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Brain impairments have been observed in patients with classic galactosemia, an inherited metabolic
disorder resulting in a particular neuro-cognitive profile. Neuroimaging studies showed abnormalities
such as diffuse white mater (WM) abnormalities and grey matter (GM) atrophy. Our current study
analysed grey matter density using voxel-based morphometry (VBM) and compared the brains of eight
adolescent patients with classic galactosemia with eight healthy gender- and aged-matched controls. GM
density differences were found in several regions. Decreased GM density was found in the patients in the
bilateral putamen and bilateral occipital cortex. Increased GM density in the patients, on the other hand,
was found in the bilateral inferior frontal and medial prefrontal cortex. The anatomical profile of the
abnormalities is in line with the neuro-cognitive profile of patients with classic galactosemia, including
motor dysfunction, speech and language difficulties and higher order cognitive problems. Less favourable
GM densities in patients (either increased or decreased compared to controls) correlated with younger
age, a worse visual working memory performance, and an older age at initiation of the galactose-re-
stricted diet. To conclude, this explorative study is the first to analyse the GM using VBM in this po-
pulation, and demonstrates a mixed profile of both increased and decreased GM density in these pa-
tients.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Classic galactosemia is a rare autosomal recessive disorder,
caused by mutations of the GALT gene (Holton et al., 2001). The
mutations lead to a severe deficiency of the GALT (galactose-1-
phosphate uridylyltransferase) enzyme activity, causing an im-
paired metabolization of galactose. Galactose is derived from
dietary (i.e., milk) and endogenous sources. After neonates start to
drink milk, life-threatening symptoms occur including lethargy,
poor feeding, jaundice, and hepatomegaly. A galactose restricted
diet resolves the acute symptoms quickly. However, despite the
diet, most patients experience a variable spectrum of neuro-
ylyltransferase; WM, white
matter; VBM, voxel-based
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cognitive impairments with varying severity, typically in the low
to low-average range. Patients with classic galactosemia often
experience language production impairments (including problems
with lexical and syntactic planning), speech (motor) and voice
abnormalities (e.g., childhood apraxia of speech and dysarthria),
and/or motor dysfunction (e.g., coordination disorders) (Potter
et al., 2008; Potter, 2011; Rubio-Agusti et al., 2013; Timmers et al.,
2012; Timmers et al., 2015a), Further, studies have reported neu-
rological signs (e.g., tremor or ataxia), slower information pro-
cessing, memory and executive functioning deficits, mathematical
difficulties, visuo-spatial abnormalities, and generally a lower in-
telligence level going alongside with lower educational attainment
(Antshel et al., 2004; Doyle et al., 2010; Schadewaldt et al., 2010;
Waggoner et al., 1990; Waisbren et al., 2012). The pathophysiology
of these neural complications is not yet understood completely.

Previous studies looking at brain structure have focused mainly
on white matter (WM) as the underlying pathogenic mechanism
of cognitive abnormalities in this disease. Several groups observed
diffuse WM abnormalities on T1-weighted Magnetic Resonance
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Imaging (MRI) (Hughes et al., 2009; Nelson et al., 1992; Otaduy
et al., 2006; Rubio-Agusti et al., 2013). We recently analysed WM
in more detail, and demonstrated abnormalities in density and
orientation dispersion of neurites, two indices characterizing WM
(Timmers et al., 2015b). Moreover, not only did the profile of the
affected regions correspond with the profile of language, motor
and cognitive abnormalities of patients with classic galactosemia,
we also identified correlations with behavioural outcome, age, and
age at onset of the diet.

In addition to WM abnormalities, brain atrophy has also been
observed in patients with classic galactosemia. Nelson et al. (1992)
found mild cerebral and cerebellar atrophy. Abnormal MRI find-
ings, in particular a volume loss of the cortex, were furthermore
found in patients suffering from motor complications (Rubio-
Agusti et al., 2013), and Hughes and colleagues (2009) observed
progressive cerebellar atrophy in their MRI study. These atrophy
findings suggest grey matter (GM) abnormalities in patients with
classic galactosemia. However, these abnormalities have not been
studied in a quantitative manner, nor have they been related to the
neuro-cognitive profile.

This current MRI study therefore examines the GM in patients
with classic galactosemia in more detail using a voxel-based
morphometry (VBM) approach. VBM is used to analyse potential
differences in GM density between patients and healthy controls,
and to examine clinical correlations with anatomical findings.
VBM is an unbiased whole brain approach, comparing different
brains on a voxel-by-voxel basis using structural (T1-weighted)
MR images (Ashburner and Friston, 2000; Mechelli et al., 2005).
The aim is to identify differences in the local composition of brain
Fig. 1. Overview of GM density decreases and increases. Presented are coronal (A) and s
differences in GM density, showing both decreases (in blue) and increases (in yellow/oran
of 0.05. Note that images are in radiological conventrion (left is right).
tissue, while discounting large scale differences in gross anatomy
and position. The result can be used to detect atrophy and brain
tissue expansion (Whitwell, 2009). By using such an explorative
approach, we aim to get an overview of the GM abnormalities in
these patients.
2. Results

2.1. Differences across groups

The patients showed several clusters of GM density abnorm-
alities, comprising both decreases and increases (see Fig. 1). A
decreased GM density (bilaterally) was seen in the putamen, part
of the subcortical nuclei of the basal ganglia. Decreased density
was also observed in the bilateral medial occipital cortex. An
overview and more details of all clusters can be found in Table 1.

Increased GM density was found in both hemispheres, but to a
higher extent in the right hemisphere (Fig. 1). The increases were
observed in the medial prefrontal and the inferior frontal region
(comprising BA 45, and in the right hemisphere also the anterior
insular region).

2.2. Correlations with regions of decreased GM density

Significant positive correlations were found between the age of
the patients and the GM density of the bilateral occipital regions
(right: r¼0.78 [Fig. 2], p¼0.024 and left: r¼0.77, p¼0.026). Thus,
the older the patients, the higher (or less abnormal) the GM
agittal (B) slices of T1-weighted images overlaid with statistical maps of the group
ge). Presented results are TFCE-corrected and thresholded at a corrected alpha-level



Table 1
An overview of the regional GM density differences across groups and correlations.

Mean GM density values Coordinates of peak difference (MNI) Correlations

Patients Controls x-axis y-axis z-axis cluster size p-corr Measure r p-uncorr
GM increases

Right medial prefrontal
region

0.79 0.53 4 46 38 305 0.007 Visual working
memory

�0.77 0.027

Age at start diet 0.71 0.048
Left medial prefrontal
region

0.88 0.61 �8 50 32 30 0.040

Right inferior frontal region 0.95 0.64 44 16 2 195 0.001
Left inferior frontal region 0.82 0.57 �42 18 0 21 0.013

GM decreases
Right putamen 0.29 0.48 22 18 �2 104 0.008
Left putamen 0.21 0.37 �18 12 �2 162 0.010
Right occipital region 0.44 0.67 4 �84 �2 129 0.002 Age 0.78 0.024
Left occipital region 0.47 0.70 0 �84 �2 95 0.002 Age 0.77 0.026

Fig. 2. ROI correlation analyses. A selection of two significant correlations of re-
gions of interests (ROIs) based on group differences in GM density. Added are a
linear trend line, the correlation, and an illustration of the location of the ROI.
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density was. No other correlations were found within this region,
nor with the other regions. For an overview of the correlations, see
Table 1.
2.3. Correlations with regions of increased GM density

A significant negative correlation was found between the
density of the right medial prefrontal region and visual working
memory performance (r ¼�0.77, p¼0.027; see Fig. 2). Thus, a
better visual working memory performance was related to a lower
(or less abnormal) GM density. In addition, age at initiation of diet
showed a positive correlation with the density of the same region
(right medial prefrontal region; r¼0.71, p¼0.048). The older the
patients were at initiation of the galactose restricted diet, the more
abnormal the GM density of this region. No other correlations
were found with this region, nor with any of the other regions
showing increased GM density.
3. Discussion

This study investigated GM abnormalities in patients with
classic galactosemia, for the first time using a quantitative ap-
proach. Based on previous literature finding atrophy, we hy-
pothesised that decreases in GM density in the patients would be
observed in regions corresponding with the cognitive profile of
these patients. Indeed, GM density decreases were found, but
unexpectedly also GM density increases were revealed as com-
pared to the healthy controls.

3.1. GM density decreases

Several regions were found to show differences in GM density
across the groups. Decreased GM density, which could be inter-
preted as atrophy or volume loss, was found in bilateral putamen
as well as in bilateral occipital regions. The putamen, as part of the
basal ganglia, is implicated in motor functions and control. The
putamen has connections to the premotor areas and the motor
cortex (Draganski et al., 2008), providing a potential link between
these findings and the motor (speech) abnormalities in this po-
pulation (Potter et al., 2013; Rubio-Agusti et al., 2013). In addition,
through its connections with other cortical areas (e.g., prefrontal
cortex) the putamen is linked to higher order cognitive functions
as well (e.g., executive functioning, working memory, sequence
learning). Some previous studies have also identified hypodense
abnormalities in the putamen in these patients (Böhles et al., 1986;
Haberland et al., 1971), while others have not (Crome, 1962; Rubio-
Agusti et al., 2013). This might reflect the variability within pa-
tients. Using a group-based VBM-approach, we were able to
clearly identify GM abnormalities in bilateral basal ganglia. How-
ever, we were not able to relate this to any of our behavioural
measures. Unfortunately, these measures did not include a pure
motor task, but included speech-motor functioning as reflected in
voice onset times (i.e., a measure which might not be suited to
reflect basal ganglia functioning). In general, the GM findings are
in line with our recent WM analysis (Timmers et al., 2015b),
showing reduced neurite density and increased orientation dis-
persion in the internal capsule, a WM tract with projection fibres
passing through the basal ganglia. As part of the corticospinal
tract, it is of major importance in motor functions, connecting the
midbrain and the cortex.
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In addition to these subcortical findings, we also observed GM
decreases in bilateral occipital cortex, which correspond with the
cerebral atrophy described in previous studies (Böhles et al., 1986;
Nelson et al., 1992), although these descriptions were rather
general (and not specifically point towards the occipital cortex).
Visuo-spatial abnormalities have been reported in classic ga-
lactosemia before (Doyle et al., 2010), and might be a reflection of
these findings. The abnormalities were correlated with age, in-
dicating that the GM density was less abnormal in older patients,
but not with any of the other behavioural measures. In contrast, it
has previously been suggested that classic galactosemia is pro-
gressive in nature, with several studies demonstrating cognitive
decline with age (Doyle et al., 2010; Waggoner et al., 1990). Also in
the WM, we have found that age was related to a worsening of
WM microstructure properties (Timmers et al., 2015a). Others, in
contrast, have found no evidence for such a claim (Waisbren et al.,
2012; Schadewaldt et al., 2010). Although we should be careful
interpreting the current findings, given the sample size and the
cross-sectional nature of this study, it does indicate that the
question of decline with age is not straightforward and might even
be dependent on the outcome.

3.2. GM density increases

Based on previous observations of atrophy, we did not expect
any increases in GM density, as compared to healthy controls. The
brain regions in which increases were found are the medial and
inferior frontal cortex (more specifically BA 45, and on the right
also the anterior insula). The inferior frontal gyrus (IFG) plays a
role in language production (Hagoort, 2005; Price, 2012), and has
traditionally been linked to syntactic processing, although other
studies have implicated the region in lexical and phonological
processing as well (Sahin et al., 2009). Also in language compre-
hension, the IFG has been found to be important in retrieving and
integrating lexical information (Snijders et al., 2009), and theories
have suggested an integrating/unifying role for the IFG (Hagoort,
2005). In a recent functional MRI study of our group, we demon-
strated functional abnormalities in this region (Timmers et al.,
2015a). We found more extensive recruitment of several regions
during active language production, including the inferior frontal
gyrus (IFG). This fits with our event-related potential (ERP) study
revealing higher amplitudes in several language-related compo-
nents, reflecting the need for more resources during active lan-
guage production (Timmers et al., 2012). In addition, we found
stronger functional connectivity patterns with the frontal regions,
compared to healthy controls. Moreover, the cerebral blood flow
(CBF) was found to be higher in right IFG. The more intense re-
cruitment and increased blood flow (in rest) of this region might
be related to the more dense GM we found in this study. Lastly,
also WM abnormalities were found in tracts connecting the in-
ferior frontal regions to other regions of the brain (i.e., the un-
cinate fasciculus and the superior longitudinal fasciculus) (Tim-
mers et al., 2015b). From various perspectives, it is clear that the
inferior frontal cortex is a region of key importance in classic
galactosemia.

In addition to the inferior frontal region, increases were ob-
served in the medial prefrontal cortex. The GM density of the right
medial prefrontal region was correlated to visual working memory
(Rey Osterrieth Complex Figure Immediate Recall) performance in
these patients, which is in line with the importance of this region
in learning and storing memories/associations and responses
(Euston et al., 2012; Riga et al., 2014). Accordingly, in our WM
study, we also found abnormalities in the corona radiate and for-
ceps minor, carrying information into the cortex, and connecting
lateral and medial surfaces of the frontal cortex, respectively
(Timmers et al., 2015b).
The GM density increases might reflect abnormal GM matura-
tion in these patients. During brain maturation, the GM volume
slowly reduces as a result of pruning processes, while the WM
volume increases (Giorgio et al., 2010). In normal development,
this GM development shows regional differences and can continue
in cortical regions up until 20 years of age (Giedd et al., 1999). A
different or delayed developmental course of the GM could thus
result in an increased GM volume compared to healthy controls
(Douaud et al., 2009). In terms of pathophysiological mechanisms,
this aberrant maturation might be linked to the accumulation of
metabolites due to the deficiency to metabolise galactose (e.g.,
Gal-1-P and galactitol). In addition to being toxic for tissue and
organs, it might also result in (myo)inositol deficiencies, poten-
tially involved in abnormal signalling and development of the
brain in classic galactosemia (Berry, 2011).

3.3. Lack of cerebellar abnormalities

Interestingly, our results did not show any abnormalities in the
cerebellar GM. Other studies described cerebellar atrophy (Böhles
et al., 1986; Nelson et al., 1992; Rubio-Agusti et al., 2013). Our WM
study also did not detect any cerebellar abnormalities in this
group. A possible explanation of these contrasting findings is the
different clinical phenotypes of the participants, as our patients
did not suffer from clear neurologic symptoms such as tremor or
ataxia (as a rarer subgroup of patients do). The phenotypic varia-
bility of patients with classic galactosemia is enormous and only a
sub-group of patients show cerebellar signs and symptoms
(Waisbren et al., 2012). Alternatively, more in-depth analyses are
needed to confirm the lack of any cerebellar abnormalities in our
patient group, as our approach might not have picked up any
cerebellar abnormalities, due to limited power in this region.

3.4. Limitations

There are several limitations of the current study. First, the
sample size was limited. Despite this, however, the group differ-
ences in GM density survived stringent statistical testing and
corrections for multiple comparisons across space. For the corre-
lations, however, we did not correct for multiple comparisons. The
observed correlations – although high – therefore should only be
taken as first explorations to link brain abnormalities to neuro-
cognitive functioning. Furthermore, the number and extent of
behavioural measures was limited (and only available for the pa-
tient group), urging the need for additional studies with elaborate
neuropsychological testing to confirm and extend our correlational
findings. Finally, the data presented here are cross-sectional, lim-
iting the conclusions we can make on the temporal course of ab-
normalities. Longitudinal studies should be performed to tackle
questions about changes in GM density over time.
4. Conclusion

We demonstrate GM density abnormalities in adolescent pa-
tients with classic galactosemia compared to healthy age- and
gender-matched controls. A decreased GM density in patients was
found in the bilateral putamen and the bilateral occipital cortex,
whereas increased GM density in the patients was found in the
inferior frontal and medial prefrontal cortex of both hemispheres.
The anatomical locations of the affected regions are in line with
the neuro-cognitive profile of patients with classic galactosemia,
including motor (speech) abnormalities, language production im-
pairments, and memory and executive functioning deficits. In
addition, despite the limited sample size, high correlations of the
GM regions with visual working memory, age, and age of initiation
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of diet were identified. Future studies are warranted to confirm
and extend our results. For instance, more detailed analyses of the
GM (e.g., cortical thickness, density and orientation dispersion of
the GM using NODDI) and longitudinal investigations of the GM
will advance our knowledge on the GM characteristics and de-
velopment in classic galactosemia even more.
5. Methods

5.1. Participants

Eight patients with classic galactosemia (2 males, 6 females)
and eight age- and gender-matched controls (2 males, 6 females)
participated in this study. The included patients were 15–21 years
old and were diagnosed with classic galactosemia using GALT
enzyme activity assay and/or GALT-gene mutational analysis. All
patients were on a galactose restricted diet since diagnosis. Re-
cruitment was based on a previous study (Timmers et al., 2012) in
which all patients aged 12–18 years in the Netherlands were in-
vited to participate. For this study, patients older than 14 years old
were invited again. Controls were recruited mainly via regional
schools. Characteristics of the participants, including behavioural
data from an earlier study, can be found in Table 2. Participants
with another disease or disorder which could influence the cog-
nitive function independent of classic galactosemia were excluded.
All participants were Dutch native speakers. The participants were
screened for MRI compatibility and signed informed consent. In
case of minors, both parents/caregivers also gave informed con-
sent. The study took place at Maastricht University, and ethical
Table 2
Characteristics of the participants.

Patients

Value/mean
(median)

Range (IQR)

Group size 8
Males/females 2 / 6
Age (in years)a 17.9 (17.3) 15.9–21.2 (2.8)
GALT activity (in % of reference value)b 0.54% (0%) 0–1.52% (.008%)
GALT gene mutation 4 Q188R/Q188R

2 400Tdel/unknown
1 L195P/K229N
1 unknown

Age at initiation of diet (in days) 11.8 (6.5) 0–35 (18.5)
Educational level 7 Lower/vocational l

4 tertiary educatio
1 Higher level (secon

Special educationc 63%
Physical therapyc 75%
Speech therapyc 88%
Visual working memory (t-score)d 32.3 (31.0) 22–51 (11.8)
Sustained attention (mean RT in
seconds)e

13.8 (13.2) 11.3–18.1 (1.3)

Verbal working memory (scaled score)f 3.9 (3.5) 3–7 (2.6)
Voice onset time sentence production (in
seconds)g

1.97 (2.01) 1.49–2.20 (0.18)

a No significant difference in age between the groups was found [F1, 16¼0.44, p¼0.
b The percentage of GALT activity at diagnosis.
c At one point in their lives.
d T-score determined by Rey Osterrieth Complex Figure Immediate Recall (Meyers a
e Response time determined by mean reaction time in Bourdon-Vos task (Vos, 1988)

14.4 s (median 13.7 s) with a range of 10.7–21.3 s (IQR: 4.2 s).
f Scaled score determined by Digit Span subtest of WISC-R, with an average of 10 (
g Average voice onset time in a sentence production task – as reference, the avera

(median 1.88 s) with a range of 1.25–2.62 s (IQR: 1.09 s) (see Timmers et al., 2012, for mo
performed by author IT.
approval for the study was given by the Medical Ethical Committee
of Maastricht University Hospital/Maastricht University.

5.2. Data acquisition

Imaging was performed on a 3-T Siemens Trio whole body
scanner using a 32-channel head coil (Siemens Healthcare, Erlan-
gen, Germany). The structural MRI data, a T1-weighted ADNI
MPRAGE sequence, were obtained with full brain coverage with the
following parameters: 1 mm iso-voxel resolution, TR¼2250 ms;
TE¼2.6 ms, 192 slices.

5.3. Data analyses

VBM was performed using the FSL-VBM 5.0 tool, part of the
FMRIB Software Library [FSL] version 5.0 (Douaud et al., 2007;
Smith et al., 2004). An optimised VBM protocol was used (Good
et al., 2001), which includes extra steps to prevent interpretation
errors caused by misclassification of non-brain voxels.

Pre-processing included positioning of the T1-weighted MR
images in the same orientation as the standard MNI template,
brain extraction using the brain extraction tool (BET, FSL), and
segmentation into cerebrospinal fluid, white and grey matter. For
spatial normalisation, the GM images were non-linearly registered
to the GM ICBM-152 template using FNIRT of FSL (Andersson et al.,
2007). The GM images were modulated as a correction of local
contraction or enlargement the nonlinear component of the spa-
tial normalisation caused. Finally, the images were smoothed ap-
plying an isotropic Gaussian kernel with a sigma of 2 mm.
Controls

Value/mean
(median)

Range (IQR)

8
2/6
17.2 (17.8) 14.7–20.0 (3.6)

evel (3 secondary;
n)

3 Lower/vocational level (tertiary
education)

dary education) 3 Pre-university level (secondary
education)

2 Unknown

519].

nd Meyers, 1995).
– as a reference: the mean RT in the control group from Timmers et al., 2012, was

SD 3).
ge voice onset time from the control group from Timmers et al., 2012, was 1.89 s
re information on these behavioural measures). All neuropsychological testing was
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For the statistical analysis, randomized permutation testing
(n¼5000) was performed, correcting for multiple comparisons
across space using the Threshold-Free Cluster Enhancement (TFCE)
option (Smith and Nichols, 2009). A design was used having group
as a between-subjects factor and age as a covariate. In addition,
regions of interest (ROIs) showing significant group differences
were extracted for further correlation analyses. Correlations were
calculated with the behavioural measures (i.e., visual and verbal
working memory, sustained attention, and voice onset times in a
language production task) and the patient characteristics age, age
of initiation of diet, and GALT activity (here, no correction for
multiple testing was applied due to the small sample size, but only
correlations 4 |0.7| are reported). For the significance level, an
alpha of 0.05 (corrected for multiple comparisons where applic-
able) was used.
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