]. Several
ther relatively common mutations have been character-
zed, the most intriguing of which is S135L, the mutation
resent in both African-American and African blacks
15,16]. This mutation has greater residual activity in
epatocytes and is associated with a different pattern of
bility to oxidize galactose [16-18] as well as a milder
henotype [19]. A much more common variant, so called
Duarte galactosemia,” is also identified primarily by
ewborn screening. The Duarte Variant denotes a com-
ound heterozygote for a classical allele and another allele
ith partial GALT activity, which results in biochemical

hanges during early infancy, but no evidence of neonatal
r long-term morbidity [20].

cute Neonatal Presentation and Diagnosis

resentation

The natural history of classical galactosemia is that
ethargy, poor feeding, jaundice, and hepatomegaly appear
ithin days of the initiation of milk feedings. Progression
f this acute neonatal toxicity syndrome may include the
evelopment of E. coli septicemia in the second week of
ife, coagulopathy, hyperchloremic metabolic acidosis
ith aminoaciduria, and vitreous hemorrhage [21]. Cata-

acts may be present, but may be difficult to identify.
eurologically, these patients may develop encephalopa-

hy and signs of increased intracranial pressure with
erebral edema, usually after several days of more non-
pecific signs. In the United States, many cases are
scertained because of newborn screening, but nonspecific
igns may precede diagnosis by several days [22]. Diag-
osis based on clinical suspicion is the primary mode of
scertainment in England, and selective screening has
emonstrated merit in a Canadian population [23]. As
ewborn screening programs transition to screening at 24
ours of age and reporting of results within the first week,
he utility of newborn screening in identifying infants in
he early stages of clinical evolution is likely to increase.

iagnosis

The gold standard for diagnosis is the demonstration of
ear total absence of GALT activity in red cells. Transfu-
ion of red cells from a normal donor can interfere with
his determination. Measurement of accumulated galac-
ose-1-phosphate in red cells has diagnostic utility even if
ietary galactose has been withdrawn, although benign
ariants can also have increased gal-1-P levels, particu-
arly if the infant is still consuming galactose. Examination
f the urine for reducing substances lacks both sensitivity
nd specificity [24], but can certainly raise sufficient

linical suspicion in a symptomatic infant to trigger further n

54 PEDIATRIC NEUROLOGY Vol. 33 No. 3
valuation and empiric treatment. Deoxyribonucleic acid
DNA) analysis is rapidly available for several common
utations, including Q188R [25], and has been used in

ome newborn screening programs to refine the screening
rocess. As with other mutation-selective DNA-based
ssays, because of the large number of distinct mutations,
positive result has predictive value, but a negative result
oes not exclude disease resulting from other mutations.
renatal diagnosis is available for couples with a known
amily history of galactosemia [26], and carrier screening
or a known GALT mutation is highly effective in defining
isk.

on-neurologic Sequelae

rowth

Growth is generally delayed in most patients with
alactosemia, but final height-for-age is not significantly
ess than the general population, although females may be
ore likely to have short stature [8].

yes

Cataracts have been reported in up to 30% of patients
ith galactosemia, and they usually resolve with galactose

estriction [8]. Cataracts are one of the few complications
f galactosemia with a known pathophysiology. Galacti-
ol, produced by reduction of free galactose by aldose
eduction, produces swelling of lens fibers. Adolescents
nd adults who include higher amounts of galactose in
heir diet may rarely develop cataracts that interfere with
bility to function and may benefit from lensectomy and
ntraocular lens placement. A less well known, but visu-
lly more devastating ophthalmologic complication is
itreous hemorrhage during the acute neonatal syndrome
21].

varian Failure

Hypergonadotropic hypogonadism is common in fe-
ales with galactosemia but has not been reported in
ales [8,27]. The spectrum varies from severe primary

varian failure requiring hormone support in order to
chieve secondary sexual characteristics to premature
enopause. Pregnancies without hormonal intervention

ave been reported [8,28]. The mechanism of ovarian
ysfunction is unknown, but it has been hypothesized that
hronic exposure to galactose-1-phosphate and galactitol
ay directly damage the ovaries [29]. Significantly, from
pathophysiologic standpoint, in women with galac-

osemia, follicular stimulating hormone (a glycoprotein)
soforms are qualitatively abnormal, with apparently re-
uced terminal galactosylation [30]. Females with classi-
al galactosemia require monitoring of gonadotropin lev-
ls and initiation of estrogen and progestin support as

eeded. Menses management may require modification of



h
i
v

N

A

d
s
p
m
e
t
a
n
b
e
g
t
e
i
p

C
R

(
a
f
s
o
t
u
n
v
A
t
s
o
a
t

t
s
1
[
b
a

l
b
c
g
s

p
r
d
p
s
G
t
s
T
m
r

S

s
3
t
N
s
d
f
m
[
s

n
s
L
d
s
t
t
d
t
w

M
A

c
t
t
w
w
b
m

S

T
a
u

ormone regimens in females with cognitive or motor
mpairment. There is no evidence that any current inter-
entions preserve ovarian function.

eurologic Sequelae

cute Elevated Intracranial Pressure in Infants

Galactosemia must be considered in the differential
iagnosis of an infant with diffuse cerebral edema, pre-
enting with a bulging anterior fontanel, in the setting of
oor feeding, jaundice, and hepatomegaly [31]. Animal
odels have suggested that the mechanism of cerebral

dema may be that elevations in brain galactitol concen-
rations and alterations in glucose, adenosine triphosphate,
nd phosphocreatine levels increase osmolality [32]. Mag-
etic resonance spectroscopy has revealed elevated cere-
ral galactitol levels in infant brain in vivo [33]. Cerebral
dema in galactosemia patients responds well to dietary
alactose restriction [34]. The mechanism may be similar
o that reported in a rat model with intact GALT but
xcessive dietary loading, in which galactitol accumulates
n peripheral nerves and produces edema with increased
ressure and eventual demyelination [35].

ognitive Impairment: Gender Effects and Possible
egression With Age

Multiple studies report that mean intelligence quotient
IQ) scores are reduced in galactosemic children and
dults [7-9,33,36-41]. Differences between studies result
rom a variety of factors. For example, differences in
creening and diagnostic practices mean that the initiation
f dietary treatment may vary systematically among coun-
ries. Other important differences include test batteries
sed and study design. For example, in large question-
aire-based studies [8], multiple testers make inter-rater
ariability an issue. In addition, responder bias may occur.

more closely controlled but more limited design is
esting of a convenient or captive sample by a single or
tandardized set of psychometricians [9,41]. A consistent
bservation has been that cognitive function does not
ppear to relate strongly to time of diagnosis, initiation of
reatment, or dietary compliance [8,37,40,42].

Evidence related to a gender effect has been inconsis-
ent. Waggoner et al. obtained developmental and IQ
cores on 298 patients. Mean IQ scores of females ages
0-16 and �16 years were significantly lower than males
8]. Kaufman et al. failed to identify sex differences in the
road cognitive ability scores assessed in 40 children and
dults by the Woodcock-Johnson Revised tests [38].

A number of cross-sectional studies have demonstrated
ower IQ scores in adults than pediatric patients [9,43], but
ecause cross-sectional data often contain unmeasured
onfounders, this constitutes weak evidence of neurode-
eneration. Waggoner’s study, which obtained data from

tructured questionnaires, included responses from 88 r
atients tested on more than one occasion. These data
evealed that mean IQ scores of galactosemia patients
eclined by 6.2 points from age 3-5 to age 6-9, and by 4.4
oints from 6-9 to 10-16 years [8]. Another recent cross-
ectional study, restricted to patients with the Q188R
ALT mutation, revealed reduced IQ, particular difficul-

ies with word retrieval and executive function, but did not
upport the hypothesis that IQ progressively declines.
hese authors suggested that older patients may diverge
ore from their peers in performance-IQ related tasks as a

esult of slow processing speed [41].

peech Apraxia Commonly Occurs

Speech difficulties are common in galactosemia. One
tudy reported that 56% of patients with galactosemia over
years of age have difficulties with speech, with 92% of

hese patients described as having delayed vocabulary [8].
elson et al. reported that, of 24 galactosemic patients

urveyed, 62% had speech pathology, primarily verbal
yspraxia [44], or developmental apraxia of speech, de-
ined as the impairment of motor programming of speech
usculature for the willful purpose of producing sound

45]. Verbal dyspraxia is often refractory to standard
peech therapies [46].

Galactosemic patients with speech difficulties had sig-
ificantly lower developmental quotient (DQ) and IQ
cores than patients without speech difficulties [8,44].
ower DQ/IQ scores and speech pathology could indepen-
ently reflect more severe neuropathology. Alternatively,
peech and motor difficulties may interfere with accurate
esting. As in other adverse outcomes in galactosemia,
here is not good evidence that development of speech
ifficulties correlates with age of initiation of dietary
herapy, severity of presenting symptoms, or compliance
ith dietary therapy [8,44].

otor Function—A Subgroup Develops More Severe
taxia and Tremor

Despite early treatment initiation and optimal dietary
ompliance, approximately 10-20% of galactosemia pa-
ients develop more severe and progressive ataxia and
remor [7,8,38,47-49]. For example, in a cohort of 45
ell-studied patients, 12 had tremor, ataxia, and dysmetria
ith no distinguishing neuroimaging, neurophysiologic, or
iochemical findings and no significant differences in
ean cognitive scores [38].

eizures Are Uncommon

Seizures have been described rarely in galactosemia.
wo siblings with galactosemia developed seizures in
dulthood [48]. It is possible that these seizures are
nrelated to galactosemia, given the low prevalence of

eported seizures.

155Ridel et al: Neurologic Effects of Galactosemia
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athophysiology of Neurologic Dysfunction in
alactosemia

The chronic manifestations of galactosemia most likely
esult from assaults from multiple fronts, including possi-
ly intoxication and cell dysfunction or death due to
pecific metabolic derangements and secondary distur-
ances in myelin production. The heterogeneity of presen-
ation may be influenced by the inherited GALT alleles
nd amount of GALT activity, by the individual’s endog-
nous production of galactose, by the individual’s ability
o oxidize galactose, and by the function of alternative
nzymes in the metabolic pathways [22]. This article will
eview issues of metabolic intoxication as well as recent
esearch from animal models, postmortem tissue, neuro-
maging, and genetic studies with regard to these theories.

etabolic Derangement and Intoxication

In the presence of sufficient GALT activity, galactose is
ransported into cells then phosphorylated by galactoki-
ase, effectively trapping it as galactose-1-phosphate (gal-
-P) (Fig 1). With near total absence of GALT, gal-1-P
ccumulates and results in product inhibition of kinase.
ccumulating free galactose is diverted into secondary
athways that produce either galactitol [50] or galactonate
51]. These substances have been demonstrated in affected
rgans [33,52,53]. Thus, one possibility is that these
ubstances cause direct damage to vulnerable subpopula-
ions of neurons, for example, Purkinje cells, or to white
atter.
A chronic intoxication theory has been proposed with

ither exogenous galactose intake from poor dietary com-
liance or hidden environmental sources [54] or from
ndogenous synthesis of galactose [55] resulting in in-
reased long-term exposure. This exposure could theoret-
cally cause progressive neurologic symptoms in some or
ost patients, but mechanisms by which this impairment

ccurs remain under investigation.

igure 1. The Leloir pathway of galactose metabolism and the uridine
iphosphate (UDP)-glucose pyrophosphorylase pathway. Galk, galac-
okinase; galt, galactose-1-phosphate uridyltransferase; galeUDP-galac-
h
ose 4-epimerase; hex, hexokinase; pgm, phosphoglucomutase; Ugp,
DP-glucose pyrophosphorylase.

56 PEDIATRIC NEUROLOGY Vol. 33 No. 3
In utero toxicity has also been suggested [56], possibly
ue to elevated galactitol levels. Evidence for this theory
omes from observations of fetal cataracts and early liver
ysfunction. In utero exposure to galactose was demon-
trated by high levels of gal-1-P in the fetus and galactitol
n the amniotic fluid in mothers placed on strict galactose-
estricted diets [57,58]. Magnetic resonance spectroscopy
as documented markedly elevated brain galactitol levels
n four newborn infants aged 6 to 15 days compared with
ge-matched control subjects [33]. However, in the eight
alactosemia patients aged 1.3 to 47 years, no elevation
as identified in six, and slight elevation in just two. A
rior magnetic resonance spectroscopy study of six adults
isclosed no elevation [59]. This finding suggests that
lthough galactitol could cause early, static central ner-
ous system injury, it would be unlikely to cause progres-
ive neurologic impairment.

Dietary control and levels of gal-1-p do not appear to
ccount for variance in cognitive outcomes [8,37,40].
owever, a recent study assessing total body galactose
xidation with a breath test after a 13C-galactose bolus
ound three related biochemical abnormalities that were
ore common in galactosemia patients affected neurolog-

cally with speech dyspraxia. In 24 patients with galac-
osemia who underwent speech evaluation, the 15 with
peech dyspraxia had a significantly lower cumulative
ercentage dose 13CO2 in breath, increased erythrocyte
al-1-P, and increased urinary galactitol. These abnormal-
ties were also influenced by GALT genotype [60].

Magnetic resonance spectroscopy studies have not
ound evidence of abnormal cerebral energy metabolism
n patients with diet-restriction treated galactosemia
33,59].

vidence From Animal Models

Two types of animal models have been employed to
tudy galactosemia. In the first, animals with intact GALT
re exposed to elevated levels of galactose or other
etabolites. The second is a genetic knockout of the
ALT enzyme.
Feeding excess galactose to rats with intact GALT

educes levels of inositol [61,62] and increases galactitol
n synaptosomes [63]. Dogs fed excess galactose for 44

onths display multiple peripheral nervous system abnor-
alities [64]. The relevance of these findings has been

alled into question given that these animal models had no
nzyme defect, that excess exogenous exposure may not
imic the treated human disease, and that changes result-

ng from malnourishment can not be ruled out [65].
A galactosemia model, the GALT deficient knockout
ouse, lacks measurable GALT activity and develops

iochemical features similar to those in humans including
igh levels of galactose-1-phosphate. However, these mice
o not develop cataracts, they can reproduce normally, and
hey appear to have no neurologic phenotype. These mice

ave minimal levels of tissue galactitol. This finding
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uggests that GALT deficiency is necessary, but not
ufficient, to cause human disease and that both elevated
alactose-1-phosphate and galactitol may be necessary for
he human phenotype [66,67].

utopsy Studies

There are only published postmortem examination data
n two cases. Although these are biased toward more
evere phenotypes, their importance arises from direct
bservations of gray and white matter damage, yielding
nsights into selective neuronal vulnerability in galac-
osemia. Future postmortem examination studies may be
nvaluable, and basic research should focus on identifying
echanisms of regional and neuronal injury identified in

hese studies.
In 1962, Crome provided a detailed pathologic report of
severely impaired male with galactosemia and partial

ietary restriction who was institutionalized and died of
neumonia at age 8 years [68]. This individual was able to
alk with a stiff gait, to feed himself with hands but not
tensils, was incontinent, socially withdrawn, and had no
poken language. Postmortem findings included diffuse
hite matter gliosis, particularly around the ventricles and

n the brainstem, and diffuse pallor, particularly in the
erebrum. There were many areas of chronic, focal necro-
is in the white matter. Cerebellar Purkinje cells were
arkedly depleted, largely sparing the granular layer.
here was neuronal loss in the dentate nuclei and inferior
lives. Extracellular fat globules were observed in the
lobus pallidus. This apparent neuronal selectivity is
ntriguing given findings in rat brain of somewhat more
bundant GALT gene expression in cerebellum [69] as
ell as the prominent ataxia and tremor in some galac-

osemia patients.
Similar findings were reported by Haberland et al. in

nother severely impaired patient, untreated until diagno-
is at age 13 years, who died at age 25 years of pneumonia
70]. This patient had severe mental retardation, extrapy-
amidal motor symptoms, and epilepsy. Microcephaly,
erebral cortical neuronal degeneration, cerebral white
atter atrophy and sclerosis, and cerebellar findings sim-

lar to Crome’s case were described. In addition, these
uthors reported abnormal levels of glycoproteins and
lycolipids.

entral Nervous System White Matter

Both of the postmortem examination reports [68,70] and
ultiple neuroimaging studies demonstrate that white
atter is abnormal in galactosemia [33,38,39,71]. The
echanism for this is unclear. It is possible that GALT

eficiency leads to defective synthesis of glycoproteins
nd galactolipids critical for normal myelin, possibly as a
esult of defective transfer of galactose from uridine

isphosphate-galactose (UDP-gal) [72]. c
The main current limitation of neuroimaging research is
hat the diffuse central nervous system white matter
hange has not been quantified and thus is not available to
e analyzed as a continuous variable in regression analy-
es with an outcome like IQ. Because diffuse white matter
bnormalities are almost universally present [33,38,71],
his also cannot be used as a class variable for group
omparisons of various measures of impairment. For
xample, Kaufman et al. reported that magnetic resonance
maging abnormalities in 40 subjects “(did) not correlate
ith cognitive outcomes” [38]. White matter was diffusely

bnormal in 37 of 40 patients. Using the overall cognitive
unction as an outcome and “abnormal white matter” as a
lass predictor, this study would only have about a 7%
ower to detect a meaningful 10-point difference. They
lso used presence or absence of enlarged ventricles, focal
esions, and mild cerebral atrophy and found “no differ-
nces” in neurologic outcomes. A study using magnetic
esonance spectroscopy did not identify changes in cho-
ine, N-acetyl aspartate, or myoinositol. However, only
wo spectra were performed on white matter regions [33].
hese comparisons would also have low statistical power.
That the abnormal-appearing white matter in galac-

osemic patients also functions abnormally is supported by
indings of prolonged latencies of somatosensory evoked
otentials [73]. In 60 galactosemia patients, somatosen-
ory evoked potentials manifested one or more abnormal-
ties (absence of expected peaks, prolonged latencies) in
4 (57%). The proportion of patients with abnormalities
id not differ among the 12 patients with ataxia and tremor
s the less neurologically impaired patients. Cognitive
unction also did not differ between those with normal
omatosensory evoked potentials and those with abnormal
omatosensory evoked potentials.

Future neuroimaging or neurophysiology research into
alactosemia pathophysiology may benefit from the iden-
ification of newer quantitative variables for use in more
igorous statistical analyses.

nfluence of Genotype on Cognitive Outcome

Although galactosemia is an autosomal recessive disor-
er caused by mutations at a single major locus, the GALT
ene, there appears to be considerable biochemical and
henotypic heterogeneity among patients who share com-
on mutations studied. The basis for this variation is not

nderstood. There is controversy in the literature over
hether cognitive outcome, e.g., IQ scores, is correlated
ith genotype [37,40,42,74]. The most common mutation,

he Q188R mutation, has been the most studied.
Two studies provide evidence that homozygosity for

188R is associated with poorer cognitive outcome. Elsas
t al. found a poorer outcome in 22 patients homozygous
or the Q188R mutation, compared with 20 patients who
ere compound heterozygous for Q188R plus another
isease-causing allele [75]. Shield et al. found a signifi-

ant, 20 point lower IQ in patients homozygous for

157Ridel et al: Neurologic Effects of Galactosemia
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188R, vs those with Q188R plus an alternate mutation.
here was no correlation between galactose-1-P levels and

Q [40].
In contrast, two other studies found higher average

ognitive function in patients homozygous for Q188R,
lthough these differences fell short of statistical signifi-
ance. Cleary et al. found no significant difference in IQ,
omparing nine homozygous for Q188R, median IQ 81,
nd six heterozygous median IQ 72 [37]. Kaufman et al.,
sing the Woodcock Johnson Broad Cognitive score,
ound a score of 75 (S.D. 16) in 38 patients homozygous
or Q188R and 67 (S.D. 25) in 21 patients heterozygous
42]. The power for these two negative studies to detect a
tatistically significant difference (P � 0.05) in those
amples was less than 25%. In addition, the non-Q188R/
188R comparison groups in these studies are different.
hus the influence of the most common genotype on
henotype remains unclear. What is clear is that, while the
ean IQs in these studies are all low, the standard

eviations are comparable to those in the general popula-
ion. This finding indicates that there is substantial heter-
geneity among subjects with the same GALT genotype,
hich is similar to what has recently been described in
ther autosomal recessive major gene disorders [76,77].

reatment: Standard of Care, Controversies, and
linical Trials

reatment of Symptomatic Infants—Standard of Care

Symptomatic infants or infants with highly suspicious
ewborn screening results should be evaluated promptly,
nd galactose-containing formulas should be withdrawn.
upportive care with intravenous fluids, phototherapy,
ntibiotics, and treatment of coagulopathy should be
nitiated as needed. Despite the nearly universal availabil-
ty of newborn screening in the United States, infants with
lassical galactosemia still die. The use of galactose-
imited formulas because of family preferences or early
ymptoms may completely mask the initial clinical pre-
entation. Subsequent to diagnosis, during infancy, dietary
anagement with galactose-free formula is straightfor-
ard.

ong-term Nutrition Management—Standard of Care
nd Recent Issues

Once solid foods are initiated, and when infant formulas
re weaned, nutritional issues become more complicated.
n ideal, standard practice has been to reduce or attempt

o eliminate galactose in the diet. However, no person,
nless completely nourished with artificial formula, has
ver been on a galactose-free diet. Traditional means to
onitor dietary compliance have not proven clinically

seful, even in some noncompliant individuals.
Prior strict dietary recommendations are tempered by
ata from recent technical advances that have increased t

58 PEDIATRIC NEUROLOGY Vol. 33 No. 3
he precision of estimates of endogenous synthesis of
alactose [78-81]. These studies demonstrate that endog-
nously synthesized galactose substantially exceeds the
ietary amounts acquired in fruits and vegetables [82], in
alactose-containing medications, or from other sources in
strict diet. Moreover, in a controlled, 6-week study in

hree adolescents homozygous for the Q188R GALT
utation, adding much larger amounts of galactose to the

iet did not significantly change any clinical or biochem-
cal parameters [83]. Endogenous galactose production
ppears to be greater and much more variable in children
s adults with galactosemia [81], but the influence of this
n neurologic outcome is unknown. Taken together, these
tudies suggest that liberalization of the galactosemia diet
ith regard to fruits and vegetables is reasonable.
With dietary restriction of dairy products, adequate

alcium intake is difficult to achieve without supplements.
ow bone density has been reported [84,85], although the

ong-term complications in terms of bone health are not
ell characterized.

ffects of Dietary Treatment—Does Strict Dietary
reatment After Early Childhood Improve Adult
utcomes?

Crome observed in 1962 that “it is well known that
stablished mental retardation tends to remain refractory
n cases of galactosemia, even after the withdrawal of
alactose from the diet, in spite of the reversibility of other
igns, e.g. cataracts, hepatic cirrhosis, enteritis, and jaun-
ice” [68], an observation often repeated in ensuing
ecades [86], and one which raises questions about the
alue of galactose restriction after early childhood.
Consistent with the notion that strict dietary treatment

fter early childhood may not be needed, a recent, some-
hat controversial case report [87-89] described an adult
alactosemic on a normal diet since age 3 years, with only
ild cognitive impairment and ovarian failure. This out-

ome lies within the range of outcomes of patients on
ife-long galactose restriction. If typical neurologic out-
omes may occur despite being untreated with dietary
estriction since childhood [87], then the role of galactose
estriction after infancy on neurologic outcomes may be
ess important.

Because dietary galactose restriction has been the stan-
ard of care, and is without a doubt lifesaving during early
nfancy, performing a randomized controlled trial to assess
he influence of dietary treatment in early infancy on
hronic neurologic outcomes is not possible. A random-
zed study of graded amounts of galactose in later child-
ood or adulthood could possibly be safe, but institutional
eview boards might be unlikely to approve this, and
amilies unlikely to participate in controlled studies where
ome patients are randomized to not receive standard
alactose restriction. However, several alternative quasi-
xperimental study designs could provide useful informa-

ion.
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One design that could clarify the importance of dietary
reatment from birth would be to study sibling pairs, where
he first is diagnosed and treated after a period of days to
eeks (after newborn screening results are available), and

he second child is treated from birth or even prenatally, by
estricting the mother’s diet.

In one instructive family, with two siblings with mental
etardation, tremor, hypotonia, and ataxia, the older, male
ibling began galactose-restricted dietary therapy at 17 days
ld, whereas the female was galactose-restricted from birth
7]. Early developmental milestones were achieved, but
ognitive impairments manifested early in both patients. In
ddition, impaired coordination, tremor, and hypotonia were
bserved at 5 years old in the older sibling and at 6.5 years in
he younger sibling. Diminished signal intensity in the
eriventricular white matter in both patients and moderate
entricular enlargement in the older sibling were evident on
omputed tomogram. Neurologic dysfunction, including
taxia, tremor, and dysarthria progressed over the next 8
ears, with magnetic resonance imaging demonstrating a
mall brainstem, cerebellum, an abnormal myelination pat-
ern, and foci of periventricular white matter lesions in both
atients [39]. Thus both siblings have a subnormal neurologic
utcome, although the older, later treated sibling appeared
lightly worse.

A retrospective cohort study looked at effects of early
reatment by comparing siblings, where one older sibling was
iagnosed after becoming symptomatic (n � 28) and diet
egan at mean age 63 days, and one or more siblings (n �
1) were diagnosed early and diet was begun at mean age of
day [8]. The older sibling’s treatment is late by treatment

tandards in the United States, possibly increasing the chance
o identify sibling differences in IQ. IQ measures were
tratified into three age groups and compared. At each age
evel, mean outcomes were 9-15 points higher in the young-
r-sibling (earlier treatment) group, a clinically beneficial
ifference. However, the differences were not statistically
ignificant. The authors interpreted these data as failing to
rovide evidence that early treatment improves outcome.

However, these comparisons of stratified groups of ap-
roximately 10 sib-pairs have low statistical power to iden-
ify even a fairly large IQ difference. For example, in the
0-16 year age group, there were nine sib pairs. The mean
S.D.) IQ in the probands was 69 (19) and in the younger sibs
as 84 (15); reported P � 0.1. For these sample sizes and
ariations, the power to detect a 10-point difference in IQ is
ess than 20%.

At present, the value of strict or any dietary restriction of
alactose after early childhood is unclear. Outside of case
eports, short-term dietary studies, and long-term retrospec-
ive studies described above, there are no rigorous, prospec-
ive, long-term studies to guide decision making. Any
hanges in standard dietary practices should be accompanied
y vigilance for emergence of medical and neurologic com-

lications. g
linical Trials

There are no well-designed, randomized controlled trials
n the treatment of galactosemia. There has been one report of
ridine treatment for galactosemia [90]. The authors de-
cribed a cohort of 35 patients, 29 of whom were given
ridine 150 mg/kg/day. The rationales for this investigation
ere: (1) the observation in hepatocytes and erythrocytes of

ow levels of UDP-gal in galactosemia patients [91] (this
bservation has not been consistently reproduced and ac-
epted); (2) the observation that adding glucose � galactose

uridine increased the synthesis in vitro of UDP-gal [91];
nd (3) the hypotheses that UDP-gal deficiency might have
dverse long-term effects in the central nervous system and
hat reversing this might be beneficial. The authors explored
hether oral uridine could improve neurocognitive perfor-
ance. Outcomes of interest were results of cognitive tests

erformed pre- and posttreatment. These revealed small gains
hich did not distinguish between uridine treated (n � 29)

nd untreated (n � 6) groups and did not differ by age of
reatment onset (7 patients began treatment before 14
onths). The authors concluded that the study did not

rovide evidence of cognitive benefit in their sample of
atients.

Limitations of the uridine study include low bioavailability
f uridine with no measure of compliance or absorption,
onrandom treatment allocation, significant baseline differ-
nces in the measures of the outcome of interest in the treated
s untreated groups, unbalanced treatment arm sizes, and
verall low power to detect a meaningful difference.

ummary and Recommendations for Neurologists

Despite advances in the past decade in understanding
enetic and molecular aspects of the pathophysiology of
alactosemia, many questions remain about the relative
ontributions of selective neuronal loss and abnormal white
atter to the clinical neurologic phenotype. It is likely that

euronal loss and dysmyelination both play a role and occur
espite optimal dietary management. Academic neurologists
ay play a productive role in research collaborations aimed

n this area.
Substantial limitations exist in most human-subject

esearch in galactosemia. Most studies exploring the
nfluence of genotype on cognitive phenotype have had
ow statistical power. Neuroimaging studies have been
inimally informative, in part because few quantitative
easures have been used. Future studies using functional
agnetic resonance imaging and radioactive ligand tech-

ology as well as postmortem analyses could provide
mportant general insights into normal and aberrant devel-
pmental neurobiology, affecting both gray and white
atter. These insights might allow more targeted therapies

o emerge.
Most diagnostic testing and treatment decisions for pa-

ients with galactosemia will not involve clinical neurolo-

ists. However, the subgroup of galactosemic patients that
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evelops more severe neurologic problems, including ataxia,
remor, and gait disturbance, may be more likely to present to

neurologist’s office. Although these symptoms should be
ecognized as known complications of galactosemia, because
enetic and biochemical measures do not predict or explain
heir emergence, this population may benefit from additional
iagnostic testing, mainly magnetic resonance imaging scan-
ing, to exclude other causes. The utility of routine magnetic
esonance imaging scanning otherwise is not documented in
ny recent study. Finally, because there are almost no
ublications describing symptomatic treatments for these
eurologic problems, the clinical neurologist may assist in
dentifying appropriate medications.
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