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Abstract 

Background:  Pain occurs in the majority of patients with late onset Pompe disease (LOPD) and is associated with 
a reduced quality of life. The aim of this study was to analyse the pain characteristics and its relation to a small nerve 
fiber involvement in LOPD patients.

Methods:  In 35 patients with LOPD under enzyme replacement therapy without clinical signs of polyneuropathy (19 
females; 51 ± 15 years), pain characteristics as well as depressive and anxiety symptoms were assessed using the Pain‑
Detect questionnaire (PDQ) and the hospital anxiety and depression scale (HADS), respectively. Distal skin biopsies 
were analysed for intraepidermal nerve fiber density (IENFD) and compared to age- and gender-matched reference 
data. Skin biopsies from 20 healthy subjects served as controls to assure validity of the morphometric analysis.

Results:  Pain was reported in 69% of the patients with an average intensity of 4.1 ± 1.1 on the numeric rating scale 
(NRS; anchors: 0–10). According to PDQ, neuropathic pain was likely in one patient, possible in 29%, and unlikely in 
67%. Relevant depression and anxiety symptoms occurred in 31% and 23%, respectively, and correlated with pain 
intensity. Distal IENFD (3.98 ± 1.95 fibers/mm) was reduced in 57% of the patients. The degree of IENFD reduction did 
not correlate with the durations of symptoms to ERT or duration of ERT to biopsy.

Conclusions:  Pain is a frequent symptom in treated LOPD on ERT, though a screening questionnaire seldom indi‑
cated neuropathic pain. The high frequency of small nerve fiber pathology in a treated LOPD cohort was found 
regardless of the presence of pain or comorbid risk factors for SFN and needs further exploration in terms of clinical 
context, exact mechanisms and when developing novel therapeutic options for LOPD.
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Introduction
Pompe disease (OMIM 232300) is an autosomal reces-
sive disease due to mutations in the α-1,4-glucosidase 
gene (GAA​) and consequent lysosomal α-glucosidase 
deficiency [1]. More than 500 variants of GAA​ genetic 

mutations have been identified and the clinical pheno-
types show a high variability without clear relation to a 
certain genotype [2–8]. In patients with infantile onset 
Pompe disease (IOPD) and late onset Pompe disease 
(LOPD), enzyme replacement treatment (ERT) with 
recombinant GAA reduces muscle weakness, respira-
tory insufficiency, and increases life expectancy [9–12]. 
However, despite ongoing ERT patients can develop new 
phenotypes involving the central and peripheral nervous 
system [13–17].
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Pain occurs in 50–80% of patients with LOPD, espe-
cially in ERT-naïve patients, and is associated with a 
reduced quality of life, and higher levels of anxiety and 
depression [18–23]. Patients mostly report exhaust-
ing pain in the limb girdle muscles and lower back, but 
also burning pain in the legs. Pain medication often does 
not lead to sufficient pain relief [18, 23]. Both nocicep-
tive and neuropathic pain components might be relevant 
for pain symptoms in Pompe disease, requiring different 
treatment regimes. Small nerve fiber damage is associ-
ated with chronic pain and small nerve fiber involvement 
has also been suggested in patients with IOPD and LOPD 
[15, 24–27].

The aim of this study was to assess the pain prevalence 
and characteristics in a cohort of patients with LOPD, 
and to analyse its association to small nerve fiber density 
in skin biopsies as well as to clinical parameters, includ-
ing anxiety and depressive symptoms.

Methods
Subject and samples
From 2017 to 2020, patients with LOPD receiving ERT 
were recruited in six German, one Belgian, and one 
Austrian neuromuscular centres and were included in 
the study if a Pompe disease was confirmed by reduced 
GAA enzyme activity and genetic testing. Patients were 
excluded if they had clinical signs of large fiber involve-
ment detected by nerve conduction studies. Healthy sub-
ject without any signs for neuropathic pain or medical 
history of risk factors for SFN served as controls.

PainDETECT questionnaire (PDQ)
The painDETECT Questionnaire (PDQ) is a validated 
screening tool that discriminates between neuropathic 
and nociceptive pain [28]. At the time of skin biopsy, 
patients rated their current, worse, and average pain 
intensity over the last 4  weeks on an 11-point numeric 
rating scale (NRS; 0 = “no pain” to 10 = “worst imagi-
nable pain”). PDQ-scores ≥ 19 indicated a neuropathic 
pain (NP) component, for scores ≤ 12 NP was considered 
unlikely, and in the case of scores between 13 and 18, NP 
was considered uncertain [28].

Hospital anxiety and depression scale (HADS)
On the same day as the skin biopsy, the Hospital Anxi-
ety and Depression Scale (HADS) was assessed in the 
validated German version, including two scores for the 
degree of depression (HADS-D) and anxiety (HADS-A), 
respectively (abnormal: score > 7 for each) [29, 30].

Skin punch biopsy
To determine the intraepidermal nerve fiber den-
sity (IENFD) 3  mm skin punch biopsies were taken 

10 cm above the lateral malleolus (distal) in all included 
patients. Additionally, from twenty healthy controls skin 
biopsies were obtained from the same location assure 
validity of the morphometric analysis. Skin samples 
were fixed with Zamboni, washed in PBS, transferred to 
10% sucrose, and stored at − 80 °C in a freezer until fur-
ther use. From each biopsy, 50 µm-thick frozen sections 
were stained using a free-floating protocol with primary 
antibody anti-protein gene product (PGP 9.5, 1:1000, 
Zytomed), and secondary antibody goat anti-rabbit Alexa 
Fluor 488 (1:1000, Thermo Fisher Scientific) [24, 31]. Sec-
tions were mounted with DAPI Fluorshield (Abcam) and 
examined with a Leica DM 2000 fluorescence microscope 
(Leica Microsystems, Wetzlar, Germany) at magnifica-
tion × 40 with a Leica DFC450C camera, Leica Applica-
tion-Suite Version 4.7.1,). The investigators (JG and AS) 
were blinded to the clinical data during the morphologic 
analysis.

Quantifying intraepidermal nerve density (IENFD)
According to published counting recommendations, 
IENFD was determined in at least six sections from each 
biopsy and was compared to published age and gender-
related reference values [32]. In addition, IENFD were 
z-transformed as zindividual =

IENFDindividual−IENFDreference

SDreference
 

using the reference values specific for age and gender. 
IENFD was either considered “reduced” if below the 5th 
percentile of the reference data.

Assessment of the corneal innervation
Corneal confocal microscopy (CCM) was available in 
only one of the study centers and as a proof of concept 
four patients underwent additionally a detailed assess-
ment of the corneal innervation by CCM. Four CCM 
images from the left eye of each patient were manually 
analyzed using an established software (CCMetrics, Ver-
sion 2.0, M.A. Dabbah, University of Manchester) to 
visualize the corneal subbasal nerve plexus. The aver-
age corneal nerve fiber length (CNFL, mm/mm2), den-
sity (CNFD, nerves/mm2), and branch density (CNBD, 
branch points) were analyzed and compared to norma-
tive data [33]. Image quality was assessed and confirmed 
as previously described [34].

Statistical analysis
The correlation between pain scores and HADS sub-
scores, z-scores and further clinical data were analysed 
by calculating the Pearson’s correlation coefficient to 
assess possible linear associations between the vari-
ables. Differences between patients with and without 
pain regarding the HADS subscores and differences 
between patients and controls regarding IENFD were 
analysed using Mann–Whitney U test. The distribution 
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of nominal variables was tested using the chi-squared 
test. To assesses whether pain scores, duration from 
symptoms onset to biopsy (symptoms to biopsy), dura-
tion from symptoms onset to onset ERT therapy (symp-
toms to ERT) and duration from onset ERT therapy 
and biopsy (ERT to biopsy) differ between patients with 
normal or reduced IENFD were submitted to analysis of 
multivariate variance (multivariate ANOVA) using the 
standard ‘manova’ function of the R software package. 
Statistical analysis was performed using IBM SPSS Sta-
tistics, version 24 and R software package (version 3.6.3; 
http://​CRAN.R-​proje​ct.​org/ (R Development Core Team, 
2008)). P-values < 0.05 were regarded as significant.

Results
Demographic and clinical data
Thirty-five patients with LOPD on regular ERT with 
recombinant alpha glucosidase (Myozyme® 20 mg/kg of 
body weight administered every 2 weeks) were included 
in the study. All patients were compound heterozygote 
for GAA, with the most prevalent mutation being c-32-
13 T > G in 88%. In one patient, the exact genetic results 
were missing (Table  1). Eight patients had a comorbid-
ity, which was regarded as a low risk factor for SFN (see 
Table  1). Detailed demographic and clinical data are 
listed in Additional file 1: Table S1.

Pain characteristics
Twenty-four patients (69%) reported pain within the 
last 4 weeks with an average intensity of 4.1 ± 1.1 on the 
NRS with the anchors 0–10 (0: no pain; 10: worst pain 
imaginable) including axial and joint pain in most cases, 
and the distal leg only in one case (Fig. 1, Table 1). Pain 
attacks with or without continuous pain in between was 
the leading symptom in 58% of the patients, while per-
sistent pain with slight or stronger fluctuations was 
reported in 42% of the patients (Table 1). The PDQ score 
suspected an NP component in only one patient (P19) 
(Fig.  1). Six of the eight patients with a risk factor for 
developing a polyneuropathy reported pain, though the 
PDQ-score did not suspect a likely NP in any of them 
(Table 1, Additional file 2: Table S2). The PDQ score sig-
nificantly correlated with the current (r = 0.47, p < 0.05), 
average (r = 0.71, p < 0.001) and maximal pain intensity 
(r = 0.59, p < 0.01) with higher PDQ scores in cases of 
higher pain intensity.

Anxiety and depression symptoms
Twelve patients (34%) reported relevant anxiety and/or 
depression symptoms according to HADS (Table 1). Only 
one of the elven patients with abnormal HADS-A scores 
and one of the eight patients with abnormal HADS-D 
scores were pain free. The HADS-A and the HADS-D 

scores showed a highly significant correlation with each 
other (r = 0.84, p < 0.001), and both correlated signifi-
cantly (p < 0.001) with the current (r = 0.56 and r = 0.57, 
respectively), average (r = 0.59 and r = 0.52, respectively), 
and maximal pain intensity (r = 0.70 and r = 0.61, respec-
tively) (Fig. 2A, B). The HADS-A and the HADS-D scores 
were higher in the subgroup of patients with pain versus 
patients without pain, though the difference was not sig-
nificant (Fig. 2C). Detailed data can be found in the Addi-
tional file 2: Table S2.

Table 1  Summary of data in patients with LOPD (n = 35) 
included in the study

ERT, enzyme replacement therapy; GAA, acid alpha glucosidase; PNP, 
polyneuropathy; IENFD, intraepidermal nerve fiber density; NRS, numeric rating 
scale; HADS, hospitality anxiety and depression scale

Gender

Female [number (%)] 19 (54%)

Male [number (%)] 16 (46%)

Age at [years, mean (range)]

Skin biopsy 50.3 (18–74)

Symptoms 34.9 (3–72)

Diagnosis 42.3 (4–74)

Start ERT 43.8 (4–74)

Duration onset symptoms-time of biopsy 15.3 (1–44)

Duration onset ERT—time of biopsy 6.5 (0–14)

Genetic mutation (34/35)

c.-32-13T > G [n (%)] 30 (88%)

c.45T > G [n (%)] 3 (9%)

Others 1 (3%)

GAA residual level—reduction in % (23/35) [average 
(range)]

89% (73–99)

Risk for PNP [number (%)] 8 (23%)

Diabetes mellitus type 2 3

Frequent alcohol intake 2

Cobalamin or/and ferritin deficiency 3

IENFD (35/35)

Reduced [number (%)] 20 (57%)

Pain within the last 4 weeks (35/35) 24 (69%)

Current pain intensity (NRS 0–10) [mean ± SD (range)]
Average pain intensity (NRS 0–10) [mean ± SD (range)]
Maximal pain intensity (NRS 0–10) [mean ± SD (range)]

2.8 ± 2.6 (0–9)
4.1 ± 1.1 (1–7)
6.2 ± 2.2 (2–10)

Pain attacks without pain between them [number (%)]
Persistent pain with slight fluctuations [number (%)]
Persistent pain with pain attacks [number (%)]
Pain attacks with pain between them [number (%)]

13 (54%)
8 (33%)
2 (8%)
1 (4%)

Neuropathic pain likely [number (%)]
Neuropathic pain component unclear [number (%)]
Neuropathic pain unlikely [number (%)]

1 (3%)
7 (20%)
16 (46%)

HADS score (35/35)

 Relevant anxiety and/or depressive symptoms [number 
(%)]

12 (34%)

 Relevant depression symptoms [number (%)] 8 (23%)

Relevant anxiety symptoms [number (%)] 11 (31%)

http://CRAN.R-project.org/
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Fig. 1  Pain distribution in patients with LOPD: twenty-four (69%) of the patients reported pain including axial and joint pain in most of the cases. 
Only on patient (P19) reported neuropathic pain in the distal legs (large black rectangular frame). Reduction of IENFD was detected in 57% of the 
patients (small red rectangular frames)
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Quantifying intraepidermal nerve density (IENFD)
The average IENFD of patients was 3.98 ± 1.95 fibers/
mm (zscore: − 2.12 ± 0.825), whereas the average IENFD 
of healthy subjects was 7.50 ± 1.95 fibers/mm (zscore: 
− 1.09 ± 1.02), the latter being in the range of published 
normative data. Patients differed significantly (p < 0.05) 
from controls regarding their IENFD confirming the 
overall loss of fibres in LOPD patients. Compared to an 
established age- and gender-matched reference data 
IENFD was considered reduced (< 5th percentile) in 57% 
of the patients (Fig. 3 A and B, Additional file 3: Table S3). 

The only one patient with increased PDQ score sugges-
tive of neuropathic pain had also reduced IENFD at the 
lower leg. Five of the eight patients with a risk factor for 
developing a polyneuropathy presented with a reduced 
IENFD at the lower leg.

Patients displaying reduced IENFD at biopsy were on 
average 8.6 ± 6.55  years after symptom onset without 
ERT therapy and 7.93 ± 4.77  years on ERT therapy. For 
patients with normal IENFD mean duration from the 
onset of symptoms to ERT therapy was 9.33 ± 6.33 years 
and duration from the onset of ERT therapy to biopsy 

Fig. 2  Correlation between the pain intensity and the A degree of anxiety symptoms (HADS-A score) and the B degree of depressive symptoms 
(HADS-D score). C Distribution of the HADS-A and HADS-D scores in patients with vs. without pain (x = mean)
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was 8.6 ± 6.55  years. Regardless of the different times 
before and after the onset of ERT, reduced IENFD 
occurred across all time periods and no visible pattern 
was detected (Fig. 4).

Although the degree of fiber reduction did not correlate 
with the durations and the main effects of MANOVA did 
not reach significance, patients in the group of reduced 
IENFD showed a trend towards higher pain scores asso-
ciated with a higher nerve fiber loss (Fig. 5).

Corneal confocal microscopy
Analyzing CCM, 3 out of 4 examined patients showed 
an abnormal reduction of at least one of the corneal 
nerve parameters, most often of the CNFL, correspond-
ing to a reduced IENFD at the lower leg in two of them; 
one patients with normal CCM findings had a reduced 
IENFD at the lower leg (Table 2, Additional file 5: Figure 
S1).

Discussion
The present multicentre study evaluated the correlation 
between peripheral skin innervation and clinical param-
eters in 35 patients with LOPD during ongoing ERT. The 
multimodal phenotyping included morphometric skin 
biopsy analysis and self-reported assessment of pain, 
depression and anxiety symptoms based on validated 
questionnaires. Pain was a relevant symptom in over 
two-thirds of our patients. Furthermore, up to one-third 
of the patients reported relevant anxiety or depression 
symptoms, correlating with their pain intensity. A mani-
fest reduction of the skin innervation in the distal lower 

limb was found in 57% of the patients based on published 
normative dataset, regardless of the presence of pain or 
comorbid risk factors for SFN [32].

Fig. 3  Scatter plot showing intraepidermal nerve fiber density (IENFD) values in A female patients (black dots) and healthy controls (grey dots) and 
B male patients (black dots) and healthy controls (grey dots). Solid line depict 50th and dotted line 5th percentiles of normative values from Lauria 
et al. Values below the 5th percentile (grey area) are considered as reduced

Fig. 4  Bar chart showing time periods (duration of symptoms to 
onset of ERT therapy, onset of ERT therapy to biopsy) and patients 
with reduced (red) and normal (blue) intraepidermal nerve fiber 
density (IENFD) at time of biopsy (right end of bar). Each patient 
is represented by a bar, with the sum of the left and right values 
representing the total time from symptom onset to the time of 
biopsy. The distribution of patients with reduced fiber density is 
evenly distributed across the cohort
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Pain characteristics
Pain can be a common and debilitating symptom in 
Pompe disease [18–23]. With a prevalence of 69% for 
any pain in the last 4 weeks in our cohort, our results are 
well within the range of previous reports, which varied 
between 45% within the last 24  h and 88% within the 
last 7  days [18, 23]. In contrast to the reported higher 
pain intensity in ERT naïve patients [20], the pain inten-
sity in our LOPD cohort under ERT was only mild to 

moderate, in line with previous studies [18]. Pain inten-
sity correlated with the degree of anxiety and depression 
symptoms, which have been also previously reported 
to be increased in patients with LOPD [18]. These find-
ings indicate a plausible explanation for the previously 
reported reduced quality of life of LOPD patients can be 
eplained [20].

Most patients in our study described pain attacks and 
persistent pain in the axial and limb girdle area, similar to 
previous reports [18, 20]. This pain distribution is unlike 
the classical clinical presentation of length-dependent 
small fiber neuropathy [35, 36]. Though, non-length 
dependent small fiber neuropathy can present with vari-
ous phenotypes, which has to be considered in the diag-
nostic workout and also for future studies [37]. Notably 
in our study, the self-reported pain characteristics indi-
cated that the pain was unlikely to be neuropathic, and 
thus we can assume that other pain mechanisms are 
also relevant in LOPD. This is in line with the results of 
a 12-week training program aiming at increasing aerobic 
fitness and muscle strength, which was able to reduce the 
pain prevalence from 56 to 21% in a cohort of LOPD [22]. 

Fig. 5  Correlation scatter plot matrix of fiber densities (z-score IENFD) and clinical data. i.e. time between symptoms onset and start of ERT 
(duration symptoms to ERT), start of ERT therapy to time of biopsy (duration ERT to biopsy) and PDQ-score in patients with reduced (red) and 
normal (blue) fiber densities. The lines indicate a linear fit (and confidential intervals) for visual guidance of possible correlations. The diagonal shows 
the data distribution as probability density function

Table 2  Average scores of corneal nerve parameters

Pathological results illustrated in bold.

CNFD, corneal nerve fiber density; CNBD, corneal nerve branch density; 
CNFL, corneal nerve fiber length; CCM, corneal confocal microscopy; IENFD,  
intraepidermal nerve fiber density

P. Nr CNFD CNBD CNFL CCM Appraisal Distal IENFD

4 15,62 12,50 10,85 Abnormal Reduced

3 32,81 21,87 16,72 Normal Reduced

5 14,06 20,31 9,22 Abnormal Normal

18 17,19 26,56 12,76 Abnormal Reduced
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Therefore, musculoskeletal nociceptive pain might be 
more relevant in LOPD patients.

Morphometric findings
In our study, despite ongoing ERT, the IENFD was 
reduced in a large number of patients compared to age- 
and gender-matched reference data [32]. The IENFD 
reduction did not correlate with most clinical data, e.g. 
duration of symptoms to ERT or duration from ERT start 
to biopsy. However, the magnitude of IENFD reduction 
in the group of patients with reduced IENFD was associ-
ated with higher pain ratings, though the correlation was 
not significant in our cohort.

Until now, small fiber involvement in IOPD and LOPD 
was evaluated based on self-assessment using the small 
fiber neuropathy screening list [27]. This screening 
tool was validated only for sarcoidosis [38]. Its specific-
ity for detecting small fiber involvement in Pompe dis-
ease might be hampered due to inclusion of items that 
might be positive also due to the affection of skeletal 
and smooth muscles in Pompe disease, such as cramps, 
oro-gastrointestinal, and urinary tract alterations [39]. In 
contrast to self-reported questionnaire, analyzing nerve 
fibers in distal skin biopsies is a validated approach fore 
direct assessment of the damage at the distal part of the 
nerve axons.

Four patients underwent additionally assessment 
of corneal innervation using CCM and three of these 
patients presented additionally with at least one abnor-
mal CCM parameter. A reduced corneal innervation has 
been reported in patients with peripheral neuropathy 
of different origin, such as metabolic, toxic, lysosomal, 
or infectious diseases [40–45]. Although CCM was per-
formed only in a small subgroup, its results support the 
skin biopsy findings of a reduced peripheral innervation 
in LOPD under ERT.

Pathophysiological consideration
In Pompe disease glycogen storage can occur in all kinds 
of different cell types including cells of the peripheral and 
nervous system [39, 46]. The reduction of small dermal 
nerve fibers as shown in our study, might result from 
pathological glycogen storage and cell dysfunction in the 
peripheral nervous system e.g. Schwann cells or dorsal 
root ganglion cells. Glycogen deposits were also found 
in smooth muscle vascular cells and might be associ-
ated with cutaneous microcirculation dysfunction [15, 
47, 48]. However, glycogen deposits in skin biopsies have 
described in the errector pili muscle in Pompe patients, 
but other dermal structures, e.g. sweat glands and vas-
culature, have not been analyzed in detail [49]. In animal 
model of GAA deficient mice both a reduction of sensory 
dorsal root ganglion cells with axonal damage of sensory 

neurons as well as glycogen deposits in Schwann cells 
with signs of nerve demyelination have been reported 
[50, 51]. Further studies are needed to differentiate 
whether sensory and/or autonomic small fibers alone or 
peripheral nerves in general are affected in LOPD.

Strengths and limitations
Strengths of our study are the large size of the patient 
cohort despite the rare disease, as well as the assessment 
of both self-reported validated questionnaires and mor-
phometric data. Further, patients with polyneuropathy 
and manifest involvement of the large fibers have been 
excluded.

One limitation of our study is that assessment of the 
small fiber function (detailed clinical bedside sensory 
testing, quantitative thermal testing, sudomotor tests, 
autonomic tests) has not been performed. This prevents 
final conclusions about the presence of small fiber neu-
ropathy or neuropathic pain per definition [36, 52, 53]. 
Further, we did not include ERT-naïve patients, though 
can be expected to report stronger pain [22]. Another 
challenge is that CCM assessment was available only 
from 4 patients; thus, final appraisal on the involvement 
of corneal nerve fibers in LOPD and its correlation with 
distal skin innervation is not possible. Future longitudinal 
studies should evaluate any abnormalities of small fiber 
innervation both in the skin and in the corneal subbasal 
plexus, which would help to assess treatment effects dur-
ing ongoing ERT also in a non-invasive manner.

Conclusion
To summarize, pain is a common symptom in LOPD that 
interferes with psychological aspects and the patients’ 
quality of life. We found reduced small nerve fiber den-
sity in a large number of LOPD patients under ERT. Thus, 
our results indicate that the peripheral nervous system 
may represent another system affected in Pompe disease, 
which is in line with few previous reports on neuropathy 
in Pompe disease [15, 16]. However, the pain character-
istics and distribution did not indicate of neuropathic 
pain or SFN in our cohort of patients with LOPD. Future 
studies including standardized longitudinal assessments 
of LOPD regarding small nerve fiber pathology and func-
tion, as recently presented for SFN [54] may give further 
information both on the underlying mechanisms of small 
nerve fiber degeneration and pain generation and on the 
disease’s progress, thus potentially contributing to per-
sonalized treatment.
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