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Association of Muscle Strength and  
Walking Performance in Adult 
Patients With Pompe Disease
Marein M. Favejee, Jan C. van der Meijden, Michelle E. Kruijshaar, Dimitris 
Rizopoulos, Ans T. van der Ploeg, Johannes B.J. Bussmann

Background. The loss of the ability to walk is among the most prominent signs of 
Pompe disease. The associations with muscle strength have not been described.

Objective. The objective of this study was to estimate the associations of walking per-
formance with muscle strength in 4 specific lower extremity muscle groups along with 
other factors in adult patients with Pompe disease.

Design. This was a single-center, cross-sectional study.

Methods. Muscle strength (hand-held dynamometry of hip flexion and abduction and 
knee extension and flexion) and walking performance (unable to walk, able with aids, 
walking without aids but with a waddling gait, or walking without aids and with a  normal 
gait) were assessed in 107 patients at their first visit. Relationships between walking 
performance and muscle strength were studied through multivariate analyses and regres-
sion modeling. Age, sex, body mass index (BMI), disease duration, and use of ventilator 
support were taken into account as potential confounders. The results were transformed 
into a nomogram to allow the probability of a patient having a certain level of walking 
performance to be calculated based on the values of the independent variables.

Results. Walking performance declined significantly with decreasing muscle strength 
of hip flexion and abduction and knee extension and flexion. The final selected model, 
including strength of the hip abductor and knee extensor, BMI, age, sex, and use of ven-
tilation, predicted 66% of the cases accurately.

Limitations. These results are based on cross-sectional data and do not predict future 
changes.

Conclusions. In adult people with Pompe disease, walking performance can be 
explained by muscle strength, BMI, age, sex, and ventilation use. The proposed model 
gives insight into how an individual is expected to walk based on his or her risk factors 
and serves as a starting point to unraveling factors associated with walking performance 
and ultimately to developing a prognostic model.
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Pompe disease is a rare inheritable 
metabolic myopathy. It is caused 
by deficiency of the lysosomal 

enzyme acid α-glucosidase, which is 
needed to break down glycogen in the 
lysosomes. As a result, glycogen accu-
mulates in several tissues, especially 
muscle cells. The disease presents as a 
broad clinical spectrum, with variable 
organ involvement, age of onset, and 
severity. The most severe form, seen in 
infants, results in death within the first 
year of life, while the disease progress-
es more slowly in children and adults.1

In adults, Pompe disease is characterized 
by limb-girdle weakness and weakness 
of respiratory muscles (including the 
diaphragm). Patients develop Duchenne 
or Trendelenburg signs or a swayback 
posture. Eventually, patients lose the 
ability to walk and become wheelchair 
and/or respirator dependent.

The loss of the ability to walk is one of 
the most prominent signs and debilitat-
ing effects of Pompe disease and has 
been shown to be an important factor 
in determining patients’ quality of life.2 
In general, retaining the ability to walk 
is important to maintain independence 
from caregivers.3,4

Reduced walking performance has been 
shown to be related to decreased skeletal 
muscle strength in several populations, 
including patients with related neuro-
muscular diseases and the elderly.5–9 
However, the associations between walk-
ing performance and muscle strength 
have not been described for patients 
with Pompe disease. Results from stud-
ies in other neuromuscular diseases can-
not automatically be generalized to these 
patients, as the distribution of muscle 
weakness, and thus its effects on walk-
ing performance, differs.9 In addition, 
other risk factors, such as age, BMI, and 
respiratory status that might contribute 
to a reduced walking performance, are 
not well understood in patients with 
Pompe disease.

By modeling the relationship between 
walking performance on the one hand, 
and muscle strength and associated risk 
factors on the other, it will be possi-
ble to determine a patient’s expected 

position in the spectrum of walking 
performance. This can give the clinician 
a better feel for where the patient is in 
the disease process. Importantly, the 
model can serve as a starting point to 
further our understanding of the factors 
that determine walking performance 
in Pompe disease, and ultimately to 
develop a prognostic model for larger 
patient care planning efforts among the 
integrated rehabilitation team.

The aim of our study was to estimate 
the associations of walking perfor-
mance with muscle strength of specific 
lower extremity muscle groups and 
with other factors in adult patients with 
Pompe disease.

Methods
Participants
Adult patients with a confirmed diagno-
sis of Pompe disease were included in 
this study. All patients were first seen 
between December 2003 and August 
2012 at the Center for Lysosomal and 
Metabolic Diseases of the Erasmus MC 
University Medical Center, Rotterdam, 
the national referral center for patients 
with Pompe disease in the Netherlands. 
Patients were excluded if they had 
co-morbidities that affected their walk-
ing performance.

On visiting the center, patients were 
subjected to a standardized set of out-
come tests, including assessment of 
muscle strength and motor function 
tests encompassing the ability to walk. 
Data from the patients’ first visit to the 
center was analyzed retrospectively. We 
also recorded age, sex, height, weight, 
and disease duration (time since diag-
nosis) for each patient. All patients 
signed informed consent.

Outcome Measures
Walking performance was classified in 
4 categories (unable to walk, walking 
with aids, walking without aids but with 
a waddling gait, or walking without 
aids and with a normal gait) according 
to the item “walking 10 meters” of the 
Quick Motor Function Test (QMFT).10 
This item was assessed by asking 
patients to walk a 10-m course at 
their usual pace. Use of aids (canes or 
walkers) was allowed for this test, but 

patients were challenged to achieve the 
maximum performance; ie, those who 
used a wheelchair but could still walk 
10 meters were asked to do so. Patients 
were classified as unable to walk when 
they were fully dependent on a wheel-
chair (ie, they could not walk more 
than a few steps without a walking 
aid). Patients who used a wheelchair 
but were capable of walking 10 meters 
were scored as “able to walk with aids.” 
Normal gait was considered as a gait 
pattern without a Trendelenburg or 
Duchenne sign or swayback.

Skeletal muscle strength exerted dur-
ing maximal voluntary eccentric con-
tractions was measured by hand-held 
dynamometry (HHD) (Cytec dynamom-
eter; CIT Technics, Groningen, the 
Netherlands). The lower proximal mus-
cle groups—hip flexors, hip abductors, 
knee flexors, and knee extensors—
were tested using the break test tech-
nique. Specifics of the test positions, 
stabilization, and dynamometer place-
ment have been described elsewhere.13 
Muscles were tested separately for each 
leg, and values were averaged for the 
2 legs. The absolute HHD values were 
used and expressed in Newtons (N). All 
measurements were carried out by 3 
physicians specially trained to perform 
HHD and connected to our center.

Data Analysis
Median muscle strength values were 
plotted against the 4 levels of walking 
performance using box plots. Differ-
ences in muscle strength were assessed 
using the Kruskal-Wallis test. When 
this was significant, the Mann-Whitney 
test was used to identify which of the 
groups differed.

Ordered logistic regression was used 
to build a model describing the inde-
pendent variable walking performance, 
based on the dependent variables: mus-
cle strength of the 4 lower extremity 
muscle groups, age, sex, body mass 
index (BMI), disease duration, and use 
of ventilator support.3,14,15

A step backward method was used, 
starting with a full model containing 
all possible independent variables. Var-
iables that did not contribute to the 
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model were excluded at a cut-off signif-
icance level of 0.20.

Internal validation of the (full and sub-
sequent) models was assessed using the 
bootstrap technique with 1000 samples. 
As measures of predictive ability, we 
used the area under the receiver oper-
ating characteristic curve (AUC, discrim-
inative ability), Nagelkerke R2 (good-
ness of fit), the calibration slope, and 
the  Brier score  (predictive accuracy). 
The most parsimonious model that per-
formed satisfactorily in the validation 
step was reported here.

Next, based on this model, a nomogram 
was constructed that allows the chance 

of being in 1 of the 4 levels of walking 
performance to be calculated directly 
from given specific values of the inde-
pendent variables.

Differences in patient characteristics and 
muscle strength were tested using SPSS 
for Windows (release 21.0; SPSS Inc, 
Chicago, Illinois, USA). All other statis-
tical analyses were performed with R: A 
Language and Environment for Statisti-
cal Computing, version 3.2.2, using the 
rms package (rms: Regression Modeling 
Strategies, Frank E Harrell Jr, R pack-
age version 4.4–1, 2015). Visualization 
was performed using GraphPad Prism 
version 5 (GraphPad Software, La Jolla, 
California, USA) and the rms package.

Results
Participants
During the study period, 108 adult 
patients with Pompe disease were first 
seen at the national referral center and 
examined. One patient was excluded 
from the analyses because this patient 
had Pompe disease in combination with 
spina bifida, both interfering with mus-
cle strength.

Table 1 presents the characteristics 
of the 107 included patients at their 
first visit to the center. Patients had a 
median age of 50 years (minimum = 25 
y; maximum = 76 y) and had symptoms 
for a median of 15 years. Twenty-eight 
percent were ventilator dependent. In 

Figure 1.
Relationship between lower extremity muscle strength (expressed in Newtons [N]) and walking performance. Unable = fully dependent on 
a wheelchair; aids = walking with walking aids; waddling = walking without aids with waddling gait; normal = walking with normal gait 
pattern. The P value for differences between any of the groups (Kruskal-Wallis test) is shown at the top of each graph, whereas differences 
between adjacent groups (Mann-Whitney test) are indicated by the bridging lines (* = significant differences between adjacent groups).
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terms of walking performance, 11% 
were fully dependent on a wheelchair, 
28% used walking aids, 43% walked 
with an abnormal gait without aids, 
and the remainder (18%) had a normal 
walking pattern. None had started treat-
ment with enzyme replacement therapy 
(ERT) at the time of examination for 
this study.

Association Between Walking 
Performance and Lower 
Proximal Muscle Strength
Figure 1 shows the differences between 
each of the consecutive walking catego-
ries in strength of the hip flexors, hip 
abductors, knee extensors, and knee 
flexors. Walking performance declined 
with decreasing muscle strength. This 
was most obvious for the hip flexors and 
hip abductors, where muscle strength 
differed significantly between each con-
secutive level of walking performance 
(P < .01). For knee extension, no signif-
icant difference in strength of the knee 
extensors was found between patients 
with a waddling gait and those walking 
normally. For strength of knee flexors, 
there were no differences between any 
of the consecutive walking categories.

Table 2 displays the patients’ muscle 
strength values and other risk factors 
across the 4 walking categories. Besides 
reduced muscle strength, patients with 
more impaired walking performance 
were older, had been symptomatic for 

longer, and were more often ventilated 
compared to those with normal/less 
impaired walking performance. Also, 
higher BMI and male sex seemed to 
be more frequent in the more impaired 
patients.

Stepwise backward elimination of the 
variables in Table 2 (P <  .20) resulted 
in an ordered logistic regression model 
containing the variables strength of 
the hip abductors and knee extensors, 
sex, age, ventilation use, and BMI. This 
was the most parsimonious model and 
also performed well on internal valida-
tion (AUC, discriminative ability = 0.76; 
Nagelkerke R2 for goodness of fit = 0.66; 
calibration slope  =  0.86; Brier score 
for predictive accuracy [lower is bet-
ter] = 0.14). Higher strength of the hip 
abductors (odds ratio [OR] = 1.042; 95% 
CI =  1.026–1.057) and knee extensors 
(OR  =  1.011; 95% CI  =  1.001–1.022), 
lower age (OR = 0.968; 95% CI = 0.931–
1.005), lower BMI (OR  =  0.837; 
95% CI  =  0.753–0.930), female sex 
(OR  =  0.365; 95% CI  =  0.137–0.972), 
and not using ventilator assistance 
(OR = 4.540; 95% CI = 1.379–14.950) are 
associated with the probability of being 
in a better walking category. The eAp-
pendix (available at https://academic.
oup.com/ptj) provides the regression 
and validation results for the different 
models that were generated, as well as 
further information on the interpreta-
tion of the validation coefficients.

Figure 2 (top) shows the results of this 
model transformed into a nomogram. 
This visualization of the model allows 
the probability of being in 1 of the 4 
categories of walking performance to 
be calculated directly based on given 
values of the independent variables. 
The range of each independent variable 
is related to a corresponding number 
of points on a linear scale. The sum of 
the corresponding points for each vari-
able (total points) corresponds with the 
probability for being in each of the 4 
walking categories. Two example cal-
culations, based on 2 of our patients, 
both with an observed waddling gait, 
are shown in Figure 2 (bottom).

Discussion
In adult patients with Pompe disease, 
walking performance declines with 
decreasing strength of the lower extrem-
ities. This study shows that a patient’s 
probability to have a certain level of 
walking performance can be calculated 
based on muscle strength and a num-
ber of other risk factors. The model 
we describe here enables clinicians to 
compare a patient’s actual walking per-
formance to that expected based on his 
or her risk factors, and thereby to coun-
sel patients on their current disease 
status and possible supportive meas-
ures. It should be further expanded to 
encompass other factors and ultimately 
develop a prognostic model.

Walking performance declined most 
obviously with decreasing strength 
of the hip flexion and abduction. The 
strength of knee extension varied sig-
nificantly between 3 of the 4 walk-
ing categories only, while knee flex-
ion did not distinguish between any 
of the 4 consecutive categories. This 
is consistent with findings based on 
muscle-driven simulation that showed 
that gait was most affected by weak-
ness of hip abductors and hip flexors, 
as well as plantar flexors, which are 
not usually affected in adult patients 
with Pompe disease.16 Observed mus-
cle strength values overlapped consid-
erably between the consecutive walk-
ing categories, indicating that other 
patient characteristics, such as sex and 
BMI, may affect walking performance 
also.14,15,17 Concerted contraction of 

Table 1.
Characteristics of 107 Adult Patients With Pompe Disease

Patient Characteristics at First Visit to Referral Center Study Population (N = 107)

Sex (male), no. (%) 55 (51.4%)

Age (y), median (minimum–maximum) 50 (25–76)

BMI (kg/m2), median (minimum–maximum) 24.1 (15–48)

Disease duration (y), median (minimum–maximum) 15 (2–48)

Walking performance, no. (%)

 Unable to walk 12 (11.2%)

 Walking aids 30 (28%)

 Walking without aids with waddling gait 46 (43%)

 Normal gait 19 (17.8%)

Respiratory support at first visit, no. (%)

 No ventilator use 77 (72%)

 Ventilator dependent 30 (28%)
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Table 2.
Characteristics and Muscle Strength Across the 4 Walking Categoriesa

Normal (Walking Without 
Aids and With a Normal 

Gait) (n = 19)

Walking Without Aids  
With a Waddling Gait 

(n = 46)

Able With 
Aids (n = 30)

Unable to Walk  
(n = 12)

P

Muscle strength (N)

Hip flexion 164.5 (99–348) 121.1 (50–308) 91.0 (33–144) 10 (10–93) <.001b

Hip abduction 163.5 (106–249) 121.8 (40–225) 83.5 (37–175) 10 (7–65) <.001b

Knee extension 190.5 (105–246) 176.5 (55–293) 129.1 (35–205) 49.0 (3–193) <.001b

Knee flexion 126.8 (45–204) 87.3 (13–220) 73.4 (24–149) 52.2 (10–147) .006b

Characteristics

Age (y) 45.0 (25–72) 46.5 (25–68) 54.0 (26–71) 59.0 (33–76) <.001b

Body mass index 23.1 (19–29) 24.2 (17–48) 25.2 (20–38) 23.2 (15–28) .074

Disease duration (y) 1.0 (0–27) 1.5 (0–19) 13.0 (0–30) 22.0 (0–32) <.001b

Ventilation (% yes) 5.3 15.2 60.0 83.3 <.001b

Sex (% male) 36.8 54.3 43.3 83.3 .059

aContinuous variables are shown as median and ranges (minimum to maximum) and compared with the Kruskal-Wallis test. Categorical values are expressed 
as percentages, and P values are calculated using chi-square analysis. N = Newtons. 
bSignificant differences between 1 or more of the walking categories.

muscle groups as a compensation for 
weakness may play a role as well.16 
To compensate for weak quadriceps 
muscles, a hip extensor might be 
included for knee extensor strategy, 
ie, using the 2 joint characteristics 
of the hamstring muscle to move the 
knee toward extension.18 Therefore, 
we developed a multivariate regres-
sion model to describe walking per-
formance.

The probability of being in 1 of the 
walking categories can be calculated 
best based on strength of the hip 
abduction and knee extension, age, sex, 
BMI, and respiratory support. From 
the 4 lower extremity muscle strength 
groups, only hip abduction and knee 
extension contributed to the final 
model because of the interdependence 
between the 4 groups. Despite disease 
duration being associated with disease 
severity,19 this variable did not contrib-
ute to the model after correcting for 
age. In our model, women had a higher 
chance of being in a better walking cat-
egory. These sex differences were also 
found by De Vries et al.20

One of the perspectives of creating 
a multivariate model is the applica-
tion in clinical practice, and therefore, 
the model was transformed into a 

 nomogram. By doing this, a patient’s 
chance to have a certain level of walk-
ing performance can be calculated 
based on his or her risk factors. While 
a patient’s actual walking performance 
can be observed, the nomogram 
allows a clinician to compare this to 
the probability of being in the 4 walk-
ing performance categories based on 
the patient’s muscle strength and risk 
factors. This comparison has several 
potential clinical benefits. For example, 
in case the expected (ie, the walking 
category with the highest probability) 
and observed walking performance are 
the same, there are 2 options: (1) the 
probability of the expected walking 
category might be the clearly highest; 
or (2) the probability of the expected 
walking category is quite close to the 
probability of an adjacent walking cat-
egory. In the first condition, a patient 
can be reassured. In the second con-
dition, a patient can be advised to do 
strength training and/or lose weight 
in order to prolong this particular 
ambulant status. In case of a discrep-
ancy between observed and expected 
walking performance, this might draw 
attention to the issues of overload 
(when the observed walking category 
is “higher” than the expected one) or 
underload (in case of a “lower” walking 
category than calculated).

In the current sample, our model pre-
dicted walking performance accurately 
in 66% of the cases. Hence, in around 
34% of the cases the observed walking 
performance deviated from the model 
results. Other explanatory factors may 
play a role as well. For example, 1 of 
our patients had a high chance of walk-
ing with aids (70% chance), but was 
observed to walk with a waddling gait 
(ie, overloading). Further inspection 
showed us that this patient had a sub-
stantial scapula alata preventing the 
use of a walking stick. This comes at 
the price of a high fall risk, and alter-
native solutions to walking aids need to 
be searched for or a wheelchair recom-
mended. This example illustrates that 
further factors may need to be incor-
porated to accurately predict walking 
performance in a prognostic model. In 
future research, it will be important to 
include instrumented gait analysis in 
order to identify compensatory move-
ments for core and/or lower extremity 
muscle weakness.

Our analyses are based on a cohort 
of more than 100 adult patients with 
Pompe disease, which is very large 
given the rarity of the disease. How-
ever, to develop an accurate model, 
patient numbers are relatively small. 
Nevertheless, internal validation of the 
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Figure 2.
The probability of being in 1 of the 4 categories of walking performance can be calcu-
lated from the nomogram as follows. First, for each independent variable, the value is 
projected upward onto the “Points” scale to give the corresponding points. Next, these 
points are added and the total points are projected downward from the “Total points” 
scale to the scales giving the corresponding probabilities for being in 1 of the 4 walking 
categories. For example, case report I is a 42-year-old woman with a hip abduction 
(HA) strength of 128 Newtons (N) and knee extension (KE) of 147 N, who does not use 
a ventilator and has a body mass index (BMI) of 22 kg/m2. In the first step, we project 
these values onto the top “Points” scale, counting 12 points for age, 9 for being female, 
49 for HA strength, 14 for KE strength, 14 for being ventilator independent, and 45 for 
BMI. The total points value is 143. When drawing a vertical line downward, this gives 
a 70% chance of walking with a waddling gait, 25% chance of a normal gait, and <5% 
chance of other options.

model yielded a reasonable concord-
ance between actual and estimated 
walking performance, and our model 
predicted walking performance accu-
rately in 66% of the cases. A lack of 
external validation can be regarded as 
a limitation of our study. The model’s 
validity in other cohorts of patients 
with Pompe disease remains to be 
studied. Furthermore, the nomogram 
was based on cross-sectional data 
rather than longitudinal data, and as 
a consequence, it does not provide 
information on a patient’s progno-
sis or future walking performance. 
Another limitation is related to the 
measurement of muscle strength. HHD 
values were obtained using standard 
testing as described and widely used.13 
Three testers (male and female) were 
involved in this study, where 1 per-
formed the majority of the strength 
tests. The interrater reliability was not 
assessed, and whether this impacts 
the clinically utility of the nomogram 
remains to be determined. Finally, 
in Pompe disease, trunk muscles are 
frequently involved,15 which affects 
strength and performance of the 
lower extremities.21 Due to the lack 
of objective measurements of the core 
strength,21 this could not be included 
in our model. Although plantar flexors 
are known to be important for gait per-
formance, we did not include these in 
our model. This was because they are 
known not to be severely affected in 
Pompe disease, which was supported 
by the data of our population, with all 
patients having values close to those 
seen in healthy people,13 which means 
that this would not add to the model.

This study shows that reduced walk-
ing performance in adult patients 
with Pompe disease is associated with 
reduced muscle strength of the lower 
extremities as well as with higher age, 
higher BMI, male sex, and ventilator 
use. We developed a model describing 
the chance to be in 1 of 4 walking cat-
egories. This model can support a clini-
cian’s subjective judgment on whether a 
patient—based on risk factors—is capa-
ble of more or less than what a patient 
shows in terms of walking performance. 
Moreover, it might serve as a first step 
toward developing a prognostic model.
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