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Featured Application: Pompe disease is a neurological disease with significant impacts on gait
and balance. Therefore, it is important to measure these characteristics in a functional, valid and
reliable manner. This investigation used a cross-sectional study design utilizing gait analysis and
posturography to quantify the difference between patients with late-onset Pompe disease (LOPD)
and matched asymptomatic subjects. These results may be useful to develop more specific and
efficient rehabilitation programs depending on the individual abilities of the patients.

Abstract: Pompe disease is a multisystemic disorder with the hallmark of progressive skeletal muscle
weakness that often results in difficulties in walking and balance. However, detailed characterization
of gait and postural regulation with this disease is lacking. The objective of this investigation was
to determine if differences exist between the gait and postural regulation of LOPD patients and a
matched control group. The gaits of 16 patients with LOPD were assessed using a gait analysis
mobile system (RehaGait) and a dynamometric treadmill (FDM-T 1.8). The Interactive Balance
System (IBS) was used to evaluate postural regulation and stability. All measures were compared
to individual reference data. Demographic (age, gender), morphological (body height, body mass)
and clinical data (muscle strength according to the Medical Research Council Scale (MRC Scale),
as well as the 6-min walking test and a 10-m fast walk) were also recorded. Compared to individual
reference data, LOPD patients presented with reduced gait velocity, cadence and time in single stand.
A total of 87% of LOPD patients had abnormalities during posturographic analysis presenting with
differences in postural subsystems. This study provides objective data demonstrating impaired gait
and posture in LOPD patients. For follow-up analysis and as outcome measurements during medical
or physiotherapeutic interventions, the findings of this investigation may be useful.

Keywords: glycogenosis type II; acid maltase deficiency; enzyme replacement therapy;
posturography; balance
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1. Introduction

Pompe disease (Online Mendelian Inheritance in Man (OMIM) 606800) is an autosomal recessive
inherited orphan disease caused by mutations in the glucosidase alpha acid (GAA) gene. Resulting in
deficient activity of the enzyme alpha-1,4-glucosidase that is located in cellular lysosoms involved in
the degradation of glycogen. Consequently, glycogen accumulation occurs not only in skeletal muscle,
but also in cardiac and smooth muscles [1].

The entrapment of lysosomal glycogen results in muscle damage by a number of pathogenic
mechanisms, such as defective autophagy, calcium homeostasis, oxidative stress, and mitochondrial
abnormalities [2]. Recently, metabolic abnormalities and energy deficits have also been shown to
contribute to this pathogenic cascade [3]. The severity of clinical manifestations, tissue impairment
and age of onset correlate with the residual enzymatic activity and can be classified into two forms:
the Infantile Onset Pompe Disease (IOPD) or classical form has no or very low enzymatic activity
levels, leading to severe general muscular weakness with floppy infant syndrome. Cardiomyopathy
and respiratory failure usually lead to death within the first year of life. The late-onset Pompe disease
(LOPD) or non-classical form has a higher residual enzyme activity. This disease progresses slowly
and may start at any age after the first year of life. A common sign of LOPD is weakness of the
proximal limbs, predominantly affecting the hip girdle. Axial muscles as well as respiratory muscles
may also be impaired due to myopathy [4]. Patients often present clinically with back pain and exercise
intolerance and dyspnea [5]. Recently, the systemic characteristics of this primary muscular disorder
have been discovered: alteration of smooth muscles of the intestine and vessels, especially ectasia of
vertebrobasial arteries, and the involvement of the nervous system (white matter lesions and small
fiber neuropathy) widening the Pompe disease phenotype [6].

Since 2006, a causal treatment is available with enzyme replacement therapy (ERT) using
recombinant human α-glucosidase. This treatment has been shown to improve patient survival and
muscle strength to a variable extent [7]. It can also improve the quality of life of LOPD patients due to
better mobility and participation in activities of daily life [8]. However, the actual ERT is not a cure
for the disease and further therapeutic approaches are necessary. A detailed understanding of LOPD
patients’ gait patterns and balance may help improve physiotherapeutic strategies in the prevention of
falls and preserving the patient’s ambulatory status. Additionally, analysis of these features might be
a tool for following up on future therapeutic strategies (i.e., next level ERT order gene therapy) [9].
There is a paucity in this research, with one study reporting reduced spatio-temporal parameters
during gait in 22 LOPD patients on ERT [10] and another showing deficits in standing postural stability
among five LOPD patients [11].

The aim of this study was to provide a systematic analysis of both gait parameters and postural
abilities, as well as their interaction in patients with LOPD. These data were then compared to a group
of matched healthy controls.

2. Materials and Methods

2.1. Subjects

All subjects provided written informed consent prior to data collection. This study protocol was
approved by the local ethics committee (approval number: 2019-164). Sixteen ambulatory LOPD
patients with a genetically confirmed diagnosis were included (9 women; mean age: 54.2 ± 15.3 years,
range: 19–82 years, Table 1).
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Table 1. Characteristics of late-onset Pompe disease (LOPD) patients. IVS1—first intervening sequence (of glucosidase alpha acid (GAA) gene).

Subject ID (No.) Sex GAA-Genotype Age
(y)

Disease Duration
(y)

Duration ERT
(mo) NIV Use of Ambulatory

Aids

1 M IVS1 (−13T > G) p.C103G 58 14 135 Yes None
2 F IVS1 (−13T > G) c.925G > A 62 2 9 No None
3 M IVS1 (−13T > G) p.G309R 82 6 37 No Rolling walker
4 F IVS1 (−13T > G) p.L552P 53 17 99 Yes E-wheelchair
5 M IVS1 (−13T > G) IVS1 (−13T > G) 62 13 29 Yes Rolling walker
6 M IVS1 (−13T > G) p.P493L 51 15 63 No Walking sticks
7 F IVS1 (−13T > G) p.P493L 61 21 63 No None
8 F IVS1 (−13T > G) IVS9 G > C) 26 15 67 No None
9 F IVS1 (−13T > G) c307 T > G 50 23 119 Yes Rolling walker
10 M IVS1 (−13T > G) c.832delC 46 6 17 Yes None
11 F IVS1 (−13T > G) c.2481 + 102_2646 + 31del 54 19 48 No None
12 F IVS1 (−13T > G) c.2481 + 102_2646 + 31del 57 18 44 No Rolling walker
13 M IVS1 (−13T > G) c.525delT 19 19 132 No None
14 F IVS1 (−13T > G) c.525delT 66 7 33 Yes Rolling walker
15 M IVS1 (−13T > G) c.2136-7delGT 50 40 116 Yes None
16 F IVS1 (−13T > G) c.1019T > C 70 20 0 No Rolling walker

M—Male; F—Female; ERT—Enzyme replacement therapy; NIV—Non-invasive ventilation; y—years; mo—months.
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Fifteen of sixteen patients (94%) were on ERT at the standard dose of 20 mg/kg biweekly (range:
9–135 months; mean: 67.4 months). The duration of the disease ranged from 2 years to 40 years
(mean: 15.9 years). One female was tested before ERT was started. A total of 44% of the patients
required temporarily non-invasive ventilation and 50% of the patients used walking aids. All LOPD
patients were individually matched with healthy controls based on the relevant selection criteria sex,
age, and body height to guarantee a valid comparison with asymptomatic subjects and to avoid the
recruitment of an asymptomatic control group [12,13]. The reference data were obtained from 1860
subjects for mobile gait analysis [14], from 141 subjects for treadmill analysis [15] and from 1724 subjects
for the posturographic parameters [16].

2.2. Clinical Analysis

Synopsis of the study protocol for each patient is depicted in Figure 1. All LOPD patients were
examined clinically using MRC scale similar to previous trials with LOPD patients [11,17]. For lower
limb assessment, the bilateral strength of the hip flexors and extensors, hip abductors and adductors,
knee flexors and extensors, and ankle dorsiflexors and plantarflexors were assessed. For correlation
analysis, the bilateral sum of the MRC scale was used for each individual strength variable, as well
as the bilateral sum of all examined muscle groups were obtained. Furthermore, all LOPD patients
completed a 6-min walking test and a 10-m fast walk [4]. Concomitant peripheral neuropathy was
examined via a clinical screening for symptoms of polyneuropathy (e.g., reduction of distal sensibility
and tendon reflexes, pain of distal legs) and confirmation by nerve conduction analyses.
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2.3. Mobile Gait Analysis Using an Inertial Sensor Based System

Participants were initially equipped with a mobile inertial sensor-based system (RehaGait®

HASOMED GmbH, Magdeburg, Germany) (Figure 1a). This system has been reported to have
a high intraobserver reliability (intraclass correlation coefficients (ICCs) range: 0.691–0.959) [18].
Donath et al. [19] also reported good to excellent intraobserver reliability by testing 22 healthy subjects
on two separate days (time interval: 7 days). Additionally, these authors confirmed the validity of this
system by comparing it to the FDM-T system (zebris medical GmbH, Isny, Germany), which was also
used in the present study. These authors captured spatio-temporal gait data simultaneously using both
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gait analysis systems and with the exception of speed and stride length at a slow speed (15% below
habitual walking speed), both systems showed a high level of accordance. In line with the study of
Donath et al. [19], each sensor (dimensions: 60 × 15 × 35 mm) contained a 3-axis accelerometer (±8 g),
a 3-axis gyroscope (±1000 ◦/s) and a 3-axis compass (±1.3 Gs). The sensors were attached to the lateral
aspect of the shoe using special straps to measure linear acceleration, angular velocity and the magnetic
field of the foot (sampling rate: 500 Hz). Heel-strike was used to determine each gait cycle. All other
gait events (full contact, heel-off, toe-off) were identified relative to heel-strike. These gait phases were
then used to derive orientation and position and spatio-temporal gait parameters.

Since self-selected speed has been suggested to provide the most functionally relevant data [20],
each subject was instructed to walk through a 20-m common hospital corridor (without any obstacles)
at a self-preferred speed. LOPD patients wore their own personal walking shoes and the first walking
trial was used for subjects to adjust to the test conditions. Data from the second trial were used for
analysis. Each gait parameter for all recorded steps was analyzed.

2.4. Balance Measurement Using Posturography

Posturographic assessment was established with the IBS (neurodata GmbH, Vienna, Austria)
(Figure 1b). The IBS consists of four independent force plates used to measure postural regulation
at a sampling rate of 32 Hz. Sway intensities at different frequency ranges were determined using
Fast Fourier Transformation (FFT). The raw signal (force-time signal) was subtracted from the mean
value and then subjected to a FFT with a rectangular window. On the ordinate, the amplitude of the
frequency components was exposed and, consequently, the ordinate was dimensionless in that the
results of the FFT are proportional to the output signal [21]. Different functional frequency bands were
used to delineate the postural subsystems (F1, F2–4, F5–6, F7–8) [22–24]:

1. F1: Frequency band 1 (0.01–0.03 Hz)—visual and nigrostriatal system;
2. F2–4: Frequency band 2–4 (0.03–0.5 Hz)—peripheral-vestibular system;
3. F5–6: Frequency band 5–6 (0.5–1.0 Hz)—somatosensory system;
4. F7–8: Frequency band 7–8 (>1.0 Hz)—cerebellar system.

Additionally, motor output was determined as:

1. Stability indicator (ST): The root mean square of successive differences in pressure signals. Greater
instability is indicated by a greater ST.

2. Weight distribution index (WDI): Standard deviation of the weight distribution score.
3. Synchronization (Synch): Six values that describe the relationship of vibration patterns between

plates calculated as a scalar product: 1000—complete coactivity; −1000—complete compensation;
0—no coactivity or compensation.

4. Forefoot–hindfoot ratio (Heel): Percentage of load distribution between the forefoot and hindfoot
with an emphasis on heel loading.

5. Left–right ratio (Left): Percentage of load distribution between the left and right feet with an
emphasis on left side loading.

Subjects were tested barefoot using a single trial (32 s) for each of the following test conditions:

1. Head straight, eyes open, without foam pads (NO);
2. Head straight, eyes closed, without foam pads (NC);
3. Head straight, eyes open, on foam pads (PO);
4. Head straight, eyes closed, on foam pads (PC);
5. Head rotated 45◦ to the right, eyes closed, without foam pads (HR);
6. Head rotated 45◦ to the left, eyes closed, without foam pads (HL);
7. Head up (dorsiflexed), eyes closed, without foam pads (HB);
8. Head up (plantarflexed), eyes closed, without foam pads (HF).
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Initially, subjects were asked to stand upright, with their weight evenly distributed on the two
force plates while focusing on a fixed target (placed at each subject’s respective body height). In this
starting position, subjects were then asked to stand freely and as still as possible. Positions, reliability,
frequency bands, and parameters of motor output used in the IBS have been previously described in
detail [12]. For example, the intraobserver reliability has been confirmed using both asymptomatic
subjects [25] and patients [26,27]. ICCs for every parameter and all test positions have been reported
from 0.71 to 0.95 [25–27]. In support of these previous reliability investigations, which showed that the
reliability averaged over eight positions were clearly higher than from a single position, we also used
the mean values captured in the eight test positions for all parameters.

2.5. Gait Analysis Using a Dynamometric Treadmill

Gait trials were performed on a dynamometric treadmill with a fall protector (h/p/cosmos/quasar,
FDM-T, zebris medical GmbH, Isny, Germany, Figure 1c) [15]. This instrumented treadmill (length: 1.5 m;
width: 0.5 m) contained an integrated pressure sensor mat comprising a matrix of high-quality capacitive
force sensors (range, 1–120 N/cm2; precision, 1–120 N/cm2

± 5 %; sensor area: 135.5 × 54.1 cm; resolution:
1.4 sensors per cm2; total number of sensors: 10.240) and analysis software [19]. The assessment captures
the dynamic pressure distribution under the feet while walking on the treadmill at a sampling rate
of 300 Hz. Two mobile camera modules were positioned behind and beside the treadmill to confirm
correct foot placement on the treadmill. Prior to data collection, the force plate was set to zero
in order to calibrate the entire measurement system [28]. Spatio-temporal gait parameters were
calculated automatically from the pressure data within the FDM-T software for the heel, midfoot,
and forefoot. Based on the manufacturer’s specifications, heel-strike was defined as initial contact
(threshold: 1 N/cm2), while toe-off was the final data frame before all foot pressures were sub-threshold.
Furthermore, stride length was defined as the distance between two consecutive heel contact points
(alternate sides), stride time was the time between two consecutive heel-strikes (same foot) and cadence
is the number of steps taken per minute [19]. Each subject walked (30 s duration) at their self-selected
gait speed, while wearing their own personal shoes.

2.6. Statistics

The balance and gait analysis results of the LOPD patients were defined as conspicuous when
outside a reference range between the 10th percentile (P10) and the 90th percentile (P90) obtained from
the matched control group.

Relationships between clinical predictors and the test parameters were calculated using Pearson
bivariate two-sided product moment correlations, because the measures obtained were normally
distributed. Correlation (r) was graded as: < 0.1, trivial; 0.1–0.3, small; 0.3–0.5, moderate; 0.5–0.7, large;
0.7–0.9, very large; and 0.9–1.0, nearly perfect [29].

Differences between groups (patients with and without polyneuropathy (PN)) were tested using a
one-factor (group) univariate general linear model. Differences between means (group effect) were
considered statistically significant if p-values were <0.05 or partial eta-squared (ηp

2) values were
greater than 0.15. Due to the relatively small number of cases in each group (n < 10), decisions on
significance were based on both statistical values.

All statistical analysis was performed using SPSS version 25.0 for Windows (IBM, Armonk,
NY, USA).

3. Results

3.1. Gait Analysis with Mobile Device (Rehagait) and Dynamometric Treadmill Analysis

LOPD patients showed gait abnormalities in cadence (75%), velocity (69%) and percentage of
time in double limb support (56%) compared to the matched references (Tables 2 and 3).
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Table 2. Gait parameters of LOPD patients compared to reference data from matched controls. LOPD patients (ID: 1–16) with polyneuropathy (PN) are marked in bold.

Subject ID Number
Stride Length (m) Walking Speed (m/s) Cadence (steps/min) Stance Phase (%) Single Support (%) Maximum Foot Height (m)

RR Value RR Value RR Value RR Value RR Value RR Value

1 0.98–1.34 1.06 1.18–1.60 0.72 * 96–110 80 * 57–64 65 * 36–42 32 * 0.10–0.24 0.18
2 1.25–1.53 1.41 1.15–1.59 1.30 108–124 108 57–63 57 37–43 40 0.09–0.24 0.17
3 1.11–1.45 1.18 0.80–1.43 0.98 102–116 98 * 57–64 61 36–42 36 0.10–0.24 0.15
4 0.78–1.16 0.70 * 1.21–1.61 0.34 * 89–100 55 * 58–65 79 * 35–41 22 * 0.09–0.24 0.16
5 1.13–1.47 1.11 * 1.15–1.59 1.04 * 103–117 110 57–63 65 * 36–42 37 0.10–0.24 0.17
6 1.23–1.53 1.41 1.21–1.61 1.19 * 105–121 99 * 57–63 57 36–43 42 0.11–0.24 0.14
7 1.26–1.58 1.42 1.16–1.59 1.29 108–124 104 * 57–63 64 * 37–43 38 0.10–0.25 0.20
8 1.28–1.61 1.60 1.14–1.55 1.34 107–125 99 * 56–63 59 37–43 40 0.10–0.25 0.18
9 0.85–1.20 0.91 1.22–1.61 0.49 * 92–104 63 * 58–65 64 35–41 32 * 0.09–0.24 0.12
10 1.32–1.64 1.51 1.22–1.61 1.41 109–127 112 56–62 59 37–43 40 0.10–0.25 0.20
11 1.20–1.50 1.41 1.20–1.61 1.18 * 106–121 100 * 57–63 60 37–43 37 0.09–0.24 0.13
12 0.70–1.09 0.38 * 1.19–1.61 0.19 * 86–97 57 * 58–66 82 * 35–41 18 * 0.09–0.24 0.07 *
13 1.41–1.72 1.61 1.09–1.50 1.58 * 111–131 117 56–62 58 37–44 42 0.10–0.25 0.20
14 0.82–1.10 0.67 * 1.10–1.56 0.45 * 92–104 79 * 58–65 66 * 36–41 29 * 0.08–0.21 0.10
15 1.02–1.38 1.06 1.04–1.54 0.80 * 97–112 91 * 57–64 63 36–42 32 * 0.10–0.25 0.13
16 0.73–1.10 0.40 * 1.04–1.54 0.25 * 88–98 74 * 58–65 76 * 35–41 27 * 0.09–0.23 0.09∑

* (n/%) 5/31% 11/69% 12/75% 7/44% 7/44% 1/6%

RR—reference range; *—outside of reference data; percentage over 10% marked in bold.
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Table 3. Gait analysis and clinical parameters of LOPD patients.

Subject ID 13 10 8 11 6 7 2 3 1 16 15 5 9 14 4 12

Mobile gait parameters using RehaGait
Stride length (m) - - - - - - - - - X - - - X X X

Walking speed (m/s) - - - X X - - - X X X X X X X X
Cadence (steps/min) - - X X X X X X X X X - X X X X

Stance (%) - - - - - X - - X X - X - X X X
Single support (%) - - - - - - - - X X X - X X X X

Double support (%) - - - - - X - - X X X X X X X X
Maximum foot high (m) - - - - - - - - - - - - - - - X

Treadmill gait parameters using FDM-T system
Foot rotation (◦) X X X X - - X X X X X NA - - NA X
Step width (m) - X X - - X X - - - X NA - - NA -

Initial stance (%) - X X X X X - - - - - NA X - NA X
Mid stance (%) X X X - X X X - X - - NA - X NA X

Terminal stance (%) X X X - X X X - X - - NA - - NA X
Lateral displacement of Gait line (m) X - - - X X X X X X X NA X X NA -

Clinical data
Muscle strength hip - X X X X X X X X - X X X X X X

Muscle strength knee - - X X X X X X X X X X X X - X
Muscle strength ankle - - - X X X - X - - - - - - - -

Polyneuropathy - - - X - X - X X - - X - X - -
6MWT (m) 800 590 470 445 420 370 323 318 315 265 254 200 125 114 105 NA

Time 10-m fast walk (s) 5 5.3 6.2 6.7 9.6 10.6 9.4 12 12.7 24 17 12.7 17.4 29 28 25

- indicates normal results (inside the reference range of matched controls). X indicates abnormal results (outside the reference range of matched controls). Gray highlight indicates results
superior to those of references. Abnormal muscle force values were defined as any result < 5 according to MRC grading for a single measurement. 6MWT—6-min walking test. NA—not
available because patients were not able to perform the test.
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Maximum foot height was reduced in 6% of LOPD patients, stride length in 25% and step widths
in 36% (Table 3). Foot rotation and lateral displacement were conspicuous in 71% of the patients.
In most patients (71%), pressure distribution across the heel, midfoot and forefoot regions were outside
the inter-percentile range in one or more items (Tables 2 and 3).

There was a moderate relationship between overall hip muscle strength and the percentage of
single limb support during the gait cycle (rRehaGait = 0.525, p = 0.037). Step widths showed a moderate
correlation with strength of hip muscles (rtreadmill =−0.579, p = 0.030) and total strength of the lower limbs
(r = −0.613, p = 0.020). Performance on the 10-m fast walk was highly correlated with walking speed
(rRehaGait =−0.919, p < 0.001; rtreadmill =−0.750, p = 0.002) and stride length (rRehaGait =−0.779, p = 0.001).
There was also a moderate correlation between 10-m fast walk performance and the percentage of
mid stance phase (rRehaGait = −0.589, p = 0.027). Stride length correlated with the percentage of double
support (rRehaGait = −0.749, p = 0.002) and single support (rRehaGait = −0.907, p < 0.001), as well as with
forefoot pressure (rtreadmill = 0.578, p = 0.031), and heel pressure (rtreadmill = 0.851, p < 0.001).

Cadence was significantly correlated with hip flexion strength (rRehaGait = 0.575, p = 0.020;
rtreadmill = 0.539, p = 0.047) and hip adduction strength (rRehaGait = 0.623, p = 0.010; rtreadmill = 0.620,
p = 0.018). Furthermore, cadence was also highly correlated with performance during the 6-min
walking test (rRehaGait = 0.742, p = 0.002; rtreadmill = 0.658, p = 0.014).

3.2. Posturographic Analysis

Most LOPD patients (87%) showed abnormal results (Table 4) for balance and postural regulation.
One patient (no. 15) was unable to perform the test. Frequency band analysis revealed abnormal results
in 53% of the patients: regulations in F1 and F2–4 were most often affected in this cohort. Three patients
presented with isolated abnormalities in F1 that detects for visual [22,24] and nigrostriatal [30]
contribution to balance regulation. Postural stability (parameter: ST) and forefoot–heel coordination
(parameter: Synch) were affected in 60% and 53%, respectively. Patient no. 5 had the lowest level of
balance and postural regulation (Table 4) with abnormal results for all frequency bands combined with
a disturbed gait pattern with the mobile gait analysis. This patient was not able to perform the gait
treadmill test (Table 3). The muscle strength of the knee and forefoot–heel ratio correlated moderately.
Results in F5–6 also correlated with performance in the 6-min walking test (r = −0.517, p = 0.049) and
with ST (r = 0.983, p < 0.001).
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Table 4. Posturograpic analysis of LOPD patients compared to matched controls. Values are the means of eight test positions. LOPD patients (ID: 1–16) with PN are
marked in bold.

Para-Meter F1 F2–4 F5–6 F7–8 ST Synch Heel (%) Left (%)

ID RR Value RR Value RR Value RR Value RR Value RR Value RR Value RR Value

1 10.7–25.8 20.0 6.25–14.8 15.2 * 2.92–6.81 6.62 0.51–1.08 1.33 * 13.8–29.3 36.6 * 379–807 720 36.5–67.4 49.0 46.0–55.1 46.7
2 9.48–21.0 22.7 * 6.86–13.0 10.0 2.94–6.96 4.29 0.53–1.29 0.77 13.4–32.8 24.6 426–762 664 36.8–57.4 35.4 * 43.6–55.3 58.0 *
3 12.2–22.9 16.1 7.98–15.1 11.3 3.08–8.32 4.59 0.54–2.56 0.86 15.1–40.1 25.5 341–776 161 * 39.1–57.0 25.4 * 42.6–56.4 52.6
4 10.6–22.7 13.1 6.98–12.4 8.9 2.75–6.73 5.91 0.48–1.17 1.02 13.5–30.4 31.0 * 528–840 654 42.2–64.8 46.8 44.3–54.3 49.0
5 10.4–23.4 26.0 * 6.44–12.4 15.8 * 3.00–6.83 9.36 * 0.51–1.34 1.99 * 14.7–30.9 57.5 * 518–770 314 * 36.9–56.6 36.1 * 47.3–53.0 50.2
6 10.7–25.8 10.5 * 6.25–14.8 10.3 2.92–6.81 4.95 0.51–1.08 0.93 13.8–29.3 29.8 * 379–807 341 * 36.5–67.4 18.0 * 46.0–55.1 60.1 *
7 9.48–21.0 15.8 6.86–13.0 9.7 2.94–6.96 2.85 * 0.53–1.29 0.47 * 13.4–32.8 15.8 426–762 308 * 36.8–57.4 43.2 43.6–55.3 43.9
8 9.59–20.3 19.5 5.84–10.2 11.7 * 2.40–4.64 4.94 * 0.44–1.01 1.06 * 11.7–21.2 30.2 * 515–793 700 38.2–56.5 47.1 46.1–53.9 54.8 *
9 10.6–22.7 25.6 * 6.98–12.4 14.1 * 2.75–6.73 6.75 * 0.48–1.17 0.97 13.5–30.4 33.4 * 528–840 704 42.2–64.8 39.1 * 44.3–54.3 47.5

10 11.2–22.5 10.5 * 6.25–10.9 8.9 2.86–4.98 4.90 0.50.–1.15 1.04 13.3–23.4 30.0 * 415–787 435 38.7–54.2 32.9 * 46.2–53.9 52.7
11 10.6–22.7 13.5 6.98–12.4 8.7 2.75–6.73 2.78 0.48–1.17 0.51 13.5–30.4 16.7 528–840 722 42.2–64.8 29.2 * 44.3–54.3 50.0
12 10.6–22.7 8.5 * 6.98–12.4 5.9 * 2.75–6.73 3.62 0.48–1.17 0.67 13.5–30.4 21.2 528–840 500 * 42.2–64.8 30.8 * 44.3–54.3 52.1
13 12.6–24.9 12.6 7.10–12.4 6.5 * 3.16–5.76 2.20 * 0.58–1.19 0.38 * 15.0–28.1 11.7 * 229–664 729 * 36.3–59.8 47.6 45.1–55.6 50.2
14 9.48–21.0 20.5 6.86–13.0 13.9 * 2.94–6.96 8.51 * 0.53–1.29 1.52 * 13.4–32.8 46.8 * 426–762 284 * 36.8–57.4 42.4 43.6–55.3 35.9 *
16 9.73–23.7 15.7 6.92–14.7 12.2 3.41–8.71 3.97 0.66–1.61 0.66 16.4–39.5 22.7 423–787 434 38.1–58.5 49.2 43.9–56.8 50.4∑

* (n/%) 6/40% 7/47% 5/33% 6/40% 9/60% 7/44% 9/53% 4/27%

RR—reference range. Gray highlighted—results superior to those of references. *—outside of reference data.
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Figure 2 presents two examples for low and high gait and postural performances. Postural stability,
measured by a stability indicator, and postural regulation, measured by frequency bands, are presented
for posturographic analysis. Plantar pressure distribution and plantar forces regarding heel, midfoot
and forefoot (left and right) and force–time curves depict different gait patterns.
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Figure 3. (a,b) Synchronization (a) and F2–4 (b) depending on polyneuropathy (yes: n = 6; no: n = 9).

No relevant correlations were detected between disease duration or ERT duration and any
performance parameter (e.g., 6-min walking test, 10-m fast walk, walking speed, postural stability
measured by a stability indicator). A total of 69% (n = 11) of the LOPD patients were classified with
mild axial weakness (dimension: strength of the axial musculature).

4. Discussion

Gait abnormalities in LOPD patients included reduced gait velocity, reduced stride length and a
shift from time in single stance phase towards double limb support, which support the previous findings
of McIntosh et al. [10]. These abnormalities most likely result from proximal lower limb weakness
common with this disease [31,32]. However, in the current study, the only strength characteristic that



Appl. Sci. 2020, 10, 7001 12 of 15

correlated with gait was for the association between hip strength with time in single leg support stance
and step widths.

Postural stability and regulation were reduced in most patients in this study, similar to those
of previous research [11]. This is believed to result from reduced muscle strength. However, in the
present study, there was no significant correlation between muscle weakness and postural parameters
except for knee-joint force and forefoot–heel coordination. There were no relevant correlations
between gait performance and posturographic results. In contrast, two patients with marked gait
impairment performed better than the reference cohort in isolated parameters of posturography.
Therefore, other muscular determinants of gait and balance must exist.

It has previously been reported that postural regulation in LOPD patients is impaired when
their eyes are closed and believed to result from sensory deficits [10]. Consistently in this study,
LOPD patients with clinical PN had significantly more abnormalities in the postural synchronization
than those without. However, no differences in sway between LOPD patients with or without PN were
observed in F5–6 (averaged over all test positions), which has been shown to be affected in patients
with diabetic polyneuropathy [23]. It is possible that, in LOPD patients, additional effects on the muscle
spindles [33] or spinal cord [34] may contribute to alterations in sway rather than PN. A differentiated
calculation (F5–6NO + PO = open eyes vs. F5–6NC + PC + HR + HL + HB + HF = closed eyes) based on an
effect size (d) provided a significantly larger difference with open eyes (with PN: 4.26 ± 2.43 vs. without
PN: 3.04 ± 0.88; d = 0.74) than with eyes closed (with PN: 6.29 ± 3.44 vs. without PN: 5.14 ± 1.55;
d = 0.47). This finding may be explained by the neuroplasticity of biological systems and the model of
selective compensatory optimization. The alteration of afferent sensory (proprioceptive) information,
potentially caused by mechanoreceptor damage (PN, Anterior Cruciate Ligament (ACL) surgery,
High Tibial Osteotomy (HTO) surgery), may contribute to disturbances of postural regulation [12,13].
In support of Brehme et al. [13] and in contrast to Bartels et al. [12], we showed hyperactivity of
the somatosensory system in the presence of PN. This hyperactivity could also be observed in the
cerebellar system (four patients had abnormal posturographic findings; Table 4). This may partially
explain the close relationship between the somatosensory system and the spinocerebellum system
as an important part of the cerebellum, which is responsible for processing afferent (somatosensory)
information. Obviously, most of the PN patients developed hyperactivity of the somatosensory (2/3)
and cerebellar (3/4) system, which should be interpreted as an ineffective and excessive function of
these postural subsystems. Only one patient (ID 7; Table 4) developed suppression in both subsystems.

LOPD patients of this study also revealed balance deficiencies in visual and nigrostriatal regulation,
cerebellar regulation, and in the vestibular subsystem with various interactions between the subsystems.
This reflects the multi-systemic nature of Pompe disease since there are reports about cerebral [35,36]
and vestibulocochlear affections [37] in LOPD patients. However, visual function has not yet been
found when analyzed by evoked potentials [38]. Therefore, future research is necessary in this area.

When looking at the weak correlations between muscle strength, gait performance and balance in
the LOPD patients of this study, the impact of factors other than those tested is possible. High-quality
and frequent physiotherapy and individual training, as well as personal motivation, may result in
better compensation of gait disturbances and balance. Furthermore, it has to be considered that each
patient received physiotherapy in a non-standardized manner. Research has previously shown that
the application of whole body vibration training with an oscillating platform was beneficial in LOPD
patients for improving general muscle strength [39]. These authors speculated that this effect results
from the stimulation of muscle spindles that might lead to reflex contraction of extrafusal muscle
fibers [40]. However, influences of vibration on gait and posture have been shown to reduce the risk of
falls by a more multimodal approach (e.g., ankle joint motion, sensation of foot plantar surface and
fear) in older adults [41]. Finally, Corrado et al. [42] revealed that there is no research supporting
the effectiveness of rehabilitation protocols among LOPD patients. Corrado et al. [42] performed a
systematic review investigating current rehabilitation protocols for LOPD patients and concluded
that studies with larger sample sizes and higher quality are necessary to reduce the lack of evidence
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surrounding rehabilitative treatments. The extremely large gait performance differences within LOPD
patients (e.g., range of walking speed: 0.25–1.58 m/s; Table 2) and postural stability (e.g., range of ST:
11.7–57.5; Table 4) in our study may have also been a result of the small size of our cohort. At the
same time, these large performance differences within LOPD patients are reasons for individualized
physiotherapy. The gait and posturographic performances in some patients suggest that individualized
physiotherapy has the potential to improve gait and balance performance in LOPD patients and may
help prevent falls. As such, our study could be used as reference for future investigations using a lager
patient cohort with a standardized physiotherapeutic program that would ideally be tested using a
controlled randomized trial.

Another limitation of this study was that a lot of the LOPD patients did not have any experience
walking on a treadmill. Consequently, this fact may be responsible for any deviating gait analyses.
For this reason, we also conducted the mobile gait analysis in a more function environment in order
to ensure a valid gait analysis. Based on our experience, the self-selected speed on the treadmill is
typically slower than the speed used in a natural environment, because subjects feel more unstable
when walking on a treadmill. Anxiety or depression could have caused a negative influence on the
patient’s performance. These data were not obtained in the present study and should be analyzed in
further investigations.

5. Conclusions

This study found relevant impairment of gait and balance parameters in LOPD patients that
showed a wide variability between patients. Therefore, these results can only be partially explained
by reduced muscle strength as result of the underlying myopathy. Yet, there must be additional
regulatory systems that might be affected in the context of the multisystemic character of Pompe
disease and individual factors that were not analyzed in this study. The assessment of gait and posture
should be used for designing individual rehabilitation programs to improve the patient´s mobility.
These findings also allow for detailed follow-up analysis and as outcome measurements for future
medical and physiotherapeutic trials.
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