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Background: Classical Galactosemia (CG) is an inherited disorder of galactose metabolism caused by a deficiency
of the galactose-1-phosphate uridylyltransferase (GALT) enzyme resulting in neurocognitive complications. As in
many Inborn Errors of Metabolism, the metabolic pathway of CG is well-defined, but the pathophysiology and
high variability in clinical outcome are poorly understood. The aim of this study was to investigate structural
changes of the brain of CG patients on MRI and their association with clinical outcome.
Methods: In this prospective cohort study an MRI protocol was developed to evaluate gray matter (GM) and
white matter (WM) volume of the cerebrum and cerebellum, WM hyperintensity volume, WM microstructure
andmyelin contentwith the use of conventionalMRI techniques, diffusion tensor imaging (DTI) and quantitative
T1 mapping. The association between several neuroimaging parameters and both neurological and intellectual
outcome was investigated.
Results: Twenty-one patients with CG (median age 22 years, range 8–47) and 24 controls (median age 30, range
16–52)were included. Compared to controls, theWMof CGpatientswas lower in volumeand themicrostructure
of WMwas impaired both in the whole brain and corticospinal tract (CST) and the lower R1 values of WM, GM
and the CST were indicative of less myelin. The volume of WM lesions were comparable between patients and
controls. The 9/16 patients with a poor neurological outcome (defined as the presence of a tremor and/or dysto-
nia), demonstrated a lowerWMvolume, an impairedWMmicrostructure and lower R1 values of theWM indic-
ative of less myelin content compared to 7/16 patients without movement disorders. In 15/21 patients with a
poor intellectual outcome (defined as an IQ< 85) both GM andWMwere affectedwith a lower cerebral and cer-
ebellar WM and GM volume compared to 6/21 patients with an IQ ≥ 85. Both the severity of the tremor (as indi-
cated by the Tremor Rating Scale) and IQ (as continuous measure) were associated with several neuroimaging
parameters such as GM volume, WM volume, CSF volume, WM microstructure parameters and R1 values of
GM and WM.
Conclusion: In this explorative study performed in patientswith Classical Galactosemia, not onlyWMbut also GM
pathology was found, with more severe brain abnormalities on MRI in patients with a poor neurological and
se-1-phosphate uridylyltransferase; GM, graymatter;WM,whitematter; DTI, diffusion tensor imaging; CST, corticospinal tract;
stonia rating scale; FLAIR, fluid attenuated inversion recovery; CSF, cerebral spinal fluid; FA, fractional anisotropy; MD, mean
, sum of squared error; ROI, region of interest; WMV, white matter volume; GMV, gray matter volume; CSFV, cerebral spinal
bellar white matter volume; TIV, total intracranial volume.
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intellectual outcome. The finding that structural changes of the brain were associated with the severity of long-
term complications indicates that quantitativeMRI techniques could be of use to explain neurological and cogni-
tive dysfunction as part of the disease spectrum. Based on the clinical outcome of patients, the absence of wide-
spreadWM lesions and the finding that both GM andWMare affected, CG could be primarily a GM disease with
secondary damage to the WM as a result of neuronal degeneration. To investigate this further the course of GM
and WM should be evaluated in longitudinal research, which could also clarify if CG is a neurodegenerative
disease.

© 2021 Elsevier Inc. All rights reserved. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Classical Galactosemia (CG, OMIM 230400) is an inherited disorder
of galactose metabolism caused by pathogenic variations in the GALT
gene leading to a severe deficiency of the enzyme galactose-1-
phosphate uridylyltransferase (GALT, EC 2.7.7.12). An early initiation
of a galactose restricted diet prevents severe illness in the neonatal pe-
riod, but does not prevent long-term complications such as speech- and
language delay, movement disorders and cognitive impairment [1–4].
In CG, the central nervous system is primarily affected and primary
ovarian insufficiency is frequently reported in females, implicating
organ specific tissue damage. The clinical outcome of patients ranges
from normal to severely impaired, even within families with identical
GALT gene variations, which is poorly understood [2,5]. Presumably,
both the persistent elevation of harmful metabolites such as galactose-
1-phosphate (Gal-1-P) and the reduced production of important sub-
strates downstream of the GALT deficiency such as UDP sugars, contrib-
ute to the long-term complications observed in CG patients [5–8].
Both mechanisms may affect the galactosylation of proteins and lipids
[5,9] and galactosylation abnormalities have been reported in CG
patients [10,11].

Recently it has been suggested that the extent of the galactosylation
abnormalities may correlate with the clinical outcome of patients
[12,13]. A number of studies investigated the brain of CG patients with
the use ofMRI and found abnormalities, but the frequency of abnormal-
ities varied between studies and most studies included a limited num-
ber of patients [2,14–18]. The two largest cohorts found an abnormal
cerebral white matter signal intensity on T1-weighted and T2-
weighted scans in 79%–83% of the patients and interpreted this finding
as abnormal (delayed/ deficient) myelination. Other observed abnor-
malities included cerebral atrophy in 16%–33%, cerebellar atrophy in
12%–58% and white matter hyperintensities in 16% of the patients
[2,15]. The previouslymentioned studies all used a qualitative approach
and described the frequency of brain abnormalities onMRI. These stud-
ies demonstrated that visible white matter hyperintensities on MRI
occur infrequently (16%) but subtle signal intensity abnormalities
were frequently observed. To investigate this further, more quantitative
measures derived from MRI scans that are able to assess subtle differ-
ences are highly relevant for studying the brain in CG patients. The stud-
ies that have used quantitative MRI techniques, such as voxel based
morphometry, revealed white matter pathology that correlated with
(cognitive) outcome [19], and gray matter abnormalities, more specifi-
cally gray matter density decreases as well as increases in CG patients
compared to controls [20]. Until now it is unclearwhether whitematter
is predominantly affected in CG or if gray matter is primarily affected,
with secondary changes in the white matter due to axonal deteriora-
tion. As brain abnormalities onMRI have been observed both in patients
with and without long-term complications [18,21], the question re-
mains whether structural changes on MRI are associated with the clini-
cal outcome of patients and are able to explain the variability in clinical
outcome.

As pathological processes may be present in normal appearing
white- and gray matter, the aim of this study is to gain knowledge on
the pathophysiology of CG by assessing both white matter and gray
matter of CG patients with the use of quantitative neuroimaging
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parameters, and to investigate the association between structural
changes on MRI and clinical outcome.

2. Materials and Methods

2.1. Study Recruitment and Ethics

For this study, CG patients who visited themultidisciplinary galacto-
semia outpatient clinic in theAmsterdamUniversityMedical Centers for
research or clinical purposes were recruited between April 2018 and
November 2018. All included patients (and/or parents) gave informed
consent before study enrollment and consented with the use of their
clinical data for research purposes. Healthy controls included in a
study on adrenoleukodystrophy [22] were used as control group in
this study as the same MRI protocol was used. These male controls
were recruited via advertisements, received a structured history and
physical examination and were included if neurological co-morbidity
was absent. The healthy female control included in this study
underwent the MRI protocol for testing purposes and was included as
well. This study was approved by the local medical ethics committee.

2.2. Inclusion and Exclusion Criteria

Galactosemia patients with GALT enzyme activity in erythro-
cytes < 15% of the reference mean and/or two known pathogenic vari-
ations in the GALT gene, aged eight years and older and able to undergo
anMRI scan of the brain were eligible for participation in this study. All
included patients had received intellectual and/or neurological testing.
Patients with a second diagnosis influencing clinical outcome,with anx-
iety or claustrophobia or with MRI contraindications, such as dental
braces, were not eligible to participate.

2.3. Clinical Outcome

In order to study differences in clinical outcome, patients were di-
vided into groups based on their intellectual and neurological outcome.
In patients who received a standardized age-specific intelligence test,
the IQ was used as derivative of intelligence. The used intelligence
tests were the Wechsler Preschool and Primary Scale of Intelligence,
theWechsler Intelligence Scale for Children and theWechsler Adult In-
telligence Scale [23–25]. A poor intellectual outcome was defined as an
IQ<85 and a normal intellectual outcome as an IQ ≥ 85. The presence or
absence of movement disorders was used as a determinant for neuro-
logical outcome. Information was retrieved from the medical records
of the included patients. Patients were investigated by one (pediatric)
neurologist and in addition to the neurological examination a standard-
ized tremor rating scale (TRS), the Fahn-Tolosa-Marin Clinical Rating
Scale for Tremors [26] and dystonia rating scale (DRS), the Fahn-
Marsden Rating Scale [27] was performed.

2.4. MRI Acquisition

2.4.1. Protocol
A 3.0 Tesla MRI scanner (Philips Ingenia, Philips, Best, the

Netherlands) with a 32-channel head coil was used to perform MR
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imaging of the brain. The followingMRI sequences were included in the
protocol: 1) a 3D T1weighted anatomical scan, 2) a 3D fluid attenuated
inversion recovery (FLAIR) scan, 3) a single-shot echo planar imaging
Diffusion Tensor Imaging (DTI) scan and 4) T1 mapping. More details
with regard to the MRI sequences are listed in the supplementary
material.

2.4.2. Volumetric Analysis of T1-Weighted MR Images
The T1-weighted images were used tomeasure brain tissue volume.

T1-weighted images were segmented into white matter (WM), gray
matter (GM) and cerebral spinal fluid (CSF) using the Computational
Anatomy Toolbox (CAT 12, SPM). Volumetric measurements were per-
formed after lesion masking of the previously defined and marked
white matter hyperintensities. Cerebellar cortical andwhite matter vol-
umeswere extracted from Freesurfer (v5.3.0) segmentation. The CAT12
quality control was evaluatedwhich included resolution, noise and bias.
An image quality (%bias) ≥ 75% equals satisfactory results. Also, the GM/
WM borders on the coronal and transversal T1 images were visually
inspected.

2.4.3. DTI Analysis: Microstructure of the Whole Brain and Corticospinal
Tract

The diffusion weighted images were denoised with the use of
MRtrix3 [28] and corrected for distortions caused by eddy currents
and headmotion using FSL [29]. Outliers as defined by headmovement
equal or more than three standard deviations, were replaced by Gauss-
ian Process predicted values [30]. Using an in-house Matlab script b0
ringing artefacts were corrected and tensors were fitted to the diffusion
data to create fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD) and radial diffusivity (RD) images (FDT - FMRIB's Diffu-
sion Toolbox, FSL). (S)QUADwas used for quality control and to identify
potential outliers [31]. The sum of squared error (SSE) values were used
to assess the quality of the tensor fit. SSE values were considered out-
liers in case of a value ≥p95.

Preprocessed data was analyzed using Tract-Based Spatial Statistics
(TBSS) [32], part of FSL [33]. The FAmaps of all participantswere aligned
to the MNI152 standard space using non-linear registration, such that
every image was aligned to every other one, using themost representa-
tive study-specific FA image as a target. A mean FA skeleton was re-
trieved and the FA images of all participants were projected onto the
mean FA skeleton to create skeletonized FA data for each participant.
We applied the non-linear FA warping and skeletonized FA projection
to MD, RD and AD images resulting in skeletonized data of all these
measures. Subsequently, a cortical spinal tract region of interest (ROI)
mask was obtained from the JHU ICBM-DTI-81 white-matter labels
atlas [34–36] and ROI data for all subjects were extracted and fed into
statistical analysis.

2.4.4. Quantitative T1 Mapping
Quantitative T1mapping (qT1) of GM in thewhole brain andWM in

thewhole brain and corticospinal tract (CST) was performed. Recent in-
vivo histological studies using quantitativeMRI have demonstrated that
T1 relaxation times are highly correlated with myelin content and the
MR parameter R1, which is the inverse of the longitudinal relaxation
time T1 (in seconds), is considered a valid biomarker formyelin concen-
tration [37]. Previous research has demonstrated that up to 90% of the
R1 signal (1/T1) is explained by variations in myelin content [38]. T1-
maps were computed using the fitMRI toolbox [39], in Matlab (The
MathWorks Inc., Natick, MA, USA) using SPM8 (www.fil.ion.ucl.ac.uk/
spm). Maximum-likelihood estimation of T1 was performed from the
co-registered series of two multi-echo spoiled gradient recalled echo
(SPGR) images. Flip angles were scaled per voxel using the local per-
centage of the nominal flip angle as obtained from the B1-map [40].
Mean R1 values were extracted from a GM and WM mask as well as
from the CST ROIs. To ensure the quality of the data, the R1 scans
were visually inspected.
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2.4.5. Identification of White Matter Hyperintensities
To identify and quantify white matter hyperintensities (deep white

matter and periventricular white matter) on FLAIR images, the lesion
prediction algorithm of the lesion segmentation toolbox (LST, SPM12)
was used and adjusted usingmanual correction. The manual correction
was performed by one investigator (MWK) andwere visually inspected
by a neuro-radiologist (SR). Hereafter, the white matter hyper intensity
volumes of both deep white matter and periventricular white matter
were re-calculated and a 15 μL filter was applied to identify potential
relevant white matter hyperintensities.

2.5. Statistical Analysis

SPSS version 26 (SPSS Inc. Chicago, Illinois, USA) was used to per-
form all statistical analyses. Figures were generated using Graphpad
Prism (Version 5, Graphpad Software Inc., La Jolla, California, USA). Be-
fore statistical analyses of the data, we reviewed the available literature
for normative data on WM, GM, cerebellar and white matter hyper in-
tensity volumes and DTI measures (FA, MD, RD, AD) of healthy subjects
considering age and gender are possible confounders. We present the
normative data retrieved from the literature as a red line in the graphi-
cal presentation of the data. The descriptive statistics of patient and con-
trol characteristics were reported. Non-parametric tests were used to
test for differences between (sub)groups and the Spearman's rank coef-
ficient test was used to test for correlations as the sample sizewas small
and most data followed a non-normal distribution. All test presumed a
two-tailed probability and a p-value < 0.05was considered a significant
difference. First, we investigated the following neuroimaging parame-
ters in patients and controls; white matter volume (WMV), graymatter
volume (GMV), cerebral spinal fluid volume (CSFV) and cerebellar vol-
umes (cerebellar cortex volume; CCV and cerebellar white matter vol-
ume; CWMV), the volume of white matter hyperintensities, DTI
measures and R1 values. Second, we investigated these neuroimaging
parameters in patients with and without movement disorders. The se-
verity of themovement disorder asmeasured by the tremor- and dysto-
nia rating scale were evaluated as well. Third, we investigated the
neuroimaging parameters in patients with a poor (IQ < 85) and normal
intellectual outcome (IQ ≥ 85) and intellectual outcome with IQ as con-
tinuous outcome measure.

3. Results

A total of 21 CG patients (aged 8–47 years), 9 males and 12 females
were included. The matching of patients and controls based on a maxi-
mum age difference of five years resulted in a control group (aged
16–52 years) which included 23 males and 1 female. Demographics
are shown in Table 1.

3.1. Patients Versus Controls

First, we evaluated differences between patients and controls
(Table 1). Both age and gender were significantly different between pa-
tients and controls.

3.1.1. Volumetric Measurements
The volumetric analyses of WM, GM, CSF, cerebellar WM (CWM)

and cerebellar cortex (CC) are shown in Table 1. As controls demon-
strated significantly larger total intracranial volumes (TIV) than pa-
tients, both absolute volumes and fractional controlling volumes (%
WM, %GM and %CSF) are reported. The Total Intracranial Volume
(TIV) was not correlated with age, but males did demonstrate signifi-
cantly larger TIVs compared to females (1524 versus 1347 cm3).

The controls demonstrated similar patterns in white matter volume
(WMV) and graymatter volume (GMV) as healthy subjects described in
the literature [41] (red line Fig. 1). In patients, the absoluteWMV and %
WMVwas significantly lower when compared to controls (p< 0.0005).
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Table 1
Patients versus controls.

Patients Controls p-Value

N 21 24 –

Gender
Male, n (%) 9 (43) 23 (96) <0.0005
Age in years 22 (8–47) 30 (16–52) 0.006

Volumetric measurements
TIV in cm3 1355 (1176–1644) 1554 (1325–1776) <0.0005
WMV 431 (299–533) 541 (467–654) <0.0005
GMV 636 (465–801) 668 (548–770) 0.426
CSFV 301 (183–410) 330 (259–441) 0.016
%WMV 30.7 (24.8–39.0) 35.2 (32.9–37.9) <0.0005
%GMV 47.5 (39.5–54.4) 43.2 (38.8–47.7) <0.0005
%CSFV 21.5 (14.3–34.9) 21.7 (18.3–26.6) 0.900
CWMV in mL 29.1 (20.5–46.0) 31.7 (26.3–38.2) 0.172
CCV in mL 109.7 (81.7–132.0) 117.9 (97.0–139.6) 0.004

DTI measures
FA whole brain 0.380 (0.335–0.416) 0.396 (0.376–0.414) 0.002
MD whole brain⁎ 0.849 (0.807–0.935) 0.849 (0.818–0.886) 0.554
RD whole brain⁎ 0.671 (0.610–0.752) 0.653 (0.619–0.694) 0.088
AD whole brain⁎ 1.227 (1.169–1.300) 1.241 (1.211–1.271) 0.062
FA CST 0.541 (0.508–0.601) 0.560 (0.532–0.600) 0.012
MD CST⁎ 0.803 (0.760–0.848) 0.779 (0.760–0.820) 0.004
RD CST⁎ 0.534 (0.466–0.576) 0.500 (0.462–0.545) 0.009
AD CST⁎ 1.364 (1.295–1.407) 1.348 (1.292–1.389) 0.152

N 21 20 –

R1 values
WM 0.892 (0.692–1.007) 0.995 (0.807–1.153) <0.0005
GM 0.629 (0.475–0.693) 0.674 (0.532–0.785) 0.001
CST 0.897 (0.649–1.096) 0.925 (0.771–1.105) 0.027

Notes. Data reported in median (range). TIV: Total intracranial volume, WMV: absolute
white matter volume, GMV: absolute gray matter volume, CSF: absolute cerebral spinal
fluid volume, %WMV: relative white matter volume, %GMV: relative gray matter volume,
%CSF: relative cerebral spinal fluid volume, CWMV: cerebellar white matter volume, CCV:
cerebellar cortex volume, FA: fractional anisotropy, MD:mean diffusivity, RD: radial diffu-
sivity, AD: axial diffusivity, CST: corticospinal tract.
The bold numbers are significant differences (p-value < 0.05).
⁎ MD, RD and AD values × 10−3, R1 (1/T1) in seconds, WM: white matter, GM: gray

matter.
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The course of %WMV of patients with different ages was comparable to
the pattern described in the literature and as demonstrated for controls,
but was overall lower (Fig. 1A). The %GMV, but not the absolute GMV
was significantly higher compared to controls (p < 0.0005). The decline
in %GMV followed the same pattern as described in the literature and as
demonstrated for controls (Fig. 1B), but revealed a steeper decline for
male patients when compared to male controls and female patients
(Fig. 1C). The cerebellar cortex volume (CCV) of patients was signifi-
cantly lower when compared to controls (p = 0.004) (Table 1). As age
was significantly different between patients and controls, analyses
were repeated after the exclusion of patients with an age below
16 years (n = 5). All p-values remained significantly different with the
exception of absolute CSFV (p = 0.185), FA CST (p = 0.057) and RD
CST (p=0.050) (Table 1). The exclusion of the younger patients resulted
in a different distribution of relative volumes with a lower %GMV (46.4)
and a higher %CSFV (23.3) and a practically unchanged %WMV (30.9).

As gender was significantly different between patients and controls
andonly one female controlwas included, additional analyseswere per-
formed for males only. Male patients had significantly lower absolute
WMV and %WMV (p < 0.0005), significantly higher absolute GMV
(p = 0.038) and %GMV (p < 0.0005), and significantly lower absolute
CSFV (p=0.0003) and %CSFV (p=0.034) when compared to controls.
As age is a confounder for volumetric measurements and the male pa-
tients with a median age of 15 years (range 8–31) were significantly
younger (p < 0.0005) than the male controls with a median age of
30 years (range 16–52), patients were age and gender matched,
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resulting in five male patients and five male controls (age matched
within 2 years) (Table S1). In this group of matched males, the %WMV
remained significantly lower in patients when compared to controls
(p= 0.028). All other volumetric measurements were not significantly
different.

3.1.2. White Matter Microstructure in DTI
The FA of the whole brain of patients was significantly lower when

compared to controls (p = 0.002) (Table 1, Fig. S1A). The FA of the
corticospinal tract (CST) was significantly lower (p = 0.012) (Fig. S1B)
andMD (p=0.004) and RD (p=0.009) significantly higher in patients
when compared to controls.

3.1.3. QT1: Myelin Mapping - R1
The R1 values of WM, GM and CST of patients were significantly

lower when compared to controls (p < 0.027) (Table 1). As both age
and gender were significantly different between patients and controls,
analyses were repeated for males after which the significant difference
inWMandGM remained (p<0.019). As age remained significantly dif-
ferent, the R1 ofWMof patients and controlswith different ages is dem-
onstrated in Fig. S1C.

3.2. Neurological Outcome

Second, we evaluated differences between patients with and with-
outmovement disorders (Table 2). A movement disorder was observed
in 9 out of 16 patients and varied from a mild tremor and dystonia to a
severe tremor and dystonia interfering with daily functioning. Age and
genderwere not significantly different between patientswith andwith-
out movement disorders (Table 2).

3.2.1. Volumetric Measurements
Patients with a movement disorder had significantly lower absolute

WMV (p=0.005) and %WMV (p=0.003) when compared to patients
without a movement disorder. The trend in %WMV was overall lower
for patients with movement disorders (Fig. 2A). The tremor rating
scale was negatively correlated with both absolute WMV and %WMV
(p < 0.0005) (Fig. 2B) and CWMV (p = 0.014) (Fig. 2C) and positively
correlated with %CSFV (p=0.037). The dystonia rating scale was nega-
tively correlatedwith %WMV (p=0.044) andwas positively correlated
with absolute CSFV (p = 0.029).

3.2.2. White Matter Microstructure in DTI
In patients withmovement disorders, the FAwhole brainwas signif-

icantly lower when compared to patients without movement disorders
(Fig. S2). There was a negative correlation between the tremor rating
scale (TRS) and FA whole brain (p = 0.001) and FA CST (p = 0.020),
and a positive correlation with RD whole brain (p = 0.007) and RD
CST (p = 0.026). The DTI measures of the whole brain and CST were
not correlated with the dystonia rating scale.

3.2.3. QT1: Myelin Mapping - R1
In patients with movement disorders, the R1 of WM was signifi-

cantly lower when compared to patients without movement disorders
(Table 2). The GMwas higher in patients without movement disorders,
but the differencewas not significant (p=0.050). There was a negative
correlation between the tremor rating scale (TRS) and GM R1 (p =
0.018) and WM R1 (p = 0.011).

3.3. Intellectual Outcome

Third, we investigated differences between patients with a poor
(IQ < 85) and normal intellectual outcome (IQ ≥ 85) (Table 3). In
total, 6 out of 21 patients had a normal intellectual outcome. Age and
gender were significantly different between patients with an IQ ≥ 85
and an IQ < 85 (Table 3).



Fig. 1. Volumetric measurements of CG patients (M: males and F: females), controls (M: males and F: females) and data from the literature based on healthy subjects (red line) [40].

M.M. Welsink-Karssies, A. Schrantee, M.W.A. Caan et al. Molecular Genetics and Metabolism 131 (2020) 370–379
3.3.1. Volumetric Measurements
The results presented in Fig. 3A demonstrate the quadratic trend in

%WMV, but the overall trend seems to be lower for patients with an
IQ< 85 than for patients with an IQ> 85. Patients with an IQ< 85 dem-
onstrated a significantly lower absolute GMV, absolute WMV, %GMV,
CWMV and CCV and a significantly higher %CSFVwhen compared to pa-
tients with an IQ ≥ 85 (p < 0.043). There was a positive correlation be-
tween IQ (as continuous measure) and absolute WMV, absolute GMV
(Fig. 3B), %WMV (Fig. 3C), CCV (Fig. 3D) and CWMV (p < 0.027), and
a negative correlation between IQ and %CSFV (p = 0.015). In the
group of male patients, age was no longer significantly different
(p > 0.999) and analyses were repeated for this group which demon-
strated a significantly lower absolute WMV, absolute GMV, %WMV
(Fig. S3), CWMV and CCV in male patients with an IQ < 85 when com-
pared to male patients with an IQ > 85 (p < 0.027). The positive corre-
lation between the IQ and absolute WMV, absolute GMV, %WMV,
CWMV and CCV remained (p < 0.020).
3.3.2. White Matter Microstructure in DTI
The DTI measures (FA, MD and RD) of the whole brain were not sig-

nificantly different betweenpatientswith an IQ<85 and an IQ>85 and
were not correlated with IQ as continuous measure.
3.3.3. QT1: Myelin Mapping - R1
The R1 values were not significantly different between patientswith

an IQ < 85 and an IQ > 85 (p > 0.119). IQ as continuous measure was
positively correlated with WM (p = 0.044) and GM (p = 0.014).
374
3.4. White Matter Hyperintensities

In total, 8 patients (38%) and 5 controls (21%) had deepwhitematter
hyperintensities (DWMH) and 15 patients (71%) and 19 controls (79%)
had periventricular white matter hyperintensities (PVWMH). The
DWMH and PVWMH volumes were higher in patients when compared
to controls but not significantly different (Table S2). The DWMH and
PVWMH volumes were not significantly different between patients
with and without movement disorders nor between patients with an
IQ < 85 and IQ > 85. IQ (as continuous measure) was not correlated
with DWMH and PVWMH volumes.

3.5. Quality Control

For the volumetric analyses, CAT12 output displays the image and
preprocessing quality as a percentage from 0 to 100 with regard to res-
olution, noise and bias. Patients had significantly more bias than con-
trols. The %bias was positively correlated with age and %WM and
negatively correlated with %GM. Considering an image quality (%bias)
of ≥75% equals satisfactory results and participants with a %bias < 75%
demonstrated more artefacts upon visual inspection, a %bias of ≥75%
was used as cut-off value which led to the exclusion of seven patients.
The MRI of the youngest patient in our cohort showed motion artefacts
and the image quality was just below the cut-off of 75%. All other ex-
cluded patients had a poor intellectual outcome and of the 4/6 patients
that received a neurological examination all four had amovement disor-
der. After exclusion, the significant differences between patients and
controls, and between patients with and without movement disorders
remained, but the correlation between IQ and %WM and CWMV, and



Table 2
Patients with versus patients without movement disorders.

Patients with
movement
disorders

Patients without
movement
disorders

p-Value

N 9 7 –

Gender
Male, n (%) 4 (44) 3 (43) p > 0.999
Age in years 19 (9–32) 19 (8–26) p > 0.999

Volumetric measurements
TIV in cm3 1304 (1176–1591) 1442 (1284–1644) 0.064
WMV 396 (299–484) 466 (431–533) 0.005
GMV 635 (465–801) 667 (599–798) 0.266
CSFV 301 (212–410) 268 (183–351) 0.223
%WMV 28.5 (24.9–32.3) 32.4 (31.3–39.0) 0.003
%GMV 47.7 (39.5–54.4) 47.9 (44.9–53.8) 0.958
%CSFV 23.3 (16.3–34.9) 19.0 (14.3–23.6) 0.064
CWMV in mL 28.8 (20.5–36.4) 34.2 (24.9–37.6) 0.153
CCV in mL 108.1 (81.7–115.4) 118.9 (85.5–132.0) 0.125

DTI measures
FA whole brain 0.375 (0.335–0.396) 0.399 (0.362–0.416) 0.039
MD whole
brain⁎

0.847 (0.833–0.902) 0.841 (0.807–0.866) 0.368

RD whole
brain⁎

0.671 (0.641–0.733) 0.644 (0.610–0.671) 0.081

AD whole
brain⁎

1.221 (1.169–1.242) 1.226 (1.198–1.256) 0.491

FA CST 0.546 (0.508–0.590) 0.566 (0.517–0.601) 0.315
MD CST⁎ 0.799 (0.776–0.841) 0.773 (0.760–0.821) 0.266
RD CST⁎ 0.522 (0.480–0.576) 0.497 (0.466–0.557) 0.266
AD CST⁎ 1.368 (1.311–1.392) 1.351 (1.326–1.371) 0.634

R1 values
WM 0.860 (0.721–0.911) 0.924 (0.692–1.007) 0.039
GM 0.619 (0.543–0.645) 0.652 (0.475–0.693) 0.050
CST 0.837 (0.795–0.950) 0.902 (0.649–1.096) 0.125

Notes. Data reported in median (range). TIV: Total intracranial volume, WMV: absolute
white matter volume, GMV: absolute gray matter volume, CSF: absolute cerebral spinal
fluid volume, %WMV: relative white matter volume, %GMV: relative gray matter volume,
%CSF: relative cerebral spinal fluid volume, CWMV: cerebellar white matter volume, CCV:
cerebellar cortex volume, FA: fractional anisotropy, MD:mean diffusivity, RD: radial diffu-
sivity, AD: axial diffusivity, CST: corticospinal tract.
The bold numbers are significant differences (p-value < 0.05).
⁎ MD, RD and AD values × 10−3, R1 (1/T1) in seconds, WM: white matter, GM: gray

matter.
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between TRS and CWMV were no longer significant. The visual inspec-
tion of the T1-weighted images revealed an abnormal white matter in-
tensity signal in patients when compared to controls, which was more
prevalent in patients with a poor clinical outcome (Fig. 4). For the DTI
measures, the SSE values for patients and controlswere not significantly
different. For the youngest patient in our cohort, both the whole brain
and the CST SSE values were clear outliers. The exclusion of this patient
did not change any of the results. For the T1mapping, the R1 scan of the
youngest patient in our cohort demonstrated motion artefacts. The ex-
clusion of this patient did not change any of the results.

4. Discussion

This study investigated structural changes of the brain in CG pa-
tients with the use of MRI and its association with clinical outcome.
The results of this study indicate that besides the white matter
(WM), gray matter (GM) is also affected in CG patients. In addition
to a lower WM volume and an impaired WM microstructure, R1
values indicative of myelin content in both GM andWMwere signif-
icantly lower in patients when compared to controls. Patients with a
poor neurological outcome, predominantly caused by the presence of
a tremor, demonstrated more WM pathology than patients with a
normal neurological outcome and the severity of the tremor was as-
sociated with a lower WM volume in both the cerebrum and
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cerebellum, a higher CSF volume, an impaired WM microstructure
and lower R1 values indicative of less myelin content in both GM
and WM. Patients with a poor intellectual outcome demonstrated
more GM andWMpathology than patients with a normal intellectual
outcome and IQ was associated with lower WM and GM volume in
both the cerebrum and cerebellum and lower R1 values indicative
of less myelin content in both GM and WM.

In our search for normative data in the literature, we found that
age influences the volumetric measurements with WM loss in a
non-linear, quadratic fashion from the fourth decade and GM volume
loss in a linear fashion from late childhood. As the patients in our co-
hort were significantly younger compared to controls, we repeated
the analyses after excluding patients with an age below 16 years
and found that the results remained mostly unchanged. After the ex-
clusion of the younger patients, the total intracranial volume (TIV) of
patients remained significantly lower compared to controls and the
sub analysis performed in males only confirmed that the TIVs of CG
patients are smaller.

Age influences DTImeasures aswell with a decrease in FA and an in-
crease in mean diffusivity (MD) and radial diffusivity (RD) with aging
[42–44]. Even though the patients in our cohort were younger, they
still demonstrated lower FA values and higher RD values than controls,
which could indicate that our results are an underestimation. The find-
ing that FA was lower in CG patients in both the whole brain and in the
corticospinal tract (CST) is in agreement with an earlier study, which
also demonstrated a lower density (NDI) and higher orientation disper-
sion (ODI) of neurites in several tracts [19]. FA is a measure of micro-
structural integrity and highly sensitive to microstructural changes,
but it is less specific to the type of change [45].

As previous studies have suggested that myelin is affected in CG pa-
tients [2,5,14,15] we investigated R1 values indicative of myelin con-
tent. The formation of myelin depends on galactose containing
glycolipids, such as galactocerebrosides [46,47] and the deficient GALT
enzyme in CG patients causes a reduction in UDP-sugars which are es-
sential for the formation of glycoproteins and glycolipids [8]. Therefore,
the observed WM abnormalities on MRI in CG patients, such as the ab-
normal WM intensity signal, have been attributed to abnormal
myelination. The finding that patients in our cohort demonstrated
lower R1 values of the GM, WM and CST when compared to controls,
supports the hypothesis that myelination is affected in CG patients.
The association between R1 values of WM and GM and the severity of
long-term complications, could indicate that myelin is more affected
in patients with long-term complications.

Our control group predominantly included males who are reported
to demonstrate a faster decrease in %GMvolume than females, while fe-
males generally have a higher %WM volume compared to males [41].
This could explain why the normative data found for healthy subjects
(red line in the figures) is in most cases higher than our control data.
The sub analyses performed in males only endorse the results found in
our entire cohort.

In the literature, mostly WM abnormalities have been reported in
patients with CG. In this study, wide-spread WM hyperintensities
were absent in patients and WM hyperintensity volumes were com-
parable between patients and controls and in agreement with values
reported in the literature for healthy subjects [48]. Thus, visible WM
hyperintensities onMRI in CG are scarce and not as evident as seen in
WM disorders, such as Metachromatic leukodystrophy (MLD) and
Multiple Sclerosis (MS). In patients with these WM disorders, pro-
gressive demyelination and widespread visible WM abnormalities
are present on MRI. The finding that GM is also affected in patients
with MLD and MS [49,50] suggests that WM damage affects GM
as well.

The most common long-term complications in CG patients are cog-
nitive impairment and movement disorders, which are symptoms sug-
gestive for GM disease [51]. In patients with movement disorders, WM
was primarily affected and in patients with a poor intellectual outcome



Fig. 2. (A) Sixteen out of 21 patients received a neurological examination, 9/16 had a movement disorder (MD) and 7/16 had no movement disorder (no MD). Data from the literature
based on healthy subjects (red line) [40]. (B) Every bar represents the %white matter volume (%WMV) of one patient on the left Y- axis and the corresponding Tremor Rating Scale
(TRS) on the right Y-axis. Correlation coefficient (Spearman's rho): −0.854, p < 0.0005). (C) Every bar represents the cerebral white matter volume (CWMV) of one patient on the left
Y- axis and the corresponding Tremor Rating Scale (TRS) on the right Y-axis. Correlation coefficient (Spearman's rho):−0.601, p= 0.014).

Table 3
Patients with a poor versus patients with a normal intellectual outcome.

Patients with IQ < 85 Patients with IQ ≥ 85 p-Value

N 15 6 –
IQ 71 (49–83) 92 (88–98) –

Gender
Male, n (%) 4 (27) 5 (83) 0.046
Age in years 24 (9–47) 18.5 (8–22) 0.056

Volumetric measurements
TIV in cm3 1304 (1176–1487) 1502 (1355–1644) 0.004
WMV 400 (299–501) 476 (399–533) 0.013
GMV 622 (465–691) 778 (635–801) 0.002
CSFV 301 (183–410) 286 (214–320) 0.392
%WMV 28.8 (24.8–39.0) 31.4 (29.4–33.6) 0.213
%GMV 46.2 (39.5–54.4) 49.5 (46.9–53.8) 0.036
%CSFV 23.3 (14.3–34.9) 18.3 (14.9–23.7) 0.043
CWMV in mL 27.7 (20.5–46.0) 35.3 (28.3–38.7) 0.036
CCV in mL 99.7 (81.7–118.9) 120.1 (113.8–132.0) 0.001

DTI measures
FA whole brain 0.380 (0.335–0.416) 0.379 (0.362–0.405) 0.586
MD whole brain⁎ 0.849 (0.807–0.935) 0.848 (0.841–0.881) 0.938
RD whole brain⁎ 0.671 (0.610–0.752) 0.665 (0.642–0.693) 0.697
AD whole brain⁎ 1.227 (1.169–1.300) 1.230 (1.126–1.259) 0.815

R1 values
WM 0.873 (0.692–1.007) 0.906 (0.872–0.954) 0.119
GM 0.625 (0.475–0.693) 0.647 (0.624–0.659) 0.119
CST 0.852 (0.649–0.990) 0.905 (0.856–1.096) 0.276

Notes. Data reported in median (range). IQ: intellectual quotient, TIV: Total intracranial
volume, WMV: absolute white matter volume, GMV: absolute gray matter volume, CSF:
absolute cerebral spinal fluid volume, %WMV: relative white matter volume, %GMV: rela-
tive gray matter volume, %CSF: relative cerebral spinal fluid volume, CWMV: cerebellar
white matter volume, CCV: cerebellar cortex volume, FA: fractional anisotropy, MD:
mean diffusivity, RD: radial diffusivity, AD: axial diffusivity, CST: corticospinal tract.
The bold numbers are significant differences (p-value < 0.05).
⁎ MD, RD and AD values x 10−3, R1 (1/T1) in seconds, WM: white matter, GM: gray

matter.
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both GM andWMwere affected. The results found in our study indicate
that bothWMvolume loss and GMvolume loss occurs. In case of neuro-
nal degeneration not only the cell body in the cortex degenerates but
also the accompanying supporting cells andWM tracts, leading to rela-
tively more WM loss than GM loss, even though GM is primarily af-
fected. The higher %GM found in patients could indicate a stronger
decrease in WM compared to GM. This can only be investigated in lon-
gitudinal studies, but based on the clinical outcome of our patients and
the results found in our study, we propose that CG is primarily a GMdis-
ease with secondary damage to the WM as a result of neuronal degen-
eration. If CG is a neurodegenerative disease, the CSF volume would be
increased in patients when compared to controls. In our study, patients
and controls demonstrated a comparable CSF volume, but with the ex-
clusion of the younger patients in our cohort, the %GM volume de-
creased and the %CSF increased, which indicates that the older
patients in our cohort lost relatively more GM than WM resulting in a
higher CSF volume. As the severity of the tremor and dystonia and a
lower IQwere associatedwith a higher CSF volume, the loss of brain vol-
ume as indicated by a higher CSF volume seems to contribute to the pa-
thology of CG.
4.1. Strengths

The investigated neuroimaging parameters depend on the quality of
theMR images andmotion artefacts can influence the results. Therefore,
analyses were repeated after the exclusion of patients with a lower
quality. Even though this resulted in a smaller sample size, the overall
trend remained. It is important to be aware that all excluded patients
had a poor clinical outcome and some of the excluded patients were
among the most severely affected in our cohort.

Besides the statistical analyses, the included graphical presentation
of the data provides a more reliable insight on the distribution of WM
and GM in patients with varying ages, in patients compared to controls
and in patients with a poor versus a normal clinical outcome.



Fig. 3. (A/B) Data from patients, controls and the literature based on healthy subjects (red line in Fig. 3A only) [40]. (C) Every bar represents the %white matter volume (%WMV) of one
patient on the left Y-axis and the corresponding IQ on the right Y-axis. Correlation coefficient (Spearman's rho): 0.485, p = 0.026. (D) Every bar represents the cerebral cortex volume
(CCV) of one patient on the left Y-axis and the corresponding IQ on the right Y-axis. Correlation coefficient (Spearman's rho): 0.609, p = 0.003.
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4.2. Limitations

Based on available literature, both age- and gender are important
confounders when studying volumetric measurements and DTI mea-
sures on MRI. As our control group consisted of 23 males and only one
female and the 21 included patients were significantly younger than
the controls, this study should be considered as an explorative study
and results should be interpreted with care. The effects of age and gen-
der on neuroimaging parameters are a frequently studied subject, but
available literature demonstrates contradicting results with regard to
the magnitude of the effect. This could arise from the use of different
methods as there is no gold standard and several analysis programs
are available. Also, volume loss is heterogeneous and the investigated
areas of the brain differ between studies and the distribution of age
and gender differs between cohorts. The effect of gender on DTI mea-
sures remains unclear and also depends on the investigated areas of
the brain [42,44]. In our cohort DTI measures for the whole brain and
the CST were not significantly different between males and females
and therefore no sub-analyses were performed. A correction for age
was not considered desirable in this small cohort. Correction for multi-
ple testing was not performed due to the explorative nature of this
study and due to the small sample size.

Recently, it has been demonstrated that social economic status (SES)
is associated with brain maturation and brain structure [52].
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Unfortunately, effects on our findings could not be evaluated because
information with regard to the SES of patients and controls was not
available.

The abnormal white matter intensity signal as described by Nelson
et al. [15], was found in our cohort as well and was more evident in pa-
tients with severe long-term complications. The finding of an abnormal
whitematter signal intensity on theMRIs of some CG patientsmay have
caused some bias in the segmentation of GM andWMbecause the anal-
ysis programs used for the volumetric measurements depend on the
contrast between WM and GM to determine the volume.

In this study, FLAIR and T1 images were used to assess white matter
hyperintensities. For certain regions in the brain a T2-weighted se-
quence is more sensitive for white matter hyperintensities and there-
fore could have been of added value.

4.3. Future Perspectives

Considering this is a cross-sectional study, the question remains
whether the structural changes in GM andWM observed in CG patients
are a consequence of damage early on in life with an incomplete brain
maturation and/or dysmyelination, or whether CG is a neurodegenera-
tive disease with progressive damage throughout life with increasing
volume loss and demyelination. To investigate this further, longitudinal
studies are needed in a larger and age-and gender matched cohort,



Fig. 4. T1-weighted images of three age- and gender matched patients (left) and controls
(right), illustrating the observed differences in white matter signal intensity between
patients and controls.
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which could also provide insight in the course of GM andWMover time
in CG patients.

As it remains uncertain if GM or WM is primarily affected in CG,
more research is needed to explore our hypothesis. As themost severely
affected patients demonstrated an abnormal white matter signal inten-
sity onMRI, quantitative analyses that are not based on contrast such as
thequantitative T1 assessmentmay provide amore reliable reflection of
GM and WM content and could be of use to gain knowledge on the
pathophysiology of CG. Furthermore, histopathological data could con-
tribute highly to unravel the pathophysiology of CG.

In this study, IQ was used as derivative of intellectual outcome, but
IQ only represents overall cognitive functioning andmay not reflect un-
derlying cognitive abilities [53]. Considering a link betweenWMpathol-
ogy and cognitive functioning in CG patients has been demonstrated
[19] and in our study IQ was not associated with DTI measures of the
whole brain, but was associated with GM andWMR1 values, the corre-
lation between structural changes of the brain and neurocognitive out-
come measures should be investigated further.
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5. Conclusion

This study confirms white matter pathology affecting the volume,
microstructure and myelin content in the brain of CG patients. Besides
white matter pathology, this study demonstrates that gray matter was
affected as well. Even though our cohort was small, considerable differ-
ences in neuroimaging parameters were demonstrated between pa-
tients and controls and between patients with a poor and normal
clinical outcome. Based on the clinical outcome of patients, the absence
ofwidespreadWM lesions and thefinding that both GMandWMare af-
fected, we propose that CG is primarily a GM disease with secondary
damage to the WM as a result of neuronal degeneration. The finding
of an association between structural changes of the brain and the sever-
ity of long-term complications supports the use of quantitative MRI
techniques to further unravel the pathophysiology of CG. In addition,
longitudinal research that reveals the course of gray- and white matter
could clarify if CG is a neurodegenerative disease orwhether damage al-
ready occurs at an early stage.
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