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a b s t r a c t 

Adults with late-onset Pompe disease (aLOPD) are characterized by muscular contractile tissue 

deterioration. However, their neuromuscular performances are poorly known. We aimed to compare 

maximal muscle strength, activation, explosive strength and neuromuscular fatigue between aLOPD and 

controls. We studied 20 aLOPD and 20 matched controls. Isometric maximum voluntary contraction 

(MVC) torque was obtained for the hip, knee and ankle muscles. The voluntary activation level (VAL) 

during knee extensor MVC was assessed using interpolated twitch technique. Explosive strength was 

evaluated for knee and ankle muscles through the rate of torque development (RTD) during fast 

contractions. Neuromuscular fatigue was measured during a 30-second contraction of knee flexors and 

extensors. All muscle MVC torques were significantly lower in aLOPD than controls ( p < 0.05). The 

weakest muscles were the hip extensors followed by hip abductors and abductors. Raw value of RTD 

was lower in aLOPD for the majority of muscles ( p < 0.05). No intergroup differences were reported 

for normalized RTD, VAL and neuromuscular fatigue (p-values > 0.05). Our study shows that maximal 

strength was the only neuromuscular characteristic affected in aLOPD with a proximal-distal intensity 

gradient. This suggests that the surviving muscle tissue of aLOPD is as functionally efficient as that of 

control individuals. 

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction 

Pompe disease is a rare, progressive neuromuscular disorder 

caused by deficiency of lysosomal acid α-glucosidase. It 

deteriorates muscle contractile tissue, leading to major deficits in 

muscle strength [1] . Symptoms may appear in the first few months 

of life (extremely severe infantile form), as well as in childhood or 

adulthood with a milder presentation known as late-onset Pompe 

disease. Adults with the late-onset form of the disease (aLOPD) 

account for over 90 % of all Pompe disease diagnoses [ 2 , 3 ]. Because 

of these deficits, motor impairments significantly and progressively 

impact mobility and quality of life of aLOPD [2] . There is an urgent 

need to deepen our knowledge on neuromuscular impairments of 

aLOPD to better describe their motor disability and improve their 

care and living conditions. 

∗ Corresponding author at: Nantes University, Mouvement - Interactions - 

Performance, MIP, UR 4334, F-440 0 0, 25 bis boulevard Guy Mollet 44300, Nantes, 

France. Tel.: 0251837232. 
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To date, only a few studies have specifically explored the 

pattern and amplitude of lower limb muscle weakness in aLOPD 

[4–7] . Authors showed that the hip muscles, in particular 

the extensors, abductors and flexors, are the most affected 

muscles in LOPD. However, these studies assessed maximal 

muscle strength with manual dynamometer [6] or manual muscle 

testing (MMT) [ 5 , 8 ]. The manual dynamometer has high inter- 

rater variability and MMT has low reliability and sensitivity, 

limiting the result interpretations [ 9 , 10 ]. More accurate and 

reliable information about the pattern and amplitude of maximal 

muscle strength (MMS) deficits in aLOPD could be obtained 

by using isokinetic dynamometers, as recommended and used 

for other neuromuscular diseases [9] . A better understanding of 

aLOPD-related MMS deficits is essential for effective management, 

especially with the emergence of new therapies. 

Surprisingly, MMS is the only neuromuscular characteristic 

explored in aLOPD [7] . Other important neuromuscular 

characteristics, such as explosive muscle strength (EMS), 

muscle activation capacity, muscle contractile properties and 

neuromuscular fatigue explored in other populations [11–14] , have 

https://doi.org/10.1016/j.nmd.2023.10.012 

0960-8966/© 2023 Elsevier B.V. All rights reserved. 

Please cite this article as: T. Maulet, C. Bonnyaud, P. Laforêt et al., Characterization of neuromuscular performances in adults with late- 

onset Pompe disease: A control case cross-sectional study, Neuromuscular Disorders, https://doi.org/10.1016/j.nmd.2023.10.012 

https://doi.org/10.1016/j.nmd.2023.10.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/nmd
mailto:Thomas.Cattagni@univ-nantes.fr
https://doi.org/10.1016/j.nmd.2023.10.012
https://doi.org/10.1016/j.nmd.2023.10.012


T. Maulet, C. Bonnyaud, P. Laforêt et al. Neuromuscular Disorders xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: NMD [m5G; November 20, 2023;22:16 ] 

never been studied in aLOPD. Explosive muscle strength is the 

ability to voluntarily increase force or torque as quickly as possible 

from a resting level [15] . It is an important feature in some 

motor skills such as stair descent [16] , or stabilization regulation 

after a sudden postural disturbance [17–19] , where the ability to 

rapidly produce a contraction is an essential functional parameter 

[ 15 , 20 , 21 ]. Furthermore, explosive muscle strength may be more 

sensitive to changes in neuromuscular function than MMS [15] . 

Both MMS and EMS depend on the combination of muscle 

components (quality and quantity of contractile tissue) and central 

components (muscle activation) [22] . The exploration of contractile 

function through parameters such as peak contractions, contraction 

time or half-relaxation time after resting stimulation is relevant for 

probing muscle fiber qualities [ 13 , 14 , 23 ]. The central component 

exploration during neuromuscular testing provides information 

on the ability of motor units to be fully (MMS) and/or rapidly 

(EMS) recruited. Previous findings suggest that Pompe disease 

affects neural structures [ 24 , 25 ] and muscle activation [26] . Indeed, 

an altered activation pattern was found in the tibialis anterior 

in a small sample aLOPD [26] . However, it is not known if 

this contributes to the impaired neuromuscular performance in 

aLOPD. A possible alteration in the motor command addressed to 

muscles can be estimated during MMS testing with the use of the 

interpolated twitch technique [27–29] , and during EMS testing by 

measuring the rate of force/torque development in the initial phase 

of an explosive contraction [ 15 , 22 , 30 ]. 

Finally, experienced fatigue is a frequent complaint reported 

by aLOPD [31] . It may have several physiological origins as in 

other neuromuscular diseases [32] . Neuromuscular fatigue (NMF), 

defined as the loss of voluntary strength during exercise [ 33 , 34 ], 

has never been studied in aLOPD. 

NMF results from both central and peripheral mechanisms [35–

37] . In aLOPD population, NMF may increase due to potential 

impairments in muscle activation and the degradation of the 

muscle contractile contingent. Thus, it is necessary to investigate 

this phenomenon in this population. 

The main objective of this study was to compare MMS, 

EMS, muscle activation during maximal neuromuscular effort s, 

and NMF of lower limb muscles groups between aLOPD and 

healthy age-matched controls. In aLOPD, we expected to find 

lower i) MMS, especially in the hip muscles; ii) EMS; and iii) 

NMF, with alterations at the central and peripheral levels. As a 

secondary objective, we also investigated relationships between 

MMS obtained from MMT and MMS assessed with an isokinetic 

dynamometer. We hypothesized that there would be a poor 

agreement between these assessments. 

2. Methods 

2.1. Protocol and registration 

This case control cross-sectional study is part of the 

“POMPE” project (ClinicalTrials.gov: NCT03564561), which aims 

to identify sensitive biomarkers for future therapeutic trials 

in aLOPD. All participants provided written consent before 

participation. The study was conducted according to STROBE 

2007 guidelines, following the World Medical Association’s ethical 

codes (Declaration of Helsinki), and was approved by an ethics 

committee. 

2.2. Participants 

The study involved 20 aLOPD (58.0 ± 12.8 years) and 20 

healthy controls (58.1 ± 9.1 years). The aLOPD were recruited 

from neurological consultations in our neuromuscular diseases 

reference hospital center. Control participants were recruited from 

the general population after checking for confounding factors (age, 

sex, weight, height). To be included, all participants had to be 18 to 

80 years of age. The aLOPD had to have Pompe disease (c. −32–13 

T > G ) , not be dependent on invasive mechanical ventilation, and 

have no comorbidities. The control participants were not included 

if they had neurological or orthopedic disorders. 

Participants took part in a 3.5-h experimental session that 

included the MMT assessment, then the instrumented assessments. 

At the start of each dynamometric muscular assessment, five 

minutes were allocated to familiarizing the participant with the 

isokinetic dynamometer. We explained the instructions and the 

overall principle of the device. The participants were then asked to 

try out the various effort s several times until they had a complete 

understanding of the task being assessed. After the hip MMS 

assessment, we assessed the MMS and EMS of the plantar and 

dorsi flexors. Then, we assessed the MMS, VAL, EMS and NMF of 

the knee extensors. Finally, we assessed the EMS and the NMF of 

knee flexors. All assessments were performed on the dominant leg, 

determined after asking participants “if you were to shoot a ball at 

a target, which leg would you use to shoot?” [38] . 

2.3. Clinical muscle strength assessment 

Maximal muscular strength was firstly assessed using 

conventional MMT [39] , which grades muscle strength from 0 

(no contraction) to 5 (normal strength) for flexors, extensors, 

abductors and adductors of the hip, flexors and extensors of the 

knee, and plantar and dorsi flexors. 

2.4. Instrumented neuromuscular testing 

2.4.1. Materials 

2.4.1.1. Torque recording. An isokinetic dynamometer (Biodex 

Medical System 4, Shirley, NY) was used to record the torque 

signal. It was transmitted directly from the dynamometer to 

a 16-bit A/D converter (MP160, Biopac Systems, USA), then to 

Acknowledge 5.10 software. 

2.4.1.2. Electrical nerve stimulation of the femoral nerve. A high- 

voltage (400 V) stimulator (model DS8RB, Digitimer Ltd., 

Hertfordshire, UK) was used to generate single and doublet 

twitches (100 Hz frequency) (rectangular pulses of 1 ms duration). 

To locate the optimal stimulation site and perform the stimulation, 

we used a hand-held ball cathode electrode (0.7 cm diameter) 

positioned over the inguinal space on the femoral nerve. Once 

the optimal position was determined, the cathode electrode 

was firmly held to maintain the position. The anodal electrode 

(89 × 50 mm, WX High Performance Inc.) was placed in the 

gluteal fold [40] ( Fig. 1 ). 

2.4.2. Experimental procedure 

2.4.2.1. Position of participants during neuromuscular testing. For 

hip extensors and flexors, participants were tested in the supine 

position. The hip and knee were in a neutral position in the 

frontal and transverse planes. The hip angle was set at 30 ° of 

flexion (0 ° the neutral joint position) and the knee was left free to 

improve participant comfort. The greater trochanter of the femur 

was aligned with the axis of rotation of the dynamometer. For the 

hip abductors and adductors, participants were tested in lateral 

decubitus with the tested limb in upper position. The hip angle 

was set at 15 ° of abduction and the knee was in neutral position. 

The axis of rotation of the dynamometer was aligned with the 

femur neck. The thigh was attached to the lever arm 5 cm above 

the base of the patella. The pelvis was securely fixed to the table 

by straps. For the knee extensors and flexors, participants were 

tested in a seated position, the hip angle was set at 85 ° of flexion 
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Fig. 1. A) Experimental set-up for manual cathode and anode electrode placement, ST: semitendinosus; SM: semimembranosus and BF: biceps femoris. Picture modified 

from Nuzzo et al. 2021. B) Positioning for dynamometric assessment, B1: Hip flexors and extensors; B2: Hip abductors and adductors; B3: Knee extensors and flexors and 

B4: Plantar and dorsalis flexors. 
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and the knee angle was set at 90 ° of flexion. For plantar and 

dorsi flexors, the hip angle was set at 85 °, the knee angle was 

set at 0 ° and the ankle joint was in neutral position. The lateral 

epicondyle of the femur was aligned with the axis of rotation 

of the dynamometer. The lower leg was attached to the lever 

arm 5 cm above the ankle malleoli. The trunk and thigh were 

fixed securely to the dynamometer by belts. For all assessments, 

participants were instructed to keep their arms crossed over their 

chests during the contractions ( Fig. 1 ). 

2.4.2.2. Assessment of muscle strength, voluntary activation, 

contractile properties and neuromuscular fatigue. Maximal 

muscle strength was assessed during isometric MVC of hip 

flexors, extensors, abductors and adductors, knee flexors and 

extensors, and plantar and dorsi flexors. After familiarization 

with the dynamometer, a warm-up was performed with 

three 5 s contractions (at 25 %, 50 % and 90 % of maximum 

torque). Three MVC trials were then recorded for each muscle 

group. Standardized verbal encouragement was given during 

all contractions [41] . The three trials in each sequence were 

separated by 1 min of rest to minimize the effect of fatigue. All 

measurements and analysis were performed by the same operator 

to avoid inter-rater variability. 

2.4.2.3. Assessment of voluntary activation, contractile properties and 

neuromuscular fatigue. Voluntary activation level (VAL) during 

MVC and doublet twitch contractile proprieties were investigated 

in the knee extensors and NMF during a 30-s MVC was 

investigated in the knee extensors and flexors. For VAL, doublet 

twitch contractile proprieties and NMF of knee extensors, 

percutaneous electrical stimulation was applied to the femoral 

nerve to evoke contraction. To determine the optimal stimulation 

intensity, a recruitment curve (single twitch) at rest was 

established before knee extensors MVC testing. The optimal 

stimulation intensity was reached when the resulting peak torque 

value stabilized between two intensities [42] . A supramaximal 

stimulation intensity (at 120 % of the optimal intensity) was 

selected to ensure maximal spatial recruitment of motor units in 

each trial [43] . 

For VAL, a superimposed doublet was delivered during the MVC 

plateau and a potentiated doublet delivered 3 s after the end of 

MVC [ 44 , 45 ] ( Fig. 2 ). 

The muscle contractile properties of the knee extensors were 

evaluated from the doublet twitch contraction evoked by the 

doublet stimulation prior to MVC. The following parameters were 

measured: peak doublet twitch torque (PT), which is the amplitude 

between the baseline signal and the peak torque value of the 

doublet twitch; doublet twitch contraction time (CT), which is 

the time elapsed between the onset of contraction and the peak 

doublet twitch torque; and doublet twitch half-relaxation time 

(HRT), which is the time elapsed between the peak doublet twitch 

torque and the 50 % decrease in peak doublet torque [ 14 , 23 , 46 ] 

( Fig. 2 ). For each resting contractile parameter, the two mechanical 

responses were averaged. 

For NMF, peripheral fatigue was assessed with a resting doublet 

before the 30-second effort and a potentiated doublet sent 3 s 

after the end of the contraction [35] . To record central fatigue, a 

superimposed doublet was sent at 30 s and a potentiated doublet 

3 s after the contraction end ( Fig. 3 ). 

2.4.2.4. Explosive muscle strength. Explosive muscle strength was 

assessed during explosive maximal isometric contractions of the 

knee flexor and extensor muscles, and plantar and dorsiflexor 

muscles ( Fig. 3 ). After 5 trials to become familiar with the task, 

participants were asked to relax completely then perform the 

movement (knee and ankle extension and flexion) as fast and as 

strongly as possible for 1 to 2 s [15] . Participants performed 6 

trials, separated by 30-s rest periods. Participants were instructed 

to avoid any countermovement before the application of force. 

Any trial with a countermovement was considered unusable and 

required an additional trial. Standardized verbal encouragement 

was given during each trial [41] . 

2.4.3. Data analysis 

2.4.3.1. Maximal voluntary contractions and voluntary activation level. 

For each muscle group, the MVC torque recorded was the highest 

peak torque value measured over the three MVC trials. 

To determine VAL, we used the formula originally described by 

Allen et al., [47] with the correction of Strojnik and Komi [48] : 

VAL = 

[ 

1 −
Superimposed doublet twitch torque × Torque at stimulation 

MVC torque 

Potentiated doublet twitch torque 

] 

× 100 

2.4.3.2. Explosive muscle strength. Analysis of EMS was based on 

the mean data of each RTD parameter for the three best trials, 

corresponding to the trials with the greatest values of peak RTD 

( Fig. 3 ). The onset of muscle contraction was determined visually 

using the torque signal filtered with a 30 Hz Butterworth IIR low- 

pass filter [ 15 , 49 ]. We calculated the RTD ( �torque/ �time) for the 

time intervals 0–50, 10 0–20 0 and 0–20 0 milliseconds [ 10 , 22 , 50 ] 

and the peak RTD as the greatest slope of the force-time curve. 

All RTD values were normalized by the corresponding maximum 

MVC torque [ 50 , 51 ] 

2.4.3.3. Neuromuscular fatigue. To assess the loss of muscle 

strength during the 30-second isometric MVC, we measured the 

average maximum torque of the first two seconds and the last two 

seconds of contraction. The percentage was calculated according to 

the formula 

% fatigue = 100 −
[ 

Mean torque 
(
at the last 2 seconds 

)
× 100 

Mean torque 
(
at the first 2 seconds 

)
] 

For the knee extensors, NMF assessment was combined with 

electrical stimulation of the femoral nerve to dissociate the 

peripheral and central components of NMF. 

To quantify the peripheral component of neuromuscular fatigue, 

we compared the contractile characteristics of knee extensors. At 

the end of the 30-second contraction, we calculated the peak 

doublet twitch torque (PT30s), contraction time (CT30s) and half- 

relaxation time (HRT30s). The following formulae were used: 

� PT = 

[
PT 30 s × 100 

PT 

]
− 100 

� CT = 

[
CT 30 s × 100 

CT 

]
− 100 

� HRT = 

[
HRT 30 s × 100 

HRT 

]
− 100 

For central fatigue, we calculated the VAL at the end of the 30- 

second contraction (VAL30s), based on the superimposed twitch 

doublet torque amplitude at 30 s [ 52 , 53 ]. Then, we calculated the 

central fatigue ratio by comparing VAL30s and VAL. The central 

fatigue ratio was calculated using the formula: 

Central fatigue Ratio = 

[
VAL 30 s × 100 

VAL 

]
− 100 

4 
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Fig. 2. Raw data traces of knee extensor torque A) during an isometric maximal voluntary contraction (MVC) associated with doublet twitch stimulations, B) during an 

evoked doublet twitch contraction at rest. PT: peak doublet twitch torque; CT: contraction time; HRT: half-relaxation time. 

2.5. Statistical methods 

Data were analyzed using JASP® version 0.16.4, the alpha risk 

was set at 5 %. Means, standard deviations and medians were 

calculated. 

As some data did not have a normal distribution, we 

used nonparametric tests. Neuromuscular parameter comparisons 

between aLOPD and controls were analyzed using the Mann- 

Whitney U. test ( p < 0.05) and the effect size was given by the 

biserial correlation of rank α. For MMS deficits, nonparametric 
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Fig. 3. Raw data traces of knee extensor torque A) during an isometric maximal voluntary contraction (MVC) of 30 s associated with doublet twitch stimulations, B) during 

an explosive contraction. 

correlations (Spearman r; p < 0.05) were calculated between MVC 

torque and MMT data for each muscle group in aLOPD. Correlation 

coefficients were considered strong for r ≥ 0.7, moderate for 

0.7 > r ≥ 0.5, and weak for r < 0.5 [54] . 

3. Results 

In aLOPD group, the mean age of disease was 15.0 ± 9.2 years. 

Eighty percent of aLOPD were treated with enzyme replacement 

therapy, with a mean duration of 7.3 years. All participant 

characteristics are detailed in Table 1 . 

3.1. Maximal muscle strength and voluntary activation 

3.1.1. Clinical strength assessment (MMT) 

Results of MMT are presented in Table 2 . All muscle groups, 

except for plantar flexors, were significantly weaker in the aLOPD 

group than in the control group (p-value ranged from 0.001 to 

0.047). 

3.1.2. Instrumented strength assessment (MVC torque) 

Results of MVC torque are presented in Table 2 . We found that 

all muscle groups were significantly weaker in the aLOPD group 

than in the control group (all p-values < 0.014). Muscle groups 

6 



T. Maulet, C. Bonnyaud, P. Laforêt et al. Neuromuscular Disorders xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: NMD [m5G; November 20, 2023;22:16 ] 

Table 1 

Participant characteristics. 

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

Sex ratio, M/W, n 10/10 10/10 1 

Age years, mean (SD) 58.8 (13.2) 53 (14.5) 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 

BMI 24.9 (4.3) 24.4 (3.3) 0.21 

Time since diagnostic, years, means (SD) 15.0 (9.2) – –

Treatment by ERT, n 16/20 – –

Time since ERT start, years, means (SD) 7.3 (5.2) – –

M/ W: Man / woman; SD: Standard deviation; ERT: enzyme replacement therapy; BMI: Body Mass Index;. 

n: Number of participant. 
∗significant difference between aLOPD group and control group: p < 0.05 with Mann-Whitney U test. 

-: Data not applicable to control group. 

Table 2 

Strength assessments. 

LOPD Group ( n = 20) Control Group ( n = 20) p-value Effect size α

Mean (SD) Mean (SD) 

Isokinetic dynamometer 

Hip flexors (N ·m) 61.5 (47.5) 122.2 (51.5) < 0.001 ∗ 0.64 

Hip extensors (N ·m) 47.6 (40.6) 119.7 (54.8) < 0.001 ∗ 0.79 

Hip abductors (N ·m) 45.3 (40.6) 99.6 (29.8) < 0.001 ∗ 0.78 

Hip adductors (N ·m) 37.3 (27.5) 77.5 (32.9) < 0.001 ∗ 0.66 

Knee flexors (N ·m) 36.3 (27.6) 64.2 (27.7) 0.002 ∗ 0.58 

Knee extensors (N ·m) 87.7 (62.7) 172.5 (78.3) < 0.001 ∗ 0.62 

Plantar flexors (N ·m) 104.6 (42.9) 146.3 (50.4) 0.007 ∗ 0.48 

Dorsi flexors (N ·m) 27.1(12.0) 37.9 (13.0) 0.014 ∗ 0.45 

Manual muscle testing 

Hip flexors (0–5 scale) 4.0 (1.1) 5.0 (0.0) < 0.001 ∗ 0.65 

Hip extensors (0–5 scale) 3.0 (1.1) 5.0 (0.0) < 0.001 ∗ 0.71 

Hip adductors (0–5 scale) 3.0 (1.5) 5.0 (0.0) < 0.001 ∗ 0.65 

Hip abductors (0–5 scale) 3.5 (1.3) 5.0 (0.0) < 0.001 ∗ 0.78 

Knee flexors (0–5 scale) 4.0 (0.9) 5.0 (0.0) < 0.001 ∗ 0.65 

Knee extensors (0–5 scale) 4.5 (0.7) 5.0 (0.0) 0.003 ∗ 0.41 

Plantar flexors (0–5 scale) 5.0 (0.8) 5.0 (0.0) 0.22 0.13 

Dorsi flexors (0–5 scale) 5.0 (0.6) 5.0 (0.0) 0.047 ∗ 0.24 

For Mann-Whitney U test, effect size is given by rank biserial correlation. 

SD: Standard deviation. N ·m: Newton-meter. 
∗ Significant difference between aLOPD group and control group, p < 0.05 with Mann-Whitney U test. 

were classified according to their amplitude of deficits related to 

aLOPD, based on the effect sizes of intergroup differences. Fig. 4 

illustrates the topography and amplitude of this MMS deficits. 

Ranking muscle groups from the highest to the lowest deficit in 

aLOPD, we found the following order: hip extensors ( p < 0.001, 

α = 0.79), hip abductors ( p < 0.001, α = 0.78), hip adductors 

( p < 0.001, α = 0.66), hip flexors ( p < 0.001, α = 0.64), knee 

extensors ( p < 0.001, α = 0.62), knee flexors ( p = 0.002, α = 0.58), 

plantar flexors ( p = 0.007, α = 0.48) and dorsi flexors ( p = 0.014, 

α = 0.45). 

3.1.3. Correlations between maximal voluntary torque and manual 

muscle test data 

Correlations between the MMT score and MVC torque for each 

muscle group are presented in Fig. 5 . Our results showed moderate 

significant correlations for hip flexors ( p < 0.001, r = 0.68), hip 

abductors ( p < 0.001, r = 0.69), hip adductors ( p = 0.003, r = 0.63), 

knee flexors ( p = 0.002, r = 0.65), knee extensors ( p = 0.003, 

r = 0.62) and dorsi flexors ( p = 0.004, r = 0.62). No significant 

correlation was found for hip extensors ( p = 0.11, r = 0.37) or 

plantar flexors ( p = 0.071, r = 0.42). 

3.1.4. Voluntary activation level 

We found no statistically significant difference between aLOPD 

and controls for knee extensors VAL (92.8% vs. 93.4 %, respectively, 

p = 0.650, α = 0.04). 

3.2. Explosive muscle strength 

Results of the EMS parameters are presented in Table 3 . We 

found that the RTD of the knee extensors and flexors for the 

three-time windows (0–50 ms, 10 0–20 0 ms and 0–200 ms) were 

significantly lower in the aLOPD compared to the controls (all p- 

values < 0.038). For the plantar and dorsi flexors, we found that 

the RTD for 10 0–20 0 ms and 0–200 ms were significantly lower 

in the aLOPD (all p-values < 0.043) but not different for 0–50 ms 

(p-values > 0.057). 

The peak RTD was also significantly lower in aLOPD than 

controls for knee extensors ( p = 0.032), knee flexors ( p = 0.042), 

dorsi flexors ( p = 0.041) and plantar flexors ( p = 0.040). After 

normalization by the respective MVC torque values of each 

participant, we found no intergroup differences for any of the 

muscle groups or for any parameters of the RTD (all p-values > 

0.370). 

3.3. Muscle contractile properties of knee extensors 

Table 4 shows results for muscle contractile properties of knee 

extensors. No differences were found between the two groups for 

peak torque (35.4 N ·m vs. 41.2 N ·m; p = 0.49), contraction time 

(139.9 ms vs. 133.7 ms p = 0.31) or half relaxation time (113.2 ms 

vs. 106.3 ms; p = 0.34) of doublet twitch. 
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Table 3 

Rate of torque development. 

LOPD Group ( n = 20) 

mean (SD) 

Control Group ( n = 20) 

mean (SD) 

p-value Effect size α

Knee Extensors 

RTD raw (N ·m ·s −1 ) 

0–50 ms 117.5 (68.7) 292.1 (211.1) 0.005 ∗ 0.51 

100–200 ms 293.5 (240.3) 496.4 (239.2) < 0.001 ∗ 0.54 

0–200 ms 291.7 (223.4) 572.7 (354.2) < 0.001 ∗ 0.63 

Peak RTD 249.2 (150.9) 599.1 (523.8) 0.028 ∗ 0.39 

RTD normalized (N ·m ·s −1 / N ·m) 

0–50 ms 1.5 (0.8) 1.7 (0.8) 0.55 0.11 

100–200 ms 2.9 (0.8) 3.0 (0.9) 0.61 0.1 

0–200 ms 3.0 (0.8) 3.1 (0.7) 0.49 0.2 

Peak RTD 3.1 (1.3) 3.4 (2.5) 0.37 0.2 

Knee Flexors 

RTD raw (N ·m ·s −1 ) 

0–50 ms 54.1 (30.7) 123.9 (115.8) 0.038 ∗ 0.39 

100–200 ms 90.5 (40.4) 241.4 (176.7) < 0.001 ∗ 0.70 

0–200 ms 77.6 (31.9) 181.8 (142.6) 0.018 ∗ 0.44 

Peak RTD 173.5 (81.1) 349.3 (267.6) 0.046 ∗ 0.37 

RTD normalized (N ·m ·s −1 / N ·m) 

0–50 ms 1.4 (0.9) 1.8 (1.0) 0.85 0.04 

100–200 ms 3.4 (1.0) 3.6 (1.1) 0.89 0.03 

0–200 ms 2.4 (1.4) 2.5 (1.2) 0.47 0.14 

Peak RTD 4.6 (1.4) 4.9 (2.7) 0.78 0.05 

Plantar Flexors 

RTD raw (N ·m ·s −1 ) 

0–50 ms 68.9 (38.2) 97.7 (46.2) 0.057 0.27 

100–200 ms 262.1 (157.5) 380.8 (176.6) 0.035 ∗ 0.39 

0–200 ms 202.6 (137.6) 291.9 (158.5) 0.038 ∗ 0.39 

Peak RTD 269.2 (147.3) 402.2 (222.2) 0.043 ∗ 0.37 

RTD normalized (N ·m ·s −1 / N ·m) 

0–50 ms 0.64 (0.3) 0.68 (0.2) 0.47 0.13 

100–200 ms 2.2 (0.7) 2.3 (0.9) 0.75 0.063 

0–200 ms 1.7 (0.5) 1.7 (0.7) 0.47 0.14 

Peak RTD 2.6 (0.3) 2.7 (0.2) 0.81 0.004 

Dorsi Flexors 

RTD raw (N ·m ·s −1 ) 

0–50 ms 54.8 (31.3) 80.7 (47.5) 0.059 0.28 

100–200 ms 87.0 (38.9) 127.9 (79.2) 0.026 ∗ 0.41 

0–200 ms 73.8 (26.3) 108.2 (54.3) 0.041 ∗ 0.38 

Peak RTD 163.1 (71.3) 263.7 (154.3) 0.038 ∗ 0.39 

RTD normalized (N ·m ·s −1 / N ·m) 

0–50 ms 1.7 (0.7) 1.8 (0.8) 0.84 0.04 

100–200 ms 2.8 (0.8) 3.0 (0.9) 0.94 0.02 

0–200 ms 2.5 (0.6) 2.4 (0.8) 0.62 0.1 

Peak RTD 6.1 (3.1) 6.3. (3.8) 0.58 0.1 

For Mann-Whitney U test, effect size is given by rank biserial correlation. 

RTD: Rate of torque development; SD: Standard deviation; ms: milliseconde. 
∗ Significant difference between aLOPD group and control group, p < 0.05 with Mann-Whitney U test. 

Table 4 

Muscle contractile properties and neuromuscular fatigue of knee extensors. 

LOPD Group ( n = 20) Control Group ( n = 20) p-value Effect size α

Mean (SD) Mean (SD) 

Muscle contractile properties 

PT (N ·m) 35.4 (14.9) 41.2 (19.3) 0.07 0.42 

CT (ms) 139.9 (22.1) 133.7 (17.8) 0.31 0.21 

HRT (ms) 113.2 (18.3) 106.3 (12.8) 0.34 0.20 

Neuromuscular fatigue 

% fatigue knee flexors 32.9 (11.5) 31.4 (7.9) 0.81 0.04 

% fatigue knee extensors 33.5 (9.1) 32.2 (5.7) 0.39 0.11 

Central parameters 

VAL knee extensors (%) 92.8 (12.5) 93.4 (7.1) 0.65 0.09 

VAL30s knee extensors (%) 82.9 (19.6) 84.8. (12.8) 0.13 0.19 

Central fatigue ratio (%) - 9.2 (4.6) - 8.8 (2.9) 0.77 0.06 

Peripheral parameters 

� PT (%) −17.5 (4.9) −16.5 (5.2) 0.66 0.10 

� CT (%) 2.3 (6.9) 1.2 (7.6) 0.74 0.08 

� HRT (%) 10.1 (7.9) 7.2 (10.1) 0.35 0.20 

PT peak torque of doublet twitch; CT contraction time of doublet twitch; HRT half-relaxation time of doublet twitch. 
∗Significant difference between aLOPD group and control group, p < 0.05 with Mann-Whitney U. test. For Mann-Whitney U. test, 

effect size is given by rank biserial correlation. 

SD: Standard deviation. N ·m: Newton-meter. 
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Fig. 4. Topography and intensity of muscular weakness measured by isokinetic dynamometer in aLOPD. 

3.4. Neuromuscular fatigue of knee extensors and flexors 

Table 4 shows results for neuromuscular fatigue of knee 

extensors and flexors. The percentage of strength loss during 

the 30-second MVC did not significantly differ between aLOPD 

and controls for knee extensors and flexors (33.5% vs. 32.2 %, 

respectively; p = 0.390) and (32.5% vs. 32.6 %; p = 0.912). 

We found no significant differences between aLOPD and 

controls for central fatigue ration of knee extensors (9.2% vs. 8.8 %; 

p = 0.77). No differences were found between the two groups 

for knee extensor peripheral fatigue. Indeed, delta peak torque 

( −17.5 % vs. −16.5 %; p = 0.66), delta contraction time (2.3% vs. 

1.2 % p = 0.74) and delta half relaxation time (10.1% vs. 7.2 %; 

p = 0.35) of doublet twitch were not different between aLOPD and 

controls. 

4. Discussion 

The main objective of this study was to characterize 

neuromuscular deficits in aLOPD compared with healthy controls. 

We found major MMS deficits in aLOPD, especially for hip 

muscles. We report significant deficits of EMS in aLOPD, but not 

after normalization by MVC torque, suggesting that the neural 

and muscular components of EMS of the surviving muscle tissue 

of aLOPD are preserved. We did not find significant differences 

between aLOPD and controls for knee extensor VAL and contractile 

properties, as well as for knee extensor and flexor NMF. Overall, 

our findings show that i) strength is the only neuromuscular 

characteristic affected in aLOPD, and ii) surviving contractile 

tissues of aLOPD are as functional as those of controls. 

4.1. Specific muscular weakness pattern in aLOPD 

Using recommended instruments and rigorous methodology, 

our study shows major MMS deficits in aLOPD associated with 

a specific topography. We identified a clear and precise picture 

of MMS deficit pattern by studying the effect sizes of intergroup 

differences. Hip extensors, hip abductors, and hip adductors were 

the weakest muscle groups in aLOPD compared with controls. Hip 

flexors, knee extensors and knee flexors were strongly but less 

affected in aLOPD. Finally, plantar flexors and dorsi flexors were 

the least affected muscles. 

Our results are consistent with present pathophysiological 

knowledge of Pompe disease [ 5 , 55 ]. These MMS deficits are mainly 

attributable to structural lesions of the myofibrils. Glycogen storage 

and autophagic flow disorders induce debris accumulation in 

muscle fiber. This non-contractile material may occupy almost 

the entire muscle fiber, interspersed between the myofibrils and 

impairing their contractile function [56] . As the disease progresses, 

the damaged muscle fibers are replaced by scarring/fibrosis and 

fatty inclusions, exacerbating the MMS deficits [5] . 

Our results confirm the proximal-to-distal gradient of 

impairment previously reported [2] , but the order of deficits 

has never been previously presented. Interestingly, the most 

affected muscles in terms of strength are also those with the 

greatest tissue damage based on imaging [ 5 , 57 ]. The mechanism 

behind proximal-distal involvement in LOPD is still unknown 

from a pathophysiological perspective. Several theories have been 

proposed, in particular an increase in the proportion of 2x type 

fibers or specific damage to the most stressed muscles which 

undergo repeated and continuous contraction [ 1 , 58 ]. However, 

none of these hypotheses has been verified because of the 

inconsistency of muscle damage in aLOPD. 

In this study, we assessed knee extensor VAL to identify a 

potential neural influence on muscle weakness in aLOPD. We 

did not find any intergroup difference in this respect, which 

suggests that muscle weakness in aLOPD does not result from a 

neural impairment. These results differ from those of Corti et al., 

who reported alterations in tibialis anterior activity during MVC 

(4 aLOPD vs. 4 controls) [26] . It can be explained by the fact 

that this previous study did not examine VAL, but M-wave peak 

characteristics and the EMG signal power spectrum. Moreover, 

authors evaluated a minimally affected muscle in a small sample 

of aLOPD [5] . 
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Fig. 5. Relationships between manual muscle testing (MMT) scores and isometric peak torque. 
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4.2. Importance of instrumented MMS assessment 

Our data also show that it is important to assess aLOPD with 

other tools than MMT since this technique does not provide an 

accurate value of MMS. We found moderate-to-strong correlations 

between MMT and MVT data for most muscle groups, except 

for hip extensors and plantar flexors for which no statistical 

correlations were found. While the hip extensors were identified 

as the weakest muscles in aLOPD, these correlations highlight the 

importance of using instrumented and accurate tools to assess 

MMS in aLOPD. Moreover, we found that a given MMT grade 

can correspond to a wide range of absolute strength values 

even though all the evaluations were done by the same expert 

evaluator ( Fig. 5 ). Indeed, MMT is not specifically related to 

absolute strength, and its score depends on the segment weight 

[9] . Furthermore, the relationship between MVC data and MMT 

was not linear, with a greater difference between grades 4 and 5 

than between grades 2 and 3. 

Rarely used in aLOPD [7] , isokinetic dynamometer assessments 

should be generalized in clinical and research practices for this and 

other neuromuscular diseases to better i) diagnose the strength 

deficit in each aLOPD and have an accurate follow-up and ii) 

determine the effects of innovative therapies on MMS. 

4.3. Explosive strength 

Most raw RTD of the aLOPD were significantly lower than 

those of controls for knee and ankle muscle groups. However, after 

normalization by MVT, we found no intergroup difference for any 

of the muscle groups or time windows. The lack of between-group 

differences for normalized RTD, especially in the initial phase of 

explosive contraction (interval 0–50 ms), indicated that the rate 

of muscle activation during explosive contraction is likely not 

impaired in aLOPD. Indeed, the magnitude of RTD in the first 

40–70 ms of an explosive contraction is highly related to the 

rate of increase in muscle activation [ 22 , 50 , 59 ]. Also, as there is 

no impairment of muscle contractile kinetics, it is consistent to 

observe that normalized RTD are not different between the aLOPD 

and controls. Our findings therefore suggest that i) EMS deficits in 

aLOPD only result from muscle weakness, ii) neural and contractile 

factors do not contribute to EMS deficits in aLOPD as these factors 

were not affected in surviving muscle contractile tissue. 

4.4. Neuromuscular fatigue 

This is the first study of neuromuscular fatigue in aLOPD. 

We showed no intergroup differences in relative strength loss 

or in central or peripheral NMF after a 30-s MVC for knee 

extensors or flexors. This suggests that the high fatigue commonly 

reported by aLOPD during functional activities [31] would mainly 

result from muscle weakness or other fatigue components rather 

than a greater neuromuscular fatigue of the surviving muscle 

contractile fibers. Indeed, muscle weakness increases the relative 

involvement of affected muscles during functional tasks and may 

lead to early onset of neuromuscular fatigue [ 60 , 61 ]. Because 

aLOPD suffer from respiratory deficiencies [32] , we chose a 

brief and isometric fatiguing task to involve more anaerobic 

metabolism than aerobic metabolism. Longer fatiguing tasks would 

have increased the contribution of aerobic metabolism and then, 

the NMF performance would have been more dependent on 

the respiratory function of participants. In this context, the 

contribution of specific muscle metabolism in NMF would have 

been less important. 

4.5. Limitations 

In this study, we did not explore the VAL, RTD, or NMF of 

hip muscles, although these are the most affected muscle groups 

in aLOPD. The hip muscles NMF and VAL is difficult to explore 

because there is no available method to study it with percutaneous 

nerve stimulation. Recent findings in healthy individuals showed 

an intermuscular relationship in VAL [46] . Similar results were 

found for NMF [62] . Indeed, the central regulation and peripheral 

perturbations resulting from NMF seem to be similar between the 

different muscle groups of an individual [62] . Given these findings 

and the absence of neural deficits in aLOPD, we can assume that, 

as for knee extensors, NMF and VAL of hip muscles should not be 

impaired in aLOPD. 

Performing hip RTD is extremely difficult in aLOPD with 

a major MMS deficit. Indeed, in our pre-tests, aLOPD were 

unable to perform hip-muscle explosive contractions without 

countermovement and the data was not usable. Only a few studies 

have performed explosive hip assessments and these were made 

on populations of healthy young adults and athletes [ 63 , 64 ]. As for 

the other muscle groups evaluated, we could expect a decrease in 

hip RTD due to MMS deficits. 

Finally, in our study, 80 % of aLOPD participants were being 

treated with ERT. The impact of ERT on the improvement of MMS 

is controversial in the literature, without a clear consensus. For this 

reason, we performed complementary analyses to assess the role 

of treatment and its duration on our results and found that these 

parameters had no impact. 

4.6. Perspectives 

Our study shows that MMS is the only neuromuscular 

characteristic impaired in aLOPD. These MMS deficits, which also 

caused EMS deficits, is explained by a lack of muscle contractile 

tissue integrity in aLOPD. Our results for VAL, EMS and NMF 

suggest that the neuromuscular characteristics of the contractile 

structures remaining intact in aLOPD are of comparable quality to 

those observed in healthy controls. Therefore, promotion of muscle 

tissue growth and enhancement of surviving muscle fiber capacity 

is crucial in aLOPD. Moreover, recent studies have highlighted the 

critical role of proximal muscle weakness on the performance 

[65] and walking capacities [66] of adults with LOPD. Hence, 

focusing on muscle strengthening is imperative in LOPD. 

To date, only a few studies have explored the strengthening 

program effects on MMS in aLOPD [67–69] . The three existing 

studies report strength gains in aLOPD after this intervention, 

but the heterogeneity of programs, types of assessments, and 

characteristics of the participants included limit interpretation 

of the results. Moreover, evidence showed that muscular 

strengthening does not cause major muscle damage in aLOPD 

compared with controls [70] . There is an urgent need for more 

robust evidence on the effect of strengthening programs on aLOPD 

since they have the potential to offer a primary therapeutic avenue 

to improve muscle mass, MMS, EMS, and NMF in aLOPD. 

5. Conclusion 

Our results show that it is a priority to assess the hip extensors, 

abductors and adductors in aLOPD using a gold standard tool 

assessment, such as an isokinetic dynamometer. We have shown 

that MMS is the only neuromuscular characteristic affected in 

aLOPD, demonstrating that the surviving muscle tissue of aLOPD, 

including its neural and contractile factors, is functionally as 

efficient as in healthy controls. 

These findings therefore support the investigation of specific 

muscular strengthening programs that could improve motor 
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function in aLOPD by improving quantity and/or quality of the 

surviving muscle. 

Abbreviations 

aLOPD adults with late-onset Pompe disease 

BMI body mass index 

EMS explosive muscle strength 

ERT enzyme replacement therapy 

MMS maximal muscle strength 

MMT manual muscle testing 

MVC maximal voluntary contraction 

NMF neuromuscular fatigue 

RTD rate of torque development 

SD standard deviation 

VAL voluntary activation level 
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