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Abstract

Background Late-onset glycogenosis type II (GSD 1I) is
a rare, multisystem disorder mainly affecting limb and
respiratory muscles due to acid alpha glucosidase defi-
ciency. Despite evidence at autopsy of glycogen accumu-
lation in the brain, no study exploring brain functions is
yet available.

Objective Our objective in this study was to assess brain
changes in late-onset GSD II.

Methods Each patient underwent a standardized neuropsy-
chological assessment, regional grey-matter (GM) atro-
phy, and resting-state functional magnetic resonance
imaging (RS-fMRI). Functional connectivity maps of the
salience (SN) and default-mode (DMN) networks were
considered. A group of age- and gender-matched healthy
controls was enrolled for MRI comparisons. P values
family-wise error (FWE) cluster level corrected inferior
to 0.05 were considered.

Results Nine GSD 1I patients (age 46.6+£8.0; 55 % male)
were recruited. No significant GM atrophy was found in
patients compared with controls (n=18; age 48.0+£9.8,;40 %
male). Functional connectivity within the SN was selective-
ly reduced in patients, and cingulate gyrus and medial
frontal cortex were mainly involved. Accordingly, patients
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had significant impairment of executive functions (as mea-
sured by Wisconsin Card Sorting test), whereas other cog-
nitive domains were within mean normal ranges.
Conclusions Our findings extend the clinical spectrum of
GSD 1I by indicating that brain changes occur in this mus-
cular disorder. Above all, these results should lead to better
examinations of therapeutic approaches and perspectives for
the affected patients. Further studies evaluating in depth
these issues are warranted.

Introduction

Late-onset glycogenosis type Il (GSD II), also named late-
onset Pompe disease or glycogen storage disease type II
(GSD 1II; OMIM #232300), is a rare, autosomal-recessive
metabolic disorder caused by an accumulation of glycogen
in the lysosome due to deficiency of the l-acid alpha-
glucosidase enzyme (van der Ploeg et al. 2010). A number
of mutations in both copies of the acid alpha-glucosidase
(GAA) gene have been reported, with varying degrees of
GAA deficiency. In late-onset GSD II, some residual enzy-
matic activity (from 1 % to 40 %) is usually present com-
pared with infantile onset in which it is totally absent (van
der Ploeg et al. 2010). Compared with the infantile form,
late-onset GSD 1I is more slowly progressive and is clini-
cally characterized by muscle weakness, predominantly in
proximal lower limbs, variable respiratory involvement, and
generally with spared heart function (American Association
of Neuromuscular and Electrodiagnostic Medicine 2009;
Kishnani et al. 2006; Wokke et al. 2008). Even though
skeletal and smooth muscles are mainly involved, other
tissues may be affected by the disease process (Braunsdorf
1987; Laforet et al. 2008). Glycogen storage is also
autoptically present in the brain, brainstem, and anterior
horns (Di Rocco et al. 2007; Raben et al. 2002).

@ Springer



990

J Inherit Metab Dis (2013) 36:989-995

Accordingly, a few reports in cases of infantile-onset disease
have highlighted the presence of delayed cerebral
myelinization (Chien et al. 2006; Ebbink et al. 2012) and a
variable degree of cognitive development ranging from normal
to mild retardation (Ebbink et al. 2012; Spiridigliozzi et al.
2012). However, no systematic research on this issue has been
carried out, and no data in late-onset GSD II are yet available.
Therefore, it remains unknown whether—and if so,
which—cognitive and brain changes may occur in these
patients.

Imaging genetics is a rapidly emerging field that is opening
up a new landscape of discovery in neuroscience (Thompson et
al. 2010). In this context, magnetic resonance imaging (MRI)
has become an increasingly popular tool for human brain
investigation in vivo. MRI has the unique ability to provide
quantitative information on both brain-tissue structure and
functioning. Voxel-based morphometry (VBM) is currently
regarded as a robust MR technique suitable for assessing
structural gray matter (GM) modifications in an unbiased fash-
ion (Borroni et al. 2008). On the other hand, resting-state
functional MRI (RS-fMRI) has shown the ability to provide
measures of functional brain connectivity (De Luca et al. 2006;
Fox and Raichle 2007). Functional connectivity is a concept
based on evidence that different brain regions present with
synchronous patterns of activity at rest. Those regions are likely
to be part of common networks subserving complex brain
functions. From RS-fMRI data (i.e., fMRI time series collected
while patients lie vigilant but at rest in the scanner), several
networks can be extracted at the same time in a data-driven
fashion using independent component analysis (Greicius et al.
2003). The default-mode network (DMN) is by far the most
extensively studied network. This is believed to be relevant for
specific higher-level functions, such as the working memory,
mind wandering, and goal-directed behaviors (Fox and Raichle
2007). The so-called salience network (SN) is another exten-
sively studied RS-fMRI component, which is believed to be
particularly informative when investigating executive functions
(Zhou et al. 2010).

SN is built around paralimbic structures, most prominently,
the dorsal anterior cingulate and anterior insula, which under-
lie interoceptive—autonomic processing to guide behavior
(Mesulam 1998; Seeley et al. 2007). These regions coactivate
in response to emotion (Craig 2009, 2002), pain (Peyron et al.
2000) and are active in cognitive and homeostatic control
(Menon and Uddin 2010). So far, SN is considered to be
related to socially and emotionally relevant information pro-
cessing (Seeley et al. 2007).

In this work, we aimed at evaluating whether—and if so,
which—brain changes occur in patients with late-onset GSD
II using VBM and RS-fMRI. We hypothesized that central
nervous system (CNS) involvement is a common feature of
the disease. We further corroborated neuroimaging data with
a careful assessment of neuropsychological performances.
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Methods

Study participants Participants entering this study were
recruited at the Neurology Unit, University of Brescia, Italy,
from September 2008 to September 2012. Patients were se-
lected by three inclusion criteria: (a) confirmed diagnosis of
GSD 11, either by reduced GAA activity <35 % of controls in
skeletal muscle, leukocytes, or fibroblasts; or by confirmed
pathogenetic mutations in the GAA gene; (b) adult age at
disease onset; (c) presence of signs or symptoms of the disease
(e.g., at least grade 1 on the Walton scale) (American
Association of Neuromuscular and Electrodiagnostic
Medicine 2009; Bembi et al. 2008). All patients underwent a
standardized neuropsychological evaluation and neurological
assessment, genetic analysis, and alpha 1,4 glucosidase activ-
ity measurement. To characterize pathogenetic mutations
within the GAA gene, DNA was isolated from whole blood
samples and direct sequencing of the entire coding regions (20
exons) as well as intronic flaking sequences performed with
standard procedures. Nucleotides are numbered according to
the GeneBank Accession N° NM_000152. GAA dosage in
lymphocytes was performed as previously reported (Jack et al.
2006). A group of 18 age- and gender-matched healthy con-
trols (patients:controls 1:2) were included for MRI analyses
(mean age 48.04+9.8; 40 % male). Each control was screened
for global cognitive functions, which were within normal
range; MRI scan was unremarkable. Written informed consent
was obtained for each procedure before study initiation, in-
cluding MRI scanning. The work conformed to the
Declaration of Helsinki.

Neuropsychological assessment A neuropsychological bat-
tery of tests was administered to each patient by trained
neuropsychologists 48 h before acquisition of the MRI. It
included a general cognitive evaluation using the Mini-
Mental State Examination (MMSE) (Folstein et al. 1975)
and tests specific for each cognitive domain: Wisconsin
Card Sorting Test (WCST) (Berg 1948) as a measure of
reasoning ability and shifting cognitive strategies; Stroop
Color-Word Test (Stroop 1935) as a general measure of
cognitive flexibility and control; Controlled Oral Word
Association Test and Category Fluency Test (Isaacs and
Kennie 1973) as a measures of verbal fluency; Trail
Making Test Parts A and B (Reitan 1955) as measures of
executive functions; Clock Drawing Test as a measure of
several skills, including visuospatial construction ability and
executive functioning (Sunderland et al. 1989). For each
administered test, appropriate adjustments for age and edu-
cation were applied according to Italian normative data.
Further, scores were expressed as equivalent scores (ES)
(Capitani and Laiacona 1997); ES is a 5-point scale (from
04, worst to best). We considered ES <1 as poor perfor-
mances and ES >2 as good performances.
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MRI acquisition and analysis All imaging was obtained
using a 1.5-T MR scanner (Siemens Symphony, Erlangen,
Germany) equipped with a circularly polarized transmit—
receive coil. In a single session, the following scans were
collected from each studied individual: (1) dual-echo turbo
spin-echo (TSE) [repetition time (TR)=2,500 ms, echo time
(TE)=50 ms] to exclude the presence of macroscopic brain
abnormalities, according to exclusion criteria; (2) 3D
magnetization-prepared rapid-gradient-echo (MP-RAGE)
T1-weighted scan [TR=2,010 ms, TE=3.93 ms, matrix=
1x1x 1, in-plane field of view (FOV)=250x250 mm?, slice
thickness=1 mm, flip angle=15°]; and (3) T2*-weighted
echo planar imaging (EPI) sensitized to blood-oxygen-
level-dependent (BOLD) contrast [TR=2,500 ms, TE=
50 ms, 29 axial slices parallel to anterior commissure—pos-
terior commissure line (AC-PC) line, matrix=64 x 64, field
of view=224 mm, slice thickness=3.5 mm] for RS-fMRI.
BOLD EPI images were collected during rest for an §-min
period, resulting in a total of 195 volumes. During this
acquisition, participants were instructed to keep their eyes
closed, not to think of anything in particular, and not to fall
asleep. Dual-echo TSE images were carefully reviewed to
exclude the presence of signs suggestive of cerebrovascular
disease, and T1-weighted images from all participants were
visually inspected for qualitative assessment to check data
quality before carrying out a quantitative volumetric analy-
sis. Intracranial mass was considered an exclusion criterion
for further analysis of MRI scans.

Voxel-based morphometry MP-RAGE data were processed
using the VBM protocol in Statistical Parametric Mapping
8 (SPM8; Wellcome Department of Imaging Neuroscience;
www.fil.ion.ucl.ac.uk/spm/). For each participant, an itera-
tive combination of segmentations and normalizations
(implemented within the Segment SPM8 module) produced
a GM probability map (Ashburner and Friston 2005) in
Montreal Neurological Institute (MNI) coordinates. To com-
pensate for compression or expansion during warping of

images to match the template, GM maps were modulated
by multiplying the intensity of each voxel by the local value
derived from the deformation field (Jacobian determinants)
(Ashburner and Friston 2001). All data were then smoothed
using a 12-mm full-width half-maximum (FWHM)
Gaussian kernel. Modulated and smoothed GM were ana-
lyzed in SPMS using a full factorial design. Age and gender
were added as covariates of no interest. GM map analysis
was also adjusted for total intracranial volume (ICV = GM
volume+white-matter volume-+cerebrospinal fluid volume).
Contrasts were designed to assess the effect of glycogenosis
type II in regional GM volumes by comparing patients with
controls. P values were accepted as statistically significant
for p values family-wise error (FWE) cluster level corrected
inferior to 0.05.

fMRI data analysis RS-fMRI data were analyzed using
SPMS for image preprocessing and statistical comparison,
and the Group Independent Component Analysis (ICA) for
fMRI Toolbox (GIFT, icatb.sourceforge.net/) for network
identification. For each participant, the first four volumes
of the fMRI series were discarded to allow for T1 equilibra-
tion effects. The preprocessing steps included correction for
head motion, compensation for slice-dependent time shifts,
normalization to the EPI template in Montreal Neurological
Institute coordinates provided with SPMS, and smoothing
with a 3D Gaussian kernel with 8-mm> FWHM. Then, all
images were filtered by a phase-insensitive bandpass filter
(pass band 0.01-0.08 Hz) to reduce the effect of low-
frequency drift and high-frequency physiological noise.
ICA analysis was employed to identify 20 independent
components. Briefly, group ICA for fMRI Toolbox first
concatenates the individual data across time and then pro-
duces a computation of participant-specific components and
time courses. For all participants grouped together, Toolbox
performed the analysis in three steps: (1) data reduction, (2)
application of the FastICA algorithm, and (3) back-
reconstruction for each individual (De Luca et al. 20006).

Table 1 Demographic and ge-

netic features of patients with Patient Age (years) Gender Age at onset (years) Genetics GAA activity (%)
glycogenosis type 11

I 52 M 30 IVS1 2237G/A 25

I 45 M 26 IVS1 525delT 10

I 43 F 15 IVS1 2237G/A 18

v 37 F 27 IVS1 delexonl8 13

\Y 50 M 45 IVS1 525delT 7

VI 42 F 39 IVS1 2237G/A 2
Results are expressed as mean + VI 61 M 34 IVS1 2237G/A 15
standard deviation VIII 37 M 16 IVS1 525delT 7
M male, F female; 1VS1 X 54 F 53 IVS1 1927G/A 8
¢-32 13T/G, GAA acid alpha-  Overall ~ 46.6+8.0 555%M  31.6+12.6 - 11.6+6.9
glucosidase

@ Springer


http://www.fil.ion.ucl.ac.uk/spm/
http://icatb.sourceforge.net/

992

J Inherit Metab Dis (2013) 36:989-995

Table 2 Neuropsychological assessment in patients with late-onset
glycogenosis type 11

Test Mean score Cutoff*
Global mental status

MMSE 27.38+2.22 >24
Language production

Phonemic fluency 28.88+7.18 >16
Semantic fluency 42.2247.04 >24
Executive and attention function

Trail Making Test, A 34.33+£22.61 <93
Trail making test, B 167.00+147.64 <282
Trail Making Test, B-A 132.44+135.45 <186
Stroop test, interference time 23.41£22.61 <36.92
Stroop test, interference errors 0.08+0.25 <4.24
Executive and cognitive flexibility function

WCST, global score 84.21+33.82 <90.6
WCST, perseverative answers 40.17+35.49 <42.7
WCST, nonperseverative errors 24.13+13.83 <30
Executive and visuospatial function

Clock drawing 9.55+1.01 >5

Results are expressed as mean + standard deviation

MMSE Mini-Mental State Examination, WCST Wisconsin Card
Sorting Test

Results were converted to Z scores. The 20 components
were reviewed and compared by computing the spatial
correlation coefficient to customized templates of the SN
and DMN. These templates were obtained from an inde-
pendent sample of 28 healthy controls [13 women, mean
age 38.6 years; standard deviation (SD) 7.5 years]. This
procedure was performed using the tool for spatial
sorting of the components available with GIFT. Every
individual’s Z-score maps corresponding to these two
resting-state networks were used for cross-subject analy-
ses. Differences between patients and controls were con-
sidered in each network. Age and gender were entered as

Fig. 1 Percentage of patients

covariates of no interest. P values were accepted as
statistically significant for p values FWE cluster level
corrected inferior to 0.05.

Results

Patients Demographic characteristics of GSD II patients
are reported in Table 1. Patients had a mean age of 46.6
(SD=8), 55.5 % were men, and mean age at disease
onset was 31.6 (SD=12.6). The most common mutation,
c-32 13 T/G (IVS1), was found in all patients In regard
to the other allele, four patients were 2237G/A mutation
carriers, three had 525delT genetic variation, two were
delexon18 carriers, and one had 1927G/A mutation.
Endogenous GAA activity levels from lymphocytes
ranged from 2 % to 25 %. All patients except one were
in treatment with enzymatic replacement therapy (therapy
initiation range 1-5 years).

Neuropsychological assessment A number of patients with
late-onset GSD II reported pathological performances in the
WCST, a test assessing strategic planning, organized
searching, utilizing environmental feedback to shift cogni-
tive sets, and modulating impulsive responding (see
Table 2). As shown in Fig. 1, when ES were considered,
66.7 % of patients showed poor performances (<1) at WCST
global score and at nonperseverative errors of WCST,
whereas 55.5 % of patients showed impaired perseverative
errors at WCST. No significant deficits (>50 % of patients)
in the other tests were reported.

Visual inspection of T1-weighted and T2-FLAIR images T1-
weighted images did not reveal any macroscopic abnormality
and according to experienced radiologist were indistinguish-
able from those of healthy controls of comparable age. In this
series of patients, ectasia of the basilar artery in two cases was
reported, as already documented in the literature (Laforet et al.
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2008). In eight of nine patients with GSD II, no alterations
were found on fluid attenuated inversion recovery (FLAIR)
images were found; in one patient, a chronic ischemia event
with no clinical relevance was detected.

VBM There was no significant difference in regional GM
volumes between patients and age-matched controls at the
pre-established threshold.

RS-fMRI Among the 20 components modelled in the ICA
analysis, several well-known resting-state networks were
identified, including the SN and the DMN.

Analysis of the SN revealed a significantly reduced func-
tional connectivity in patients compared with controls. As
shown in Fig. 2 and Table 3, these clusters of reduced
functional connectivity were localized in the middle frontal
lobe, bilaterally, and in the cingulate gyrus.

The inverse correlation (i.e. controls < patients) showed
no cluster above the pre-established threshold in the SN.
Analysis of the DMN showed a reduced connectivity in
patients with GSD II compared with controls in the left
caudate. Again, the inverse correlation (i.e., controls < pa-
tients) showed no cluster above the pre-established thresh-
old in the DMN. No significant correlation was found
between functional connectivity within the SN and WCST,
residual enzymatic activity, and disease duration.

Discussion

In the last 30 years, a growing number of patients with late-
onset GSD II has been described (Winkel et al. 2005) and
the clinical picture carefully detailed. Late-onset GSD Il is a
multisystem disorder primarily characterized by muscle
weakness but with other emerging signs and symptoms that
need further attention to counteract disease progression
properly. In this study, we aimed at evaluating whether
GSD II may also be considered a brain disease, as there is
evidence at autopsy of glycogen accumulation in the brain
(Di Rocco et al. 2007; Raben et al. 2002). We therefore

Table 3 Reduced brain connectivity in the salience (SN) and default-
mode (DMN) networks in late-onset glycogenosis type II patients
compared with healthy controls

Region X y z T P value  Cluster
size

SN

L middle frontal 22 0 58  6.12 <0.001 410
gyrus

L cingulate gyrus -18 26 28 5.77 0.024 130

R cingulate gyrus 22 10 42 563 <0.001 310

R middle temporal 36 —-68 32 529 <0.001 319
gyrus

DMN

L caudate 0 2 18 5.12 0.013 149

Talairach coordinates of significant voxels, at P<0.001 uncorrected. Only
cluster survived at family-wise error (FWE) <0.05 cluster-level were
reported. Threshold value=100. R right hemisphere, L left hemisphere

x,y,z Talairach space coordinates. Talairach space has its origin defined
at the anterior commissure, with x- and y-axes on a horizontal plan and
z-axis on a vertical plane. Given a 3-D coordinate in the Talairach
space, the anatomical labels can be obtained, 7 statistical significance
of Student-7 test

performed a comprehensive study of brain structure and
function using VBM and RS-fMRI. Our neuroimaging find-
ings along with neuropsychological assessment confirmed
the main hypotheses of our work.

When looking at differences in regional brain atrophy,
VBM analysis revealed no significant cluster above the pre-
established threshold, in line with autopsy studies, which
reported no evidence of cortical atrophy (van der Walt et al.
1987). Conversely, significant changes in connectivity of
the explored functional brain networks were reported.
Patients with GSD II showed SN disruption. This network
is implicated in executive functioning, planning, and ab-
stract reasoning, and is consistent with findings of the neu-
ropsychological profile. Indeed, disconnection of cortical
regions is a potential mechanism for cognitive dysfunction
in various neurological disorders (Dineen et al. 2009) and
may also be responsible for the reported impairment at
WCST, as this test maps frontal-lobe functions. Despite

Fig. 2 Reduced salience network (SN) connectivity in late-onset
glycogenosis type II patients compared with healthy controls. Results
are superimposed on a 3D brain template. L left. P<0.001 uncorrected,

only cluster survived at family-wise error (FWE) <0.05 cluster level
were reported. Threshold=100 voxels
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the absence of direct associations between cognitive data
and changes in functional connectivity within the SN, which
is likely due to the relative low number of patients, we can
speculate that there is a direct correlation between cognitive
impairment and fMRI findings. Indeed, we applied two
tests that are able to detect dysfunctions of the frontal
lobe—namely, the WCST and Stroop tests—and found im-
paired performances in the former. Indeed, this mismatch
may be explained by differences in the explored functions.
The WCST is more complex and evaluates set shifting
abilities, cognitive flexibility, and problem solving, whereas
the second measures selective attention and the ability to
inhibit automatic responses when necessary.

The relationship between our current neuroimaging and
cognitive findings and the molecular mechanisms underly-
ing neuronal firing patterns are complex and still not eluci-
dated. Few studies on glycogen accumulation in the human
brain are available as yet (Di Rocco et al. 2007; Taksir et al.
2007), and results of our study suggest that future work is
warranted to increase our understanding of this issue. For
the first time, our work reported here extends the clinical
spectrum of this multisystem disorder and might provide a
model by which to characterize in vivo the brain changes
occurring in patients with GSD II. Indeed, recent studies
suggest that nonspecific demyelinating white-matter
changes in infantile-onset disease were observed (Chien et
al. 2006). Accordingly, experimental mouse models of
Pompe disease have widely confirmed the presence of gly-
cogen accumulation in the CNS (Taksir et al. 2007).

The association between glycogen accumulation and the
selective disruption of the SN found in our study needs to be
further investigated. Furthermore, even without a clear strin-
gent correlation with clinical symptomatology, DMN alter-
ations also should be considered in future studies. Indeed,
we found RS-fMRI brain abnormalities without grey-matter
atrophy, suggesting functional disruption of neuronal net-
works without structural changes. These findings might
have potential consequences on the current treatment ap-
proach (Angelini et al. 2012). Enzyme replacement therapy
has a beneficial impact upon muscle manifestations of late-
onset disease, but the enzyme does not cross the blood—
brain barrier and cannot overcome CNS changes (Ebbink et
al. 2012; Begley et al. 2008). Nevertheless, a previous study
indicated that long-term enzyme replacement therapy ame-
liorated white-matter changes in infantile-onset disease
(Chien et al. 2006). Therefore, the effect of current pharma-
cological treatment in covering CNS manifestations needs to
be further investigated.

This study has some limitations: First, as this is a rare
disorder, the sample size is relatively small. We overcame
this limitation by applying stringent statistical analysis
corrected for multiple comparisons. In the same way, we
were unable to detect associations between measures of
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global cognition and the strength of connectivity in the
evaluated functional networks. Second, a more detailed
cognitive assessment might be of help to evaluate in depth
the subtle cognitive deficits and to further explore executive
functions. Third, a comprehensive, in-depth work evaluat-
ing white-matter abnormalities is desirable. Future studies
on larger samples evaluating the effect of different muta-
tions and different rates of GAA deficiency are needed to
clarify whether and how the human brain may cope with
glycogen accumulation.
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