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Abstract.
Background: The late-onset form of Pompe disease (LOPD) is characterized by muscle weakness, locomotor limitations
and a risk of falls. The mechanisms responsible for altered locomotion in adults with LOPD are unknown. The identification
of clinical biomarkers is essential for clinical follow-up and research.
Objectives: To identify muscle determinants of impaired locomotor performance, gait stability and gait pattern, and biome-
chanical determinants of falls in adults with LOPD.
Methods: In this cross-sectional, case-control study, LOPD and control participants underwent 3D gait analysis, locomotor
performance tests and muscle strength measurements (isokinetic dynamometer). We explored the muscular determinants of
locomotor performance (gait speed, 6-minute walk test distance and timed up and go test), gait stability (spatiotemporal gait
variables) and the gait pattern. We also explored biomechanical gait determinants of falls. After intergroup comparisons,
determinants were sought to use forward stepwise multiple regression.
Results: Eighteen participants with LOPD and 20 control participants were included. Locomotor performance, gait stability,
and the gait pattern were significantly altered in LOPD compared to control participants. Hip abductor strength was the
main common determinant of locomotor performance, gait stability and pelvic instability. Hip flexor strength was the main
determinant of abnormal gait kinematics at the hip and knee. Percentage duration of single support phase during the gait
cycle was the main determinant of falls.
Conclusions: Hip abductor strength and percentage duration of single support during gait were the major determinants of
locomotor performance, gait stability, falls and the gait pattern in LOPD. These new clinical biomarkers should therefore
be systematically assessed using instrumented tools to improve the follow-up of adults with LOPD. They should also be
considered in future studies to accurately assess the effects of new therapies. Hip abductor strength and single support phase
should also be priority targets for rehabilitation.

Keywords: Glycogen storage disease type II, locomotion, gait neurologic disorders, gait analysis, muscle weakness, postural
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INTRODUCTION

Pompe disease is a rare and progressive neuro-
muscular disorder caused by a genetic deficiency of
the enzyme acid �-glucosidase (caused in 90% of
cases by c.-32-13T> G mutation), which induces an
overload of lysosomal glycogen [1].

Late Onset Pompe Disease (LOPD) is character-
ized by weakness of axial and proximal lower limb
muscles. According to the current literature, the mus-
cles that are initially and most severely affected are,
hierarchically, the hip adductors and abductors, the
lumbar extensors, the hip extensors, the knee and hip
flexors, and the knee extensors (the ankle muscles
are less affected) [2–4]. However, the heterogene-
ity of studies on muscular impairments limits the
precision of this classification. In almost 80% of
adults with LOPD, these muscular deficiencies are
associated with alterations in locomotor activities
[4, 5].

Locomotor performance is defined as the result of
forward progression the body during a walking task,
corresponding to the walking speed or distance. For
example, walking speed or distance are considered
performance parameters. Locomotor performance
can also be evaluated by assessing biomechanical
gait variables, including spatiotemporal gait parame-
ters, the gait pattern and gait stability. Gait stability is
defined as the ability to limit body sway during gait
and refers to gait adaptations to achieve the required
task without falling [6].

Alterations in walking performance (in straight
line or complex tasks as Timed up and go) and alter-
ations in walking stability are common in adults with
LOPD [7–10] and are often associated with recurrent
falls [8, 9]. Associated with these alterations in sta-
bility, gait pattern adaptations are reported in adults
with LOPD, with a gait often described as waddling
[4, 5, 7, 10].

However, the mechanisms underlying the reduced
locomotor performance and stability and altered gait
pattern remain little explored in LOPD. Identifying
the determinants of these locomotor alterations is cru-
cial to increase our knowledge of gait disorders in
LOPD. Knowledge of the relationship between mus-
cle weakness and locomotor alterations in adults with
LOPD would provide a better understanding of the
mechanisms underlying these impairments and there-
fore would guide their treatment. To our knowledge,
only two studies have explored these relationships
[11, 12].

The first study showed that the strength of the
hip abductors and hip flexors, assessed with a man-
ual dynamometer, was related to impaired walking
ability, measured on a four-category scale [11]. How-
ever, locomotor assessments should not be reduced
to a measure of capacity, and the small number
of muscles assessed highlights the need for further
investigations. The second study assessed walking
with inertial sensors and muscular strength with man-
ual muscle testing (MMT) [12]. It found moderate
correlations between adductor and hip flexor strength
and cadence, as well as between an overall hip muscle
score and the percentage duration of the single sup-
port phase during the gait cycle (%SSP). These two
studies used MMT or a manual dynamometer, how-
ever these tools lack reliability and sensitivity (they
are therapist-dependent and cover a wide range of
absolute strength values) [13, 14]. Use of the recom-
mended gold standard strength assessment isokinetic
dynamometer would provide more robust results [13,
15, 16].

The relationship between %SSP and proximal
lower limb strength in LOPD found by Schneider et
al. is interesting since this parameter is often used to
characterize dynamic stability during gait [12, 17].
%SSP is a spatiotemporal gait parameter that pro-
vides information on how the person generates their
walking speed.

Identification of the determinants of locomotor
alterations requires the exploration of biomechan-
ical gait variables (not only the ability or timed
performances). The only three studies that explored
spatiotemporal gait parameters in adults with LOPD
found a decrease in walking speed, cadence and
%SSP compared to controls [7, 10, 12]. One study
also analyzed the gait pattern and found an increase
in pelvic tilt and hip adduction range of motion
compared to controls [7]. However, these studies
did not explore the mechanisms behind the impair-
ment of locomotor performance and the gait pattern.
Gait stability has not been studied, neither have the
determinants of falls and their relationship with gait
variables or muscle weakness.

For these reasons, it is essential to identify the
determinants of impaired locomotor performance,
gait stability and the gait pattern in adults with
LOPD. Data relating to the criteria highlighted could
guide assessments and rehabilitation and could be the
focus of further longitudinal studies aiming to find
sensitive-to-change clinical biomarkers. This cross-
sectional study aimed to identify the muscular and
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biomechanical gait determinants of altered locomo-
tor performance, gait stability, and the gait pattern
in adults with LOPD. To achieve this aim, we first
identified the locomotor alterations relating to per-
formance, stability, and the gait pattern in adults with
LOPD compared to healthy controls. Given the major
impairments of hip muscle strength in LOPD, we
hypothesized that these muscles would be mainly
involved in the locomotor alterations identified.

MATERIALS AND METHODS

Protocol and registration

This case-control, cross-sectional study was con-
ducted between November 2019 and March 2022
at the Raymond Poincaré University Hospital, neu-
romuscular disease reference center. This study is
ancillary to the “POMPE” protocol (ClinicalTrials:
NCT03564561), a longitudinal follow-up of adults
with LOPD aiming to identify sensitive biomarkers
for future therapy trials.

Standard protocol approvals, registrations, and
patient consents

The study was conducted in accordance with the
ethical codes of the World Medical Association
(Helsinki 1975). It was approved by the regional
ethics committee (CPP X Ile-de-France, Protocol n◦
43-2018). Written informed consent was obtained
from all participants in the study. This study is pre-
sented according to the STROBE 2007 guidelines
(presented in the Supplementary material).

Data availability

Data were collected in our motion analysis labo-
ratory and the neurology department. Anonymized
data not published within this article will be made
available by request from any qualified investigator.

Participants

Participants with LOPD were recruited from neu-
romuscular consultations if they met the eligibility
criteria. Healthy participants were recruited from the
general population (via advertisements) and matched
to the LOPD group after screening for confounders
(age, sex, weight and height).

Eligibility criteria

Inclusion criteria
To be included, all individuals had to be aged

between 18 and 80 years. Adults with LOPD had
to have Pompe disease (c.-32-13T> G mutation con-
firmed by a genetic test) and be able to walk 10 meters
without technical or human assistance.

Non-inclusion criteria

Adults with LOPD were not included if they were
dependent on invasive mechanical ventilation, could
not walk independently without a technical device,
had comorbidities or had an estimated survival of less
than 12 months. Healthy subjects were not included
if they had neurological, orthopedic, medical or other
conditions that could interfere with gait.

VARIABLES AND MEASUREMENTS

Locomotor assessments

Locomotor performances
Locomotor performance was explored using 3

tasks:

– Walking distance during the 6-minute walking
test (6MWT);

– Spontaneous gait speed measured using 3D gait
analysis (averaged speed of 8 trials on 10m walk-
way);

– Performance time of a complex locomotor task
evaluated using the Timed Up and Go (TUG)
test performed as quickly as possible

For these tests, no walking aids were used.

Material and procedures of the gait analysis

The 3D gait analysis was performed using an
optoelectronic system OptiTrack (NaturalPoint, Cor-
vallis, OR, USA) comprising 15 optoelectronic
cameras. The trajectories of 58 reflective markers
positioned on anatomical landmarks according to the
Conventional Gait Model were recorded [18]. Partici-
pants performed 8 barefoot gait trials at a comfortable
pace over a 10 m long walkway. QTM 2020.2 and
MOKKA Biomechanical ToolKit 0.6.2 were used
to respectively label markers and define gait cycle
phases. All spatiotemporal and joint kinematic gait
parameters were post-processed with PyCGM 2.5,
an open-source Python implementation of the Con-
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ventional Gait Model [18]. The same experimenters
performed all the analyses to ensure reliability.

Gait stability parameters

The spatiotemporal gait parameters are commonly
used to assess dynamic gait stability [19, 20]. Spatial
parameters include step length and step width, and
temporal parameters include cadence and the phases
of the gait cycle (speed is a spatiotemporal parame-
ter). The gait cycle is divided into swing and support
phases (including single and double support phases).
Among the gait cycle phases, the single support phase
(SSP) is the most unstable phase of gait (small base of
support on one leg) and is closely related to the risk of
falls [19, 20]. This parameter is considered to be the
one that best characterizes gait stability, and the mean
value and variability of %SSP are often used in stud-
ies of individuals with neurological diseases [17, 19,
21–24]. We also analyzed the percentage duration of
the double support phase, the cadence, the step length
and the step width [22, 25].

As recommended, the mean value and variabil-
ity (standard deviation) of the spatiotemporal gait
parameters were analyzed in both groups, since these
dispersion measures are relevant for the evaluation of
gait stability [19, 20, 26, 27].

Finally, knowing that the major consequence of
locomotor stability alterations in neuromuscular dis-
eases is the falls, the number of complete falls
reported by the LOPD participants during the last 3
months was collected.

Gait pattern

We calculated the following kinematic joint vari-
ables from the 3D gait analysis to analyze the gait
patterns:

• Pelvis: mean tilt (sagittal), tilt ROM, contralat-
eral drop (frontal) and rotation ROM,

• Hip: maximum peaks and ROM in the 3 planes,
• Knee: maximum peaks and ROM in flexion and

extension and mean position at foot strike.
• Ankle: maximum peak dorsiflexion and plantar

flexion during the support phase and maximum
peak dorsiflexion during the swing phase.

Propulsion, breaking and vertical ground reac-
tion forces were recorded with 2 AMTI platforms
(BP400600, Advanced Mechanical Technology Inc.)
during the gait analysis.

Muscle strength assessments
Maximal voluntary torque (MVT) was measured

using an isokinetic dynamometer (Biodex Medical
System 4, Shirley, NY) to assess muscle strength.
The hip flexors and extensors were assessed in supine
(hip at 30◦). The hip adductors and abductors were
assessed in side lying (hip at 15◦). The knee flex-
ors and extensors were assessed in sitting (knee
at 90◦), and the ankle flexors and extensors were
assessed with the knee and ankle in neutral. The
trunk and the thighs were strapped to the device, and
the participants placed their hands on their chests to
avoid compensatory movements. Given the symme-
try of the muscle impairment in LOPD, and to limit
fatigue during the assessments, only the dominant
side was assessed. All measurements were performed
by the same therapist to avoid inter-rater variability
[28]. After familiarization with the dynamometer, a
warm-up was performed with 3 submaximal contrac-
tions (weak, medium and strong). Three trials of the
maximal voluntary contraction were then recorded
for each muscle group. Participants were verbally
encouraged to perform maximal contractions [29].
A 1-minute rest was imposed between each contrac-
tion. The highest torque value of the 3 trials was
selected.

STATISTICAL METHODS

Data were analyzed using JASP® version 0.16.4
with an alpha risk of 5%. Means, standard deviations
and medians were calculated. The standard deviations
of the gait parameters were calculated across each
gait cycle for each participant and then the average
variability for each group was calculated.

Before identifying the determinants of locomotor
alterations, we compared gait and muscle strength
variables between LOPD and control participants
using the nonparametric Mann-Whitney U. test (p <
0.05) and calculated the � rank biserial correlation to
indicate the effect size.

For our primary objective, determinants were iden-
tified using forward stepwise multiple regression
models. We submitted to the model all muscle
strength parameters (MVT) and altered spatiotem-
poral gait parameters (highlighted by significant
intergroup comparisons).

All variables below the 0.05 significance level were
retained by the model as input variables. After their
entry into the regression model, variables that did not
contribute to the increase in variance were excluded at
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a significance level of 0.1. Box-Cox’s transformation
method was used for non-normally distributed data
before inclusion in the regression model.

To identify the muscular determinants of loco-
motor performance, 3 forward stepwise multiple
regression models were used for the gait speed,
6MWT distance and TUG performance time.

A forward stepwise multiple regression was
conducted to identify the biomechanical gait determi-
nants of falls and then a second stepwise regression
was conducted to identify the muscular determinants
of gait stability variables.

The forward stepwise multiple regression models
were also used to identify the muscular determinants
of major kinematic characteristics in the adults with
LOPD (compared to the controls).

RESULTS

Thirty-eight individuals were included: 18 adults
with LOPD (c.-32-13T> G mutation confirmed by a
genetic analysis), mean (SD) age 58.0 (12.8) years,
and 20 healthy controls aged 58.1 (9.1) years. The
mean time since diagnosis of LOPD was 15.0 (9.2)
years. Participant characteristics are shown in Table 1.
Adults with LOPD did not have a special diet and
16/18 took part in physiotherapy in the community at
least once per week. There were no between-group
differences for sex ratio, age, height or weight. Ninety
percent of the participants were on treatment (two
refused treatments and one stopped treatment prema-
turely due to an allergic reaction).

The results for muscle strength are presented in
Table 2 and in Fig. 1. The MVT values for the hip,

knee and ankle were all significantly lower in the
LOPD group than in the control group. Furthermore,
the deficits were homogeneous with proximal-distal
involvement of muscle groups. The correlation matrix
for the impaired muscle groups is provided in the
supplementary document.

Locomotor performance in adults with LOPD

Distance walked on the 6MWT was significantly
shorter (380.3 vs. 544.1 m, p < 0.001, � = 0.72) gait
speed on the 10 m walk test was significantly slower
(0.87 vs. 1.24 m/s, p = 0.002, � = 0.61) and TUG
performance time was significantly longer (10.0 vs.
5.4 s, p < 0.001, � = 0.78) in the LOPD than the
control group (Table 3 and Fig. 2).

Muscular determinants
Table 4 shows the input variables and results for

locomotor performance for the forward stepwise mul-
tiple regression.

Hip abductor MVT explained 66% of gait speed
variance (p < 0.001); the variance explained increased
to 89% (p < 0.001; adjusted R2 = 0.89) with the addi-
tion of hip flexor and ankle plantar flexor MVT.

Hip abductor MVT explained 41% of walking dis-
tance variance (p < 0.001); the variance explained
increased to 53% (p < 0.001) with the addition of
ankle plantar flexor MVT.

Hip abductor strength MVT explained 56% of
TUG performance time variance (p < 0.001); the vari-
ance explained increased to 81% (p < 0.001) with the
addition of ankle plantar flexor MVT.

Table 1
Participant characteristics

LOPD group Control group p-value
(n = 18) (n = 20)

Sex ratio, M/F, n 10/8 10/10 0.85
Age years, mean (SD) 58.0 (12.8) 58.1 (9.1) 0.96
Height, cm, mean (SD) 168.2 (8.1) 169.8 (9.6) 0.84
Weight, kg, mean (SD) 70.1 (15.0) 72.1 (12.5) 0.78
Modified Gardner-Medwin and Walton scale 2.9 (0.6) – –
Use of walking aids for complex daily life activities (n) 5 – –
Time since diagnosis, years, means (SD) 15.0 (9.2) – –
Treatment by ERT, n 15/18 – –
Time since ERT start, years, means (SD) 7.3 (5.2) – –
Use of non-invasive ventilation n 5/20 – –
Physiotherapy (n) 16/18 – –
Number of fallers in the last 3 months 10 – –
Average number of falls per faller 1.4 – –
% falls during locomotor activities 89.3% – –

SD: Standard deviation.
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Table 2
Muscle strength measurement results

LOPD group (n = 18) Control group (n = 20) p-value
mean (SD) mean (SD)

Isokinetic dynamometer
Maximum strength of hip flexors (Nm) 61.5 (47.5) 122.2 (51.5) <.001*
Maximum strength of hip extensors (Nm) 47.6 (40.6) 119.7 (54.8) <.001*
Maximum strength of hip abductors (Nm) 45.3 (40.6) 99.6 (29.8) <.001*
Maximum strength of hip adductors (Nm) 37.3 (27.5) 77.5 (32.9) <.001*
Maximum strength of knee flexors (Nm) 36.3 (27.6) 64.2 (27.7) 0.001*
Maximum strength of knee extensors (Nm) 87.7 (62.7) 172.5 (78.3) <.001*
Maximum strength of plantar flexors (Nm) 104.6 (42.9) 146.3 (50.4) 0.009*
Maximum strength of dorsi flexors (Nm) 27.1 (12.0) 37.9 (13.0) 0.015*

SD: Standard deviation. Maximum strength evaluated by isokinetic dynamometer. *Significant difference between LOPD and control groups,
p < 0.05 with Mann-Whitney U test.

* significant difference between LOPD and control groups, p <0.05 with Mann-Whitney U test 

Fig. 1. Percentage of the remaining strength of the LOPD group compared to the strength of the control group.

Table 3
Clinical locomotor variables and spatiotemporal gait variables

Intergroup mean difference Intergroup SD difference
LOPD (n=18) Control (n=20) p-value � p-value SD � SD

mean (SD) mean (SD)

TUG (s) 10.0 (3.5) 5.4 (0.6) <.001* 0.78 – –
6MWT (m) 380.3 (116.6) 544.1 (112.9) <.001* 0.72 – –
Spontaneous walking 0.87 (0.4) 1.24 (0.13) 0.002* 0.61 0.552 0.12
speed over10-m (m/s)
Cadence (step/min) 96.4 (20.1) 113.8 (8.7) 0.001* 0.62 0.004* 0.57
Step length (m) 0.53 (0.2) 0.65 (0.07) 0.017* 0.46 0.002* 0.61
Stride width (m) 0.21 (0.04) 0.16 (0.03) 0.70 0.08 0.074 0.35
%SSP 35.1 (7.5) 40.6 (1.5) 0.003* 0.63 <.001* 0.63
%DSP 29.5 (7.5) 18.1 (1.5) 0.002* 0.56 0.011* 0.49

*Significant difference between LOPD and control groups, p < 0.05% SSP: Percentage of Single Support Phase during the gait cycle. %
DSP: Percentage of Double Support Phase during the gait cycle. Owing to the small number of trials performed for the TUG (3 tests) and
6MWT (1 test), we did not analyze the variability of these results.
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Fig. 2. Percentage of locomotor variable values of the LOPD group compared to the control group.

Table 4
Muscular determinants of locomotor performance. The forward stepwise multiple regression results

Performance variable Assessment Input variables* Regression results

Muscular determinants of
gait speed over 10 m

Isokinetic
dynamometer

- Hip flexors (ρ = 0.61, p = 0.01)
- Hip abductors (ρ = 0.81, p < 0.001)
- Knee flexors (ρ = 0.57, p = 0.019)
- Plantar flexors (ρ = 0.65, p = 0.006)
- Dorsal flexors (ρ = 0.66, p = 0.005

Strength assessed by dynamometer
1. Hip abductors (p < 0.001; adjusted
R2 = 0.66),
2. Hip abductors + hip flexors + ankle
plantar flexors (p < 0.001; adjusted
R2 = 0.89)

Muscular determinants of
% predicted distance on
6MWT

Isokinetic
dynamometer

- Hip abductors (ρ = 0.54, p = 0.02)
- Plantar flexors (ρ = 0.51, p = 0.03)

Strength assessed by dynamometer
1. Hip abductors (p < 0.001; adjusted
R2 = 0.41),
2. Hip abductors + ankle plantar flexors
(p < 0.003; adjusted R2 = 0.53)

Muscular determinants
Timed Up and Go
performance time

Isokinetic
dynamometer

- Hip flexors (ρ = -0.53, p = 0.03)
- Hip abductors (ρ = -0.72, p = 0.003)
- Knee flexors (ρ = -0.56, p = 0.02)
- Knee extensors (ρ = -0.57, p = 0.02)
- Plantar flexors (ρ = -0.66, p = 0.001)
- Dorsal flexors (ρ = -0.51, p = 0.04)

Strength assessed by dynamometer
1. Hip abductors (p < 0.001; adjusted
R2 = 0.56)
2. Hip abductors + ankle plantar flexors
(p < 0.001; adjusted R2 = 0.81)

%: percentage. * Threshold of probability of entry defined at p ≥ 0.05.

Falls and Gait Stability in Adults With LOPD

In total, 10/18 of the LOPD group reported falls
in the last 3 months, with an average of 1.4 falls

per faller. More than 89% of falls occurred during
a locomotor task (Table 1). Most spatiotemporal gait
parameters differed significantly between the LOPD
and control groups, except for step width (Table 3



970 T. Maulet et al. / Locomotor Determinants in LOPD

and Fig. 2). The variability of the spatiotemporal gait
parameters variability was significantly greater in the
LOPD than the control group, particularly the %SSP,
except for variability in speed and step width, which
was not different between groups (Table 3).

Biomechanical and muscular determinants
Table 5 shows the forward stepwise multiple

regression results for gait stability determinants and
the input variables.

Gait speed explained 61% of the number of falls
variance (p < 0.001); the variance explained increased
to 72% (p < 0.001) with the addition of the mean value
of %SSP and to 78% (p < 0.001) with the addition of
the %SSP variability.

The hip abductor MVT was the only muscular
determinant of the mean value of %SSP and %SSP
variability and explained respectively 54% and 37%
of their variance (p < 0.001).

Gait pattern in adults with LOPD

Table 6 shows the significant differences in the
joint kinematic variables between the adults with
LOPD and controls. In summary:

• pelvis: posterior tilt, sagittal pelvic ROM and
contralateral pelvic drop were significantly
greater in the LOPD than the control group.

• Hip: peak abduction during swing, and frontal
and rotation ROM were significantly greater in
the LOPD group.

• Knee: peak flexion during swing was higher,
sagittal ROM was lower and knee flexion at foot
strike was greater in the LOPD group.

• Propulsion and breaking forces were lower in
the LOPD group.

The forward stepwise multiple regression results
for the joint kinematics and the input variables are
presented in Supplementary Table 1.

Muscular determinants of pelvic kinematic
variables

The mean pelvic tilt position and the pelvic sagittal
ROM were not correlated with the strength of any
muscle group. Hip abductor MVT explained 75% of
contralateral pelvic drop ROM variance (p < 0.001);
the variance explained increased to 85% (p < 0.001)
with the addition of ankle plantar flexor MVT.

Muscular determinants of Hip kinematic
variables

Hip flexor MVT explained 51% of peak abduc-
tion during swing variance (p < 0.001). Hip flexor
MVT explained 46% of hip frontal ROM variance
(p = 0.003). The hip rotation ROM was not correlated
with any muscle group.

Muscular determinants of Knee kinematic
variables

The maximum peak flexion and the knee sagittal
ROM were not correlated with any muscle group.
Hip flexor MVT explained 38% of mean knee posi-
tion at foot strike variance (p = 0.007); the variance
explained increased to 50% (p = 0.003) with the
addition of hip abductor MVT.

DISCUSSION

Our study revealed that hip abductor strength was
the main muscular determinant of performance for
all locomotor performances evaluated (10 m walk-
ing speed at comfortable pace, 6MWT distance and
TUG time). Hip abductor strength also had a major
impact on gait stability (mean value and %SSP vari-
ability). Besides muscle determinants, %SSP was a
key determinant of the number of falls in adults with
LOPD. Therefore, these variables can be considered
as new key clinical biomarkers of locomotor perfor-
mance and gait stability in LOPD. Furthermore, our
study presents the locomotor performance, gait sta-
bility and gait pattern perturbations in adults with
LOPD. Figure 3 presents these results and their clin-
ical implications.

Muscular biomarkers of locomotor performance
and gait stability

Our results confirmed that locomotor performance
was impaired in adults with LOPD compared to con-
trols, with a significant reduction in comfortable gait
speed (-28%) and 6MWT distance (-31%) and an
increase in TUG performance time (+85%) [4, 5, 9].
The TUG was the most affected task. This may be
explained by the greater complexity of the sub-tasks
of this test (half-turns and sit-to-stand) that require
more strength and medio-lateral stabilization than
straight-line walking [24].

Some studies have suggested a relationship
between locomotor performance and muscle weak-
ness in adults with LOPD [5, 7, 8, 11]; however,
this had not been objectively tested. We found that
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Table 5
Muscular and gait variable determinants of stability. The forward stepwise multiple regression results

Stability variable Assessment Input variables* Regression results

Spatio-temporal gait
parameters (mean,
variability) determinants
of falls

3D gait
analysis

- Speed (ρ = -0.78, p < 0.01)
- Cadence (ρ = -0.50, p =0.005)
- %SSPmean (ρ = -0.73, p = 0.005)
- %DSP (ρ = 0.65, p = 0.006)
- %SSPSD (ρ = -0.67, p = 0.005)

1. Speed (p < 0.001; adjusted R2 = 0.61),
2. Speed + %SSPmean (p < 0.001;
adjusted R2 = 0.72)
3. Speed + %SSPmean + %SSPSD (p <
0.001; adjusted R2 = 0.78)

Muscle determinants of
%SSPmean

Isokinetic
dynamometer

- Hip abductors (ρ = -0.72, p = 0.003)
- Plantar flexors (ρ = -0.66, p = 0.001)

Strength (dynamometer)
1. Hip abductors (p < 0.001; adjusted
R2 = 0.54)

Muscle determinants of
%SSPSD

Isokinetic
dynamometer

- Hip abductors (ρ = 0.70, p = 0.003)
- Knee extensors (ρ = 0.52, p = 0.001)

Strength (dynamometer)
1. Hip abductors (p < 0.006; adjusted
R2 = 0.37)

%SSP: percentage of single support phase of gait. %DSP: percentage of double support phase during gait cycle. * Threshold of probability
of entry defined at p ≥ 0.05.

Table 6
Kinematic joint variables and ground reaction force during gait

LOPD Group (N=18) Control Group (N=20) p-value �

mean (SD) mean (SD)

PELVIS

Mean pelvic tilt (◦) 4.0 (6.8) 9.5 (5.4) 0.03* 0.41

Pelvic tilt ROM (◦) 4.8 (1.8) 2.9 (0.9) 0.001* 0.63

Pelvic contralateral drop (◦) 17.1 (5.3) 11.1 (3.9) 0.001* 0.69

Pelvic rotation ROM 11.4 (5.8) 9.9 (3.5) 0.5 0.13

HIP

Max hip extension (◦) 10.4 (9.7) 11.7 (7.3) 0.68 0.18

Max hip flexion (◦) 31.5 (5.5) 33.7 (5.2) 0.21 0.25

Hip sagittal ROM (◦) 45.3 (5.6) 44.2 (4.5) 0.71 0.79

Max hip adduction (support) (◦) 13.8 (4.2) 11.7 (4.2) 0.19 0.26

Max hip abduction (swing) (◦) 18.7 (5.3) 12.6 (4.0) <.001* 0.66

Hip frontal ROM (◦) 32.5 (8.1) 24.3 (7.1) 0.001* 0.61

Max medial rotation (◦) -1.1 (9.2) -2.1 (6.8) 0.79 0.07

Max lateral rotation (◦) 22.2 (11.1) 17.8 (5.5) 0.14 0.29

Hip rotation ROM (◦) 21.1 (7.2) 15.7 (5.2) 0.009* 0.5

KNEE

Max extension (◦) -2.7 (8.2) 0.11 (4.5) 0.09 0.33

Max flexion (◦) 65.8 (4.4) 61.9 (3.5) 0.002* 0.57

Ini. contact mean position (◦) 10.9 (7.7) 0.39 (2.9) <.001* 0.82

Knee sagittal ROM (◦) 63.2 (7.7) 66.6 (3.2) 0.039* 0.40

ANKLE

Max dorsiflexion (support) (◦) 13.8 (3.4) 12.5 (2.3) 0.09 0.37

Max dorsiflexion (swing) (◦) 11.6 (5.3) 10.2 (2.4) 0.12 0.30

Max plantar flexion (◦) 13.2 (7.2) 16.7 (4.4) 0.09 0.032

GROUND REACTION FORCES

Vertical GRF (N/BW) 1.0 (0.1) 1.2 (0.1) 0.07 0.34

Breaking GRF (N/BW) 0.1 (0.1) 0.2 (0.1) 0.006* 0.52

Propulsion GRF (N/BW) 0.1 (0.1) 0.2 (0.1) 0.003* 0.55

*Significant difference (p < 0.05) for intergroup comparison using Mann-Whitney U. test. Max: Maximum; Ini: initial; ROM: Range Of
Motion; BW: Body Weight; GRF: ground reaction force. Negative values indicate an amplitude deficit in the given plane.
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Fig. 3. Alterations, main determinants and recommendations for management in adults with LOPD (color figure for the online PDF).

hip abductor strength assessed with the isokinetic
dynamometer was the main determinant of gait speed,
walking distance and TUG time. This finding was
surprising since hip flexor, knee extensor, and ankle
plantar flexor strength have been shown to determine
gait performance in other pathologies with muscle
weakness [30–32]. Only Favejee et al. previously
studied the muscular determinants of walking ability
in adults with LOPD. They found that hip abduc-
tor and flexor strength were related to a walking
ability score. They also showed that the combina-
tion of hip abductor and knee extensor weakness,
sex, age and ventilation use was the best predictor of
walking ability on that scale [11]. The hip abductors
and flexors are among the weakest muscles in adults
with LOPD (respectively -55% and -50% compared
to controls). Our results extend those of Favejee et
al., showing that hip abductor strength is a stronger
determinant of locomotor task performance (and not
only walking ability) than hip flexor strength. Inter-
estingly, although the TUG test involves different
sub-tasks compared to the other locomotor tests, the
same muscle group, the hip abductors, was the pri-
mary determinant. Ankle plantar flexor strength was

complementary to hip abductor strength for determin-
ing locomotor performance. Since the hip abductors
are known to be the most affected and ankle plan-
tar flexors the lease affected muscles, these results
suggest a proximal-distal compensatory strategy, as
found in individuals after stroke [33]. Therefore, it
is essential to also assess the strength of these distal
muscles because the ability to compensate is essential
for gait in this degenerative disease.

Previous studies of the muscular determinants of
locomotor performance in other pathologies high-
lighted the major role of the knee extensors, ankle
plantar flexors and knee flexors, which differs from
our findings in LOPD. However, the role of the hip
muscles was insufficiently explored in those studies.

Our study also highlighted alterations in gait stabil-
ity in the participants with LOPD. Indeed, the shorter
time spent in the single support phase (mean %SSP
-24%) in the LOPD group suggests the adoption of a
cautious gait often observed in other faller groups [20,
27]. Additionally, the greater within-participant vari-
ability of the single support phase duration (+31% for
SD of %SSP) suggests that participants with LOPD
had difficulty controlling their stability during gait
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[22, 23]. Hip abductor weakness emerged as the pri-
mary determinant of %SSP, which is representative
of gait stability.

Therefore, hip abductor weakness appears to be
the main determinant of impaired gait stability and
impaired locomotor performance in LOPD. These
2 results could be related since the key function of
the hip abductors is to control the pelvis and the dis-
placements of the center of mass in the frontal plane,
especially during the single support phase [34]. We
could hypothesize that to minimize instability mainly
caused by hip abductor weakness, adults with LOPD
reduce the time spent in the single support phase and
increase the time in double support phase (as high-
lighted by our results), consequently reducing their
locomotor performance (gait speed).

Abductor strength should therefore be considered
as a clinical biomarker of both locomotor perfor-
mance and gait stability in adults with LOPD and
should be routinely assessed. A strengthening pro-
gram for the hip abductors would be relevant to
improve locomotor performance and reduce gait
instability and falls in adults with LOPD; studies
have shown positive effects of strengthening in LOPD
[35–37].

Concerning assessment, an accurate and reliable
assessment of the hip muscle groups (particularly
the abductors, followed by the flexors) in adults with
LOPD is essential. Ideally, this should be performed
using an isokinetic dynamometer, the recommended
gold standard, but hand-held dynamometers or strain
gauges, which are more accessible, can be used as
long as the method is standardized using rigid planes
or straps [38, 39].

Biomechanical gait biomarkers of gait stability

Impaired stability was characterized by a high
prevalence of falls: more than 50% of participants
had fallen during the 3 months preceding the study.
Eighty-nine percent of these falls were related to loco-
motor tasks which, along with the changes in the
single support phase of the gait cycle, confirms the
gait instability in LOPD. A decreased gait speed and
a shorter and more variable duration of single support
phase were the major determinants of falls.

The mean %SSP value was a stronger determi-
nant of the number of falls than %SSP variability.
These results contrast with those of some studies on
falls in the elderly, which have shown that variabil-
ity of spatiotemporal gait parameters is more closely
related to fall risk than mean values [26, 40, 41].

Given these new results in adults with LOPD, the
mean value and the variability of the %SSP should
be systematically evaluated in longitudinal studies.
However, to date, over 84% of studies of locomotion
in adults with LOPD only used the 6MWT [4]. This
is the case for the 2 large recent clinical trials evaluat-
ing new medical treatments for LOPD: the COMET
[42] and PROPEL [43] trials. Performance on the
6MWT is influenced by cardiorespiratory capacity
and therefore could lack sensitivity to change; this
could explain the lack of change found by interven-
tional studies [44].

With regards to assessment, we recommend assess-
ing not only performance but also spatiotemporal gait
parameters in adults with LOPD, especially the sin-
gle support phase. The use of instrumented tools such
as 3D gait analysis, walkways (such as the Gaitrite
or Zeno) or inertial measurement units (with reli-
able measures) would allow an accurate evaluation
of these variables for further studies on promising
new therapies [10, 45].

Specific gait kinematics

Our spatiotemporal gait parameters confirm pre-
vious findings, including decreased speed, cadence,
step length and percentage of single support in adults
with LOPD compared to healthy controls [7, 10,
12]. Nevertheless, the non-significant difference in
step width between adults with LOPD and healthy
controls contrasts with the results of the only study
that statistically compared this outcome between
these groups [7]. Their sample was younger than
ours, and age is known to influence step width
[46], which could explain the differences between
our results.

The gait pattern in LOPD is classically described
as waddling (with a positive Trendelenburg sign) [4,
5, 7], which is related to pelvic instability. However,
the only study that evaluated pelvic kinematics found
no pelvic drop compared to control participants [7].
The authors explained this result by the great hetero-
geneity between participants. Our results showed a
greater contralateral pelvic drop in the LOPD than
the control group.

The magnitude of the pelvic drop was primarily
determined by the strength of the hip abductors. The
abductors play a major role in controlling the con-
tralateral pelvic drop [47–50]. This lack of control
is known as Trendelenburg gait and symbolizes the
typical waddling gait in LOPD.
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Adults with LOPD are often described as hyperlor-
dotic; however, our results showed significantly more
posterior pelvic tilt during gait in the LOPD than
the control group, which was not related to muscle
weakness. Besides, sagittal pelvic ROM was greater
in the LOPD group, likely because of trunk exten-
sor weakness. Weakness, compensatory strategies
and pain could explain the increased posterior pelvic
tilt [5].

These findings were complemented by an increase
in peak abduction in the swing phase and in hip ROM
in the sagittal and transverse planes in the LOPD
group. More surprisingly, the knee was more flexed
(+10 ◦) at foot strike in the LOPD than the con-
trol group. This finding was related to hip flexor and
abductor weakness. It could also be explained by the
posterior pelvic tilt and insufficient propulsion with-
out hamstring shortening. There was also an increase
in knee flexion in the swing phase, which could be a
compensation for the contralateral pelvic drop. These
kinematic hip and knee alterations have not been pre-
viously demonstrated in LOPD. Proximal weakness
with distal compensation could cause fatigue during
gait and restrict locomotor activities in the commu-
nity.

Hip flexor strength was the major determinant of
kinematic changes at the hip and knee. Although they
are minor determinants of locomotor performance
and gait stability, the hip flexors play a major role
in the altered gait pattern in LOPD. This highlights
the importance of targeting not only the abductors but
also the hip flexors in the assessment and rehabilita-
tion of adults with LOPD.

Limitations and perspectives

The small sample size of this study, owing to the
low prevalence of adults with LOPD, could appear as
a limitation. However, 9.1% of the French adult popu-
lation with LOPD were included in our study, and the
large effect sizes of the different variables measured
ensuring confidence in our results. The sample could
be considered heterogeneous since 3 of the 18 partic-
ipants were not on ERT treatment. However, analyses
performed without these 3 subjects (data not shown)
did not alter the results, and the duration of the treat-
ment was not correlated with locomotor parameters
or the number of falls.

Future longitudinal follow-up studies and studies
on the new therapies should investigate changes in
locomotor performance, as well as gait stability and
hip abductor strength, which have a major impact on

these impairments. Given the lack of comparisons
with other neuromuscular diseases, it is difficult to
determine if these muscle determinants are specific to
LOPD. This should be determined in further studies.

CONCLUSION

This study is the first to identify determinants of
locomotor performance, gait stability and the gait pat-
tern in LOPD using gold standard assessment tools
(3D analysis for the gait and isokinetic dynamome-
ter for muscle strength). Furthermore, we confirmed
the alterations in locomotor performance and the gait
pattern and revealed alterations in gait stability in
adults with LOPD as compared with healthy controls.
Ours study has also enabled us to identify new clin-
ical biomarkers of locomotion in adults with LOPD.
Hip abductor weakness was the main determinant
of locomotor performance, gait stability and pelvic
instability, and hip flexor weakness was the main
determinant of abnormal hip and knee kinematics.
The percentage duration of the single support phase
of gait (the mean value and the variability) was the
main determinant of gait stability.

The identification of these essential new clinical
parameters leads us to recommend the systematic
assessment of hip abductor strength and single sup-
port phase duration during gait in adults with LOPD
using instrumented tools. These results also encour-
age the implementation of appropriate rehabilitation
strategies, such as hip abductor strengthening and
dynamic single-leg balance training in adults with
LOPD. Self-rehabilitation could be a useful adjunct
to the therapy sessions. Future longitudinal stud-
ies should determine how the locomotor alterations
reported in the present study change over time (espe-
cially the percentage of single support during the gait
cycle). Studies should also determine sensitivity to
change in hip abductor strength, which have a signif-
icant impact on locomotor alterations in adults with
LOPD.

ACRONYM LIST

• LOPD: Late Onset Pompe Disease
• MMT: Manual Muscle Testing
• %SSP: Percentage duration of the single sup-

port phase during the gait cycle
• 3D: Three-dimensional
• ROM: Range of motion
• 6MWT: Six-minute walk test
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• TUG test: Timed Up and Go test
• SD: Standard Deviation
• MVT: Maximal Voluntary Torque
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