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Chapter 1

General introduction
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Duchenne muscular dystrophy

Clinical course

Duchenne muscular dystrophy (DMD) is a fatal and rare muscle wasting disease with an
incidence of approximately 1 in 5000 new-born boys."2 The most frequently reported
symptoms before diagnosis are gross motor delay, muscle weakness, difficulty walking,
running and stair climbing, and frequent falls, whereas a proportion of patients show delay
in cognitive and language development.® Most boys without a family history are diagnosed
before five years of age.* Children with DMD suffer from a proximal to distal gradient of
muscle weakness. The ambulatory phase of the disease can be divided into four clinical
stages: early ambulatory, late ambulatory, early non-ambulatory and late-non-ambulatory.*
Clinical signs in the early ambulatory stage that can be observed are: delays in achieving
developmental milestones, difficulties with running and jumping, a Gowers' sign, frequent
falls and keeping up with peers regarding gross motor functions. The late ambulatory stage
is characterized by a significantly reduced walking speed, fatigue and pain after walking long
distances, the increased use of a wheelchair, and difficulties with rising from floor and stair
climbing. Loss of independent ambulation defines the transition to the early non-ambulatory
stage. Median age at loss of independent ambulation shifted from ten to 13 years of age
due to the use of glucocorticoids, although the age range remains wide.>® Transition to late
non-ambulatory stage is less clearly defined. Patients in the late non-ambulatory stage
progressively require assistive devices to function independently, such as remote control
units to operate electronic devices including televisions, computers and lights. For upper
extremity function, arm muscle strength already decreases in the ambulant phase.” In the
early non-ambulatory stage patients increasingly experience difficulties raising the arms
due to loss of shoulder strength. Upper arm function, such as the ability to move the hand
to the mouth, is preserved until the mid-teens.® In the late non-ambulatory phase patients
have limited arm and hand function left. Hand function is preserved into the twenties,
although hand strength of DMD patients has been found to be lower than that of healthy
peers as early as five years of age.>® Preservation of minimum function of hand muscles
can significantly improve participation in daily life for patients in this stage, because it could
allow them to use electronic devices such as an electric wheelchair, smartphone, tablet,
computer or a game console.®

Not only motor functioning is affected by the absence of dystrophin, but clinical
manifestations can also be observed in for instance the heart and the brain. Examples of
the cognitive manifestations are a higher prevalence of learning and behavioral disabilities
in DMD compared to the general population.'

Pathophysiology

DMD is an X-linked inherited neuromuscular disorder caused by mutations in the DMD gene
located at the short arm of the X chromosome (Xp21 locus). The DMD gene consists of 79
exons that together encode the dystrophin protein. The mutations causing DMD lead to
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premature termination of dystrophin production and thereby nearly complete absence of
the full-length dystrophin protein.

Becker muscular dystrophy (BMD) is also caused by mutations in the DMD gene, but in
general these mutations do not lead to absence of dystrophin, but to a partly functional
dystrophin protein with an altered molecular weight. BMD patients have a more variable
and generally milder disease course.’> '3

The full-length dystrophin protein is expressed in skeletal muscle, where it stabilizes the
muscle fiber membrane and protects it from contraction induced damage.' It also has a
function as signaling complex in skeletal muscle by providing binding sites for signaling
proteins such as nitric oxide synthase.' In DMD, disruption of these functions is assumed
to cause muscle fibers to be easily damaged, which leads to fiber degeneration and
regeneration, inflammation and finally muscle wasting with irreversible replacement of
muscle fibers with fat and fibrotic tissue (Figure 1)."

Figure 1. Biopsy of dystrophic muscle

Muscle biopsy of an anonymous healthy control (left) and DMD patient (right) from the Leiden University
Medical Center. The dystrophic biopsy shows variation in size and shape of the muscle fibers with regeneration,
some necrosis, inflammation, fibrosis and fatty replacement. Kindly provided by Dr. S.G. van Duinen.

Dystrophin proteins with different lengths (i.e. isoforms) are encoded by the DMD gene. The
full-length dystrophin protein is the primary isoform in skeletal muscle, but at least three
dystrophin isoforms are also expressed in the brain: full-length Dp427, and the shorter
Dp140 and Dp71 (Figure 2).® The location of the mutation within the DMD gene influences
the number of dystrophin isoforms that are lacking. In Figure 2, a mutation at location A
(exon 1 until 44) will only lead to absence of Dp427. In case of a mutation at location B (exon
51 until 62), Dp140 will be lacking in addition to Dp427. Finally, a mutation at location C
(exon 63 until 79) will lead to absence of all three dystrophin isoforms. DMD patients lacking
the Dp140 isoform have been demonstrated to on average perform more poorly on
neuropsychological tests and have a higher incidence of learning and behavioral disabilities."”
8 These seem even more pronounced in patients lacking all three brain isoforms.2°
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Figure 2. Mutation locations of dystrophin isoforms

Image representing mutation locations in the DMD gene and their effect on the different dystrophin isoform
expression. The full-length dystrophin Dp427 and the shorter Dp140 and Dp71 isoforms are present in the
healthy brain. A mutation at location A, in exon 1 until 44, will only lead to absence of Dp427. Dp140 will be
lacking in addition to Dp427 with a mutation at location B, in exon 51 until 62. A mutation at location C, which
is in exon 63 until 79, will lead to absence of all three dystrophin isoforms. Modified with permission from Dr.
N. Doorenweerd.

Clinical trials in DMD and the importance of outcome measures

The International standards of care for DMD have been published in 2010 and updated in
2018. Guidelines on the implementation of these standards of care in the Dutch healthcare
system can be found on the website of the Duchenne Center Netherlands: www.
duchenneexpertisecentrum.nl/passende-zorg/zorgverleners/duchenne-richtlijn/.4 2" 22
Treatment with glucocorticoids is recommended and has been shown to delay loss of
ambulation and upper limb disease progression, to reduce the need for scoliosis surgery,
to improve pulmonary function, and to delay cardiomyopathy onset.> 2 Life expectancy has
shifted to the late twenties and thirties due to the combination of improved cardiac care,
orthopedic interventions, the use of glucocorticoids and, most importantly, advancements
in respiratory care such as air stacking, use of cough assist devices, and assisted ventilation.?*
2 Nonetheless, more severely affected patients can still die in the late teens or early twenties.
A fully approved cure for DMD is currently lacking, but three dystrophin-restoring drugs
have received conditional approval, two by the U.S. Food and Drug Administration (FDA)
and another one by the European Medicines Agency (EMA).2%2” Unfortunately, these drugs
only seem to have a limited effect on disease progression.?

Over the past decade, many clinical trials in DMD have been conducted in primarily ambulant
patients to study effectiveness of therapies aiming at dystrophin restoration or improvement
of muscle quality, and many trials are still being conducted.?® Assessment of the safety and
efficacy of a new therapy follows a standardized order. After preclinical studies, a new drug
is studied in humans in four sequential clinical trial phases. In phase |, the optimal dosage
is determined based on safety in healthy volunteers. In phase I, efficacy and side effects
are assessed in a small group of patients. In DMD, phase | and Il are often combined and
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called phase I, because of potential harm in healthy volunteers when RNA modifying drugs
are used, such as antisense oligonucleotides designed to alter RNA splicing. Phase Il is
sometimes splitin Ila and Iib, where phase lla is specifically designed to assess the required
dose and phase lIb to study efficacy in a small group of patients. Phase lll is used to assess
efficacy, effectiveness and safety in a larger patient population, that is predefined using a
power calculation based on the effect in the phase Il trials, compared to a placebo. In such
randomized controlled trials (RCT), patients are randomized into the study drug arm or
comparative arm, and both patients and study personnel, including clinicians and clinical
evaluators, are blinded for the received treatment. It is the last phase before approval is
requested from the regulators. Phase IV consists of post-marketing surveillance.

Phase Il trials have a number of important characteristics. The main purpose is to
demonstrate the effect of the intervention on one outcome measure, the primary endpoint.
Secondary endpoints may contribute supportive information about the effectiveness of a
drug, but they are less important for drug approval, because the sample size was usually
not determined to find an effect on secondary endpoints. Approval of the regulatory
agencies to use an outcome measure as primary endpoint depends on the natural history
of the disease, the disease phase that is studied, the availability of outcome measures, and
the expected effect and mechanism of action of the intervention.?

When the first phase Ilb RCT in DMD was conducted using ataluren as stop codon
readthrough in 2008, the six minute walking test (6MWT) was available from pulmonary and
metabolic disease studies and was acceptable for regulators as primary endpoint in DMD.2*
31 However, no natural history data were available at that time, and it was not until the
placebo arm of this trial was analyzed that it became clear that the total distance walked in
the 6MWT by DMD patients first improved with age due to maturation, then stabilized and
finally declined due to disease progression until loss of ambulation (Figure 3).32 Many natural
history studies have since described that EMWT distances vary largely between and within
patients over time due the non-linear progression, different progression rates, and other
factors such as interobserver variation and motivational issues (Figure 3).323° The ataluren
RCT demonstrated the hurdles that arise in a maturing population of ambulant DMD patients
with a heterogeneous disease course, an outcome measure that has a motivational
component and with drugs that potentially limit the progression rather than improve muscle
strength, and thus have a limited effect. This initiated research into the natural history and
the development of new outcome measures.?® As a consequence, following trials narrowed
inclusion criteria to select a more homogenous study population, which complicated study
inclusion in this rare disease. Furthermore, different primary endpoints were selected that
potentially had a linear progression and were more sensitive to change, such as the North
Star Ambulatory Assessment (NSAA), the time to climb four stairs and the time to rise from
the floor (examples of trials using these as primary endpoint: NCT04281485, NCT04632940,
NCT02851797, NCT04587908 and NCT03439670). 283637 The NSAA is an assessment of
ambulatory motor performance that consists of 17 items and yields a maximum score of
34 points.>’
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Figure 3. Six minute walking test (6MWT) change over time data
Variability in 6MWT distance results of DMD patients from the Leiden University Medical Center outpatient
clinic cohort. Age at loss of ambulation is plotted as 0 meters.

In the past, the FDA and EMA have ruled differently in the conditional approval phase of
new treatments for DMD. The FDA ruled in favor of treatments that demonstrated an
increase of dystrophin levels, which has a causal relation with the symptoms in DMD and
therefore were anticipated to have a potential clinical benefit upon continued treatment.®
The FDA conditionally approved eteplirsen based on an open label study that showed a
minor increase in dystrophin levels of up to 0.9% after 180 weeks of treatment.?>3° The EMA
ruled in favor of treatments that demonstrated a clinically relevant effect for patients, and
expected this to originate from the intended effect of a therapy.*® The EMA therefore
conditionally approved ataluren based on a subgroup analysis that showed a 6MWT
difference of 68.2 meters and a favorable side-effect profile, although the study did not
meet the primary endpoint for the whole group.?® 2 These differences in the FDA's and
EMA's rulings thus led to conditional approval of one drug by the FDA that the EMA did not
approve, and vice versa.®

There are several types of outcome measures: clinical outcome measures that require
specific patient related tasks, such as the 6MWT or Performance of the Upper Limb, patient
reported outcome measures, such as the DMD Upper Limb Patient Reported Outcome
Measure (PROM), and biomarkers that for example reflect tissue characteristics, such as fat
fraction measured using muscle magnetic resonance imaging (MRI), or dystrophin levels
using muscle biopsies, or circulating muscle related micro RNA or proteins in blood or urine
samples. Clinical relevance could be assumed for clinical outcome measures and patient
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reported outcome measures that are relevant for a specific disease and disease stage,
although the amount of change that is clinically relevant is topic of debate. For biomarkers
clinical relevance is less clear. One method to study clinical relevance is by using the
biomarker to predict loss of an important disease milestone, such as the ability to ambulate
or to bring a glass to the mouth. Another method is to determine the minimally clinically
important difference, for instance via the Delphi method by using a panel of experts, or via
an anchor-based approach where the biomarker is linked to an independent measure with
clinical relevance to patients, such as a global rating of change.*+

All outcome measures should demonstrate sufficient reliability, construct validity, concurrent
validity, longitudinal change and accessibility. A measure is reliable, when repeated tests
lead to similar results. Construct validity is the extent to which the test measures what it is
intended to measure. Concurrent validity is the extent to which the studied outcome
measure correlates with an established outcome measure. An outcome measures should
be sensitive to longitudinal change in DMD, even more so because therapies so far have
been expected to reach a stabilizing effect in this progressive disease. The sensitiveness to
change of the outcome measure and the expected effect of a therapy together determine
the number of participants that is required per clinical trial. Due to its variability between
patients and within patients over time, the 6MWT required relatively large sample sizes.**
34 A more sensitive outcome measure or more effective drugs would obviously lead to a
smaller required sample size and thus increase the likelihood of such a trial to be completed
successfully.** Accessibility of outcome measures is important in DMD, because trials are
usually conducted worldwide over a period of years due to the rarity of the disease and use
of stringent in- and exclusion criteria. Outcome measures should therefore preferably be
easily operatable and accessible to use over a long period of time. It can be considered to
improve existing outcome measures by changing the included items, however, the
disadvantage is that new natural history data is required, such as with the improvement of
the Performance of the Upper Limb from version 1.2 to 2.0.445

Another important characteristic of phase Ill trials are the in- and exclusion criteria, which
influence the generalizability of the results. Inclusion criteria often contain a statement that
patients have to be able to follow study instructions, which could be harder for patients
with learning and behavioral disabilities. This could result in inclusion of less patients with
a distal mutation in exon 63-79, because of a higher prevalence of these symptoms in this
population. Whether specific patient characteristics influence the likeliness to participate
in studies could be studied by comparing baseline characteristics of participating patients
to patients who were eligible but decided together with their parents to refrain from
participation.
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Outcome measures of the upper extremities

Outcome measures of lower extremity function, such as the 6MWT, can only be used in
ambulant patients. Drugs that restore dystrophin or improve the muscle quality need
sufficient muscle tissue to target and the progressive replacement of muscle by fat and
fibrosis, currently considered to be irreversible, limits the amount of muscle that can be
targeted. Therefore, drugs that are proven effective in ambulant patients need to be studied
separately and with different outcome measures in non-ambulant patients before the EMA
and FDA will approve use in these populations as well.3 40 Most studies in non-ambulant
patients have focused on the early non-ambulant phase. The available outcome measures
often have a floor and ceiling effect showing little to no longitudinal change in patients who
have limited function left or have little functional impairment. An example is the stable
phase in the 6MWT and a maximum PUL score in many ambulant patients.>*¢ In addition,
there is a lack of outcome measures that are suitable for the more advanced stages of the
disease. For known outcome measures there is a need for longitudinal natural history data
in non-ambulant patients. Examples are strength tests, the Performance of the Upper Limb
(PUL) motor function measure and the PROM. To overcome issues of the described outcome
measures, innovative outcome measures and their characteristics could be explored, such
as Kinect and Leap Motion outcome measures and quantitative muscle MRI.

Upper extremity muscle strength tests

Muscle strength is considered an important outcome measure, because it can quantitatively
assess the clinical effect of the underlying muscle pathology in DMD.“® However, it is not
approved as primary endpoint, because FDA and EMA ruled that clinical relevance has to
be established.®* Muscle strength can be measured reliably using a hand-held dynamometer,*
but this method cannot be used to assess distal muscle function in very weak patients. For
this the MyoGrip and MyoPinch have been developed to assess isometric grip and pinch
strength respectively (Figure 4).#8 The smallest change that can be measured is 0.01 kg for
the MyoGrip and 0.001 kg for the MyoPinch. Both devices have been shown to be reliable
and to show differences between DMD patients and controls.*® Disadvantages are the need
for a trained assessor, and vulnerable accessibility with a single manufacturer that is also
needed for maintenance. Furthermore, the ability of MyoGrip and MyoPinch to predict
important disease milestones has not yet been demonstrated.

Performance of the Upper Limb

The only approved outcome measure in non-ambulant patients is the Performance of the
Upper Limb (PUL).** 4> It has been used as primary endpoint in two recent clinical trials in
non-ambulant patients (NCT03406780 and NCT04371666). The first widely used version of
the PUL was version 1.2 consisting of 20 items with a maximum total score of 74 points.
Using a Rasch analysis and input from clinicians, the scoring per item was simplified to
options of 0, 1, or 2 points and some items were removed because of redundancy and some
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Figure 4. MyoGrip and MyoPinch
MyoGrip (left)and MyoPinch (right) devices are shown with the correct positions during strength measurements.

were separated or added.** The resulting PUL 2.0 consists of 22 motor items that are
assessed by an observer and it yields a maximum total score of 42 points.* The items can
be divided into three dimensions with a maximum score of 12 for the shoulder dimension,
17 for the elbow dimension and 13 for the distal wrist/hand dimension. During the course
of this thesis, the first PUL longitudinal natural history data in DMD has been published. For
a cohort of 177 DMD patients the annual change was found to be -1.5 points, where non-
ambulant patients lost on average 1.1 points more than ambulant patients.* Limitations of
the PUL are a ceiling effect in the upper and lower regions of the score and observer-
dependence. Its prediction of important disease milestones has not yet been demonstrated,
nor is a minimal clinically important difference available.

Patient reported outcome measures for the upper extremity

For the upper extremity in DMD there is one patient reported outcome measure: the DMD
Upper Limb Patient Reported Outcome Measure (PROM). The most recent version of the
PROM questionnaire contains 32 daily-life activity items which are scored on a three-level
scale (‘cannot do’; ‘with difficulty’; ‘easy’) with a maximum total score of 64 points.>° It
describes self-reported meaningful upper extremity daily-life activities that could not
otherwise be observed in a clinical or research setting (e.g. feeding, washing, and leisure
activities). Internal consistency and test-retest reliability have been demonstrated.*
Advantages are the fact that an assessor is not required and that data can be acquired off-
site. Disadvantages are the subjective nature of the questionnaire and the current lack of
change over time data and a minimal clinically important difference, reflecting relevant
change for a patient. The FDA and EMA recommend the use of Patient Reported Outcome
Measures as secondary outcome measure, because these can aid in determining clinical
meaningfulness of objective findings of small magnitude, contribute to the assessment of
benefit and risk, and assess the effect of a therapy on daily life activities.3® 4
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Innovative outcome measures using Leap Motion and Microsoft Kinect

The Leap Motion controller and Microsoft Kinect v2 sensor are two innovative, low-cost
marker-less motion capture systems that were developed by the gaming industry. Outcome
measures of upper extremity motor function using these devices provide a continuous
outcome parameter without a maximum score. This mitigates disadvantages of current
outcome measures, such as a floor and ceiling effect. The Leap Motion controller uses
infrared cameras to estimate the location of wrist and hand joints. This information can be
used to calculate active ranges of motion (aROM) of these joints, and could have potential
as outcome measure in advanced stages of DMD.>' The Kinect obtains depth data with an
infrared laser transmitter and an infrared camera. Using this data, real-time 3D-coordinates
of body points, including the head, shoulders, elbows and wrists, are provided to estimate
human posture. So far, two methods have used Kinect to assess the reaching ability of the
arms in DMD: the ‘reachable workspace envelope relative surface area’ (RSA) and the ‘Ability
Captured Through Interactive Video Evaluation’ (ACTIVE).52 53 Both measures could be used
to objectively quantify upper extremity motor function without ceiling effect or observer-
dependence, and might therefore be more sensitive to disease progression. Potential
drawbacks could be the lack of insight in constraints of the software and hardware due to
intellectual property, and possible software updates and hardware discontinuation which
could jeopardize their use in clinical trials.

Quantitative muscle MR methods

Quantitative muscle magnetic resonance (QMR) methods such as MRl and MR spectroscopy
(MRS) can be used to assess muscle pathology in muscular dystrophies including DMD. gMR
is considered to be a promising biomarker, because it has the potential to accurately assess
different aspects of muscle wasting in this muscle wasting disease.>*>° MRI is non-invasive
and safe, and most patients aged five years and older tolerate scanning up to one hour well
without anesthesia.®®%2 However, lying still for prolonged periods of time in a specific position
can be strenuous for patients. gMR methods of the lower extremity have been shown to
accurately describe fat replacement and tissue edema in DMD, and to have excellent test-
retest reproducibility within and across centers.> 57-59 6366

At the start of the projects described in this thesis, muscle MRI of the upper extremities had
only been studied in small cohorts of primarily ambulant DMD patients and mainly of the
forearm muscles.>® ¢7.¢ Muscle MRI of the upper extremities could pose extra hurdles
compared to the lower extremities, because of the smaller muscle mass and position of the
arms at the side of the body and therefore not in the center of the MR scanner, which
decreases the image quality and frequently causes artefacts. A position where the
participants are lying on their side could be chosen to overcome the off-center position of
the upper extremity, but this could be difficult for patients to maintain.
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Different gMR techniques can be used to measure fat replacement and tissue edema. Muscle
fat fraction (FF) is the most studied gMR parameter and can be assessed using water-fat
MRI scans or MRS. MRS is the gold standard for FF determination with a high accuracy and
reproducibility.®> A disadvantage of MRS is that results are usually obtained for one pre-
specified region of interest, resulting in information for only a specific part of a single muscle
or muscle group. Therefore, information about spatial variation within or between muscles
cannot be obtained. Tissue edema or inflammation can be studied via the T2 relaxation
time of water in the muscle (T2, ), which can be determined using multi-echo spin-echo
(MSE) imaging or spectroscopy sequences.®!

Fat-water imaging

Chemical shift based fat-water imaging is based on the difference in precession speed
between protons in water and fat.®® In a technique originally shown by Dixon,”? images are
acquired at different echo times, or phases, and from these images a purely water and fat
image can be obtained (Figure 5). The FF in a specific area, typically a single muscle or muscle
group, can be calculated by dividing the signal on the fat image by the combined signal of
the water and fat image in that area.

Figure 5. Dixon muscle MRI images of the extremities

Dixon water and fat images of thigh, upper arm, and hand muscles of healthy controls and DMD patients. In
the figure, arrows point at the following tissues: healthy muscle, muscle replaced by fat, subcutaneous fat,
and bone.
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gMR muscle fat fraction

In the lower extremities, muscle FF has been shown to increase with age and to correlate
with motor function tests and strength of specific muscle groups.>* 57587374 A study by
Willcocks at al. illustrated that FF is more sensitive to disease progression than functional
tests, by showing that FF increased significantly over 12 months, even in some boys in whom
6MWT distances increased due to growth.*® Also in forearm muscles FF has been shown to
increase over six or 12 months, and in upper arm muscles FF correlated with the PUL and
grip and pinch strength.®”¢ 7> |n non-ambulant patients, limited data on gMR FF of upper
arm muscles is available.” No studies have examined very distal muscles in DMD, which
are thought to be relatively spared in advanced disease stages.

Furthermore, the extensively described correlations between muscle FF, strength, and
function at the time of qMR do not prove causality.>* 565768747675 Eyen unrelated biological
parameters that consistently increase or decrease with age will inherently correlate with
functional parameters in a progressive disease. Therefore, such correlations alone are not
sufficient to show clinical relevance of muscle FF. For this, gMR FF should be able to predict
loss of an important disease milestone, such as the ability to ambulate or bring a glass to
the mouth. Such a predictive ability has not yet been demonstrated, and would help to
qualify muscle gMR FF as outcome measure that can be used as primary or secondary
endpoint in trials.

T2 relaxation time of water in muscle

The T2 relaxation time is an MR parameter which is prolonged by increased water mobility,
such as in inflammation, necrosis and fatty replacement.” The T2 relaxation time of water
in muscle (T2, is relatively short. This parameter has been used to study tissue edema
or inflammation, and thus disease activity, as these changes are thought to occur in muscles
prior to fat replacement and fibrosis.®*”" T2, _ can be determined accurately using MRS, as
water and fat signals can be easily discriminated using this method. However, this method
is commonly applied using a single voxel approach due to time constraints, and hence only
data are acquired from a pre-specified region of interest.

T2,,.... €aN also be determined with an imaging based method using an MSE sequence. In
this way, spatial information is preserved and data can be obtained for a large field of view
that covers different muscles or muscle groups. The T2 relaxation time of fat (T2,,) is much
longer (~ 130-170 ms at 3 Tesla) than the T2 __in muscle (25-30ms), and the increase in
T2,,.... due to disease activity (~ 1-4 ms).®*7'" An MRI MSE sequence consist of multiple spin
echoes from which the ‘global’ T2 relaxation time can be determined using a mono-
exponential fit of the signal decay as a function of the echo time (Figure 6).7° This global T2
consists of both the signal decay of water and fat. In DMD, due to progressive fat
replacement, the signal of fat dominates the value of the global T2. Therefore, it is necessary
to separate the signal decay into a water and fat component, to determine the T2, . and
T2, (Figure 6).”
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Figure 6. T2 relaxation time

MRI signal as a function of the echo time, where the signal of water and fat combined is shown with a dotted
line which decays due to ‘global’ T2 relaxation. The water (blue line) signal experiences a different T2 relaxation
(T2,,....) than the fat (yellow) signal (T2,,). This global T2 relaxation can be separated in the T2 relaxation time
of fat (yellow) and water (blue). Kindly provided by K.R. Keene.

T2, Nas been studied as a qMR marker for disease activity,**”® and in young DMD patients,
lower extremity muscles with limited fat replacement were shown to have an elevated
T2, e SOme dataon T2, in forearm muscles is available, but T2 is more difficult to
interpret in fat replaced muscles and therefore more difficult to study in advanced disease
stages.®® No studies have examined T2 __ in very distal muscles, which might show

interesting results in advanced disease stages in case of limited fat replacement.

Objectives of this thesis

DMD is a rare and fatal muscle wasting disorder. Beside chronic use of glucocorticoids there
is currently no fully approved therapy available. Due to improved care and glucocorticoids,
patients have a longer life-expectancy and therefore go longer through life in the non-
ambulant phase. The importance of outcome measures and natural history data was
demonstrated when the 6MWT was used as primary endpoint in the first clinical trials in
DMD. Outcome measures should demonstrate sufficient reliability, construct validity,
concurrent validity, longitudinal change and accessibility. Clinical relevance of outcome
measures should also be demonstrated, for instance via their relation with important disease
milestones. Due to a progressive reduction in muscle tissue to be targeted by drugs, separate
clinical trials need to be performed in non-ambulant patients, therefore specific outcome
measures are required for this disease stage.

The overall aim of this thesis was to identify outcome measures in DMD, specifically for
non-ambulant patients, that detect an effect of a new therapy that is clinically relevant for
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patients in a relatively short period of time according to what is feasible in clinical trials. The
use of such outcome measures could lead to a reduction in the sample sizes and potentially
to a lower burden for patients.

Outline of this thesis

Chapter 2 describes reasons why DMD and BMD patients and parents declined participation
in observational studies and discusses the presence of selection bias by comparing
characteristics of participants and non-participants in these studies. These results can be
used to optimize patient participation in studies on this rare disease and to stimulate
representative observational research.

Chapter 3 describes the relation between quantitative MRI (QMRI) FF of a lower extremity
muscle and loss of ambulation on top of the effect of age in ambulant patients with DMD.
The aim was to predict the loss of this important milestone and thus establish the clinical
relevance of muscle gMRI FF to support its use as an outcome measure in clinical trials.

Chapter 4 describes the relation between qMRI FF of an upper extremity muscle and loss
of hand-to-mouth movement on top of the effect of age in non-ambulant patients with
DMD. The aim was to establish clinical relevance by predicting the loss of this important
upper extremity disease milestone and thus to support the use of muscle gMRI FF in clinical
trials in non-ambulant patients.

Chapter 5 describes gMRI results of the thenar muscles and hand function over one year
to establish the value of the thenar muscles for monitoring treatment effects in non-
ambulant DMD patients. Preservation of these muscles and measurable disease progression
in these muscles would indicate that the thenar muscles are a valuable and quantifiable
biomarker and target for systemic or local therapy in the later non-ambulant stages of the
disease.

Chapter 6 illustrates the potential and constraints of using sensors from the gaming industry
to develop upper extremity outcome measures for non-ambulant patients with DMD. The
results of these novel outcome measures are compared to the currently used PUL and
PROM outcome measures.
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