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GENERAL INTRODUCTION
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Motor neuron disorders: ALS and MMN

Motor neuron disorders are a collection of syndromes in which central and/or 

in their clinical presentation and disease course. This thesis focusses on two 

ALS is characterised by fast progressive muscle weakness with respiratory muscle 

 ALS develops, on 

average, between the ages of 45 an 65 years.3 A rapid disease course is typical for 

these patients, who, at disease onset, usually very actively participate in society.4 

In addition to different survival times, the pattern of functional loss is also highly 

variable.5, 6 Therefore, ALS has many different manifestations, making personalised 

MMN has a less aggressive, non-fatal course, without involvement of respiratory 

muscles. It is characterised by a relatively slowly progressive, predominantly distal 

limb muscle weakness. Unlike ALS, there is a treatment option available to MMN 

7

show similarities and so the use of clinical outcome measurements in care and 

clinical research is partially alike for the two disorders. In the application of clinical 

outcome measurements to determine the optimal dosing and treatment interval of 

an effective treatment, MMN can be seen as a precursor to ALS.8

Clinical outcome measurements in the context of 
care and experimental research

Progressive loss of muscle strength is a hallmark of motor neuron disorders, causing 

severe impairment of functional ability. Therefore, the assessment of motor function 

in motor neuron disorders, using clinical outcome measurements, is relevant in 

care as well as in clinical research. However, selecting generic clinical outcome 

164642_Bakers_BNW-def.indd   8 23-03-2023   14:07



9

motor neuron disorders.

differences in signs and symptoms, disease course, and prognosis, in patients 

who are otherwise deceptively similar because of the same diagnosis or nominal 

 The 

recent availability of patient-friendly technology offers the opportunity to collect a 

selection of clinical outcome measurements remotely, causing a shift from in-clinic 

to local and home-based assessments of measurements. Remote measurements 

have the advantage of allowing frequent and real-time monitoring of disease 

symptoms, thus improving continuity of care by timely detection of a change in 

disease symptoms. Understanding which disease symptoms are present, and their 

development over time, is a prerequisite for providing personalised care at the place 

of preference.

The general premise for therapeutic interventions in motor neuron diseases is 

to improve motor neuron function. Selection of appropriate outcome measures 

is critical to the success of clinical trials. In MMN, intravenous immunoglobulin 

7 The conventional outcome measurements that 

were applied in these trials are, therefore, still widely supported and applied for 
8 However, as currently available 

pharmacological treatment options only provide a limited prolongation of the life 

 In 

 alternative 

to progressive muscle strength loss, including respiratory dysfunction.  Especially in 

ALS, optimised evaluation of disease-related symptoms is of great importance due to 

the heterogeneous population with a low prevalence.  In order to optimise research, 

international collaboration is therefore necessary, and is warranted by several 

clinical outcome measurements.  Such a core set offers several advantages, such 

as the opportunity to compare the results across studies, and to perform subgroup 

1
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muscle strength.

potential for new treatment options,  the development of effective treatments has 

been hampered in ALS. As progressive motor neuron degeneration is for a large 

part responsible for loss of motor function over time, it is essential to include clinical 

outcome measures in trial designs to understand the effect of new therapies in 

ALS. However, in general, the quality of clinical measurements depends not only on 

the measurement properties of the instrument, but also on human performance 

measurement, or the degree of attention and commitment of a patient during a 

measurement.  In the search for an effective treatment it is, therefore, important to 

to quantify treatment effects in ALS, also taking into account the technological 

advances that facilitate remote measurements.

This thesis focusses on clinical outcome measurements that assess isometric muscle 

strength, respiratory function, and functional ability. Isometric muscle strength can 

standardised motor function tests and questionnaires. Technological measurement 

instruments, such as accelerometers, are, however, currently also applied.

Aim of the thesis

In the area of motor neuron disorders, there is a lack of knowledge about how clinical 

outcome measures can optimally contribute to the delivery of personalised care, 

aim of this thesis is to gain insight into the current use and shortcomings of in-clinic 

independent measurements.
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Outline of this thesis

important shortcomings of clinical outcome measurements that are relevant for ALS 

care and research. The third part provides insight into how technological advances 

in remote outcome assessment can enhance the quality and reduce the burden of 

clinical outcome assessment in ALS.

Part 1: The relevance of clinical outcome measurements

are relevant for the early detection of respiratory dysfunction, and which supportive 

interventions are available in ALS.

using the course of muscle strength as an outcome measurement.

Part 2: Current limitations of clinical outcome measurements

research.

on clinical decision-making and selection for clinical trials.

Part 3: Innovations of clinical outcome measurements

of the measurement of isometric quadriceps muscle strength in ALS.

functioning and, therefore, disease progression in ALS.

and well-accepted method for monitoring respiratory function.

1
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Abstract

Background: Respiratory testing at regular clinic visits can be burdensome for 

patients with ALS. There is a need for methods to monitor respiratory dysfunction, 

and interventions for symptomatic management that are easy to perform.

Objective: 

muscle weakness.

Methods: Systematic reviews were undertaken to summarize the evidence. 

Recommendations incorporated the evidence, values and preferences of patients 

Recommendations: 

evaluation of signs and symptoms of respiratory weakness, combined with sitting 

of reduced cough ability, airway clearance techniques, especially airstacking, are 

routine use.

Conclusions: Evaluating signs and symptoms of respiratory weakness in combination 

with relevant respiratory function tests are recommended for the early detection 

that are easy to perform are available before ventilator support is needed.
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Introduction

management of respiratory dysfunction is challenging due to heterogeneity in 

time of onset, rate of decline in respiratory function, and symptoms of respiratory 

in a clinical setting. However, hospital visits may be burdensome for patients, 

making unnecessary hospital visits for monitoring and symptom management are 

tools to reduce burden of hospital visits, and facilitate self-management of patients as 

monitor respiratory function, including cough effectiveness, and interventions that 

can be carried out at home with minimal instruction and supervision. As part of the 

development of a clinical practice guideline for physiotherapy in ALS, we therefore 

aimed to provide evidence-based recommendations for respiratory management 

before ventilatory support starts.

In this paper, we describe the systematic review of evidence, and the development 

Methods

Surveys were conducted to identify topics that provide quality improvement 

2
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A separate survey eliciting the patients’ perspectives on quality improvement of 

and the steering committee, prioritized the topics to determine the focus of the 

one methodologist.

publications was performed in the electronic data bases Medline and EMbase. The 

in Supplement I

were evaluated, and a search was carried out for studies using the literature reference 

lists of the selected articles. To be selected, publications had to address humans and 

The methodological quality of individual studies was systematically assessed on 

the basis of internationally held methodological quality criteria, in order to allow 

estimation of bias.

Extracting practice recommendations

Clinical expertise and patient preferences
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practice recommendations. Their comments were collected and discussed with 

Results and clinical practise recommendations

Key evidence

Nine studies were included in the review. The included papers were graded as low 

Evidence from these studies are summarised in table 1

2
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Table 2
cough ability.

Signs (anamnestic complaints)

In supine position

Nocturnal dyspnoea

Retention of sputum

Recurrent infections of the airways

In supine position

Ronchi

Weak voluntary cough
Use of accessory respiratory muscles
Respiratory alternans (alternating every few breaths 

Key considerations

Reduced diaphragm function plays an important role in the development of 

dysfunction due to diaphragm weakness. However, if orthopnoea is present, or another 

reason that prevents the supine position from being feasible, an alternative respiratory 

function testing in patients with bulbar dysfunction as is does not require a seal around 
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respiratory function in patients with bulbar weakness due to upper airway collapse 

Key recommendations

(table 2), with assessment of the 

following respiratory function tests, is essential for early detection of reduced 

respiratory dysfunction and cough ability (

•

•

signs and symptoms.

•

• supine position for early detection 

of respiratory dysfunction in the form of diaphragmatic weakness.

•

orthopnoea, the MIP or SNIP in sitting position should be measured.

• If respiratory function tests can no longer be carried out according to the protocol 

due to bulbar weakness, or if instructing the patient is problematic, perform 

blood gas analysis if respiratory dysfunction is suspected.

-

Key evidence

Seven studies were included in the review. The included papers were graded as low 

with high risk of bias.

Evidence from these are summarised in table 3

air stacking, and that air stacking has a greater effect on the cough strength than 

indications that cough strength is also increased in bulbar patients by air stacking 

2
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Key considerations

cough with abdominal compression, air stacking and the mechanical cough assist 

also be used to maintain or increase the compliance of the lung tissue and the 

treatment by choosing the most active and effective airway clearance technique 

for the individual patient.

Key recommendations*

•

of reduced cough strength (Table 1

respiratory deterioration.

•

is present, consider – in consultation with a specialised pulmonologist – the use of 

a mechanical cough assist device. Abdominal/costal compression can be applied 

in combination with all airway clearance techniques, but should only be applied 

if there is a clear added value.

• Tailor the airway clearance technique to the individual and discuss options with 

the patient and his/her environment. Which technique is best tolerated and 

•

motivated patients in whom diaphragm weakness is not evident or only mild 

2
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of IMT taking into account the preference of the patient and the effect achieved 

on the MIP, in order to decide whether to continue the training.

* Quick reference 2 provides an hierarchical overview of airway clearance techniques, 

and a list of contra-indications for air stacking.

Conclusions and future directions

management of early respiratory complaints, during the build-up of respiratory 

weakness with relevant respiratory function tests as an adequate and implementable 

strategy that can contribute to the early detection of respiratory dysfunction and 

to perform interventions are available before ventilatory support is needed. As is often 

the formulation of the recommendations of this practical guideline.

We suggest that future research should further clarify which respiratory function test 

respiratory function testing, reference standards can be used to compare a patient’s 

are often proposed, in which no distinction is made for morphological differences, 

therefore limiting tailor made clinical decision making. Another research topic is 

the optimal frequency and intensity of airway clearance techniques, to support 

Implementation of practise recommendations

The ultimate goal of this clinical guideline is to facilitate shared decision making 

by timely detection of respiratory dysfunction in ALS patients, therefore improving 

tailored care. To promote implementation of the guideline, online training modules 
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training modules, physical courses with an emphasis on practical skills training are 

regularly offered.

Acknowledgments:

or the decision to submit this manuscript for publication.
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Supplement I Review protocols and search strings

Which respiratory function tests are indicative for early respiratory 
dysfunction and reduced cough ability.

To identify respiratory function parameters that are sensitive to assess 

To identify the optimum frequency of assessment required to monitor 
pulmonary function in people with ALS

Review population

Critical:

nocturnal hypoventilation
cough effectiveness
Non-critical:

Search strategy Databases: Medline
Date limit: No date limit applied
Date of search: 
Language: 

 systematic reviews, meta-analysis, cross-sectional study, 
prospective cohort study, Retrospective cohort study

studies
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respiratory muscle weakness

To evaluate the effectiveness of cough augmentation techniques and 
respiratory muscle training for patients with ALS

Population: Patients with ALS
Interventions:
Basic cough augmentation techniques:

Manual cough assisted coughing technique (quad coughing, assisted 

Intrapulmonary percussive ventilation

Suction pump
Comparisons: 
Outcomes:

Survival, Health-related quality of life, Patient/carer reported outcomes 
(ability to cough, ability to clear secretions, concordance, breathlessness, 

Important: 

Search strategy Databases: Embase
Date limit: No date limit applied
Date of search: 
Language: 

Inclusion criteria Aggregated studies: systematic reviews, meta-analysis
Controlled trials: 

2
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Search string Medline

# Searches Medline Results

motor neuron disease/

amyotrophic lateral sclerosis/

3 bulbar palsy, progressive/ 797

4

5 (motor neuron* or moto neuron* or motoneuron* or motorneuron* or motor-

6

7

8 38

9

lou gehrig*.ti,ab,kf.

8

monomelic amyotroph*.ti,ab,kf. 97

frontotemporal dementia/

5589

transcutaneous electric nerve stimulation/

TENS.ti,ab,kf.

ultrasonography/

muscle cramp/ or muscle rigidity/ or muscle spasticity/ or muscle weakness/

30

transcranial magnetic stimulation/

33

34

35 meta-analysis/

164642_Bakers_BNW-def.indd   38 23-03-2023   14:07



39

Search string Medline

# Searches Medline Results

36 meta-analysis as topic/

37

38

39 (reference list* or bibliograph* or hand search* or manual search* or relevant 36367

40 (search strategy or search criteria or systematic search or study selection or data 

47893

(medline or pubmed or cochrane or embase or psychlit or psyclit or psychinfo or 

43 cochrane.jw.

44 345865

45 randomized controlled trial.pt. 475559

46 controlled clinical trial.pt. 96070

47 randomi#ed.ab.

48 placebo.ab.

49 randomly.ab.

50 clinical trials as topic.sh.

trial.ti.

53 epidemiologic studies/

54 900957

55

56 cross-sectional studies/

57 case control.ti,ab,kf.

58

59 ((follow up or observational or uncontrolled or non randomi#ed or 

60

3759548

63

2
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Abstract

Introduction:

Methods: 

weakness.

Results: 

association between weakness at baseline and the magnitude of the treatment 

response was found.

Discussion: 

response in muscle groups that show the greatest initial weakness.
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Introduction

by progressive, asymmetric and predominantly distal arm and leg weakness.  

Muscle involvement and treatment response are often based on muscle strength 

assessments. In MMN, the method most commonly used to quantify muscle 

contraction, or calculated sum scores. Therefore, knowledge about the pattern of 

initiation is not supported by observational data. 7, 8

9 This 

study aims to determine the pattern of treatment response at a group level in a 

Methods

In this cohort study, we reviewed data from the electronic medical records of 

8 who received their 

been treated with other immunosuppressive drugs in the 6 months before initial 

measurements or had comorbidities that had a direct effect on muscle strength.

study protocol, and concluded that no informed consent was required, provided that 

the data was anonymized before analysis.

3
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Procedures

Testing procedure

groups were tested bilaterally. Hand-grip strength was tested with a hydraulic hand 

measurement errors, objective muscle strength evaluations were performed according 

to standard procedures described elsewhere, including test positions, placement of 

 All muscle strength 

Each measurement was repeated twice. If the value of the second measurement 

Muscle strength assessments of the second treatment were not available for all 

Data collection
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was then provided to the researchers for statistical analysis.

Baseline data were summarized by calculating the mean and the standard deviation 

 The standardized scores, 

or z-scores, indicate by how much the patient’s values deviate (measured in number 

to estimate the mean change in standardized muscle strength from baseline at 

incorporated a random intercept for subject number. In order to estimate the average, 

pooled effect, all muscle groups were combined into a single model, accounting for 

clustering within muscle groups and patients by specifying two random intercepts 

for each clustering variable. To compare the average treatment response between 

Results

Patient characteristics

characteristics are summarized in Table 1.

Treatment response of individual muscle groups

Figure 1 shows the average treatment response at a group level of individual muscle 

groups over time, when compared with baseline measurements (muscle strength 

up (see supplemental Table 1

3
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Table 1 Patient characteristics

Total number of included patients 47

Number of patients with second follow-up

Male/female 40/7

Disease duration, months

Abbreviations: Age, age at diagnosis (SD).

The treatment response increased during the second follow-up in almost all 

Table 2

analysed muscle groups showed a strong association between initial weakness at 

magnitude of the treatment response depended more strongly on muscle strength 
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Supplemental Figure 1 provides additional supporting data.

Figure 1

Mean improvement from baseline in number of standard deviations. Muscle strength measurements 

Table 2

Slope (SE) p value

Pinch

Thumb

Hand

Wrist

Shoulder

Ankle

Hip abd

graphical representation of the relationship initial muscle strength and treatment response.

3
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Discussion

research.

up caused an overall, additional treatment response in all muscle groups. However, 

within the wide range of tested muscle groups, this additional effect was only 

legs, may not have been detected previously due the use of the Medical Research 

subjectivity.  Moreover, its insensitivity for detecting muscle weakness results in 

 This 

insensitivity may cause structural underestimation of muscle weakness, in particular 

arm and/or leg weakness is distinct in MMN, it is possible that MMN also causes a 

also have fatigue and loss of walking ability.

weakness in the early phase of MMN may be related to reversible damage, such as 
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 However, it is important to note that this 

groups (also see supplemental Figure 1

in strong muscle groups such as the quadriceps.  In this study, the impact of these 

errors was reduced as much as possible by using a standardized protocol applied by 

during consecutive measurements, a learning effect may also have had an impact 

on the results. To minimise this potential learning effect in the current study, patients 

were familiarised with the test. In addition, the results of this study show that the 

treatment response continued to increase during the second follow-up, making a 

been caused by the normative values that were used, although a true difference in 

more active when mobility is improved due to stronger distal muscles. Placebo effect 

could also have played a role, and though rare, some patients probably have had a 

our study, it is not possible to accurately discriminate between true or placebo effects. 

To gain more insight in the mechanisms that underlie the treatment response, a longer 

follow-up study with repeated electrodiagnostic evaluation is required.

was complete paralysis at baseline.

3
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Supplemental Figure 1

abd = abduction
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Abstract

Objective: The primary aim was to determine the safety of treatment with human 

Methods:

fSCIg phase

strength, disability and treatment satisfaction.

Results:

vs.

year, p

0 vs. p

Conclusion: Treatment with 
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

Introduction

characterized by asymmetric muscle weakness, predominantly of the upper limbs 

tolerated, various systemic adverse events have been reported: the majority, such as 

headache, malaise and chills, are transient and relatively mild, but some rare adverse 

venous access and administration in hospital or at home, in the presence of a nurse, 

be administered by the patient or informal caregiver and produces fewer systemic 

reduced bioavailability require more frequent infusion and an increase in dose in 

A relatively new treatment that overcomes the disadvantages of the conventional 

(fSCIg

Methods

4
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and its later amendments. All patients gave written informed consent.

Outcome measures

This study consisted of two successive phases: the 

and the fSCIg phase , 

fSCIg phase, 

Figure 1 

systemic AE = systemic adverse event
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

Figure 2 

Questionnaires consisted of a standardized questionnaire for adverse events, treatment satisfaction 

documented safety using a standardized questionnaire that included a number of 

adverse events and laboratory tests, including hemoglobin, hematocrit, haptoglobin, 

the patient him/herself could decide to discontinue the study treatment and resume 

The second aim of this study was to measure muscle strength. All patients underwent 

4
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Treatment protocol

therapy regimen to determine their current neurological functioning on therapy. 

After completion of the 
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

All data were summarized using the median and range for non-normal distributed 

variables, and number and percentage for categorical variables. Patient 

Whitney U test for non-normal distributed variables. The absolute frequency of 

Meier curves. Subsequently, we assessed which baseline factors affected the time 

when the p

Results

Patients

not respond or could not be reached, and 30 patients declined participation. In total, 

during the 

4
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because of surgery for a hernia. According to the protocol, an increase of dose was 

Reasons and determinants of discontinuation

participants decided to discontinue because of adverse events (local reactions at the 

Table 1  Baseline characteristics

Total cohort
(n = 17)

Continuation
fSCIg
(n=8)

Discontinuation
fSCIg
(n=9)

P-value

0.67

0.88

0.37

0.37

autoantibodies

We evaluated which outcome measures were associated with treatment 
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

Interestingly, treatment satisfaction was the only baseline factor associated with 

 of the trial was 

p

vs

vs. p 

p p 

more often (p = 0.03 and p

Table 2

but, in retrospect, this complaint had already been present 3 months before the start 

cardiological evaluation, coronary artery disease was diagnosed. The cardiovascular 

to hospital because of new onset diabetes mellitus. The second patient reported 

performed by a neurovascular specialist, a combination of cardiovascular risk factors 

ophthalmologist.

4
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Table 2 

IVIg fSCIg
p-valueFrequency Rate Frequency Rate

5.0

   Skin reactions 0.9 0.79

0.5 0.3

   Headache 3.5 0.9

0.3

0.36

   Increased hunger sensation 0.5 0.4 0.43

0.7 0.03

0.0 0.39

0.0 0.39

   Nausea 0.0 0.39

   Lumbago 0.0

   Palpitations 0.0

   Hypertension 0.4 0.0

Local reactions at injection site 0.0 3.3

Serious adverse event 0.0

AE = adverse event, frequency = absolute frequency of adverse events, in brackets are the unique 

p

taken and number of steps, p

p

most likely caused by a decline in muscle strength of one patient at visit 5, with a 

p-

Treatment satisfaction and reasons for continuation
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

Table 3  Longitudinal outcome measures

Endpoint Intercept Treatment Time 
(Months)

95% CI p-value 95% CI p-value

0.54 0.5

-0.8 0.30 0.0 – 0.3

SES 0.6 0.0 0.36

steps 0.3

seconds
8.4 0.3 0.0 – 0.5 0.040

9-hole peg, seconds

Treatment 
satisfaction

7.9 -0.5 0.067 0.0

Table 4 Mean difference in Hand-held dynamometry

Endpoint Mean difference
(Post – Pre)

95% CI p-value

 Total -75.8 – 33.3

 Shoulder abduction

-4.5 – 9.5 0.46

0.0 – 5.0 0.049

 Thumb abduction -4.5 – 0.9

-4.8 0.38

-7.5 0.37

-9.9 – 7.6 0.78

4
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Discussion

which is in accordance with previous studies that described local adverse reactions 

previous studies, muscle strength, disability and treatment satisfaction in our study 

remained stable, showing equal muscle strength and disability and unchanged or 

treatment in MMN, as systemic adverse events may decrease, muscle strength, 

disability and treatment satisfaction remains stable, and there is the advantage of 
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy

a randomized single blinded cross-over trial and follow-up study by Harbo et al, 

satisfaction in the 

but as muscle strength, disability and treatment satisfaction were comparable to 

Study limitations include the relatively small number of patients, a common challenge 

in studies on rare disorders such as MMN. We were able to contact 48 MMN patients 

prospective cohort and not a randomized controlled blinded trial. However, the route 

of care this would limit the possibility withholding patients from immunoglobulin 

an alternative route of administration in a relatively rare disorder.

muscle strength, disability and treatment satisfaction remained unchanged after 

4
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy
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of this satisfaction level.

immunoglobulins
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Human Immune Globuline 10% with Recombinant Human Hyaluronidase in Multifocal Motor Neuropathy
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Abstract 

Objective: Uniform data collection is fundamental for multicentre clinical trials. We 

aim to determine the variability, between ALS trial centres, in the prevalence of a 

associations with individual patient and item characteristics.

Methods: We used data from two multicentre studies to estimate the prevalence of 

Results:

Conclusions:

two consecutive visits are relatively common. These sudden increases were not 

quality during the study, in multicentre research.
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Introduction

different aspects of the patient’s daily physical functioning and symptomatology, 

invasive ventilation may be initiated, resolving symptoms of dyspnoea. This increases 

the residual presence of symptoms under respiratory support.

The above scenario should be resolved, preferably using standard operating 

scoring strategies across raters and centres. Nevertheless, training may be 

patient monitoring. In this study, therefore, we aim to determine the prevalence 

and item-related characteristics are associated with the prevalence of these sudden 

increases in the total score.

5
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Methods

Individual participant data

trial was a randomized placebo-controlled clinical trial that evaluated the safety and 

anonymised individual patient data from both the placebo and active arms were 

We considered an increase of 5 points or more between two consecutive monthly 

visits to be an unnatural, sudden change. The cut-off was based on test-retest 

may vary up to 4.3 points due to random variability. Per patient, we calculated 

with at least one sudden increase of 5 points or more per trial and per trial centre. As 

a sensitivity analysis, we adjusted the sequential difference between visits for the 
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To distinguish the variability in prevalence between centres from random noise and 

potential underperformance of a particular centre, for each centre we calculated the 

probability of observing the number of patients with a 5-point or more increase out 

of the total number of patients enrolled in that centre, given the average background 

regression models were used to evaluate whether the centre prevalence of patients 

with a sudden increase depended on the centre’s number of enrolled patients.

5-point or more increase. Baseline data were summarized using the mean and 

categorical variables. Means or proportions were compared using Student’s t

Results

Prevalence of sudden increases in the dexpramipexole and ozanezumab trials

5
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in the prevalence of sudden increases, illustrated in Figure 1 for the 36 largest trial 

Figure e1 

 and Figure e2

for each centre.

Figure 1

total score are highlighted in red. The percentage per center indicates the proportion of patients 
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To distinguish the variability between centres from random noise and potential 

underperformance of a particular centre, for each centre we calculated the probability 

of observing the number of sudden increases given the average background 

prevalence observed in the other trial centres and the number of enrolled patients. 

These probabilities are presented in Figure 2. To illustrate: the probability of observing 

it highly unlikely that this number of sudden increases is due to chance, and may 

suggest underperformance of a trial centre compared to the other centres. In total, we 

suggesting a high likelihood of systematic differences between centres. The variability 

p Figure 3

sites that enrolled a higher number of patients had, on average, a lower prevalence 

of patients with a 5-point or more increase. In contrast, between-centre variability in 

Figure 2. Probability of observing the number of patients with a 5-point or more increase per trial 
centre

Probability of observing the number of patients with a 5-point or more increase per trial center. 
To distinguish the variability in prevalence between centers from random noise and potential 
underperformance of a particular center, for each center we calculated the probability of observing 

patients enrolled in that center, given the average background prevalence observed in other trial 

5
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Figure 3. Number of enrolled patients vs. prevalence of sudden 5-point or more increase

Number of enrolled patients vs. prevalence of sudden 5-point or more increase. Relationship between 

Patient characteristics associated with potential measurement errors

In Table 1 we provide the individual characteristics of patients with and without a 

5-point or more increases during follow-up, possibly as they are less likely to gain 5 

more increase.
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Table 1. 
total score

Characteristic Dexpramipexole trial Ozanezumab trial

Patients 
without a 

increase
(N = 814)

Patients 
with a

increase
(N = 123)

P-value Patients 
without a 

increase
(N = 275)

Patients 
with a

increase
(N = 28)

P-value

Age at screening, years 0.33

0.034

Site of symptom onset, bulbar

Symptom duration, months 0.37 0.63

0.003

0.073
0.34

0.030

0.003
0.39

0.79

Item characteristics associated with potential measurement errors

Figure 4

item in which no sudden increase occurred, averaged over the measurements 

for these questions.

5
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Figure 4.

Discussion

In this study, we show the relatively common occurrence of sudden, large increases 

These sudden increases did not occur with equal frequency in trial centres, which 

scoring strategies among trial centres, or dissimilarities between raters. We found 

several patient- and item characteristics that were associated with the prevalence of 

an important source of these sudden increases may be related to the initiation of 

symptomatic interventions, especially for respiratory and bulbar symptomatology. 

Although the study staff of both clinical trials were well-trained, our results indicate 
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imbalance in distribution among trial centres, suggest that these increases are most 

marked as important drivers for sudden increases. The vulnerability of these two 

at baseline. Especially for these domains several symptomatic treatment options are 

effect caused by a potential symptomatic intervention from the effect caused by 

The initiation of a symptomatic treatment might not only cause a sudden increase 

the patient’s symptomatology. In this study, we did not look at small sudden changes 

between two consecutive visits could also result in a 5-point or more increase. Just as 

with the symptomatic interventions, the effect of these natural improvements should 

declining function over time. This highlights not only the importance of facilitating 

uniform scoring strategies, but also of continuously evaluating the accuracy of the 

5
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underperformance of individual trial centres may play a role. By calculating the 

probability of the proportion of sudden increases, we were able to get an impression of 

during trial conduct. The results demonstrate that the number and the degree of 

the ozanezumab trial. These differences could very well be due to an improvement 

additionally employed a central in-stream blinded monitoring system during the 

queries to the sites. Interestingly, we found that high proportions of sudden increases 

points out that factors such as reaching enrolment goals may be related to centre-

related performance in data quality, highlighting the importance of recognising 

our analysis indicated that the number of enrolled patients per trial centre was an 

allow us to analyse other centre characteristics that were potentially associated with 

by previous literature, indicate that preliminary selection and interim assessment 

of participating trial centres, could potentially contribute to improvement of data 

be estimated. However, longitudinal scoring by the same rater, possibly supported 

training of raters, video review and other methods for monitoring of data quality 
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In conclusion, the results of this study suggest that sudden increases in consecutive 

these sudden increases did not occur with equal frequency in trial centres. In addition, 

items in the bulbar and respiratory domains, which can be impacted by available 

score and a faster disease progression were more likely to have a sudden increase. 

To facilitate adequate and uniform handling of improvements due to symptomatic 

5
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Figure e1
participating centres of the dexpramipexole study

highlighted in red.
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Figure e2
all participating centres of the ozanezumab study.

highlighted in red.
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Abstract 

Objective: Spirometry is commonly used as screening tool for respiratory 

reference standards on spirometric outcomes, its standardization is overlooked in 

current guidelines. We aim to illustrate the effect of spirometric reference values on 

prognostication, medical decision-making and trial eligibility in the applied setting 

Methods:

longitudinal patterns and time-to-event outcomes.

Results:

p

Conclusions: Independent of technique, device or evaluator, spirometric reference 

values affect the utility of spirometry in ALS. Standardization of reference values 

is of the utmost importance to optimize clinical decision-making, improve 

prognostication, enhance between-centre comparison and unify patient selection 

for clinical trials.
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Implications of spirometric reference values for amyotrophic lateral sclerosis

Introduction

 heart failure,  and 

neuromuscular disorders.3 Spirometric reference standards are used to compare a 

patient’s pulmonary function to a healthy population of a similar age, body height, 
4

5.75L, respectively, given their morphological characteristics. Absolute spirometric 

measurements are, therefore, of little value in clinical practice. Importantly, the 

reference value for an individual patient depends heavily on the applied reference 

standard.5 As a consequence, variability between reference standards may 

considerably affect the patients’ spirometric results and alter clinical decisions.6

7 

The end-stage of ALS is characterized by weakening of the diaphragm musculature, 

which results in a progressive decline in lung function 

plays, therefore, a central role in the clinical care for patients with ALS and is a primary 

predictor of survival time.8

7 as decision-tool for gastrostomy 

placement or as eligibility criterion for clinical trial participation.9

spirometry, standardization of references values is overlooked in the current 

in predictions between spirometric reference standards is, nevertheless, well 

known.5 It is, therefore, surprising that there is currently no guidance for spirometric 

reference standards in ALS. The lack of standardization of reference values could have 

implications for patients and ALS-oriented research settings. This study, therefore, 

aims to illustrate the effect of spirometric reference values on prognostication, 

medical-decision making and trial eligibility, and ultimately provides a basis for 

standardization of spirometric reference values in ALS.

Methods

6
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 All subjects provided their 

consent during trial participation. In order to assess the effect of different spirometric 

4

in ALS clinics (personal communication

 despite 

their known disadvantages.5

4 has been endorsed by both the American Thoracic 

previous reference standards.5

death from any cause. Patients who remained alive during the trial were censored 

after their last follow-up visit. The severity of dyspnoea symptoms was assessed 

 Using the longitudinal sample size framework provided 

scheme.  Subsequently, we analysed the predictive value of each reference standard 

and diagnostic delay.  Missing data in any of the covariates were handled by creating 

multiple imputed datasets, a procedure described in more detail elsewhere.9
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Implications of spirometric reference values for amyotrophic lateral sclerosis

the longitudinal correlation between symptoms of dyspnoea and the probability of 

were calculated using the R package rspiro 4  LME 

g)lmer

Results

characteristics are given in Table 7.1

p Figure 7.1 provides the individual differences between reference 

standards as measure of disagreement, which revealed a clear difference between 

vs. 

p-

p-

Table 7.1. 

PRO-ACT

Age at enrolment, years

 Male

Race

 African-American

Site of symptom onset
 Bulbar

Symptom duration, months

6
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Table 7.1. (continued)

PRO-ACT

months

2

litres

 Males

%predicted

Figure 7.1.

reference standards.

r 0.997, 

p
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Implications of spirometric reference values for amyotrophic lateral sclerosis

(Figure 7.2A-D
9, the cumulative proportion of patients below a certain 

cut-off is given in Figure 7.2E

p

depending on the reference standard, a different population is selected, which could 

affect the generalizability and between-trial comparability.

The effect of each reference standard on the predictive performance for survival 

time and variability over time are given in Tables 7.2 & 7.3. The unstandardized litres 

p

would be the most sensitive measure to detect a given treatment effect (Table 7.3

vs.

Figure 7.3A+C

 Figures 

7.3B+D reveal the association between symptoms of dyspnoea and proportion of 

6
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Figure 7.2. Quantile-Quantile plots of the different reference standards

E)
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Implications of spirometric reference values for amyotrophic lateral sclerosis

Table 7.2. 

Model AIC C-statistic Hazard ratio

Unadjusted litres 0.760 -

0.778

0.774

0.780

0.779

0.780

Table 7.3. 

Model Baseline Baseline 
variance

Slope
(Monthly

Slope 
variance

Required sample 
size

Unadjusted litres 0.09 L 370

356

358

358

354

6
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Figure 7.3. 

B+D) 
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Implications of spirometric reference values for amyotrophic lateral sclerosis

Discussion

In this study, we assessed the impact of spirometric reference standards on clinical 

and research-oriented settings for patients with ALS. Independent of technique, 

device or evaluator, there are important differences between reference standards 

that could considerably affect medical decision-making, prognostication, patient 

counselling and patient selection for clinical trials. The timing of referral to a 

respiratory care clinic is affected by the applied reference values. Moreover, the 

comparability of clinical research is obscured when investigators use different 

rate of decline. Standardizing the use of spirometric reference standards in both 

clinical and research-oriented settings is, therefore, of the utmost importance to 

optimize the utility of spirometry.

5 

standardization of spirometric reference standards receives surprisingly little 

risk of death during follow-up. Importantly, this difference is solely caused by a 

systematic difference in reference standards and not due to a true difference in 

pulmonary function. Between-technician differences and other technical concerns 

between references standards in the timing of referral to specialised respiratory care 

overall survival,

initiation.

Figure 7.3

6
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highlights an important limitation of spirometry in ALS and emphasizes the need to 

consider both symptomology and spirometry in clinical settings.

 Patients are selected for clinical 

the applied reference standard,5

vs.

trial populations differed in their overall survival. This observation has considerable 

consequences for the comparability of trial populations and the generalizability 

of results.  This becomes even more critical when one considers the systematic 

underreporting of reference standards in ALS clinical trials: of the 37 randomized 

9

clinicians’ ability to translate trial outcomes to clinical practice.

database of ALS clinical trials. It is well known that trial participants differ from the 

general population and fast-progressing patients are likely underrepresented.  

Nevertheless, our imperative was not to obtain real-world estimates of the time to 

reach a critical limit, but merely to illustrate the large effect of the reference standard 

Figure 7.1

between spirometric reference standards will not change in population-based 

30 an endpoint 

 and to optimize cut-off criteria 

in clinical practice is not straightforward due to the underlying mathematical model.4 

5
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Implications of spirometric reference values for amyotrophic lateral sclerosis

In conclusion, our results show how spirometric reference values can considerably 

affect the utility of spirometry in ALS and, potentially, other neurological diseases. 

Similar effects may be observed in other outcomes that depend on reference 

standards such as muscle strength testing or other markers of respiratory function. 

minimally and showed the strongest associations with survival and patient-reported 

symptoms. Standardization of reference standards may optimize clinical decision-

making, improve prognostication, enhance between-centre comparisons and unify 

patient selection for clinical trials.

6
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Abstract

Background: 

measurements with loss of function.

Methods: Reliability of isometric muscle strength of the quadriceps was measured in 

method of agreement.

Results: 

Patients vs.

Conclusions: 

induced ceiling effects, optimize the standardization of muscle strength testing, 

potential for unsupervised, home-based assessments and reduce the burden to the 
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Introduction

 

progression.

objectivity and sensitivity.3,5-7

 These limitations become especially apparent in strong muscle groups 

such as the quadriceps, resulting in possible ceiling effects and a reduced sensitivity 

and hospital visits.

 

and the accompanying need for reliable and unsupervised measurements of disease 

progression,

developed to evaluate quadriceps strength, because, although there is a gradual 

rate of decline, the function of this muscle is preserved for a relatively long time. 

 The quadriceps is, therefore, potentially a sensitive muscle group for objective 

the strongest muscles of the human body, its assessment is challenging, which leads 

Methods

within the motor neurone disease spectrum (i.e. Amyotrophic Lateral Sclerosis, 

7
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recruited from personnel and students from the department of rehabilitation and 

participate in this study.

same day (Figure 1

were seated on a chair with back support, hips and knees were kept at 90 degrees. 

minimize the effect of fatigue. All trials within the same participant were conducted 

Figure 1. 
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Hand-held dynamometry

30

but also strived to give a gentile break in the opposite direction of the isometric 

In order to be able to measure muscle strength of the quadriceps muscle using 

 2

standardizes the starting position of the knee joint at 90 degrees. The vertical arm of 

a, Figure 2

b

30

variables and number with percentage for categorical variables. Mean differences 

we selected the highest muscle strength score from the two values which were 

the heteroscedastic nature of the data, we applied a log-scale transformation, 

7
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was calculated by taking the square root of the within-subject variation and back-

transformed as described elsewhere.

Figure 2.

using the lmer and bootMer 33

Results

Between 4th th

characteristics are presented in Table 1
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the control population (p <

Table 1. Baseline characteristics of study population

Characteristic Patients
(N = 45)

Controls
(N = 43)

 Median
 Range 30 to 84

47

Males

8 to 508

 ALS
 PMA
 PLS

-
-
-

Bulbar onset -

-

 Median
 Range

-
-

 Median
 Range

-
-

Riluzole use -

-

 Median
 Range

-
-

46

prediction model.47

In Figure 3

nature of the data, we applied a log transformation on the muscle strength scores. 

7
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Patients vs.

Patients vs.

Figure 3. Bland-Altman plots for test-retest reliability

A-B C-D
log-transformation. 
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Figure 4A

 (Figure 4B

r

controls it was considerably lower (Pearson’s r

Figure 4. 

(A

. (B  Muscle strength based on hand-held dynamometry data 
was categorized and per sub-group we determined the proportion A clear pattern 
emerges with the assessor no longer being able to measure the full muscle strength from 300N 
upwards (i.e. a proportion of 

Relationship with loss of function

Figure 5 Figure 4A, 

measurements can be seen in both patients and controls. In patients the range 

7
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to the reported functional loss. In the controls, the range of muscle strength was 

Figure 5. Relationship between functional loss and muscle strength measurements

Dicussion

dynamometer in a simple and portable framework opens the door to standardized 

self-assessments by patients in their homes, and may eventually decrease the 

number of hospital visits and reduce the burden to participate in clinical trials.
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to be the gold standard.

assessment of quadriceps muscle strength .  These rigid frameworks are, however, 

 Although 

has led to inaccurate measurements and patient discomfort.

5,6 The ceiling 

effect prevents the investigator from determining the patient’s true strength if the 

 This 

may become particularly problematic in longitudinal settings if patients are assessed 

 More importantly, site personnel 

irrelevant for relatively weak muscle groups, the true strength of major muscle groups 

asymptomatic stages of the disease (as was shown in Figure 5

track the progression curve of quadriceps strength better, especially in early disease. 

7
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settings and reduce site-variability.

limited to strength assessment of the quadriceps, it remains to be established how 

quadriceps.

 It is, therefore, critical 

studies are required to use a data-driven approach to determine which muscle 

groups provide complementary information in addition to quadriceps strength 

monitoring. An important aspect to consider is the current transition to home-

 portability, cost-effectiveness and 

the potential for unsupervised, user-friendly assessments should have a prominent 

devices in tracking disease progression in individual patients and revealing group-

other neuromuscular diseases, could improve the delivery of remote care, optimize 

integrating the load cells and introducing a patient-friendly user interface.
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Abstract 

Objective: In this study we aim to determine the value of remote, accelerometer-

based monitoring of physical activity in patients with ALS.

Methods: 

Results: 

p 

r p

vs.

resulted in smaller sample sizes.

Conclusions: Accelerometry is an objective method for quantifying disease, which 

could obtain real-world insights in the patient’s physical functioning and may 

personalize the delivery of care. In addition, remote monitoring provides patients 

with the opportunity to participate in clinical trials from home, paving the way to a 

patient-centric clinical trial model.
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Accelerometry for remote monitoring of physical activity in amyotrophic lateral sclerosis

Introduction

patients from participating in clinical trials. Trial participation is burdensome due to 

there is a selective enrollment of patients, which obscures the collection of safety and 

4 This affects 

the design of clinical trials and their ability to detect treatment responses.

5 

of remote monitoring of cardiac,6 respiratory,7 neurological,8 physical or homeostatic 

parameters.

home is intriguing, especially for debilitating disorders like ALS. As ALS leads to 

progressive functional loss, remote monitoring of physical activity (i.e. accelerometry

Using remote markers of disease progression may reduce the overall trial burden 

and potentially allow more patients to participate in clinical trials.

with ALS. It remains, therefore, unknown whether accelerometry can accurately 

study, we provide an initial step towards validating remote monitoring of disease 

progression in patients with ALS.

Methods

were approached by e-mail and invited to participate. Patients were required to 

8
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 Subsequently, 

days. It was initialized to collect data at a sampling rate of 30 Hz. In addition, patients 

were asked to keep a wear time log and to provide information regarding their daily 

digitally for research purposes and consented to participate in this study.

Accelerometer data

increases the sensitivity for capturing lower-intensity activities (e.g. sleeping, 

elderly and neurologically impaired patients.

processed to remove the recorded activity during mail transportation and to 

identify 

et al.

 period 

calculated per day the  in hours. In order to obtain an accurate 

estimate of the mean activity during a day, days with less than eight hours of total 

Accelerometer-based outcomes

to 30,000 observations per measurement (Figure 6.1A

vector magnitude, 

, where x, y, z are the vertical, 
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Figure 6.1B-E %active, we estimated 

minute threshold (Figure 6.1B

the average daily MET score (Figure 6.1C

does during the day. They do, however, not directly indicate what a patient physically 

can 

in vector magnitude counts. If the variation in vector magnitude counts is large, 

but the average vector magnitude small, this indicates that the patient is physically 

based on the average daily vector magnitude count and its variation ( i.e. 

Figure 6.1D  

was estimated on the log (ln

y- daily A1 

(Figure 6.1E Figure 6.1 it becomes clear that each endpoint results in different 

ranges only between 0.79 and 0.83. This could have important consequences for 

the sensitivity of each end point.

Sample size calculation

LITRA study.  The longitudinal sample size calculation assumed, conservatively, a 

th 

 With 

8
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Figure 6.1. Raw accelerometer data of a single measurement and illustration of outcomes

A

B
 (C

 (D
E

for the sensitivity to detect differential disease progression.
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The primary aim of the analysis was to assess the longitudinal rates of decline in 

quantify the heterogeneity in rates of decline between individuals, we calculated 

LME models were used to assess the longitudinal correlation between physical 

 We used standardized outcomes 

r

effect of each endpoint on trial design based on longitudinal sample size calculations 

as described in more detail elsewhere.

lmer  The R PhysicalActivity 

 Results were considered 

Results

Between the 7th st

characteristics are given in Table 6.1

population consisted primarily of patients with a relatively good prognosis.  The 

whereas one female patient reported limited clothing options (e.g. could not wear a 

 was similar for males and females (p

8
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Table 6.1

Characteristic Overall
(n = 42)

 ALS
 PMA
 PLS

Symptom duration, months
 Median
 Range

months
 Median
 Range

8

points per month
 Median
 Range

0.34

 Long
 Intermediate
 Short

duration.

 with a between-

Table 6.2 provides 

over time (all p-
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of decline (i.e. the presence of both fast- and slow-progressing patients, all p-values 

vs.

sensitivity to detect differential disease progression.

Table 6.2. Longitudinal rates of change during follow-up

Outcome Model parameters
variationIntercept Slope a b p-value b

ALSFRS-R

 Total score 36.4 -0.59 -0.80 – -0.39

 Bulbar score

 Motor score -0.44

 Respiratory score -0.09 0.006

ActiGraph

-0.64 -0.86 – -0.43

 MET 0.64

8.55 0.77

0.74

a Slope is the mean monthly rate of change during follow-up. b p-value of slope 

p

Correlation with disease progression

Figure 5.2A-B 

r 

p

r p

r p

r 

domains were r 0.69, r 0.75, r 0.74 and r 0.55, 

Figure 

6.2C-D, p

8
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Figure 6.2

A
B

individual patient correlations. C+D: 

and sampling frequencies (Table 6.2
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Figure 6.3A

(Figure 6.3B

Figure 6.3. Longitudinal sample size calculations for three accelerometer-based outcomes

Models from Table 2

and using either a monthly (A B

sample size calculations are based on the observed slopes in Table 6.2 and do not account for 
missing data.  It is important to note that in other settings, the absolute sample size varies, but is 
unlikely to affect the relative differences between outcomes (i.e. absolute sample size are high in 

8
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Discussion

In this study, we show the feasibility and value of remote, accelerometer-based 

monitoring of disease progression in patients with ALS. Accelerometer-based 

outcomes accurately assess the patients’ activity level under free-living conditions 

disease spectrum. Accelerometry has a high adherence rate and may potentially lead 

to improvements in clinical trial design, not only by reducing sample sizes, but also 

by providing patients with the opportunity to participate in clinical trials from home. 

Reducing the number of hospital visits lowers the burden of trial participation and may 

disease progression may potentially increase the number of eligible patients, enhance 

enrollment rates and improve protocol adherence in ALS clinical trials.

The use of accelerometers, biosensors and medication adherence monitors is 
5

functioning and evaluate treatment responses in real-world settings.  Most 

will pave the way to a patient-centric clinical trial model, where the trial is designed 

these clear advantages, digital biomarkers are not frequently implemented in pivotal 

clinical trials.5  

regulatory hurdles may be the main driver of their delayed utilization.  The limited 

standardization of the data capture, auditability and use for digital biomarkers 

may result in a lower level of consistency and quality as compared to in-clinic 

measured endpoints. To overcome these hurdles, it is imperative to obtain insight 

for classical endpoints.

Interestingly, we found a considerable degree of variation between the four methods 

to summarize daily activity and their ability to detect treatment responses (Figure 

6.3

consideration is to distinguish between accelerometer-based outcomes that 

does during the day (i.e. the percentage being active or the 

can do (i.e. the 
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daily activity as ALS progresses, the endpoints are affected by intrinsic patient-

level characteristics, such as culture, life-style and motivation. Similar to a control 

population,  there is a wide variability between patients in the amount of physical 

activity. By estimating the variability in daily physical activity, one can obtain an 

between-patient variability and an increased sensitivity to detect differential disease 

progression.

of disease progression in patients with ALS. ALS is pathognomonic for the loss 

of motor neurons and the accompanying loss of muscle strength and function. 

of disease progression. This affects the design of clinical trials and their ability to 

detect treatment responses. In addition, the most common marker of disease 

less between-patient variability over time. This increases the sensitivity to detect 

treatment responses and may potentially lead to reductions in sample size and costs 

for mid- to long-term trials.

coat syndrome,  activity monitoring might be affected by the Hawthorne effect (i.e. 

 This effect is 

problematic if one is interested in the average daily activity, but unlikely to bias the 

monitoring may further increase the sensitivity of accelerometer-based outcomes. In 

8
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strong correlations with functional measurements observed in our study, it remains 

in ALS clinical trials, such as survival, muscle strength and lung function.

physical functioning, but also involves progression in domains such as bulbar, 

progression there is, therefore, a need to objectively assess multiple domains in 

motor tasks, actigraphy for gross motor functioning, and remote devices for body 

the value of digital technology for clinical trials, the implementation of these 

algorithms based on remote data sources may be integrated into current healthcare 

systems to personalize clinical visiting schemes, or to optimize the detection (or 

In conclusion, in this study, we show the feasibility and value of remote monitoring 

of disease progression in patients with ALS. Accelerometry provides a non-invasive, 

remote and objective method for quantifying disease progression and correlates 

strongly with current outcomes. Accelerometer-based outcomes have the potential 

Remote monitoring provides patients with the opportunity to participate in clinical 

trials from home, paving the road to a patient-centric clinical trial model.
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Abstract

Background: Home-monitoring of spirometry has the potential to improve care 

Methods: We included 33 patients with amyotrophic lateral sclerosis, progressive 

monitoring protocol, consisting of 4-weekly unsupervised home assessments of 

Results: 

Discussion: 
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Introduction

to a multidisciplinary clinic. Two drawbacks of this type of monitoring are that 

that patients have to visit the clinic irrespective of whether there is a decrease in 

A potential solution is the home-monitoring of respiratory function through the 

use of telehealth. This approach allows for more frequent assessments, higher 

continuity of monitoring, especially when patients are not able to visit the clinic, 

and easy communication between patients and the multidisciplinary care team 

of home-monitoring is the assessment of patient-reported symptoms of dyspnea, 

improve the home-monitoring of respiratory function.

9
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that more evidence is needed to support its implementation.

The aim of the present study is, therefore, to evaluate the validity and feasibility of 

Methods

invasive ventilation during the daytime, tracheostomy, or the inability to perform a 

of the study and patients gave their informed consent before participating.

Setting and procedure

Both centers have a multidisciplinary care team, coordinated by a physician. All 

study activities were performed at the patients’ homes, meaning that patients could 

participate in the present study without having to visit a multidisciplinary clinic. 

the multidisciplinary care teams were invited by the treating physician to participate. 

Most patients had access to the telehealth service ALS Home-monitoring and 

Coaching as part of their usual care. This telehealth service included the mobile 

ALS app for self-monitoring and messaging, which facilitated remote monitoring 

and communication between the patient and the multidisciplinary care team. A 

full description of ALS Home-monitoring and Coaching is available in a previous 

Study assessments

Respiratory function was assessed by making three attempts to perform the 

spirometer with Bluetooth connection to a mobile app (Spirobank Smart®, Medical 
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digitally to their multidisciplinary care team via the ALS app or by email, which 

allowed members of the multidisciplinary ALS care team to monitor respiratory 

ALS 

Home-monitoring and Coaching. Patients who did not use telehealth completed 

and 3 for the items of the survey. Items were scored on a 5-point Likert scale: the 

Figure 1 Performing a vital capacity test with a full-face mask. Left: A hammer grip around the tube. 

Baseline protocol

a home visit. The investigator helped patients to install the mobile app on their 

9
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baseline home visit, were not included in the analysis.

home-monitoring compared to baseline. In order to obtain insight into the variation 
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linear regression line. We then ranked patients from lowest to highest SE and created 

greater variability showed larger differences between unsupervised and supervised 

Results

9
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Table 1 Baseline patient characteristics

Characteristic Patients

Gender  n(%)

Age mean(SD)

Diagnosis, n(%)

ALS

PMA

PLS

Site of onset, n(%)

Bulbar

Spinal

, n(%)

n(%)

Telehealth use, n(%)

mean (SD)

median (IQR)

ALSFRS-R, mean (SD)

, mean (SD)

ALS amyotrophic lateral sclerosis, PMA progressive muscular atrophy, PLS primary lateral sclerosis, 

up, which showed a good correlation (
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Figure 2 

quartile = lowest variability and 4th quartile = highest variability. a. At baseline, b.

9
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Figure 3 
of identity. a b

function from home for care purposes. Even patients with limited hand function 

mask, that was attached to the mouthpiece of the spirometer, made it easier to 

in the clinic.
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Table 2 

Item
n(%)

Neutral
n(%) n(%)

N*

Placing the mask on my face was

Handling the spirometer was

33

Judging whether the test was performed 
correctly was

Item
n(%)

Neutral
n(%) n(%)

N*

The spirometer is user friendly 33

The spirometry app was user-friendly 33

The spirometer is appropriate for home-
monitoring of respiratory function

33

I would like to monitor my respiratory 
function from home for care purposes

33

33

correctly in the absence of a healthcare 
professional

 

Table 3 

Item Neutral

Placing the mask on his/her face was 8/9
Handling the spirometer was 8/9 0/9

8/8 0/8 0/8
7/8 0/8

Judging whether the test was performed correctly was 7/9 0/9

9
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Item
agree

Neutral
disagree

The spirometer is user friendly 8/9 0/9
The spirometry app is user-friendly 7/8 0/8
The spirometer is appropriate for home-monitoring of  
respiratory function

8/9 0/9

I would like to monitor my respiratory function from home 
for care purposes

8/9 0/9

8/9 0/9
5/9 3/9

absence of a healthcare professional
7/9

0/9 7/9

 

Figure 4 
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Discussion

face-to-face training, was a valid method for the remote monitoring of respiratory 

healthcare.

patients and healthcare professionals for remotely monitoring respiratory function. 

that these patients may require additional supervision during home-monitoring, 

e.g. through video.

We found that there was no systematic difference between unsupervised and 

as the burden of travelling and visiting a clinic.

We found that all patients adhered to the 4-weekly monitoring protocol, and that 

which most patients reported that the highest acceptable frequency for remote 

9
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due to connection problems and patients forgetting to complete measurements 

sending a reminder at each follow-up. Another facilitator for adherence was the 

likely to be more motivated to complete assessments at home, when they know 

healthcare professionals are monitoring their data closely and will provide feedback 

pain, physical fatigue or loss of concentration. This suggests that it is important that 

patients provide comments on their physical and psychological well-being at time 

test performance without supervision. These patients may prefer access to online 

of video-supervised monitoring, is that it takes healthcare

professionals considerably more time, compared to unsupervised monitoring. 

Interestingly, one study reported that only a few patients felt they were able to 

home without supervision. A reason for this discrepancy may be that patients in the 

Clinical implications

can guide the timing of clinical interventions. When patients show noticeable or 
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face or video consultation may be scheduled in order to determine whether a change 

dyspnea, in order to provide healthcare professionals with more insight into the 

symptoms or both, patients should be referred to a multidisciplinary clinic for further 

clinic visits will be tailored to the rate of disease progression and needs of individual 

patients. In turn, this may result in earlier detection of a respiratory function decline, 

usual 3 monthly in-clinic care. This study contributes to the recently published Road 

Map, that was created to facilitate the wide-scale adoption of digital technology and 

Strengths and limitations

and optimized adherence. A limitation is the fact that the majority of patients in 

our cohort were male and relatively young, which reduces the generalizability of 

cost respiratory pressure meters, home-monitoring of MIP and SNIP will be much 

9
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surface. As a result, more patients may require assistance from a caregiver, which 

increases caregiver burden and may reduce adherence. However, future studies 

Conclusion

during follow-up, is a valid and feasible method for the remote monitoring of 
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Main conclusions

Current use of clinical outcome measures

care to monitor disease progression and to support timely initiation of symptomatic 

alternative, we recommend combining evaluation of signs and symptoms with 

more direct measurements of respiratory strength (chapter 2

to evaluate treatment effects. However, we found equally large treatment responses 

chapter 3

muscle strength evaluations contributes to optimisation of administration, dosing 

and treatment interval of immunoglobulins (chapter 4

Shortcomings of clinical outcome measures

Although assessment of clinical outcome measurements is relevant in care and 

occurred frequently (chapter 5

values in respiratory function testing, as this has a major impact on clinical decision-

making and sample size calculations for clinical trials (chapter 6

addressed in this thesis, are the strong ceiling effects in manual muscle testing, 

chapter 7

The potential of remote clinical outcome measurements.

assessments. However, remote measurements (e.g. independent measurements 

measurements can be assessed more frequently. This thesis includes multiple 

studies in which ALS patients performed remote clinical outcome measurements. 

We found that remote measurements of accelerometry (chapter 8

function (chapter 9 in preparation
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to the transition from in-clinic to remote measurements, allowing faster and better 

clinical decision-making in care, and the collection of high quality data in the search 

for a cure for ALS.

General discussion

Optimal use of clinical outcome measurements in care and clinical trials

for the delivery of personalised care and evaluation of effectiveness during clinical 

trials. Although there are common interests, the interpretation and use of clinical 

outcome measures can differ in care and clinical trials.

To understand the impact of a disease on the limitations on daily activities in 

scope of this search is not only focussed on body functions, such as muscle strength 

related to the individual patient.  As limitations on activities and participation strongly 

choice and interpretation of clinical outcome measurements in care.  In chapter 2, 

we provide clinical recommendations for early recognition of respiratory dysfunction. 

important role in the detection of early respiratory dysfunction. These symptoms 

respiratory dysfunction facilitates timely initiation of interventions that can alleviate 

these symptoms, and contributes to optimal timing of decision-making by patients 

and their caregivers with regard to respiratory management.

treatment options that modify physiological factors directly related to the disease 

are also determined by multiple factors other than physiological disease-related 

3

10
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after inclusion, he begins to stumble because his dropping foot gets stuck behind 

thresholds in the house, especially when he is tired after his daily one-hour walk. 

This leads to him taking several measures. His ALS care team provides him with 

an ankle foot orthosis and he has the thresholds removed. As a result, he is better 

However, this improvement in walking ability is not caused by an improvement in his 

factors.

4, 5 the 

most frequently used clinical outcome measurement as primary endpoint in ALS 
6 However, as this questionnaire uses daily 

activity levels as a reference, the outcome may not provide a way of distinguishing 

ability were not caused by improvements directly related to the disease course, 

symptomatic interventions, such as non-invasive ventilation in case of respiratory 

dysfunction.7

modest, when using clinical outcome measurements further removed from body 

far as disease stage or prognosis are concerned.8 As a result, a potential treatment 

effect within one domain may remain unnoticed, as is it masked by the other 

 is prone 

operating procedures (chapter 5

Rather than using one composite outcome measurement of activity level, it might 

be of value to assess each domain using its own powerful, innovative outcome 

measure. This approach would allow targeted comparison of patients with the same 
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disease stage per domain. In addition, it would be useful to measure both body 

function and activity/participation level within each domain, as this would allow one 

to determine whether small effects at the level of body functions (including future 

Implementation of innovative outcome measurements of motor function: do 

the advantages outweigh the disadvantages?

A wide array of instruments is available for the measurement of respiratory function 

and isometric muscle strength, as these instruments are also relevant in other patient 

groups with neuromuscular diseases.9 The decision to use traditional instruments 

diseases, but not based on broad consensus.  In chapter 2, we discuss the fact that 

suitable alternatives for sensitive detection of early respiratory dysfunction. However, 

a disadvantage of these innovative respiratory function tests is a lack of high-quality 

reference values.  In chapter 6, however, we show that the use of high quality 

and as a powerful outcome measure in trials. The absence of high quality reference 

values in innovative outcome measures results in the use of absolute, and not relative, 

 As 

cut-off value is used in a person of large stature in their twenties, as in a person of 

individual cases, thus greatly reducing their clinical value.

The measurement of muscle strength presents a comparable situation: hand-held 

(chapter 7). However, there are widely used 

 making it, despite its demonstrated methodological 

weakness, the most commonly used measurement method in motor neuron 

disorders research and care.  This lack of high-quality reference values for 

respiratory function and muscle strength   causes researchers and practitioners to 

drift into the arms of traditional but inferior clinical outcome measures, with the risk 

of suboptimal personalised care and of missing potential treatment effects.

10
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treatments with substantial effects are already available, that functional limitations 

due to muscle weakness will unavoidably remain linked to the disease (chapter 3

that the treatments available in the near future will not be a cure, but initially will 

slow down the rate of progression and reduce the severity of motor function loss. 

Therefore, in the search for a treatment for ALS, not only survival time, but also 

treatment effects on clinically relevant motor function outcome measurements 

with genetic variants, in which a treatment could be more effective.  As a result, 

heterogeneity in disease course within the ALS population will increase even further, 

with a parallel increase in the need for personalised care. Relevant and powerful 

measurements of motor function will be crucial for optimal dosage and treatment 

frequency of medication, notwithstanding the adequate timing of treatments for 

residual symptoms. Therefore, the measurement of motor function in ALS will remain 

relevant in the foreseeable future, and warrants innovation.

Remote assessment of motor function improves trial participation rate, data 

questionnaire, survival time, respiratory function, and muscle strength.6 With the 

uniform scoring strategies and adequate skills are conditional for reliable and 

comparable results, we show that such standardisation is problematic, causing 

unwanted variation (chapter 5 chapter 7

training will prevent measurement errors as much as possible. However, ambiguous 

underestimated source of unwanted variation.

systems, due to demographic shifts, that advocates the implementation of new 

directions in healthcare, the travel burden is an important reason for patients to 

reject participation in clinical trials thus contributing to selection bias.  But the 
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journey to the outpatient clinic could in itself also reduces data quality of motor 

Imagine an ALS patient with motor disorders. Today she will undergo 

measurements as part of a clinical trial. With the help of her partner who 

has taken time off from work to accompany her, they drive to the hospital 

where they have to walk from the parking garage towards the main 

journey, she takes a seat in the waiting room. She will then be picked up 

will undergo a respiratory function test, the score is depending on how 

deeply one breathes in and out, and different muscle strength tests for the 

limbs, where it is important that one produces as much strength as possible. 

measurements were for the actual motor function of this patient. Were any changes 

in the score caused entirely by disease progression or treatment effect? Wouldn’t 

questionnaires at home, resulting in a reduction of the burden of study participation 

and an improvement in the quality of measurements?

multidisciplinary care team every two to three months, including the assessment 

 In trials, 

the follow-up interval varies, but is also typically two to three months. However, 

remote measurement allows more frequent (chapter 7 and 9

monitoring (chapter 8

for noise, and could provide more insight into changes over time, potentially 

reducing required sample size or improving precision in clinical trials.  In care, early 

recognition of motor dysfunction allows prompt initiation of interventions that can 

alleviate symptoms (chapter 2

personalisation of timing and frequency of clinical visiting schemes, and optimizes 

dependency. Importantly, the preference for remote measurements has also recently 

10
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from home, and indicated respiratory function and muscle strength to be the most 

valuable remote outcome measurements.

The potential of remote independent measurements of motor function

To reduce the burden of hospital visits and to optimise the value of outcome measures, 

a shift from the current practise of in-clinic supervised to remote independent 

of ALS, numerous initiatives of remote monitoring have been undertaken recently 

initiatives, we have learned that implementation of remote measurements brings 

capture disease progression. This transition from in-clinic to remote assessment, 

of supervised measurements to make them suitable for independent home 

between patients and researchers/care teams also presents challenges. Innovation 

but surely overcome these hurdles and work towards broad implementation where 

pressure measurement. Whereas previously people had to visit a doctor to have their 

blood pressure measured with the aid of a stethoscope, a microphone built into the 

arm cuff now enables people to take the measurement independently at home. 

Blood pressure meters with this microphone are user-friendly and affordable, and 

function assessments of muscle strength (chapter 7), accelerometry (chapter 

8), and respiratory function (chapter 9

164642_Bakers_BNW-def.indd   172 23-03-2023   14:07



chapter 

7

completed. Also, participants indicated that the device was generally easy to use 

and suitable for independent use at home. Please note that images of the Iso-Quad 

have been used on the cover and the chapter pages of this thesis.

A striking similarity in the remote independent assessment of motor function 

studies, included in the thesis, is that the majority of the participants perceive 

the measurements as not burdensome and prefer home measurement to in-

clinic measurement. In addition, adherence rates (i.e., the percentage of planned 

large proportion of the included participants was already using a digital ALS care 

platform in usual care. Therefore, they were used to performing simple remote 

from their multidisciplinary ALS teams.30 The motor function measurements data 

were shared with their practitioners, and could subsequently be taken into account 

psychometric quality of the independent remote measurements is the effort to 

simplify instruments and their methods of assessment.

Recommendations for future research

easily assessable, user-friendly outcome measures. In addition, the overlapping use 

traditional control groups in randomised trials. Innovative trial designs then allow 

more participants to be assigned to the intervention group, increasing convenience 

for participants and reducing required sample rates. Also pre-slopes (rates of disease 

10
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outcome measurements that are assessed during clinical trials. Several national and 

international initiatives have recently been launched that will facilitate electronic 

 These initiatives pave 

data in clinical trials.

Prognostic model for functional (dis)ability in ALS

assistive devices like wheelchairs is challenging. A prognostic model for survival in 
33 however, for patients with progressive muscle strength loss, it 

is of great importance to know and anticipate when disability will set in. As muscle 

strength is associated with functional ability, the course of quadriceps strength could, 

an indication for the risk of falling.

Implementation of the use of clinically relevant and user-friendly but sensitive 

and reliable outcome measurements of motor function.

The transition to remote measurement provides the opportunity to implement 

prerequisite for implementation of innovative outcome measurements is the 

collection of high quality reference values. An important opportunity for acceleration 

of implementation of remote measurements, therefore, lies with international ALS 

In conclusion, this thesis shows that clinical outcome measurements on activity and 

participation level are particularly suitable for personalised care, but not necessarily 

for clinical trials. Especially during the search for an effective treatment (e.g. during 

potential to powerfully demonstrate disease-modifying treatment effects. However, 

the current practise of supervised in-clinic measurements of motor function has 

several disadvantages. These can largely be overcome by using remote independent 

measurements. We found that measurements of muscle strength, accelerometry 

and respiratory function can be reliably performed at home. Importantly, participants 
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not burdensome. These studies show the potential of independent measurements 

of motor function at home for the delivery of personalised care and patient-centric 

clinical trials.

10
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Samenvatting in het Nederlands

groep uiteenlopende neurologische aandoeningen die als overeenkomst hebben 

dat de zenuwen die de spieren aansturen beschadigd raken. Hierdoor treedt 

proefschrift richt op het meten van spierkracht, ademhalingsfunctie en functionele 

activiteiten bij twee motorische zenuwziekten waarvoor het Universitair Medisch 

ALS

gekenmerkt wordt door sterfte van motorische zenuwcellen in de hersenen, de 

en verlamming, ook van de ademhalingsspieren. Echter, bij iedere patiënt verloopt 

het patroon en de snelheid van spierkracht uitval anders. ALS kent mede hierdoor 

verschilt ook sterk per persoon, maar is gemiddeld 3 tot 4 jaar na het ontstaan van 

de eerste symptomen, doorgaans ten gevolge van ademhalingsfalen.

MMN

wordt gekenmerkt door spierzwakte. Echter, het beloop van MMN is veel minder 

een effectieve behandeling met immunoglobulines die via een infuus worden 

verbetert, zijn de effecten van beperkte duur en kan blijvend spierkrachtverlies 

optreden.

onderzoek is het lastig om patiënten met elkaar te vergelijken, waardoor de 

worden metingen van motorische functies, zoals spierkracht en ademhalingsfunctie, 

standaard door een professional uitgevoerd in het ziekenhuis of behandelcentrum. 

Echter, voor patiënten met spierkrachtverlies is het zeer belastend om naar het 

ziekenhuis te komen. Tussen de bezoeken door worden zij niet gemeten waardoor 
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ziektesymptomen vaak verlaat of niet opgemerkt worden. Als patiënten de 

mogelijkheid zouden hebben deze metingen zelfstandig, thuis uit te kunnen voeren 

dit zelfstandig kunnen en willen uitvoeren en of de metingen van voldoende 

maat gemaakte zorg en voor het meten van behandeleffecten in wetenschappelijke 

studies. Het eerste deel van dit proefschrift richt zich op de klinische relevantie 

tekortkomingen van uitkomstmaten die relevant zijn voor ALS zorg en onderzoek. 

In het derde deel wordt onderzocht of zelfstandig thuismeten de kwaliteit van 

metingen kan verbeteren en de belasting er van voor patiënten kan verminderen.

Deel 1: De klinische relevantie van uitkomstmaten bij motorische zenuwziekten

stoornissen en het tijdig initiëren van ondersteunende ademhalingsinterventies bij 

ALS, combineerden we wetenschappelijk bewijs, de voorkeuren van patiënten en de 

mening van deskundigen (hoofdstuk 2

symptomen van ademhalingszwakte te evalueren in combinatie met metingen van 

ademhalingsfunctie zoals de vitale capaciteit in liggende positie en de hoestkracht 

aanbevelingen helpen om in de zorg ademhalingsstoornissen vroeg te kunnen 

detecteren en daarmee snel eenvoudige interventies op te starten die de klachten 

kunnen verlichten.

Bij MMN wordt de behandelrespons na start van intraveneuze immunoglobulinen 

een breder spectrum van spiergroepen (hoofdstuk 3

spectrum van spiergroepen bij MMN zou daarom kunnen bijdragen aan een betere 
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In hoofdstuk 4 onderzochten wij de veiligheid (onder andere door spierkracht 

motorische zenuwziekten.

Deel 2: Huidige beperkingen van uitkomstmaten bij motorische zenuwziekten

Uitkomstmaten zijn dus belangrijk voor zorg en onderzoek. Echter kunnen deze 

metingen gevoelig zijn voor ongewenste variaties/meetfouten zoals we laten zien in 

hoofdstuk 5

wij met terugwerkende kracht de scores van een ALS vragenlijst over lichamelijk 

dat de scores plotseling sterk toenamen, zonder dat dit het natuurlijke ziekteverloop 

weerspiegelde. Met name scores met betrekking tot ademhaling, spreken en slikken 

waren gevoelig voor deze stijgingen, hetgeen kan samenhangen met beschikbare  

symptomatische behandelingen, zoals niet invasieve beademing, voor deze 

onderzoekscentra, vandaar dat het van belang is in multicenter onderzoek om de 

beïnvloed door een gebrek aan standaardisatie. In hoofdstuk 6 laten wij zien hoe 

het gebruik van verschillende referentiestandaarden de klinische besluitvorming 

referentiestandaard de sterkste samenhang vertoonde met overleving en door 

patiënten gerapporteerde symptomen, bevelen wij het uniforme gebruik ervan aan 

in zowel in de zorg als in onderzoek.

Deel 3: Innovaties in uitkomstmaten bij motorische zenuwziekten

Bij handmatige spierkrachttesten met behulp van een hand held dynamometer 

en de spierkracht van de testafnemer.
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Figuur 1

ALS in de toekomst in staat te stellen hun spierkracht zelfstandig thuis te meten 

hebben we een gebruiksvriendelijke en draagbare vaste dynamometer (portable 

Figuur 2

hoofdstuk 7

hogere krachten tegen te houden. Hierdoor ontstond een plafondeffect waardoor de 

tegen te houden, en biedt daarmee een groot voordeel voor het meten van sterkere 
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gedurende zes maanden eenmaal per twee weken hun spierkracht zelfstandig, thuis 

Figuur 3
worden gegeven zodat de meting om de juiste manier zelf kan worden uitgevoerd.

Uit de eerste resultaten van dit onderzoek komt naar voren dat de meetfout van de 

metingen zeer laag was. Alle deelnemers bleken de metingen zelfstandig of met 

gebruiken en alle deelnemers prefereerden het thuismeten van spierkracht boven 

het meten van spierkracht in het ziekenhuis.

Accelerometrie belooft ook van toegevoegde waarde te zijn bij het op afstand 

meten van de motorische functie. Een accelerometer is een sensor die versnelling 

dus de hoeveelheid en intensiteit van lichaamsbewegingen worden geobjectiveerd. 
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gevonden dat accelerometrie gegevens gevoeliger waren voor het meten van 

hoofdstuk 8

Naast het thuismeten van spierkracht en de accelerometrie, zou ook het thuismeten 

van ademhalingsfunctie patiënten in staat kunnen stellen om frequenter te 

meten en het aantal ziekenhuisbezoeken te verminderen, vooral in de fase 

voerde een groep van 33 ALS patiënten eens in de 4 weken thuis een zelfstandige 

draagbare spirometer. Uit deze haalbaarheidsstudie kwam naar voren dat naast 

een uitstekende overeenkomst tussen gesuperviseerde en ongesuperviseerde 

ervoer en voerden zij zonder uitzondering alle geplande metingen uit (hoofdstuk 9

meten van behandeleffecten in wetenschappelijke studies. Er bestaan momenteel echter 

verschillende belemmeringen die optimaal gebruik in de weg staan, zoals onduidelijke 

procedures, het vasthouden aan verouderde uitkomstmaten en gecentraliseerde afname 

Het gebruik en de interpretatie van huidige uitkomstmaten moet worden 

vereenvoudigd en gestandaardiseerd om het risico op meetfouten te verminderen 

en uniform gebruik ervan te bevorderen.

met zich meebrengen voor diagnostiek, prognostiek en effectevaluatie kan worden 

bevorderd door het vergaren van referentiewaarden van hoge kwaliteit.

naar het ziekenhuis te komen, kunnen zij metingen vaker uitvoeren waardoor er 

minder sprake is van een momentopname en ervaren zij grip op hun ziektebeloop.

In dit proefschrift komt herhaaldelijk naar voren dat het thuismeten van motorische 

thuismeten studies is dat deelnemende patiënten zonder uitzondering enthousiast 

daarom van belang dat het thuismeten met gebruiksvriendelijke en waardevolle 

uitkomstmaten hoog op de implementatie agenda komt te staan.
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