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at 1 cm was found to correlate both with age (spearman rho, 
p = 0.037) and disease duration (p = 0.004), but no other 
statistically significant correlation was documented. The 
incidence of intracranial dilatative arteriopathy in LOPD 
was higher than in the general population, confirming the 
literature data. However, we did not find intracranial aneu-
rysms microbleeds or significant cerebrovascular disease. 
Abnormalities in the anterior and the posterior circle of Wil-
lis correlated with age and disease duration, but not with the 
severity of muscle/respiratory involvement or with genetic 
data. Further studies in larger cohorts of patients are needed 
to confirm these findings.

Keywords Glycogenosis II · Pompe disease · Brain MR · 
Angio-MR

Introduction

Acid alpha-glucosidase (GAA) deficiency is an autosomal 
recessive disorder in which lack of the lysosomal enzyme 
results in accumulation of glycogen in several tissues. Also 
known as Pompe disease (PD) and glycogen storage disease 
type II (OMIM 232300), the condition has a broad clinical 
spectrum in terms of age at onset and rate of disease pro-
gression [1]. Late-onset forms (LOPD) develop after the age 
of 1 year, and their predominant clinical feature is muscle 
involvement, particularly marked at lower limb level and in 
the scapular girdle [2].

Several studies associated this condition with vacuolar 
degeneration and glycogen deposits in the vessel walls of 
cerebral arteries and in smooth muscle cells of other blood 
vessels [3, 4]. These phenomena lead to arterial wall weak-
ness resulting in vascular abnormalities, such as aneurysms 
or ectasia, mainly pathologically described in the brain as 

Abstract Pompe disease is an autosomal recessive disor-
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tion, as well as brain microbleeds and cerebral vasculopathy. 
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clinical and genetic data. We studied 18 LOPD patients with 
brain magnetic resonance angiography (MRA), or contrast-
enhanced computed tomography (CECT). Diameters of indi-
vidual arteries were measured and compared with average 
values as proposed in the literature. We found IVAs in 13 of 
the 18 patients, mostly dilatative arteriopathy affecting the 
vertebrobasilar system. The anterior circle was involved in 
seven of the 18 patients. The diameter of the basilar artery 
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diffuse or vertebrobasilar dilative arteriopathy [5–7]. The 
presence of intracranial vascular abnormalities (IVAs) could 
be indicated by cerebrovascular or cerebral compression 
symptoms, but asymptomatic cases have also been reported 
[8, 9]. Vertebrobasilar dolichoectasia is usually found in only 
0.06% of the general population [8] but its real incidence in 
the LOPD population remains unknown due to the lack of 
systematic investigations.

Neuroimaging studies reported evidence of IVAs in 
LOPD (see Table 1), mainly in sporadic cases [8, 10–13]. 
Few systematic studies have been performed in larger LOPD 
cohorts. Sacconi et al. [9], using magnetic resonance angiog-
raphy (MRA), identified IVAs in 4 out of 6 patients, specifi-
cally basilar arteriopathy, internal carotid dilative arteriopa-
thy, or both. Two of these patients were symptomatic, and 
all harboured the common mutation c.-32-13T>G [14]. The 
same group recently published the results of a longitudinal 
follow-up of 10 years in 5 of these 6 patients underlining as 
the MRA findings did not show significant changes between 
the first and last study in all the patients and none of the 
patient showed major vascular events (ischemic or hemor-
rhagic strokes and subarachnoid hemorrhages) during the 
follow-up [15].

Hensel et al. used MRA to investigate IVAs in ten LOPD 
patients, asymptomatic for cerebrovascular disease, finding 
a higher than general population incidence of dilative arte-
riopathy. Distal internal carotid artery (dICA), basilar artery 
(BA) and vertebral artery (VA) diameters seemed to increase 
with disease duration [16]. Recently, Montagnese et al. [17] 
led a study in a larger LOPD cohort in which computed 
tomography angiography documented IVAs in 13 out of 21 
patients; in 62% of the affected patients, these abnormalities 
were associated with signs of lacunar encephalopathy and 
correlated with the presence of respiratory impairment. Evi-
dence of microbleeds in brain tissue has also been reported 
in LOPD [12, 18, 19], but systematic research is lacking.

This study was conducted with a twofold aim: first, to 
evaluate the incidence of neuroimaging abnormalities in 
our cohort of LOPD patients, looking for brain microbleeds, 
signs of cerebral vasculopathy, and IVAs; second, to cor-
relate radiological findings with genetic data to investigate 
whether IVAs may be related to specific genotypes.

Patients and methods

Patients

Eighteen late-onset PD patients followed at our institution 
(median age 52.3 ± 15.26 years, range 28–76 years) volun-
tarily underwent routine MRI-MRA or CECT, depending on 
their respiratory status. The patients were in various stages 
of the disease and the diagnosis of PD was based on muscle 

biopsy evidence of GAA deficiency and was confirmed by 
genetic testing (see Table 2 for clinical and genetic data). 
Informed consent for the use of clinical and radiological data 
in an anonymized form was obtained from all the patients.

Beyond disease parameters (Walton score, 6-min walking 
test, vital capacity), we annotated for each patient the pres-
ence of the known vascular risk factors (arterial hyperten-
sion, metabolic syndrome, hyperglycemia, hyperlipidemia, 
obesity) and the concomitant presence of peripheral or coro-
nary arterial disease. 4 of 18 patients were not on ERT (two 
pts with asymptomatic hyperCKemia and muscle pain, but 
without objective signs of the disease; two patients in moder-
ate and severe Walton stage due to unwillingness to undergo 
the i.v. treatment). All our patients were asymptomatic for 
cerebrovascular disease or neurovascular involvement.

Imaging data acquisition

Brain MRI and MRA were performed with a Philips 
Gyroscan 1.5 T scanner (Koninklijke, the Netherlands) 
using the following sequences: axial FLAIR [slice thick-
ness (ST) 3 mm; interslice gap (IG) 0 mm; repetition time 
(TR), 10,000 ms; echo time (TE), 125 ms; voxel size (VS) 
1.3  mm], axial T2-weighted fast field echo (FFE) [ST 
5 mm; IG 1 mm; TR shortest; TE 23.0138054 ms; VS 
0.9], time of flight (TOF) MRA 3D multi-chunk in-flow 
sequence [IG 10 mm; TR 25 ms; TE 6.9 ms; VS 0.4 mm; 
field of view (FOV) = 180 × 180 × 80 mm; acquisition 
matrix = 448 × 256], diffusion weighted imaging [ST 5 mm; 
IG 1 mm; TR shortest; TE shortest; VS 2 mm]. We also per-
formed a coronal T1-SE sequence at the level of the tongue 
muscle [ST 5 mm; IS 10 mm; TR 500 ms; TE 10 ms; sig-
nal averages 2; VS 1.3 mm]. Total scanning time was usu-
ally less than 30 min. Patients who could not undergo MRI 
underwent brain CT imaging with contrast (Iomeron 400), 
performed using a Philips Vision MX8000.

Radiological data analysis

Two neuroradiologists (A.P., S.S.) evaluated the brain CT 
and MRI scans, looking for signs of cerebral vasculopathy 
(categorized according to the Fazekas scale for white mat-
ter lesions) [20]. The final grading was then determined by 
consensus between the two, and agreement was required. In 
evaluating the brain MRI scans, consideration was also given 
to the presence of susceptibility foci indicative of micro-
bleeds on FFE sequences [21].

On raw brain MRA images, the diameters of the cerebral 
arteries were measured as proposed elsewhere [16], and the 
results obtained were compared with average control values, 
as reported in the literature [16] a diameter over three times 
the standard deviation of control values was defined as dila-
tive arteriopathy.
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Table 1  Published reports on cerebral vessels involvement in LOPD

Bold indicates absence of Neurovascular symptoms
BA Basilar artery, SH subarachnoid hemorrhage, VBD vertebrobasilar dolichoectasia, IH intraparenchymal hemorrhage, IDA intracranial dilata-
tive arteriopathy, MCA middle cerebral artery

Year of 
publication

Journal Authors No. of LOPD 
studied

Findings Neurovascular symptoms Study method

1985 Acta Pathol Jpn Miyamoto et al 1 BA aneurysm, SH Fatal rupture Autopsy
1987 Neurosurgery Braunsdorf et al 1 BA aneurysm Right-sided hemiparesis Angiography
1987 Ann Neurol Makos et al 3 BA aneurysm, SH, cerebellar 

infarction
Two fatal ruptures, one cerebellar stroke Autopsy

1988 J Neurol Matsuoka et al 1 BA aneurysm, SH Fatal rupture Autopsy

1990 J Neurol Sci Kretzschmar et al 1 Multiple Intracranial aneurysms Visual field loss Autopsy
2005 Neurology Anneser et al 1 Dilated basilar artery Transient numbness of the left part of the face 

and left arm
MRA

2008 Muscle Nerve Brettschneider et al 1 IH Acute onset of somnolence, right hemiparesis, 
and global aphasia

MRI

2008 Surg Neurol Refai et al 1 BA aneurysm, right pontine, 
brachium pontis, and cerebel-
lum infarctions

Left-sided hemiplegia MRI/CT

2008 Neurology Laforet et al 3 VBD, BA aneurysm, IDA Two subacute headaches with hydrocephalus 
secondary to aneurysm compression, one 
asymptomatic

MRA

2010 J Neurol Neurosurg 
Psychiatry

Renard et al 1 Cerebral microbleeds, VBD, 
IDA

None MRA

2010–2016 J Neurol Sacconi et al. (2010) 6 VBD, IDA in 4 out of 6 One with transient ischemic attack right arm 
hemiparesis, one with diplopia due to rectus 
superior paralysis. Two with none

MRA
Garibaldi et al. (2016) 5 No changes in a 6-year follow-

up
2014 J Vasc Interv Neurol Sandhu et al 1 Cerebral microbleeds Central facial palsy, vertigo MRA
2014 Acta Neurol Belg Peric et al 1 Rupture of MCA aneurysm, SH. Acute onset of severe occipital thunderclap 

headache
CTA

2014 J Neurol Quenardelle et al 1 IDA Transitory aphasia MRA
2015 JIMD Rep Hensel et al 10 IDA, VBD None MRA
2016 J Inherit Metab Dis Montagnese et al 21 Intracranial aneurysm, VBD, 

BA fenestration, lacunar 
encephalopathy

None CTA

On brain CECT images, BA ectasia was diagnosed if the 
external diameter of the artery was greater than 4.5 mm [22, 
23]. Moreover, the term “dolicho” was added if, at any point 
of its course, the artery lay lateral to the margin of the clivus 
or dorsum sellae, or if it bifurcated above the plane of the 
suprasellar cistern [22–24]. Given that there exist no vali-
dated CECT diagnostic criteria for dilative arteriopathy of 
the carotid circle, vessel caliber was calculated at approxi-
mately the same level used for the MRA image analysis.

Genetic analysis

Blood samples for DNA analysis were taken after obtain-
ing the participants’ informed consent, and genomic DNA 
was isolated using the “GENE ELUTE” kit (Sigma-Aldrich) 
Mutational analysis was performed as previously reported 
[24]. The I/D polymorphism in the ACE gene was analyzed 
as reported by Lindpaintner et al. [25]. The promoter region 
of MMP3 including the rs 3025058 polymorphism was 
amplified with the following primers: forward GAT TAC 

AGA CAT GGG TCA CG; reverse GAA TTC ACA TCA CTG 
CCA CC. The PCR product was then analyzed with Sanger 
sequencing. All the work was carried out in compliance with 
the Helsinki Declaration.

Statistical analysis

Statistical analysis was performed using IBM-SPSS Statis-
tics for Windows, version 17. We looked for correlations 
between radiological data (arterial diameters, the presence 
of any vascular abnormalities and total vascular score) and 
clinical data (age, age at onset, disease duration, enzymatic 
activity, residual vital capacity, motor function stage, the 
presence of other cardiovascular risk factors, the presence 
of vascular encephalopathy, BMI), as well as between vas-
cular abnormalities and genetic factors, including (a) GAA 
mutation, graded as less severe (LS) vs very severe (VS) 
according to the Pompe mutation database (http://www.
pompecenter.nl); (b) genetic polymorphisms in the ACE (I/D 
polymorphism) and MMP3 (5A/6A polymorphism) genes. 

http://www.pompecenter.nl
http://www.pompecenter.nl
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Spearman rho and Kruskal–Wallis or Chi-square tests were 
used for the analysis of continuous and categorical variables, 
respectively.

Results

Radiological data

Fourteen of the 18 patients investigated underwent brain 
MRA; in the other four, brain CECT was performed due to 
respiratory impairment. All the MR and CT images were 
of adequate quality and coverage to allow assessment of 
the brain, the arteries of the circle of Willis and the tongue 
muscle.

The radiological data indicated moderate vascular 
encephalopathy in two of the 18 patients and non-specific 
punctate subcortical gliosis in another four. FFE sequences 
showed no susceptibility foci. Vascular encephalopathy had 
no clinical consequences (i.e., motor or cognitive impair-
ment). The two patients with moderate vascular encepha-
lopathy (two men aged 58 and 76) had concomitant vascu-
lar comorbidities; All 18 patients carried the c.-32-13T>G 
mutation on one allele and a VS mutation on the other.

No intracranial aneurysms were found in the anterior or 
posterior circle. Abnormalities of the intracranial arteries 
were found in 13 of the 18 patients. In particular, one patient 

had a dolicho course of the basilar artery, without ectasia, 
while the remaining 12 showed an arterial diameter greater 
than control values (see Table 3). Dilative arteriopathy 
mostly affected the vertebrobasilar arteries (9/12) (Fig. 1) 
and dolichoectasia was clearly observed in five of these 12 
patients 

Involvement of the anterior circle was found in seven of 
the 18 patients, four of whom also showed involvement of 
the posterior one; the distal internal carotid artery (dICA) 
and the anterior carotid artery (AcA) were the vessels most 
frequently involved each in four patients, while only one 
patient had an abnormal medial carotid artery (MCA) 
diameter.

Since all the subjects where asymptomatic for cerebro-
vascular disease or neurovascular involvement no correla-
tion could be performed between radiological findings and 
related clinical data.

Genetic data

All the patients carried the common mutation c.-32-13T>G 
on one allele, while data for the second allele allowed them 
to be divided into subgroups according to the genotype 
carried (a) c.-32-13T; c.2237G>A (n = 2); (b) c.-32-13T; 
c.2481+102_2646+31del (n = 2); (c) c.-32-13T; c.784G>A 
(n = 2) and (d) c.-32-13T>G; c.525delT (n = 5). With regard 
to the latter group, it is underlined that c.525delT is consid-
ered a VS mutation and is more commonly observed in the 
infantile form of PD than in LOPD [25]. Six of the study 
patients could not be classified into any subgroup as they 
presented different mutations from the ones listed above, 
and in a further patient the second mutation is still to be 
identified.

Correlations between radiological and clinical‑genetic 
data

The diameter of the BA at 1 cm was found to correlate both 
with age (spearman rho, p = 0.037) and disease duration 
(p = 0.004), but no other statistically significant correlations 
were documented.

It was not possible to look for relationships within the 
genetic subgroups a, b and c, as they did not show homoge-
neous radiological data. Within group d, no clear genotype/
phenotype/radiological correlations could be detected due 
to the variable degree of vascular involvement (i.e., rang-
ing from very mild in P12 to more severe in P9 and P10); 
furthermore, P9 and P10, who belong to the same family, 
showed similar abnormalities in the vascular system, but 
very different clinical presentations (muscle strength and 
respiratory function).

Fig. 1  TOF MRA sequence of patient no 10 showing dolichoectasia 
of vertebral artery
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Similarly, analysis of potentially relevant genetic poly-
morphisms (ACE and MMP3) failed to uncover any correla-
tion with radiological data.

Discussion

We investigated a large cohort of LOPD patients without 
cerebrovascular symptoms, looking for cerebral vessel 
abnormalities (in the anterior and posterior circle of Wil-
lis) and brain parenchymal abnormalities. We also looked 
for correlations between radiological parameters and clini-
cal/genetic data. Our patients showed a higher incidence of 
vertebrobasilar dolichoectasia (VBD) (38%) than is found 
in the general population, in which the incidence ranges 
from 0.3 to 4.4% [16, 26, 27]. This result is fairly in line 
with the values reported in previous LOPD cohorts [16, 17], 
in which the VBD incidence was 20 and 43%, respectively. 
Our cohort had larger vessel diameters in both the anterior 
circle (distal ICA, ACA and, less frequently, MCA) and the 
posterior circle [BA, intracranial segment of the vertebral 
artery (V4)] compared with values from healthy controls, 
and a higher rate of dilative arteriopathy compared with 
another sample of LOPD patients (66 vs 30%) [16]. How-
ever, no intracranial aneurysm was found and the minor 
vascular abnormalities detected were clinically asympto-
matic and not unequivocally associated with parenchymal 
vascular lesions (the only two pts with mild cerebral vas-
culopathy had concomitant vascular risk factors, and no pts 
had brain microbleeds).

The pathological basis of dilative arteriopathy and doli-
choectasia in the general population is unknown; several 
studies have shown that the conditions tend to be associated 
with diffuse atherosclerosis, chronic kidney dysfunction, 
old age, male sex and cardiovascular risk factors, such as 
hypertension, smoking and coronary heart disease [26, 29]. 
Dolichoectasia might be associated with different types of 
cerebral small-vessel disease, such as lacunar infarcts and 
white matter lesions [24, 28]; it has been reported that even 
only a BA diameter increased within the normal range could 
be a predictor of cardiovascular events [30]. The correla-
tion between LOPD and VBD or other forms of dilative 
arteriopathy remains to be clarified. It is well known that 
the arteriopathy in LOPD is histopathologically associated 
with glycogen accumulation, extensive vacuolar degenera-
tion and necrosis in the vessel wall [5–7]. It has recently 
been suggested that disease duration may, by itself, play a 
role in the development of cerebral arteriopathy in LOPD 
and our study seems to corroborate this hypothesis, since 
we found that BA diameter at 1 cm correlated both with age 
and disease duration. [16]. Moreover, there could be two 
additional factors leading to vessel dilation in LOPD: the 
occurrence of respiratory failure, which could cause more 

elevated partial pressure of carbon dioxide and consequent 
vasodilation; the presence of glycogen-filled vacuoles in 
the vessel walls [7], which could interfere with the produc-
tion of certain extracellular matrix proteins, such as col-
lagen and elastin [31], or with the production of matrix 
metalloproteinases and other vasoactive substances such 
as nitric oxide [32]. In our LOPD cohort, no correlation 
was found between the incidence of vascular abnormalities 
and clinical data, including respiratory function and mus-
cle involvement. These results corroborate the hypothesis 
that changes in cerebral vessels seem to proceed separately 
and independently of the degree of involvement of striated 
muscle tissue.

The brain tissue involvement, in the form of cerebral 
vasculopathy and microbleeds, is reported in the litera-
ture on LOPD, mainly in case reports. In a larger sample, 
Montagnese et al. found signs of lacunar encephalopathy 
in 13/21 patients (62%), related to respiratory impairment, 
and speculated that these signs may be due to inadequate 
cerebral oxygenation resulting from nocturnal hypercap-
nia and hypoventilation or chronic respiratory failure [17]. 
In our study, no brain microbleeds were detected and only 
two of our 18 patients had radiological signs of mild vascu-
lar encephalopathy, not related to respiratory impairment, 
without clinical correlation, and however, possibly related 
to other vascular risk factor.

Although we did not directly perform serial follow-up 
imaging, lack of correlation with the severity of motor and 
respiratory involvement, [8] may be and indirect clue that 
vascular complications are not a typical marker of disease 
progression and have distinct risk factors, independent of 
disease severity. These factors are still unknown although 
some individual patients with very severe mutations 
(525delT) seemed to have a higher risk: this may underline 
the importance of screening for aneurisms, especially among 
juvenile cases. Up to now the only longitudinal angio-MR 
follow-up in LOPD patients is the one recently published 
by Garibaldi et al. [15], on the same cohort of Sacconi et al. 
[9]. The five patients studied between 2006 and 2016 did 
not show significant changes between the first and last MRA 
study, and the authors recommend a neuroradiological fol-
low-up every 2–5 years in the absence of aneurysms.

We suggest to perform at least once in a life time MRA 
to detect vascular anomalies, even in juvenile/infantile 
patients, considering the histopathological evidence of gly-
cogen accumulation on cerebral vessels; timing should be 
decided on individual basis and clinical data. Follow-up of 
large cohorts of LOPD patients are needed to confirm the 
suggestion of MRA follow-up every 2–5 years. On the other 
hand, serial imaging of mild vascular abnormalities does not 
seem mandatory and is not likely to change disease manage-
ment: indeed, ERT cannot prevent or influence cerebrovas-
cular pathology due to its inability to cross brain barrier; 
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moreover, cerebrovascular abnormalities do not seem to be 
substantially influenced by disease severity (Tables 2 and 3).

It is worth underlining that since mutation c.-32-13T>G 
is very common in LOPD [14], the second allele, whose 
mutation is different in different patients, may reasonably 
be assumed to have a greater impact on the clinical pres-
entation. In our cohort of patients, we identified four spe-
cific genotypes, but no clear genotype/phenotype/radiologi-
cal correlation was detectable. A larger sample is needed 
to identify possible significant effects of mutation type or 
genetic polymorphisms on cerebral vessel abnormalities in 
PD.

One limitation of our study was that we used both MRA 
and CECT, the latter being needed in patients with respira-
tory impairment. MRA has the advantage of not using ion-
izing radiation or contrast media, and it is comparable to 
CECT for the diagnosis of VBD [33]. The use of a com-
parable analysis method allowed us to overcome the above 
limitation.

In conclusion, our study confirmed a higher incidence of 
radiological cerebrovascular abnormalities in asymptomatic 
for cerebrovascular disease LOPD patients compared with 
the general population, both in the anterior and the posterior 
circle of Willis, whose pathogenesis is still unknown and 
which correlated with age and disease duration, but not with 

genetic data or severity of motor and respiratory involve-
ment. We did not detect significant brain parenchymal vas-
cular abnormalities, which were possibly related to other 
systemic risk factors. Further studies, also longitudinal, in 
larger cohorts of patients are needed to confirm these find-
ings and to suggest the appropriate follow-up/management 
of LOPD patients.
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Table 3  Radiological results

In bold the diameter of the vessels with dilative arteriopathy on MRA (more than 2 SD from average diameter in healthy controls) [15] or CECT 
[21, 22] scan and a “dolicho” appearance of the basilar artery [21–23]
BA basilar artery, MCA medial carotid artery, ACA anterior carotid artery, ICAd distal internal carotid artery, Dolicho dolichoectasia, R right, L 
left, V4 intracranial segment of the vertebral artery
Pt in red 7,10,11,17 not in ERT

Pt MRA/CECT BA DOLICHO MCA R MCA L ACA R ACA L ICAd R ICAd L V4 R V4 L

1 MRA 3.1 No 2 2.2 1.53 1.34 2.65 2.46 3.5 2.3
2 MRA 4.3 Yes 2.3 2.05 1.82 1.38 3.72 3.18 2.8 2.7
3 MRA 3.8 Yes 1.8 1.7 1.5 1.7 3.7 3.5 1.34 0
4 MRA 2.3 No 2.9 2.6 2.2 1.7 3.5 3.24 2.1 1.9
5 MRA 4.2 Yes 2.4 1.85 1.6 1.5 4.5 4.5 2.62 4.1
6 MRA 3 No 2.3 2.08 2.03 1.9 4 4.2 2.2 1.3
7 MRA 3.1 No 2.55 3.1 1.6 2.8 3.4 3.6 2.6 2.1
8 MRA 3.6 No 2.4 2.26 1.1 2.5 4.4 4.4 2.8 3.4
9 MRA 3.8 No 4 2.8 1.4 1.4 4.2 4.2 2.3 4
10 MRA 5 Yes 2.65 2.45 2.34 2.25 3.1 3.5 4 3.5
11 MRA 3.3 No 2.6 2.7 1.7 2.6 3 3 2.8 2.6
12 MRA 3.6 No 1.9 2.18 0.92 0.9 3.44 3.8 2.4 1.38
13 MRA 4 No 2.2 2.6 1.41 2 3.7 3.5 2.4 2.7
14 MRA 4.25 No 1.8 1.95 1.89 2.1 3.5 3.5 2.7 2.02
15 CECT 3.5 No
16 CECT 4.7 Yes
17 CECT 5 Yes
18 CECT 4.1 No
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mittee and have therefore been performed in accordance with the ethi-
cal standards laid down in the 1964 declaration of Helsinki and its later 
amendments.

Informed consent Each patient signed an informed consent accord-
ing to the rules of the hospital caring for him.
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