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Abstract
Background Pompe disease is a rare, progressive metabolic myopathy. The aim of this study is to
investigate the associations of physical outcomes with patient-reported outcome measures (PROMs) in
late-onset Pompe disease.

Methods We included 121 Dutch adult patients with Pompe disease. Physical outcomes comprised
muscle strength (manual muscle testing using Medical Research Council [MRC] grading, hand-held
dynamometry [HHD]), walking ability (6-minute walk test [6MWT]), and pulmonary function (forced vital
capacity [FVC] in upright and supine positions). PROMs comprised quality of life (Short Form 36 health
survey [SF-36]), participation (Rotterdam Handicap Scale [RHS]) and daily-life activities (Rasch-Built
Pompe-Speci�c Activity [R-PAct] Scale). Analyses were cross-sectional: the time-point before, and closest
to, start of Enzyme Replacement Therapy was chosen. Associations between PROMs and physical
outcomes were investigated using linear regression models.

Results RHS and R-PAct scores were better in patients with higher FVC supine and upright, HHD, MRC and
6MWT scores, accounting for the effect of sex, disease duration, use of wheelchair and ventilator
support. While the SF-36 Physical Component Summary (PCS) was correlated positively with FVC upright,
HHD, MRC and 6MWT scores, there was no signi�cant relationship between the SF-36 Mental Component
Summary (MCS) and any of the physical outcomes.

Conclusions Participation, daily-life activities, and the physical component of quality of life of adult
Pompe patients are positively correlated to physical outcomes. This work serves as a �rst step towards
assessing how changes over time in physical outcomes are related to changes in PROMs, and to de�ne
the minimal change in physical outcomes required to make an important difference for the patient.

Background
Pompe disease is a rare, progressive metabolic myopathy. Partial or total de�ciency of the enzyme acid 
-glucosidase leads to a build up of lysosomal glycogen, causing cellular damage in virtually all body
tissues, and in particular muscle (1). Patients with late-onset Pompe disease present with a progressive
muscle weakness, which leads to limitations in motor function and respiratory di�culties. Since 2006,
ERT with recombinant human alpha-glucosidase has been available for Pompe disease.

Many studies have investigated the effects of ERT in adult patients with Pompe disease. After the initial
placebo-controlled trial (2), studies were observational and mostly without a control group comparing to
the baseline situation before treatment started (3–8). A few studies also compared to patients’ expected
disease course had they remained untreated (9, 10). Together these studies have provided evidence of a
bene�cial effect of ERT at group level on physical outcomes (motor performance, muscle strength,
pulmonary function), and survival (11, 12). At individual patient level, the response to treatment varied.
The improvements in physical outcomes were found to be greatest in the �rst 2 to 3 years after ERT, but
also after �ve years of treatment these outcomes were better at group level than expected without
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treatment (10). Follow-up of 30 patients from the initial trial showed large variation in the response after
10 years, with 52% having a similar or better distance walked and/or pulmonary function compared to
when they started treatment (13).

An important question is how patients experience their disease and the effects of ERT. A few studies have
assessed patient reported outcome measures (PROMs) in Pompe disease. These have shown that the
disease has a large impact on the participation of patients in daily life, and that the physical domains of
their quality of life are affected but the mental domains less so. (2, 14, 15) With ERT, participation
stabilised at group level, the physical domains of quality of life improved initially and then remained
stable, while the mental domains of quality of life did not change before and during ERT (16).

PROMs and physical outcomes thus both sketch a picture of a progressive disease and a positive effect
of ERT at group level. However, it is unknown how well the physical outcomes measures re�ect what an
individual patient experiences, and whether changes over time in physical outcomes capture changes in
PROMs for an individual patient. Given that physical outcomes are more often assessed than PROMs, it
would be useful to know how much bene�t a patient experiences (in terms of their PROMs) from an
improvement in a physical outcome, and how large a change in physical outcomes needs to be to result
in a meaningful improvement in the experience of a patient. To assess how well these measures coincide
for an individual patient, PROMs and physical outcomes need to be collected in the same patients at
similar time-points.

Here we report on the �rst comprehensive, study to investigate the associations of physical outcomes
with PROMs cross-sectionally. Data from the International Pompe Association (IPA)/Erasmus MC
survey(17), which collects several PROMs in an international group of patients, was used. For Dutch
patients this was linked to the most commonly reported physical outcomes. We modelled the relationship
between physical outcomes and PROMs at a speci�c point in time when the patient was not yet treated.

Methods

Data collection
This study was performed as part of two prospective observational cohort studies in Dutch patients with
a con�rmed diagnosis of Pompe disease. The studies are conducted at the Center for Lysosomal and
Metabolic Diseases, Erasmus MC University Medical Center, Rotterdam, the national referral center for
Pompe disease in the Netherlands. Physical outcomes were assessed every 3 to 6 months before and
after the start of ERT since January 2005 (9). PROMs were collected through questionnaires, which were
mostly sent out through the IPA/Erasmus MC Pompe survey. This annual survey was sent out by mail
from May 2002 onwards, and since May 2009 also collected through a secure web survey system (17).
The database for the current study was locked in December 2018. It included 121 Dutch adult patients.
Both studies were approved by the ethics committee of the Erasmus MC University Medical Center and
written informed consent was obtained from all participants.
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Outcome measures

Clinical outcome measures
Skeletal muscle strength was measured using the Medical Research Council (MRC) grading scale and by
hand-held dynamometry (HHD; Cytec dynamometer, Groningen, The Netherlands) (18, 19). The following
muscle groups were tested for both methods: neck extensors, neck �exors, shoulder abductors, elbow
�exors, elbow extensors, hip �exors, hip abductors, knee �exors, and knee extensors. In addition, the MRC
grade was determined for the shoulder adductors, shoulder exorotators and endorotators, hip extensors,
and hip adductors. This was expressed as the percentage of the maximum possible score for MRC sum
scores, and as the percentage of the median strength of healthy males and females for HHD sum scores.
In the present analysis, no score was calculated if three or more items were missing. Walking ability was
assessed using the six-minute walk test (6MWT) in which the distance walked in 6 minutes was recorded
(20). The results were presented as a percentage of the predicted normal values (21). Forced vital
capacity (FVC) was measured in upright seated and supine positions. Results were expressed as the
percentage of the predicted FVC (22, 23). The use of wheelchair and ventilator support was registered at
each visit.

Patient-reported outcome measures (PROMs)
Quality of life was assessed using the Medical Outcome Study 36-item Short Form Health Survey (SF-36)
(24). Summary scores in two domains were derived: the physical component summary measure (PCS)
and the mental component summary measure (MCS). Norm-based scores were calculated using the
Dutch 1998 norm-based scoring, ensuring the comparability of the results for both versions of the SF-36
(25). (SF-36 version 1.0 for 2002 to 2009, and afterwards version 2.0)

Participation in daily life activities was assessed using the Rotterdam Handicap Scale (RHS). (26) (15)
Ability to carry out daily life activities was assessed by using the Rasch-Built Pompe-Speci�c Activity (R-
PAct) scale (27). The RHS is a general measurement scale, which comprises 9 items. The scores per item
range from 1 (‘unable to ful�l the task or activity’) to 4 (‘complete ful�lment of the task or activity’). A
score of 0 indicated that the task or activity could not be applied. The total score is calculated as the sum
of the item scores divided by the number of applicable items and multiplied by 9. Sum scores were
calculated if at most three items were non-applicable or missing. The R-PAct scale is designed
speci�cally for Pompe disease, which consists of 18 items addressing daily life activities with three
response options (0 = unable to perform; 1 = able to perform, but with di�culty; 2 = able to perform
without di�culty). Only when all items had been answered, a centile metric score (0-100) was calculated
as described previously(27).

Statistical analysis
Continuous variables are presented as median and range while categorical variables are presented as
frequency and percentage.
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The physical measurements and the PROMs were collected repetitively over time in both cohort studies.
Also before ERT there were usually multiple measurements available. We selected only those pairs of
physical outcome and PROM that were less than 3 months apart (and before start of ERT). When multiple
pairs were available for a patient, we chose the pair that was closest to the start of ERT. The number of
patients for each pair of outcomes are presented in the Supplement, Table 1.

The relationship between each physical outcome and each patient-reported outcome was investigated
using a linear regression model, which included sex, disease duration and use of wheelchair and
ventilator as potential confounders. We calculated disease duration as the difference between the date of
symptom onset and the date the physical outcome was assessed.

The �rst step to build the model was to investigate whether the association between physical outcomes
and PROMs is linear or non-linear. We assumed a �exible non-linear relationship using smoothing spline
functions for the physical measurement variables, natural cubic splines with up to 2 degrees of freedom.
The F-test was used to investigate which of the models (linear versus non-linear) was more appropriate.

A problem that arises when comparing the results between models with different outcomes is that the
outcomes are not measured on the same scale. To overcome this, we present the standardized regression
coe�cients in addition to the original coe�cients. Each variable can be standardized by subtracting its
mean from each of its values and then dividing by the standard deviation of the variable prior to the
regression analysis. The standardized coe�cients can then be interpreted as the number of standard
deviations the dependent outcome will change if the independent outcome changes one standard
deviation.

The multiple testing problem was addressed by the Holm method and a signi�cance level of 0.05 was
assumed. Models were �tted for each pair of outcome measures using the statistical program R (version
3.5.1) (ref: R Core Team (2019). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.).

Results

Participants
One hundred and twenty-one adult Pompe patients were included for this study. The inclusion process
was as shown in Fig. 1. There were two reasons for excluding patients: no PROMs collected before the
start of ERT (n = 10) and no record of date of symptom onset available (n = 1). For each pair of physical
outcome and PROM that we analyzed, the number of patients available for analysis was determined by
whether these outcomes were assessed before ERT and whether the two measurements were within 3
months of each other. The exact number of patients per analysis can be found in the Supplement
Table 1.
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Table 1 shows the characteristics of the study population at the time of examination. Participants had a
median age of 53 years (range 23–79) and a median disease duration of 16 years (range 0.2–50), 53%
were women, 45% were partially or permanently wheelchair dependent, and 26% used mechanical
ventilation.

Associations between physical outcomes and PROMs
First, we assessed whether linear or non-linear models were needed to describe relationships between the
physical outcomes and PROMs. In most cases, non-linear models did not provide a better �t of the data,
and linear models were selected. For the relationship between the MRC and PCS, and the HHD and R-PAct
non-linear models were statistically better (p-values are presented in the Supplement Table 2). However,
on visual inspection of these two distributions, there is no strong evidence supporting the non-linear
models. The Supplement Fig. 1 displays the �tted results of linear and non-linear models for both
distributions. For simplicity, the linear models were therefore used.
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Table 1
Characteristics of the study population

Demographic and clinical characteristics Patients (n = 121)

Women: number (%) 64 (53)

Age at examination in years: median (range) 53 (23–79)

Disease duration* at examination in years: median (range) 16 (0.2–50)

Wheelchair** use at examination: number (%) 54 (45)

Respiratory support at examination: number (%) 32 (26)

Physical outcomes Median (range)

FVC upright (% pred) 77 (10–117)

FVC supine (% pred) 63 (13–107)

HHD sum score (% max) 81 (21–100)

MRC sum score (% max) 85 (39–100)

6MWT (% pred) 67 (6-120)

PROMs Median (range)

SF-36 PCS score (norm-based) 33 (17–63)

SF-36 MCS score (norm-based) 48 (19–72)

RHS score 29 (11–36)

R-PAct score 60 (7-100)

*duration from symptom onset, **partial and permanent wheelchair use

FVC: Forced Vital Capacity, HHD: Hand-Held Dynamometry, MRC: Medical Research Council, 6MWT:
six-Minute Walk Test, SF-36: Short-Form 36 Health Survey, RHS: Rotterdam Handicap Scale, R-Pact:
Rash-built Pompe-Speci�c Activity scale.

In the two following sections, we will use two pairs of outcomes as examples to describe the
interpretation of the results. In the clinical trial on ERT in Pompe disease, the two key physical
outcomes were FVC upright and 6MWT scores. We will describe the positive relationships of FVC
upright with RHS, and of 6MWT with R-Pact below. The results for all models can be found in the
Supplement material Table 3.1–3.20.

FVC upright with RHS
On average across patients, scoring one percent-point higher on the FVC upright (presented as percentage
of predicted) corresponded to a 0.147 points higher RHS score (Estimate: 0.147; 95%CI [0.107, 0.186]; p < 
0.001), accounting for sex, disease duration and the use of wheelchair and ventilator (Supplement
Table 3.3).
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Also wheelchair dependence (Estimate: -4.069; 95%CI [-5.599, -2.539 ]) was associated with a worse RHS
score: a wheelchair dependent person having a 4.069 point lower RHS score on average. No signi�cant
difference in RHS scores was found among patients of different sex, disease duration and the use of
ventilation (Supplement Table 3.3).

6MWT with R-PAct
A one percent-point higher 6MWT (also presented as percentage of predicted) corresponded, on average,
to a 0.348 unit higher R-PAct score (Estimate: 0.348; 95%CI [ 0.147, 0.549 ]; p = 0.01), accounting for sex,
disease duration and the use of wheelchair and ventilator (Supplement Table 3.20).

R-PAct scores were not found to be related to sex, disease duration and the use of wheelchair and
ventilation (Supplement Table 3.20). Figure 2 (right-hand side) shows the model results for the
relationships between 6MWT and R-PAct for a female patients with a median disease duration and no
wheelchair or respiratory support.

Strength of associations across models
The aforementioned results provide the interpretation for the speci�c associations between one pair of
physical outcome and PROM, using the original regression coe�cients. However, to compare the strength
of the relationships across models, we applied standardized regression coe�cients. Please note that
these standardized coe�cients do not have the same interpretation as the original coe�cients. They do
not correspond to the unit of measurement of the speci�c outcomes, and can therefore be compared in
size between the different pairs of outcomes. Figure 3 provides the visualization of the strength of the
associations as a heatmap. Green indicates a negative association, red positive. The stronger the
association, the more intense the color.

A better FVC upright was associated with better PCS scores (Standardized Estimate: 0.47; CI [0.244,
0.696]), RHS scores (Standardized Estimate: 0.56; 95%CI [0.41, 0.71]) and R-PAct scores (Standardized
Estimate: 0.485; 95%CI [0.304, 0.666]), accounting for the effect of sex, disease duration and the use of
wheelchair and ventilator. Higher FVC supine score was associated with better RHS (Standardized
Estimate: 0.387; 95%CI [0.207, 0.567]) and R-PAct (Standardized Estimate: 0.396; CI [0.203, 0.588]),
accounting for the effect of sex, disease duration and the use of wheelchair and ventilator. A borderline
signi�cant relationship was found between the PCS score and FVC supine (p = 0.061, Table 4 in the
supplementary material), and, in general, the standardized coe�cients for FVC upright were larger than
for FVC supine.

The MRC score was positively correlated with the PCS (Standardized Estimate: 0.47; 95%CI [0.254,
0.686]), RHS (Standardized Estimate: 0.423; 95%CI [0.262, 0.583]) and R-PAct (Standardized Estimate:
0.595; 95%CI [0.426, 0.764]), accounting for the effect of sex, disease duration and the use of wheelchair
and ventilator. The HHD score was positively correlated with the PCS (Standardized Estimate: 0.323;
95%CI [0.096, 0.55]), RHS (Standardized Estimate: 0.29; 95%CI [0.105, 0.474]) and R-PAct (Standardized
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Estimate: 0.386; 95%CI [0.196, 0.577]), accounting for the effect of sex, disease duration and the use of
wheelchair and ventilator. In comparison, HHD standardized coe�cients were smaller than for MRC.

The 6MWT score was positively associated with the PCS (Standardized Estimate: 0.584; 95%CI [0.289,
0.878]), RHS (Standardized Estimate: 0.485; 95%CI [0.232, 0.739]) and R-PAct (Standardized Estimate:
0.495; 95%CI [0.217, 0.773]), accounting for the effect of sex, disease duration and the use of wheelchair
and ventilator.

No signi�cant relationships were found between the mental component of the SF36 and any of the
physical outcome measures (p > 0.05, Table 4 in the supplementary material).

The size of the standardized coe�cients can be interpreted in terms of standard deviations. In bird-view,
the R-PAct, RHS and PCS would be between 0.3 and 0.6 (rounded) standard deviations higher when a
physical outcome is one standard deviation larger.

Heatmap visualizing the strength of the associations between physical outcomes and PROMs. Each cell
represents one linear regression model. The standardized regression coe�cient are displayed to ensure
the comparability of different models. Green indicates a negative association, red a positive one. The
stronger the association, the more intense the color. Statistically signi�cant coe�cients are indicated by
*. Detailed results including estimates for sex, disease duration and the use of wheelchair and ventilator
can be found in the supplemental material.

Discussion
This is the �rst study to comprehensively evaluate the associations of PROMs with physical outcomes in
adult patients with Pompe disease. We show that participation in, and the ability to perform, daily life
activities were positively correlated with all physical outcomes. Also, the physical component of the SF-36
(PCS) was positively correlated with the physical outcome measures, except that there was only a
borderline signi�cant association with FVC supine. No signi�cant relationships were found between the
SF-36 mental scores (MCS) and any of the physical outcome.

Two earlier studies have looked at associations between one PROM and one or two physical outcome(s).
The present study on the other hand gives a comprehensive overview as it includes the most commonly
assessed PROMs and clinical outcomes. In an earlier study from our own group we had already reported
the positive associations between participation in daily life (RHS) and the FVC and MRC (31). Positive
associations of the physical component of quality of life (PCS) with both FVC upright and the MRC were
also described in an international meta-analysis (32). This study corroborates the present results, as the
individual level data used in the international study did not include the Dutch patients included in the
present study.

The absence of a relationship between the physical outcomes and MCS may suggest that the differences
in physical outcomes were not associated with changes in mental health. Also in previous studies of
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Pompe patients, mental health scores were found to be within the normal range and no improvement was
seen with ERT (14, 16). An explanation might be that late-onset Pompe disease is a chronic disease and
affects patients progressively. As a result, patients may adapt to their situation over time and adjust their
expectations (28), explaining the normal mental health scores. This phenomenon is called response shift,
and is a recognized issue in studies of health-related quality of life amongst chronic patients, including
cancer patients. (29, 30)

For each pair of physical outcome and PROM, the number of patients available for analysis was
different. There were slightly more pairs of PROMs with upright FVC than with supine FVC, as more
severely affected patients with Pompe disease may not be able to perform lung function testing in supine
position, while they can still be tested in upright position. Possibly, the slightly lower number of
measurements explains the borderline p-value that was observed for the association between FVC supine
and PCS. The fact that more severely affected patients may be excluded from supine FVC testing also
means that for PROMs paired with FVC supine the range of measured outcome values (both PROM and
FVC) may be narrower than for the pairing with FVC upright. Together with the somewhat lower number
of measurements, this might explain why the association of PROMs with supine FVC was less strong
than with upright FVC.

A similar difference was found for muscle strength, where the strength of associations with PROMs were
found to be larger for MRC scores compared to HHD scores. Here, the reason could be that more muscle
groups were measured using MRC grading scale. Another reason could be there are more missing values
for the HHD scores (as shown in Table A1). The number of patients for whom 6MWT data were available
before ERT was smaller than all other outcomes. While reasons for this include that severely affected
patients may not be able to perform this test, the main reason for this was that the test was not yet a
standard outcome measure in the �rst years of this study.

Our analyses are based on 121 adult Pompe patients, which is a very large sample size for this rare
disease. However, for statistical analyses this number was still limited and meant that the number of
confounders corrected for was the maximum possible. Another concern may be that the number of pairs
available for each analyses may not differ at random but are driven by disease severity. This is true for
the smaller number of supine FVC measurements compared to upright, and partly for the 6MWT, and the
interpretation of these results should be limited to exclude the most severe patients. However, the
differences between upright and supine measurements available were not large, and the fewer 6MWT
assessments available was mostly random (calendar time).

Clinical implications
The positive associations observed suggest that physical outcomes re�ect at least part of what the
patient experiences. The next question to ask is how much PROMs improve when a patient’s physical
outcome improves. For example, if the patient can walk 10 meters extra on the 6MWT, can he/she do the
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grocery shopping alone? Ultimately, we would like to be able give guidance on how much a physical
outcomes needs to improve to make an important difference for the patient with Pompe disease.

Conclusions
Here we con�rm that for adult Pompe patients who are not yet treated with ERT, there is a relationship
between physical outcomes and PROMs at the individual patient level, except for the mental aspect of
quality of life. This study serves as a �rst step towards disentangling the relations between physical
outcomes and PROMs over time and provide guidance on how much of a change is meaningful for the
patient. The next steps in this research will therefore be to study the associations between these sets of
outcomes over time and with ERT and to de�ne the minimal clinically important difference (MCID) under
ERT for Pompe disease that can be used for clinical decision making.
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Figure 1

Flowchart of the study population for analyses
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Figure 2

Modelled results for the relationship between FVC upright and RHS (left), and 6MWT and R-PAct (right)
for female patients with median disease duration (16 years) and without wheelchair and respiratory
support
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Figure 3

Associations between physical outcomes and PROMs
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