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Abstract

Our objective was to investigate brain structure, cerebral vasculature, and cog-

nitive function in a cohort of patients with late-onset Pompe disease, with par-

ticular reference to the differences from those with the classic infantile

phenotype, where extensive white-matter abnormalities (WMA) and impaired

cognition on long-term enzyme treatment are reported in a subset of patients.

Brain imaging (T1, T2, T2 fluid-attenuated inversion recovery, susceptibility-

weighted images, and magnetic resonance angiography–time of flight) was

combined with extensive cognitive testing of general intelligence (Wechsler IQ

Test, Montreal Cognitive Assessment [MoCA]) and specific neuropsychological

domains (verbal fluency, cognitive flexibility, attention, memory, and visuospa-

tial abilities). We included 19 patients with late-onset Pompe disease (age

range 11-56 years). Two patients showed mild punctate WMA within normal

range for age, with a Fazekas score (FS) of 1 to 2. Magnetic resonance angiog-

raphy revealed a slight vertebrobasilar dolichoectasia in two patients yet did

not show any aneurysms or vascular dissections. Most patients had age-

adjusted scores within the normal range for the Wechsler index scores (verbal

comprehension, perceptual reasoning, working memory, and processing

speed) and combined total intelligence (IQ) score (median 101, interquartile

range 91-111; one patient had a below-average score for total IQ) as well as for

the specific domains verbal fluency, attention, and memory. A subset of

patients performed suboptimally on the Rey Complex Figure Test (9/14

patients) or cube-copying/clock-drawing test of the MoCA (8/10 patients). We

therefore concluded that our study showed no brain abnormalities, other than

minor microvascular lesions considered within normal range for age, nor
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general cognitive impairment in late-onset Pompe patients. These findings are

in sharp contrast with the widespread WMA and cognitive problems found in

some classic infantile patients.
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1 | INTRODUCTION

Pompe disease is a metabolic myopathy caused by a par-
tial or total lack of the lysosomal enzyme acid alpha-glu-
cosidase. This results in glycogen accumulation,
particularly in muscle tissue, but it has also been found
in the brain of patients with the relentlessly progressive
classic infantile phenotype, who die within the 1st year of
life when untreated.1-3 One of the limitations of enzyme-
replacement therapy (ERT) with recombinant human
acid alpha-glucosidase, the current standard treatment, is
that it cannot pass the blood-brain barrier. It has now
become clear that some patients with the classic infantile
form develop white-matter abnormalities (WMA) of the
brain, which may be accompanied by a change in cogni-
tive functioning.4-6

At present, it remains controversial whether brain
involvement is confined to classic infantile patients. Data
are limited in patients with late-onset Pompe disease,
which is characterized mainly by limb-girdle and respira-
tory weakness.7,8

Some studies suggest, on the bases of magnetic reso-
nance (MR) imaging, that these patients may have WMA
or vascular abnormalities, for example, dolichoectasias or
aneurysms in the brain,9-12 while others argue that the
WMA are age-related brain changes, similar to what is
found in control groups.13,14

We therefore investigated brain structure and cogni-
tive function in a cohort of patients with late-onset
Pompe disease.

2 | METHODS

2.1 | Patients

The study was conducted at the Center for Lysosomal
and Metabolic Diseases, Erasmus MC University Medical
Center in Rotterdam. This is the single reference center
for Pompe patients in the Netherlands. We included
19 children and adults with a confirmed diagnosis of late-
onset Pompe disease, and all patients were followed at

regular intervals at our outpatient clinic. The diagnosis
was made by diagnostic enzyme analysis in leukocytes
and/or fibroblasts and by mutation analysis. Exclusion
criteria were (1) patients with devices that are con-
traindicated in MRI studies, (2) inability to lie in supine
position without mechanical ventilation for at least
60 minutes, and (3) age > 60 years, to minimize age-
related vascular pathology. The study protocol was
approved by the institutional review board at the Eras-
mus MC, University Medical Center (MEC-2007-103;
amendment 11). Written informed consent was provided
by all patients and/or caregivers. We gathered additional
information on the following: (1) cerebrovascular risk
factors (ie, obesity, smoking, hypertension, and type II
diabetes), (2) mobility aids, (3) respiratory function, and
(4) educational level (Verhage scale).15

2.2 | Brain imaging

MR images were acquired on a 3 Tesla General Electric
Discovery MR750w MRI System (GE, Milwaukee, Wis-
consin) using an eight-channel head coil. Scanning proto-
col consisted of Coronal 3D T1 (TR/TE: 8.77/3.4 ms; slice
thickness 1.0 mm; matrix 220 � 220), Sagittal T2 CUBE
fluid-attenuated inversion recovery (FLAIR) (TR/TE:
5500/148 ms; matrix 224 � 224), Axial T2 Propeller
(TR/TE: 8507/100 ms; slice thickness 2.0 mm, matrix
320 � 320), Axial 3D susceptibility-weighted images
(SWI) (TR/TE: 37.8/23 ms; slice thickness 1.0 mm; matrix
256 � 200), and magnetic resonance angiography–time
of flight (MRA-TOF) of internal carotid arteries and circle
of Willis (TR/TE 21/2.2; matrix 224 � 224). All MR
images were assessed by an experienced neuroradiologist
(MD). In patients with abnormalities on brain MRI, well-
established rating scales were used to quantify these
abnormalities. Global atrophy and hippocampal atrophy
were, respectively, rated using the global cortical atrophy
(GCA) scale and medial temporal lobe atrophy (MTA)
scale.16,17 In patients with WMA (other than 1-2 aspecific
small lesions), the Fazekas scale was used to quantify
WMA.18
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2.3 | Neuropsychological
assessment (NPA)

Neuropsychological tests were administered within
24 hours of the MRI. We used (1) the Wechsler IQ test
(Wechsler Intelligence Scale for Children-third edition
for age 6-16 years; Wechsler Adult Intelligence Scale-
fourth edition for ages >16 years)19 and (2) the Montreal
Cognitive Assessment (MoCA; only in the age group
>40 years) as measures of general cognitive functioning.
Furthermore, based on our own experience in testing
classic infantile Pompe patients4 and previous
literature,11 we added the following tests to explore more
specific domains: (3) the word fluency test to test seman-
tic and phonological verbal fluency,20 (4) the trail making
test as a measure of cognitive flexibility,21 (5) the d2 test
of attention as measure of visual selective attention,22

(6) the auditory verbal learning test to test memory,
and23 (7) the Rey Complex Figure Test (RCFT) copy trial
to assess visuospatial abilities.24 Outcomes were adjusted
for age and educational level using normative data. The
mean score within the general population for the
Wechsler IQ test is 100, with an SD of 15 points. We
therefore regarded a score of 85 or above as “normal
intelligence,” a score between 70 and 84 (�2 to �1 SD) as
“below-average intelligence,” and a score below 70 (lower
than �2 SD) as intellectual disability. In a similar way, a
score above 115 (above +1 SD) was noted as “above-
average intelligence.”

2.4 | Statistical analysis

Descriptive information was calculated with R
Statistical Software (version 3.6.1, RStudio, Inc., Boston,
Massachusetts).

3 | RESULTS

Patient characteristics and MRI findings are shown in
Table 1. The age of the 19 patients ranged from 11 to
56 years. Median disease duration was 18 years (range
8-29). Three patients were still asymptomatic at the
time of assessment. Two (patients 5 and 8) were diag-
nosed because of an affected sibling (age of onset in
their siblings, 9 and 5 years), while one (patient 1) was
diagnosed after finding hyperCKemia during routine
blood testing. We considered inclusion of these asymp-
tomatic patients important as part of early detection of
potential changes on MRI brain or NPA. All symptom-
atic patients were treated with ERT, with a median
duration of 10 years (range 4-14). The two youngest
patients were still attending regular primary school,

and educational level for the other patients varied from
average level secondary school to university degree.
None of the patients self-reported any cognitive
problems.

3.1 | Brain imaging

Most patients (12/19) had a completely normal MRI and
MRA (Table 1). Three patients, one child (patient 1), one
young adult (patient 5) (both still asymptomatic), and one
adult (patient 18) aged over 50 years, showed one or two
aspecific focal punctate WMA, while two patients (patients
10 and 16), aged between 40 and 50 years, had punctate
WMA with an FS of 1 to 2 (Figure 1A). One patient
(patient 11) showed mild-to-moderate supratentorial and
infratentorial atrophy, reflected by a GCA score of 1 to 2
and MTA score of 1. The ventricular size was normal in all
patients (mean Evans index 0.24 [range 0.21-0.29; normal:
<0.30]). In addition, as an incidental finding, we found a
solitary cerebral cavernous hemangioma and a posterior
fossa meningioma in two other patients (patients 13 and
18, respectively), both requiring no further treatment. SWI
sequence revealed no calcifications or microbleeds. MRA-
TOF sequence revealed a slight vertebrobasilar doli-
choectasia (diameter 4 mm) in two patients (patients
11 and 18) (Figure 1B) but no aneurysms, dissections, or
other vascular abnormalities.

3.2 | Neuropsychological assessment

The majority of patients had age-adjusted scores within
the normal range for the Wechsler index scores (verbal
comprehension, perceptual reasoning, working memory,
and processing speed) and combined total intelligence
score, as well as for the specific domains verbal fluency,
attention, and memory (Table 2). Looking at the
Wechsler total IQ score, one patient (patient 1) had a
below-average intelligence, while another patient (patient
15) scored above average on total IQ. With regard to the
Wechsler index scores, five patients had a below-average
score on one or two of the index scores, while seven
patients scored above average on one to three of the
index scores. We considered this to be normal variation
within the population under study. Nine patients per-
formed below the fifth percentile of age and education-
matched controls on the RCFT copy trial (visuospatial
domain), using a more fragmented approach in rep-
roducing the figure (Figure 1C-D). MoCA revealed nor-
mal total scores (≥26) in all 10 patients in whom this test
was performed, although eight incorrectly performed one
(6/10) or two (2/10) of the visuospatial subtests (cube
copying or clock drawing).
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FIGURE 1 Brain MRI and Rey complex figure test (RCFT) in late-onset Pompe patients. A, T2 image, periventricular, and subcortical

WM hyperintensities, Fazekas score 1 to 2 (patient 16). B, MRA-TOF, vertobrobasilar dolichoectasia, diameter 4 mm (patient 18). C, RCFT

template. D, Example of RCFT in which patient used a fragmented approach in figure copying. MRA-TOF, Magnetic resonance

angiography–time of flight; WM, white-matter
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4 | DISCUSSION

We did not find signs of general cognitive impairment or
WMA, other than mild focal microvascular lesions, con-
sidered within normal range for age, in this subset of
late-onset Pompe patients. This is in sharp contrast with
the widespread WMA and cognitive problems found in
some classic infantile patients.

4.1 | Brain imaging—WMA

We found mild punctate WMA (FS 1-2) in two patients
(11%) only, which was considered to be within normal
range for the age.25,26 This low proportion is in line with

the findings of recent MRI studies in Belgian (1/27)14 and
Italian (5/14)12 patients with late-onset Pompe disease
but contrasts with those in another study in Italian
patients (n = 21)11 in which a prevalence of WMA of
almost 60% was found. A recent German study compar-
ing 19 Pompe patients with 38 controls matched for age
and cerebrovascular risk factors failed to show any differ-
ences between the groups.13 There may be two main rea-
sons for this. First, we deliberately included relatively
young patients without significant cerebrovascular risk
factors, while older age11 and high-cerebrovascular-risk
profile13 are known to be associated with the occurrence
of WMA. Second, none of our patients had severe respira-
tory dysfunction, which is also associated with increased
prevalence of WMA.10,27

4.2 | Brain imaging—vascular

We did not find any cerebrovascular abnormalities other
than a vertebrobasilar dolichoectasia in 2 of 18 (11%) of
patients.

Various cerebrovascular abnormalities have been
reported in late-onset Pompe patients,28 of which (doli-
cho)ectasia of vertebral and/or basilar arteries is most
common, with a prevalence of 52% to 72% in several rela-
tively larger studies.10-12,29 Other findings include the
presence of intracranial aneurysms (up to 14% of
patients)10,11 and increased arterial wall stiffness.30,31

These abnormalities are hypothesized to be due to glyco-
gen accumulation in the arterial wall or vasodilatation as
a consequence of increased pCO2 pressure due to respira-
tory failure associated with Pompe disease. The lower
prevalence of vascular abnormalities we find compared
to other studies is likely due to the fact that patients were
younger and without respiratory failure.

4.3 | Cognition

The majority of our patients performed within the normal
range on measures of general intelligence or processing
speed—domains that are commonly affected in classic
infantile patients. We only found slight subnormal visuo-
spatial functioning in a subset of patients. In total, 9/16
patients scored <5th percentile on the Rey complex figure
task. With regard to the patients in whom we found an FS
of 1 or 2, patient 10 was one of the patients who scored
<5th percentile but patient 16 scored >50th percentile.
Therefore, this does not seem directly related. All patients
regularly visited our outpatient clinic, and none of them
showed complaints regarding impaired visuospatial func-
tion or general cognitive impairment in everyday life.

TABLE 2 Results of neuropsychological assessment in patients

with late-onset Pompe disease

Test instrument
Scorea Low scoreb

Mean ± SD N (%)

Intelligence scale (Wechsler)

Verbal comprehension 98 ± 10 0/17 (0)

Perceptual reasoning 103 ± 13 0/17 (0)

Working memory 100 ± 13 0/17 (0)

Processing speed 105 ± 13 0/17 (0)

Total IQ 101 ± 12 0/19 (0)

Verbal fluency

WFT—phonological 54 ± 13 0/16 (0)

WFT—semantic 52 ± 14 0/17 (0)

Cognitive flexibility

TMT—A 57 ± 10 0/17 (0)

TMT—B 51 ± 9 0/17 (0)

TMT—B-A 47 ± 9 1/17 (6)

Visual selective attention

D2—processing speed 53 ± 10 0/16 (0)

D2—concentration 55 ± 9 0/16 (0)

Memory

AVLT—trial 51 ± 8 0/17 (0)

AVLT—immediate recall 52 ± 10 0/17 (0)

AVLT—delayed recall 51 ± 10 0/17 (0)

Visuospatial ability

RCFT 30 ± 3 9/14 (64)

Abbreviations: AVLT, auditory verbal learning test; D2, D2 Test of

Attention; IQ, Intelligence quotient; NA, not applicable; RCFT, Rey
Complex Figure Test; TMT, trail making test; WFT, word fluency test.
aAge-adjusted norm scores.
bWechsler: Population mean 100, SD 15, low score <70; WFT/TMT/DS/
AVLT: population mean 50, SD 10, low score <30; RCFT score <28.9 is <5th

percentile, score >32.4 is >50th percentile.
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The subnormal visuospatial functioning in a subset of
patients was an unexpected finding. A previous study11

showed similar results on the MoCA visuospatial subtest,
but a proper explanation is currently lacking. Con-
founding due to motor weakness is unlikely since none
of the included patients exhibited muscle weakness of the
hands.

Further research in larger cohorts looking into other
methods such as diffusion tensor imaging (DTI), func-
tional MRI or spectroscopy, or perhaps the use of addi-
tional neuropsychological tests is required for better
understanding of the current findings.

5 | CONCLUSION

Contrary to the findings in a subset of classic infantile
patients, we did not find substantial brain lesions or signs
of general cognitive impairment in this group of patients
with late-onset Pompe disease.
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