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CHAPTER I
General introduction

Chapter 1

SPINAL MUSCULAR ATROPHY – CLINICAL CHARACTERISTICS
AND GENETIC BACKGROUND
Hereditary spinal muscular atrophy (SMA) is a monogenetic neuromuscular disease
characterized by progressive muscle weakness and is the leading genetic cause of infant
death and disability in childhood. The incidence of SMA is 1:6.000 to 13.000.(1) This implies
that in the Netherlands every year approximately 15-25 children are born who will develop
SMA later in life. Prevalence was until recently unknown, due to limited information on life
expectancy of the more chronic forms of the disease, which may be better than previously
thought.(2) Estimates in the Netherlands now range between 400-500 patients.
The clinical diagnosis of spinal muscular atrophy is based on a combination of
symptoms, i.e. hypotonia or other signs of muscle weakness such as stalled gross motor
development, areflexia, tongue fasciculations and tremor. Before genetic testing became
available, diagnostic strategies depended on techniques that could confirm a neurogenic
cause of weakness, i.e. EMG and muscle biopsies. Genetic testing for a homozygous
deletion of the SMN1 gene has been the gold standard to confirm the diagnosis after
1995. Genetic techniques have high sensitivity and specificity. Heterozygous deletion in
combination with another loss of function mutation occurs in less than 5% of patients.(3)
Parents are carriers and have no symptoms of muscle weakness. Carriership frequencies
vary somewhat between ethnicities. In the Netherlands, the most accurate estimate is 1 in
42.(1)
As of 2017, SMA is one of the first hereditary disorders for which genetic therapies
are available. This has dramatically altered treatment approaches that were previously
mainly supportive.(4,5) Although there are reasons for optimism, SMA remains a severe
disorder that cannot be cured. The fact that SMA has been added to the national newborn
screening program in 2019 is probably the biggest step forward, although this still awaits
implementation. An important challenge is to design treatment strategies that balance
effectiveness, treatment burden and societal costs.
10
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Historical context
The first description of a SMA phenotype dates back to the end of the 19 century by dr.
th

Werdnig and consecutively by dr. Hoffman.(6,7) They reported case histories of several
children with early onset muscle weakness combined with autopsy reports of the spinal
cord and muscle. Autopsy showed degeneration of the anterior horn cells of the spinal
cord in combination with muscle atrophy. This combination of findings is reflected in the
name of the disease (spinal refers to the spinal cord) that is still used today. The use of
the eponym Werdnig-Hoffman disease to describe the most severe presentation of SMA
(i.e. type 1 SMA) is rightly in decline. As discussed in detail by Dubowitz,(8) the patients
described by Werdnig and Hoffmann would nowadays be classified as a variant of early
childhood (intermediate) SMA, i.e. SMA type 2, rather than infantile onset or SMA type 1. A
second eponym, Kugelberg-Welander disease, was previously used for ambulant patients
with SMA, following the report on juvenile muscular atrophy by these authors in 1956.(9)
We now refer to this group of patients as SMA type 3.
The short historic outline in the previous paragraph already points out the
strikingly wide range of SMA severity. The genetic background of SMA was elucidated
in 1995. Since then, we know that all patients with SMA carry the same genetic defect
despite the variation in severity. Several years after 1995, we learnt about the reason for the
existence of a spectrum of SMA severity, ranging from prenatal cases of weakness, through
the hypotonic, or ‘floppy’ infant and various degrees of stalled gross motor development
to patients who remain ambulant throughout life. Humans are unique among animals
as carriers of a highly homologous SMN2 gene, of which the copy number is inversely
correlated with disease severity.(10,11)
Spinal muscular atrophy causes weakness that is most apparent in proximal
and axial muscles.(12,13) This pattern is remarkably similar in all SMA types. Strength of
flexors, such as neck flexors, biceps, finger flexors and hamstrings, is relatively preserved
compared to their extensors (neck extensors, triceps, quadriceps and finger extensors).
(12,14) Intercostal respiratory muscles are weak, while the diaphragm is spared.(15) Bulbar
involvement is pronounced with impairment in swallowing, biting, speech and mouth
opening.(16–18) Complications of progressive muscle weakness include scoliosis, sputum
clearance and respiratory problems and severe contractures.(19–21)
The variation in severity was already acknowledged in the 60’s of the previous
century, as the severe infantile, intermediate and mild forms of SMA. In the 1990’s this
distinction was formalized into a classification system based on acquired motor milestones
11
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and age of symptom onset (Table 1). This system was subsequently extended to cover the
range from pre-natal onset (type 0), to onset at adult age (type 4).(22) This classification
system has been further amended to specify variation within types, e.g. type 1.1-1.9(23) or
type 1a, 1b, 1c; 2a and 2b; 3a and 3b(24) , but is still used today.
Table 1 Classification of SMA types(24,25)
Type 0

Type 1

Type 2

Type 3

Type 4

% of patient
population

1-5%

50%

25-30%

15%

5%

Age of onset

Pre- and
neonatal

0-6 months; 6-18 months
0-2 weeks
(1a); <3
months (1b)
or >3 months
(1c)

1.5-3 years;
(type 3a) or >3
years (3b)

>18 years*

Highest
None
acquired motor
milestone

Never learn
to sit.
Head control
in prone
position
sometimes
acquired
(type 1c)

Sitting without
Walking
support; additional independently
standing/walking
with support (2b), if
not (2a)

Walking
independently

Survival
(without
treatment)(2)

Extremely
short; intrauterine
death or
within first
days

Severely
shortened;
depending on
mechanical
ventilation

2a: shortened,
Normal life
depending on
expectancy
mechanical
ventilation
2b: probably close
to normal life
expectancy

Normal life
expectancy

SMN copy
number(3)

1

(1)-2-3

(2)-3-(4)

4-5

3-4

* some favor an onset after 21 years or 30 years.(26,27)

Sometimes the classification is simplified by referring to acquired motor milestones only;
i.e. type 1 patients as ‘non-sitters’, type 2 patients as ‘sitters’ and type 3 as ‘walkers’. An
advantage is that this simplification can also be used for older patients and considers
the progressive nature of SMA that causes loss of previously acquired motor skills. For
example, ‘sitters’ can be used to refer to both patients with type 2 who still have the
ability to sit independently and patients with type 3 who lost the ability to walk. With the
introduction of genetic therapies, infants are now showing improvement in motor function
unprecedented in the history of SMA. These new phenotypes will require us to reevaluate
the SMA classification system. Children with severe SMA treated with genetic therapies
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may obtain hybrid characteristics, for example facial weakness and tongue fasciculations
of type 1, axial weakness previously seen in type 2, while still achieving the ability to walk
(type 3).

Genetics
As shortly mentioned above, in 1995 the group of professor Judith Melki published
that SMA is caused by the homozygous deletion of the ‘survival motor neuron 1’ (SMN1)
gene.(28) Only a minority of patients carried a heterozygous deletion combined with a
missense/nonsense point mutation of the SMN1 gene (1-5% of the cases(3)). The locus of
the SMN1 gene had been previously mapped to the 5q13 locus.(29) This explains why SMA
is sometimes still referred to as 5q-SMA, to distinguish it from other genetic neurogenic
causes of muscle weakness for which spinal muscular atrophy is also used as a descriptive
term for motor neuron loss (e.g. distal SMA, SMA-LED).
The SMN locus contains a second gene, which is unique to humans. This SMN2
gene differs by five nucleotides from the SMN1 gene, but only the critical conversion
from a C to a T in exon 7 of SMN2 explains differences in function, because it leads to the
frequent skipping of exon 7 in the mRNA transcript and the production of a shortened,
probably unstable protein that is rapidly degraded.(30) Full-length SMN protein is therefore
produced only at residual levels by the remaining SMN2 gene, which is insufficient to prevent
eventual motor neuron degradation. The variation in severity is explained by interindividual
differences in SMN2 copy number and thereby the severity of SMN protein deficiency.
SMA severity correlates inversely with SMN2 copy number, i.e. a higher copy number is
associated with a milder disease phenotype. SMN2 copy number is the first known and
remains the most important disease severity modifier, although high expression of other
gene products (PLS3, NCALD) may rescue the cellular defects caused by SMN protein
deficiency.(3,31–34) The number of SMN2 genes varies in healthy individuals, from 0 to
more than 5 copies; in patients with SMA SMN2 copy number ranges from 1 to over 5.(35)

SMN protein
SMN protein is ubiquitously expressed and is as subunit of protein complexes involved in
many cell-regulatory processes.(36) How the loss of SMN exactly causes disease is therefore
not exactly known. SMN is important for mRNA splicing, axonal transport, endocytosis,
ubiquitination and ribosomal function. SMN involvement in specific ribosomal functions
may be a promising unifying mechanism to explain the underlying pathophysiology. It was
shown that SMN protein is important for the function of a specific subset of ribosomes that
13

1

Chapter 1

are active in motor neurons, but also a number of other tissues.(37) This could explain the
particular vulnerability of motor neurons to SMN protein deficiency and should predict
which other tissues and organs are vulnerable in SMA.(38) It has been shown in humans
with SMA and in animal models that structural and functional defects occur in multiple
organs such as heart, kidney, spleen, gastrointestinal and vascular system and skeletal
muscle.(39–41)
Tissues may differ in the SMN protein concentrations they require to function
properly. All constituents of the motor unit, i.e. motor neurons, nerves, the neuromuscular
junction and muscle, suffer from SMN depletion and show anatomical and functional
alterations.(42–45) Moreover, in addition to tissue-specific requirements, the SMN threshold
hypothesis proposes different SMN concentration requirements at distinct timepoints
during embryonal development.(46) For example, SMN expression in the central nervous
system and skeletal muscle is highest prenatally, indicating its pivotal developmental role.
(47,48) The exact SMN requirements of tissues in the course of the disease are not known.
Restoring SMN levels to the lower limit of normal at the timepoint of highest demand in
vulnerable tissues could be an important next step in ‘tailoring’ treatment strategies for
optimal outcome.
In this context, skeletal muscle is particularly interesting as it is not only affected by
denervation that ultimately causes muscles to waste but may be also primarily dependent
on sufficient levels of SMN protein. From mice studies we learned that SMN protein levels
in skeletal muscle are significantly lower in SMA compared to controls and that SMN
expression in muscle is also lower than in other tissues, such as brain and spinal cord.
(46) SMN deficiency in muscle, even though requirements are lower than in neurons, is
probably linked with the structural alterations to the sarcomere and dysregulated muscle
maturation and growth observed in SMA.(49–53) The SMN requirements of other tissues
and in particular muscle demonstrate the high potential of systemic SMN-augmenting
or additional targeted treatment. For example, muscle pathology could be reversed in
mice with systemic SMN repletion. Animal data even suggest that non-motor SMN rescue
could be sufficient or beneficial for motor neuron function and survival, although not all
research is equivocal.(54–56)

Treatment strategies
Within 20 years after the discovery of the SMA determining genes, therapies aimed
at SMN1 and SMN2 have emerged. This development has had exceptional speed. The
current treatments are primarily based on increasing cellular SMN levels, by improving
14
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SMN2 splicing (nusinersen/Spinraza and risdiplam/Evrysdi) or introducing the missing
SMN1 gene via a viral vector (onasemnogene abeparvovec/Zolgensma). Other treatment
strategies target the neuromuscular junction or muscle.
The first FDA-approved treatment for SMA was nusinersen (Spinraza) in 2016.
Nusinersen is an antisense oligonucleotide that is delivered intrathecally via lumbar
puncture.(57) In young patients this on average results in progress on motor function
scales(58,59), although slightly less than half of patients may not respond to therapy. Data
in adult patients suggest that treatment effects may still be observed after long disease
duration in subgroups.(60)
Risdiplam is a second SMN2 splicing modifier that is administered orally.(61,62)
Early results indicate that risdiplam had favorable impact on motor function scores in a
cohort that encompassed a broad clinical spectrum of SMA (0-25 years).(63,64) European
market authorization has been granted at the beginning of 2021.
Zolgensma is an adeno-associated virus (AAV-9)-based form of gene therapy. It is
administered via venous injection and has specific (although not exclusive) tissue tropism
for motor neurons.(65,66) In one phase I trial, infants with SMA type 1 demonstrated
progress on motor scales with the acquisition of new milestones (i.e. 11 out of 12 learned
to sit independently).(67) Its use in clinical trials has been limited to type 1 and presymptomatically diagnosed children, although EMA has granted a broader label.
Gene therapy and splicing modifiers are extremely costly, varying from 80.000€
per injection of nusinersen to €1.9 million for gene therapy, whilst the costs for risdiplam
are estimated at 250.000€ per year.(68) This has led to ethical and policy discussions on
cost-effectiveness and large variation in reimbursement within the European Union. In the
Netherlands, reimbursement of nusinersen went stepwise. Treatment of children <5 years
was possible from January 2018. Treatment when the first dose is administered before the
age of 9.5 years in children with 3 SMN2 copies or less is reimbursed from August 2018.
In January 2020, a nationwide open-label study started to assess efficacy of nusinersen
in patients with SMA who start treatment at an older age or when they have higher SMN2
copy numbers.
In the meantime, a second line of therapies is under development. Novel
treatment strategies target the motor unit at other sites than the motor neuron, i.e. muscle
or the neuromuscular junction. Pyridostigmine inhibits the breakdown of acetylcholine in
the synapse and enhances neuromuscular transmission. Although it does not improve
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motor function, we found that it has a positive impact on endurance and patientreported stamina. It is a low-cost treatment option that could be useful as add-on to SMN
augmenting therapies.(69) Several pharmaceutical companies are interested in targeting
muscle tissue directly. The muscle-specific myostatin-inhibitor SRK-015 is currently under
investigation in phase 2 studies in patients. Myostatin plays a key role in the negative
regulation of muscle mass via various signaling pathways. Myostatin upregulation is found
in conditions characterized by muscle-wasting such as cachexia, cancer and heart failure.
(70) Inhibition of myostatin could increase muscle mass in SMA even it does not target the
primary cause of SMA.(54,71) Interim analysis demonstrated improvement on motor scale
scores after 6 months as monotherapy in a phase 2 study. Treatment results were more
pronounced in combination with SMA augmenting therapies.(72)
The future for patients with SMA is, due to the emergence of multiple treatment
options, more hopeful than it has ever been. However, SMA is a problem far from being
solved. For policy makers and physicians, market authorization of new drugs for rare
diseases poses an enormous challenge to balance patient interests, burden of treatment
and cost-effectiveness. None of these novel treatments will resolve irreversible damage
to motor units. It is unclear whether new treatments will fulfill hopes for stabilization after a
lifetime of disease progression. We will probably only learn about long-term effects after
a decade of use. This indicates that we are still far away from tailored use of SMA drugs.
Moreover, it is highly unlikely that we will see new trials to assess outcomes of combined
therapies. The question therefore is how we proceed to define the best (combination of)
treatment for individual patients. Biomarkers may represent an alternative approach to
assess treatment effects

Biomarkers in SMA
Clinical markers such as motor function and muscle strength assessment are and have
been widely used as (primary) endpoints in clinical trials. Although these tools have
served their purpose, they have clear limitations. First, clinical scales can’t be used for
the whole spectrum of SMA. Second, most scales have limited sensitivity and changes in
strength and motor scores due to disease progression beyond day-to-day variation can
only be observed after several years of follow-up.(14,73,74) Therefore, we need additional
outcome measures that detect early changes in anatomy or function that predict clinical
improvement. In other words, there is a need for novel biomarkers in SMA.
SMN mRNA and protein levels have been the first biomarkers that were explored.
(75–77) SMN expression levels vary between cell types, between tissue and with age, and
16
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do not consistently show correlations with disease severity.(31,46,78,79) Studies on other
biomarkers in blood or plasma include neurofilaments as a measure for axonal damage/
degeneration, or other plasma proteins.(80–84) Importantly, SMN or plasma protein levels
do not reflect restoration of tissue functions. Electrophysiological assessment has been
explored as a biomarker for motor neuron/unit function. Motor unit status can be monitored
by a range of techniques, such as the compound action muscle potential (CMAP) and motor
unit number estimation (MUNE). Although the CMAP amplitude and MUNE are lowered in
SMA and correlate with SMN2 copy number, doubts remain regarding usefulness in trials
and clinical practice.(43) The CMAP-scan is an example of a next-generation technique
that may be better to detect changes in the motor unit make-up.(85) Monitoring nerve
function nevertheless remains technically challenging.
In other neuromuscular disorders such as Duchenne Muscular Dystrophy,
Charcot-Marie Tooth, inclusion body myositis and limb-girdle muscular dystrophy,
magnetic resonance imaging (MRI) of muscle has emerged as biomarker.(86–89) MR
imaging is a non-invasive and versatile method to study anatomy of tissue in vivo. In
contrast to CT imaging, MR imaging does not expose patients to radiation and is superior
in depicting early fat infiltration and anatomical rendering.(90,91) MRI allows to examine
muscles individually, whereas clinical evaluation and testing objectifies involvement
per functional muscle group.(92–94) Muscle pathology in SMA is characterized by
atrophy, sometimes in combination with occasional muscle fiber hypertrophy in muscle
biopsies. At the macroscopic level, there is also clear fatty replacement of muscle tissue.
Quantifying the degree of muscle abnormalities could potentially serve as a marker
for disease progression and possibly for treatment effects. Mercuri et al. proposed a
grading system(95) for qualitative and semi-quantitative evaluation of muscle. However,
quantitative imaging can assess the degree of muscle degeneration more precisely
compared to visual rating scales. Quantitative imaging is therefore considered a candidate
biomarker in neuromuscular disease for disease progression and for therapeutic effects.
(96)

MRI as biomarker in SMA: aims of this thesis
There are few studies available that explored muscle imaging in SMA. Most of the earlier
work concerns case-reports or small studies.(97–102) At the start of the work described in
this thesis, there were few cross-sectional studies that provided insight in muscle specific
changes in different SMA types. Importantly, the available reports at the time lacked
quantitative analysis of fat infiltration or diffusion tensor imaging (DTI) that would allow

17
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assessments of the ratio of muscle and fat and the microstructural (ab)normality of the
remaining muscle tissue.
Previous studies had shown that some muscles are particularly vulnerable to
changes, while others seem to be left relatively spared throughout the disease course,
i.e. the adductor longus, muscles from the posterior compartment and the gracilis and
sartorius muscles.(98,99,102–104) Some studies addressed correlations with specific
disease characteristics. For example, Sproule et al. reported a strong correlation between
muscle volume measured with MRI and clinical function and strength measures,(105)
while Durmus et al. showed a significant correlation between disease duration and severity
of MRI involvement in the gluteus maximus and triceps brachii muscles.(106) Bonati et
al. revealed negative correlations between some quantitative MRI measures and motor
scales.(107) These studies suggested a relation of (semi-)quantitative MR measures of
remaining muscle with strength and function and that muscle imaging could be a surrogate
marker for disease activity. Quantitative MRI in larger patient groups would allow to study
features of muscle pathology; i.e. fat infiltration, muscle atrophy and inflammation, in more
detail. These quantitative markers are the core of the data presented in this thesis. Since
there were no follow-up studies that would allow assessments of quantitative changes in
muscle composition or its quality over time, we also focused on the natural disease course
to provide a reference if MRI were to be employed to monitor effects of novel treatments.
After all, as more patients are starting therapies, there are fewer opportunities to obtain
such natural history data. Because follow-up imaging studies are notoriously complicated
by the challenge of a correct alignment of datasets to ensure measuring at the exact
same location between time-points, this was a methodological issue needed fixing at the
start of this project. We also wanted to establish feasibility and value of qMRI in tissue
other than muscle in SMA. There are qMRI reports of the cervical spinal cord, one of which
was performed by our team.(108,109) We wanted to establish whether qMRI of peripheral
nerve would have added value.
The aims of this thesis were therefore the following:
1.

To map properties of muscle and peripheral nerve in SMA with quantitative MRI.

2.

To explore quantitative MRI of muscle and peripheral nerve as a biomarker for
disease progression and treatment effects.

18
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In Chapter 2 we summarize qMRI changes in thigh muscle in 31 patients with SMA type 2
and type 3 of various ages, disease duration and severity.
Chapter 3 is a follow-up study after one year of the cohort described in chapter 2.
It summarizes changes in qMRI parameters associated with disease progression in
treatment-naïve, adult patients. This study also tackles the methodological issue of correct
alignment of imaging datasets.
In Chapter 4, we used quantitative analysis of thigh muscles in a cohort of young children
during their first year of treatment with nusinersen.
In chapter 5, we zoom in to quantitative imaging of the sciatic nerve in a cross-sectional
cohort study of treatment-naïve patients. We also describe follow-up during treatment
with nusinersen.
In chapter 6 we explore the feasibility of quantitative MRI at the individual level by
describing findings in an individual with a homozygous SMN1 deletion but without clinical
signs of weakness.
Chapter 7 provides the discussion of our findings.
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ABSTRACT
Objective The aim of this study was to document upper leg involvement in spinal muscular
atrophy (SMA) with quantitative MRI (qMRI) in a cross-sectional cohort of patients of varying
type, disease severity and age.
Methods 31 patients with SMA types 2 and 3 (29.6 years; 7.6-73.9) and 20 healthy controls
(37.9 years; 17.7-71.6) were evaluated in a 3T MRI with a protocol consisting of DIXON, T2
mapping and diffusion tensor imaging (DTI). qMRI measures were compared with clinical
scores of motor function (Hammersmith Functional Motor Scale Expanded, HFMSE) and
muscle strength.
Results Patients exhibited an increased fat fraction and fractional anisotropy (FA), and
decreased mean diffusivity (MD) and T2 as compared to controls (all p < 0.001). DTI
parameters FA and MD manifest stronger effects than can be accounted for the effect
of fatty replacement. Fat fraction, FA and MD show moderate correlation with muscle
strength and motor function: FA is negatively associated with HFMSE and MRC sum score
(τ =-0.56 and -0.59; both p<0.001) whereas for fat fraction values are τ =-0.50 and -0.58,
respectively (both p<0.001).
Conclusions This study shows that DTI parameters correlate with muscle strength
and motor function. DTI findings indirectly indicate cell atrophy and act as a measure
independently of fat fraction. Combined these data suggest the potential of muscle DTI in
monitoring disease progression and to study SMA pathogenesis in muscle.
Keywords spinal muscular atrophy, magnetic resonance imaging, diffusion tensor imaging,
quantitative imaging, skeletal muscle
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ABBREVIATIONS
DMD Duchenne Muscular Dystrophy; DTI diffusion tensor imaging; FA fractional anisotropy;
HFMSE Hammersmith Functional Motor Scale, Expanded; LGMD Limb Girdle Muscular
Dystrophies; MD mean diffusivity; SMA Spinal Muscular Atrophy; qMRI quantitative MRI

INTRODUCTION
Hereditary proximal Spinal Muscular Atrophy (SMA) is caused by Survival Motor Neuron
(SMN) protein deficiency due to homozygous loss of function of the SMN1 gene.(1) The
presence of the nearly identical SMN2 gene in the human genome ensures production of
residual levels of full length SMN protein and the SMN2 copy number inversely correlates
with disease severity.(2) Treatment strategies that aim to increase SMN protein levels have
been shown effective, in particular in infants and younger children with SMA.(3) Treatment of
patients with the antisense oligonucleotide Spinraza that skews splicing of SMN2 towards
full length transcripts improves survival and motor milestone achievement in children with
infantile onset SMA (i.e. type 1) and motor function in SMA type 2.(4) Additional data are
needed to judge efficacy of SMN-augmenting strategies in older children and adults.
Levels of SMN protein are most critical in alpha-motor neurons, but other tissues,
including muscle, probably also require specific threshold levels for proper development
and function.(5,6) Clinical studies have documented that the natural history of SMA is
characterized by decline in muscle strength and motor function over time after an initial
phase of stalled gross motor development in early childhood.(7) Less is known of the
natural history of anatomy and function of the tissues constituting the motor unit, i.e.
the motor neuron, neuromuscular junction and muscle. Degeneration of alpha-motor
neurons, which is the classical pathological hallmark of SMA, can be monitored in vivo
by nerve conduction study techniques, in particular compound muscle action potential
(CMAP) amplitude.(8) Fewer studies have addressed anatomy and function of muscle
over time. Magnetic Resonance Imaging (MRI) is a powerful and non-invasive tool to study
anatomy and tissue characteristics of skeletal muscle in vivo.(9) Most imaging studies in
SMA have focused on a qualitative appreciation of muscle, grading fat infiltration visually.
(10–20) Quantitative MRI (qMRI) can complement qualitative evaluation of muscles and has
shown promising results in other neuromuscular disorders, such as Duchenne muscular
dystrophy (DMD) and limb girdle muscular dystrophies (LGMD).(21,22) Quantitative MRI in
SMA has not been studied in detail.(18,23,24) The application of qMRI in diseased muscle
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proposes some technical challenges, as T2 signal and DTI parameters can be influenced
or are confounded by fat present in the muscle.(22,25,26)
This study aims to document qMRI properties of muscle tissue in SMA. To this end, we
explore the feasibility of a scan protocol of the upper leg that includes DIXON, T2 mapping
and diffusion tensor imaging (DTI) in a cross-sectional cohort of 31 patients with SMA types
2 and 3, encompassing a broad range of disease severity and disease duration. We present
the distinctive patterns of fatty infiltration and the associations of qMRI measurements
with clinical parameters. We also assessed bias of fat infiltration for the interpretation of
MR metrics in the presence of severe fat infiltration that is a hallmark of neuromuscular
pathology.

METHODS
Study population
We recruited patients through the Dutch SMA database. Patients who agreed to participate
were asked to recruit an age and gender-matched control. The diagnosis SMA was
genetically confirmed in all patients. We used the clinical classification system for SMA
typing(2); highest acquired milestone ‘independent sitting’ for type 2, ‘walk independently
at any stage in life’ for type 3 and symptom onset before (3a) or after 36 months (3b), yet
before adulthood. In case of discrepancy between the age at onset or highest acquired
motor milestone, the latter defined the SMA type.
Exclusion criteria were tracheostomy, tracheostomal or any type of invasive ventilation;
Forced Vital Capacity (FVC) >15% postural change between sitting and supine or symptoms
of nocturnal hypoventilation; presence of pronounced swallowing disorders; orthopneu;
contra-indication for 3T MR or non-MR compatible material in the body; pregnancy;
claustrophobia.
The study protocol was approved by the local ethics committee (no. 17-226/NL61066.041.17).
All participants, and/or their parents in case of minors, had to be capable of understanding
the study information and had to give oral and written informed consent.

Clinical evaluation
All subjects underwent a clinical evaluation of muscle strength of forty-two muscle groups
using the Medical Research Council (MRC) score, which is a widely used scoring system to
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document muscle strength of separate muscles.(27) Motor function was assessed with the
expanded Hammersmith Functional Motor Scale Expanded (HFMSE) (range 0-66). A lower
score on the HFMSE indicates poorer motor ability and function. Testing was performed by
two trained evaluators (LO and DvdW), on the same day, either prior to MR with one hour of
non-straining exercise before scanning, or followed after MR examination. Lung function in
patients was measured by Forced Vital Capacity (FVC) in sitting and lying position prior to
the magnetic resonance (MR) examination.

MR acquisition
All MR examinations were performed on a 3T MR scanner (Philips Ingenia, Philips Medical
Systems, the Netherlands). Subjects were scanned in supine position, feet-first with a
12-channel posterior and 16 channel anterior body coil, field of view set at 17,5 cm distance
from the upper limit of the femoral head stretching 15 cm towards the knee. In children and
subjects of smaller statue and/or hindered by severe contractures, the image stack was
centered mid-femoral. Both legs were scanned.
Total scanning time was ~10 minutes including the survey and comprised 3 exams, i.e.
a DIXON acquisition for measuring fat infiltration, T2 mapping to determine the water T2
relaxation time and DTI scans to measure the hindered diffusion of water molecules in
tissue. For each voxel, the rate of diffusion and a preferred direction oriented in a threedimensional space can be obtained. Fractional anisotropy (FA) describes the anisotropic
organization of tissue, approaching 1 when the diffusion is mainly aimed in one direction.
Mean diffusivity (MD) is the average diffusion in all directions. MD combined with FA gives
insight in the microstructure of tissue.(28) Acquisition parameters of the MR protocol are
listed in table 1. The acquisition methods are further explained in figure 1. and fat, and
slightly underestimates the fat quantity because of attributing its water content to the
water/muscle compartment. EPG-T2 uses a two-compartment fit accounting for the fat
compartment. However, the estimated T2 of the water compartment is a combination of
water in
muscle and water in fat. The diffusion-weighted imaging (DWI) acquisition has fat
suppression and therefore only measures the water signal. Therefore, the measured
diffusion properties are a combination of water in muscle and water in fat
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Table 1. Acquisition parameters of MR protocol. Specifications per sequence at a field strength of
3T.
Sequence

4-point DIXON

T2 mapping

DWI

Sequence

Multi acquisition
gradient echo

multi echo spin spin echo-EPI
echo

Repetition time (ms)

210

4598

Echo time (ms)

2.6/3.36/4.12/4.88

17x 7.6

5000
57

Flip angle (degrees)

10

90/180

90/180

Acquisition Matrix

320x320

160x92

FOV

480x480

Resolution (mm2)

1.5x1.5

3x3

3x3

480x276

Slices

25

13

25
6

Slice thickness (mm)

6

6

Slice gap (mm)

0

6

0

0

0 (1), 1 (6), 10 (3), 25 (3), 100 (3), 200
(6), 400 (8), 600 (12)

b-values (nr of images)
(mm/s²)
Fat suppression

Gradient inversion + SPAIR (main fat
signal) + SPIR (olefinic fat signal)

SENSE / Partial Fourier 2 / 1

2/1

1.9 / 0.75

Acquisition time (min:s) 1:20

3:05

3:30

FIGURE 1 Methods of DIXON, EPG-T2 and DWI explained. A schematic representation of the waterfat partial volume effect in each of the used acquisition methods. Situation 1 (top row) represents
a voxel with low fat infiltration and situation 2 (bottom row) one with high fat infiltration. The pink
quadrant in the first column represents muscle tissue, which is assumed to contain only water. The
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yellow quadrant represents fat tissue, which is assumed to contain 10% of water that is rendered dark
yellow. The DIXON method distinguishes between water and fat, and slightly underestimates the fat
quantity because of attributing its water content to the water/muscle compartment. EPG-T2 uses a
two-compartment fit accounting for the fat compartment. However, the estimated T2 of the water
compartment is a combination of water in muscle and water in fat. The diffusion-weighted imaging
(DWI) acquisition has fat suppression and therefore only measures the water signal. Therefore, the
measured diffusion properties are a combination of water in muscle and water in fat.

MR processing
All MR data were processed using QMRITools for Mathematica (mfroeling.github.io/
QMRITools).(29) The processing steps for each method are summarized in figure 2. Before
processing all data was visually inspected for artefacts and data quality. The Dixon data
was processed using an iterative decomposition of water and fat with echo asymmetry
and least squares estimation (IDEAL)(30) with B0 and T2* estimation. The T2-mapping
data were processed using an extended phase graph (EPG) fitting approach considering
inhomogeneous B1+.(31) This method accounts for different T2 relaxation times for the
water and fat component with the T2 of the fat component fixed to a value calibrated on
the subcutaneous fat. The diffusion data was processed using an fitting method (iWLLS)
with REKINDLE outlier detection(32), taking intravoxel incoherent motion (IVIM) into
account.(33) Before tensor estimation the data was denoised using a principal component
analysis (PCA) method (34) after which data was corrected for subject motion and eddy
current distortion using affine registration. A detailed overview of all processing steps and
the multicenter reproducibility of the methods can be found in Schlaffke et al.(35)
Since the T2 and the DTI parameters have a bias with increasing fat contribution, (22,25)
simulations were performed to estimate this effect.(22,26) The simulations were performed
using multi-compartment extensions of the used models with each compartment
simulated as shown in figure 1. For a detailed description of all simulations we refer to the
supplemental file (S1). For estimation of the bias in T2 due to fat infiltration, fat fractions
were simulated from 0 to 100% fat with a fixed known value for the T2 of fat of 180ms and
a T2 of water in fat (10%) of 20ms.(36,37) T2 of fat was based on the calibration values of our
data, T2 of water in fat on literature; and EPG T2 fitting of subcutaneous fat on spectroscopy
experiments.(37–39) With increasing fat fraction, the water component for fat creates a
bias in the estimated T2 of muscle, since water T2 is modeled as a single T2 water value
see (figure 1). Similarly, in the estimation of tensor parameters the water component of fat
creates a bias in MD and FA. Here, this compartment is assumed to have isotropic diffusion
(FA=0) with an MD of 0.8 mm2/s. With an increasing fat fraction the water signal decreases
causing a decrease in SNR as well as a stronger contribution of the water component of
fat.(22,25)
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Muscle segmentation
The in-phase or out-phase images and fat images of the 4-point DIXON sequence were
used for manual segmentation of individual muscles in the image stack. Open-source
software (ITK-SNAP version 3.6)(40) was used for segmentation on the 25 slices per image
stack. Where the integrity of the muscle was still clear, muscles were annotated every third
slice and then interpolated to fill in the missing slices. However, in more affected subjects
with significant fat infiltration and atrophy, muscles had to be discriminated slice per slice.
In case of incongruency because of deviating anatomy in severely affected subjects, two
authors (LO and MF) segmented the slices individually and reached consensus. In total,
12 muscles per leg were partially apparent in the image stack. The demarcated regions of
interest (ROI) were then used to retrieve the quantitative information from the other related
sequences. To transfer the DIXON based segmentations to the T2 and DTI data a combined
rigid and b-spline image registration was used (Elastix)(41). Muscles with volume smaller
than 10 voxels (=67.5mm3) were omitted from analyses.
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FIGURE 2 Data processing. Overview of the various steps involved in the acquisition and processing
pipeline. (A) Example data for a healthy volunteer and a SMA patient for all three qMRI methods. (B) A
summary of the processing steps and example parameters obtained for each of the qMRI methods.
(C) Overview of the muscle segmentation. Muscle are manually segmented using the out-phase Dixon
image. Then segmentation is transferred to the DTI and T2 mapping data using b-spline registration.
DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; FA, fraction anisotropy; MD, mean
diffusivity; SMA, spinal muscular atrophy; TE, echo time
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Statistical analysis
Statistical analysis was performed using SPSS version 25 for Windows (SPSS Inc. Chicago).
Differences between patients and controls were assessed by means of an independent
Student’s t-test with Welch’s correction. MR parameters were averaged across muscles
per subject. Subjects were classified as either ‘case’ for patients or ‘control’. The mean
difference between cases and controls was converted into a standardized mean difference
according to Hedge’s g in order to compare effect sizes across qMRI parameters. For
multiple group comparisons (i.e. controls, SMA type 2 and SMA type 3), we used a oneway ANOVA. Due to non-normality of the data, associations between clinical and imaging
parameters were evaluated using Kendall’s tau correlation coefficient and associations
were further explored with multiple linear regression. Results were considered significant
when p<0.05; we did not correct for multiplicity due to the exploratory nature of the
analysis. Codes and data are available upon request by any qualified investigator.

RESULTS
Study population
We obtained datasets of 31 patients with SMA with a mean age of 29.6 years (range 7.673.9) and of 20 controls with a mean age of 37.9 years (range 17.7-71.6). Minors could not be
matched to controls. 15 patients had SMA type 2, 7 type 3a and 9 type 3b. Mean HMFSE
score was 5 points for type 2 and 34 points for type 3. Patients characteristics, muscle
strength and motor function mean values are reported in table 2.
Table 2. Baseline demographics and characteristics. Clinical characteristics of study participants.
Type 2

Type 3a

Type 3b

Controls

n

15

7

9

20

Sex (M:F)

6:9

3:4

6:3

8:12

Age in years (range)

24.9 (7-73)

23.5 (7-49)

42.0 (18-55)

37.9 (17-71)

Mean disease duration in
months
(SD; range)

276
(172; 82-661)

265
(202; 69-581)

362
(180; 77-661)

-

Ambulatory, n (%)

-

3 (43%)

8 (89%)

20 (100%)

Nonambulatory, n (%)

15 (100%)

4 (57%)

1 (11%)

-

Ambulatory status
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Clinical measurements
Mean MRC sum score,
(SD)

110 (34.4)

151 (43.7)

177 (38.8)

229 (2)

Mean MRC score lower
extremities (SD)

11 (4.8)

15 (6.4)

17 (6.8)

30 (-)

Mean HFMSE score
(SD; range)

5.9
(10; 0-36)

28.4
(22.8; 0-53)

40.0
(18.0; 2-63)

-

2

N= number, M=male, F=female, SD= standard deviation, MRC = Medical Research Council.

MR acquisition and processing
Two datasets of patients were excluded from final data analysis because image quality
was insufficient resulting in 49 datasets. All muscle groups in controls and 58% of muscles
in patients were successfully segmented (total 430 muscles; 34 rectus femoris, 29 vastus
medialis, 23 vastus lateralis and 15 vastus intermedius muscle; 44 m. semimembranosus,
44 m. semitendinosus, m. biceps femoris long and short head 43 and 38, respectively; m.
adductor magnus 38, the adductor longus muscle 44, and gracilis 41 and sartorius muscle
37).

Fat infiltration across age categories
Figure 3 summarizes patterns of fatty infiltration stratified for SMA type. Patients with SMA
type 2 show generalized atrophy and fatty infiltration starting at a young age, underlined
here by images of patients from 7 years and on, and thickening of the subcutaneous fat
layer. The pattern in type 3a and 3b appears more gradual, as fat infiltration of individual
muscle groups was more pronounced from the age of 10 and increasing with age.
Fat infiltration showed a characteristic pattern with predominant involvement of the
anterior compartment, in particular the vasti muscles whereas the m. rectus femoris
remained identifiable when the vasti had already perished. The pattern of fat infiltration
of the posterior compartment showed more heterogeneity. The short head of the biceps
femoris, m. semimembranosus, m. gracilis and m. sartorius are the last muscles involved
in the process of fatty replacement. The adductor magnus is affected at a relatively early
stage while the m. adductor longus is relatively spared. From the start of puberty muscle
images of patients with SMA type 3a resemble type 2 more than type 3b. Complete fatty
replacement with an intact fascia occurs in types 2 and 3a before the age of 30, but only
after the age of 45 in type 3b.
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FIGURE 3 Overview of fat infiltration stratified for SMA type and age. Images of the thigh in the
transversal plane of the middle section of the image stack. The images are categorized into age
category for distinct SMA types. The heat bar beneath indicates a scale from 0% to 100%. The right
column presents a magnification of the left leg of type 3b patients. The red arrows point at the
annotated muscles, which seem relatively spared. A, ambulant; BFS, biceps femoris, short head; GR,
gracilis; NA, nonambulant; RF, rectus femoris

Comparison of groups
The mean values per qMRI parameter for patients and controls are given in table 3. The
individual muscles are now allocated to a specific muscle group; either quadriceps,
hamstrings or adductors, with the exception of the m. sartorius and m. gracilis. Figure 4 (left
column) depicts each qMRI measure for the distinct muscle groups for type 2 and type 3
patients versus controls. The comparison of type 2 and type 3 is based on measurements
of 7 patients type 2 and 12 patients with type 3 in which one or more muscles of the
quadriceps could be identified, and of the hamstrings in 23 patients (of which 11 type 2 and
12 type 3) and adductor group in 25 patients (12 type 2 and 13 patients type 3).
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Table 3. Descriptive statistics of the dataset. Cross-sectional statistics of differences in qMRI
outcomes between the SMA and control cohort. All reported values are in mean ±standard deviation.
QMRI

SMA

CONTROLS

FF-DIXON (%)

47.6±17.4

7.6±1.5

mean difference: -40.0; 95% CI [-47.0 to
-33.0]
standardized mean difference: 3.06
p-value <0.001

T2 (ms)

27.3±1.5

28.9±0.4

mean difference: 1.54; 95% CI [0.9 to 2.2]
standardized mean difference: -1.38
p-value <0.001

DTI - FA

0.41±0.09

0.24±0.03

mean difference: -0.17; 95% CI [-0.2 to -0.1]
standardized mean difference: 2.41
p-value <0.001

DTI – MD (mm2/s)

1.13±0.28

1.47±0.10

mean difference: 0.34; 95% CI [0.2 to 0.5]
standardized mean difference: -1.54
p-value <0.001

2

qMRI = quantitative magnetic resonance imaging, SMA = spinal muscular atrophy, FF=fat fraction, DTI
= diffusion tensor imaging, FA = fractional anisotropy, MD = mean diffusivity, CI= confidence interval.
Standardized mean difference according to Hedge’s g.

Differences in fat fraction between groups
Mean fat fraction of all upper leg muscles was 7.6±1.5% in controls and 47.6±17.4% in patients
(p<0.001). Overall, fat fraction is higher in type 2 than in type 3 (51.5±15.1 vs 36.7±20.5%,
p<0.001). Type 2 exhibits higher averages of fat fraction over all three muscle groups, yet
only the hamstrings demonstrate a significantly lower fat fraction for type 3 (p=0.012). The
anterior compartment is most conspicuously fat infiltrated in all patients, with a mean fat
fraction of 57.4±10.1% in type 2 and 46.1±20.3% in type 3 (p=0.12). The adductor group has
the lowest mean fat fraction in type 2 with 41.8±14.9%. The posterior compartment and
middle compartment exhibit a comparable average fat fraction in type 3 (36.4±20.0% and
36.9±22.3%). On the level of individual muscles, the m. adductor longus has the lowest fat
fraction in SMA. This contrast is most apparent in type 2 (29.1±16.1%) where the fat fraction
of all other muscles exceeds 50%. In type 3, the m. semimembranosus was least affected
(30.3±14.5%).
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Differences in T2 between groups
Mean T2, averaged over all muscles, is in close range for patients (27.3±1.5) versus controls
(28.9±0.4) yet significantly different (p<0.001). For the distinct muscle groups, T2 does not
show uniform differences for type 2 and 3 across muscle groups (hamstrings: p=0.14,
quadriceps: p=0.26, adductors: p=0.56).

Differences in DTI parameters between groups
MD is lowered in patients (1.13±.28) versus controls (1.47±.10, p<0.001). When we compare
patients, MD is significantly lower in type 2 versus type 3 for quadriceps and hamstrings
(both p=0.001), but not different for the adductors (p=0.093). FA is higher (0.41±.09) in
patients compared to controls (0.24±.03, p<0.001). FA is increased in type 3 and highest in
type 2 for all muscle groups (all p<0.05).

The effect of fat fraction on T2 and DTI parameters
An increasing fat fraction introduces a bias in T2 and diffusion parameters as we outlined
in the Methods section. Consequently, we compared our measured data to simulations
of this effect as is shown in figure 4 (right two columns). Theoretically, the effect of an
increasing fat fraction would result in a gradual decrease of the T2 signal, a decrease in MD
and an increase in FA. Our data shows that T2 of fat infiltrated muscles follow the predicted
T2 decrease. A decrease of MD is seen together with an increase of FA, both of greater
magnitude than the predicted effect of partial volume effects of fat. Overall, we observed
that the estimated EPG fat fraction is different from estimated DIXON fat fraction. against
fat fraction. In the middle column, each data point represents a measurement of individual
muscles of all subjects with SMA (gray) and control subjects (green). In the right column,
the data points are reduced to an average using local regression and 95% CI (shaded area).
The red line represents the association based on simulations of increasing fat fraction,
theoretically ranging to 100. The gray and green lines depict the data of this study. CI,
confidence interval; FA, fractional anisotropy; MD, mean diffusivity
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FIGURE 4 qMRI per muscle group and relations between qMRI parameters. The left panel shows
boxplots for the qMRI parameters for the distinct muscle groups for healthy controls, SMA type 2 and
SMA type 3. In the middle and right panels, each of the qMRI parameters is plotted

Association of qMRI with clinical measurements
We explored each of the qMRI in relation to clinical measures (figure 5). Disease duration is not
a direct reflection of disease severity but given the progressive nature of SMA is a determinant.
We found a significant moderate correlation of disease duration with fat fraction (τ =0.34,
p=0.016) and MD (τ =-0.33, p=0.018), but notwith FA(τ =0.02, p=0.982) norwithT2 (τ =-0.18, p=0.193).
Motor function measured by the HFMSE scale showed a negative, moderate correlation
with FA (τ =-0.56, p<0.001) and fat fraction (τ =-0.5, p<0.001). We observed a positive
moderate correlation of MD (τ =0.52, p<0.001) and HFMSE but not of T2 (τ =0.2, p=0.156) with
HFMSE. There was a moderate significant correlation of muscle strength represented by
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the MRC sum score with FA (τ =-0.59, p<0.001), with fat fraction (τ =0.58, p<0.001) and MD
(τ =0.55, p<0.001). We did not find a significant correlation with T2 (τ =0.23, p=0.103). When
we plotted the MRC sum score of the hamstrings, adductor and quadriceps muscles
against the qMRI parameters, we observed similar trends (see figure 5 right column)
with the strongest relationship with fat fraction (τ =0.7, p<0.001). This correlation was
similar to the correlation of contractile muscle CSA. For a detailed overview of CSA and
volume of thigh muscle, and correlation with strength we refer to supplementary file S2.
FA changes are partly driven by fat infiltration, but nonetheless FA has a significant
contribution to the prediction on thigh muscle strength independent of fat fraction.
Multiple linear regression analysis showed a significant contribution of fat fraction to the
MRC sum score of upper leg with an R2 of 0.76, whereas the R2 of only MD or FA is 0.50 or
0.34 respectively. Adding both FA and fat fraction to the model increased the R2 to 0.80,
while the addition of MD did not contribute significantly.

FIGURE 5 qMRI and relation with clinical measures. Each of the qMRI parameters (rows) is plotted
against the following clinical outcome measures (columns); disease duration (in months), HFMSE
score, MRC sum score and MRC sum score of the upper leg. Data points represent the average value
of all muscles per patient per qMRI parameter plotted against patient’s clinical score. The correlation
formula, Kendall’s tau correlation coefficient and the P-value (significance level set at <0.05) are shown
per correlation plot. HFMSE, Hammersmith Motor Function Scale Expanded, MRC, Medical Research
Council
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DISCUSSION
This study on a relatively large number of patients of different ages and disease severities
outlines leg muscle involvement across the clinical spectrum of SMA and adds to
accumulating experience with qMRI measures in neuromuscular diseases. DTI further
elucidates distinct properties of skeletal muscle in SMA. The correlation of qMRI and clinical
parameters suggest a potential as a biomarker for disease progression or treatment effect.
Here, we extend the previous descriptions of muscle involvement in SMA with a diverse
cohort, mounting from 7 up to 73 years of age. The patterns of muscle involvement and
relative muscle sparing were comparable to previous reports; such as the m. adductor
longus, m. gracilis, m. sartorius, and the short head of the m. biceps femoris and m.
semimembranosus.(11,12,15,20,42) Strikingly, the severe involvement of the quadriceps
did not impede some patients with type 3 to walk. Selective vulnerability of muscle is a
hallmark of SMA but whether this is explained by anatomical or biochemical (i.e. related
to SMN deficiency)(43,44) differences between muscle groups remains to established.
The progressive nature of SMA at muscle level is reflected by the more severe fatty
infiltration of muscles in older patients. Similarly, patients with type 2 had earlier onset
of fatty infiltration and therefore a higher fat fraction in all muscle groups than patients
with type 3 at a similar age. The inclusion of older and severely affected patients allowed
a cross-sectional description of qMRI across the full spectrum of SMA, which has not
been described before. However, end-stage fatty infiltration resulted in the exclusion of
these muscles from quantitative analysis because muscle was either no longer present,
impossible to segment, unidentifiable, or under a volume of 10 voxels. Nonetheless, our
data included muscles up to 80% of fat infiltration. Albeit little muscle was present, we
could still establish a correlation between properties of remaining muscle and functional
data. The use for longitudinal purposes, i.e. to study natural history of the quality of muscle
tissue or the effects of treatment, seems therefore limited to young children with SMA type
2 and adolescents and young adults with SMA type 3.
Elevated T2 signal has been reported in neuromuscular disorders that trigger inflammatory
processes in muscles, such as in DMD. Since the leukocyte infiltrates observed in DMD
are not a hallmark of SMA, we did not expect similar changes in SMA. A previous study
nevertheless reported an increased T2 in the upper leg in SMA patients, ranging from
34.3ms to 41.3ms, but this cannot be directly compared to our data as they used a multiexponential signal model that does not account for EPG effects.(24) Moreover, Bonati et al.
found a strong increased T2 in SMA patients in comparison to controls, exceeding 60ms
whereas our data ranged to 31ms at most.(23) We think that these differences are explained
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by methodological issues. In contrast to previous studies, we applied a two-compartment
fit for T2 mapping, which allowed a better estimation of water T2 in the muscle, taking
into account the partial volume effects of fat and the fat-independent behavior of muscle
water T2.(45) After correction for the increase of T2 caused by fatty infiltration,(46) we
found a decrease in T2 that near-exact follows the simulation of T2 against an increasing
fat fraction, similar to a previous study.(47) Therefore, we conclude that a decrease of
T2 as we perceived is solely related to partial volume effects caused by the amount of
fat infiltration and that the T2 signal increase in itself does not indicate any pathological
process. However, if the T2 relaxation of water in fat would have a higher value of ~ 30 ms
instead of the assumed 20 ms, part of the decreased T2 could potentially be attributed to
pathological processes.
DTI analysis showed lowered MD and increased FA values in patients with SMA. As fat
fraction is also a confounder on DTI, we repeated the simulation experiment in which
we plotted MD and FA against an increasing fat fraction.(22,25) After correction, our data
illustrates stronger effects, i.e. a further decrease of MD and increase of FA, than could
be explained based on partial volume effects alone. If the model would have wrongfully
contributed the water component of fat to the muscle compartment, the results would
be an underestimation of the situation and this would have led to even stronger effects.
This suggest that we are indeed measuring disease-specific processes and that MD/FA
measures behave independently of an increasing fat fraction. The latter also becomes
apparent when we look at the relation of qMRI measures and clinical scores. Fat fraction
strongly and FA and MD moderately correlate with thigh muscle strength. However, FA and
fat fraction together improve the prediction of muscle strength, and despite its modest
contribution suggest that FA adds to the prediction of MRC sum score independently of
fat infiltration. This shows that although FA is strongly correlated with fat infiltration the
diffusion parameters do provide additional information on muscle status.
An association of strength or function with DTI parameters has not been consistently
found in DMD or LGMD.(48,49) This may be explained by differences in muscular pathology
but could also be due to methodological differences, including improved processing
or segmentation of individual muscles rather than of muscle groups that could also
potentially have benefited determining the relation between clinical parameters and image.
The decrease of MD could indicate that the cellular compartment is subject to shrinkage,
which is supported by the elevation of FA. This may be explained by atrophy of muscle fibers.
The alternative explanation, in which the decrease of MD reflects changes in viscosity of
the extracellular space due to fibrosis(47) is less likely, since it would be accompanied by
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an invariable FA, as the cellular dimension would not change. Therefore, we hypothesize
that our DTI findings indicate ongoing muscular atrophy, fitting the histopathological
characteristics of muscle tissue rather than fibrosis. In muscles biopsies from patients
with SMA round atrophic fibers are encountered in combination with large hypertrophic
fibers,(50) which is compatible with an increased FA. Our data show that the changes in
MD and FA precede fat infiltration. As fat infiltration is considered as an end-stage effect,
the chances in restoring muscle function lie in the phase prior to fatty degeneration.
A tool that is able to capture this transition zone, as we hereby demonstrate with MD/
FA measures, may be very useful to monitor treatment effects in individual patients.
Determining whether FA and MD are markers of alterations in muscle that precede fat
infiltration should be a topic of future research. Follow-up data of patients will provide
more insight in its potential in capturing disease. The use of qMRI measures in patients
undergoing treatment would provide additional information its sensitivity monitoring early
therapy effects.
Our study had several limitations. First, the variation in ages and disease severity is in
itself an impeding factor for general statements. Furthermore, longitudinal data needs to
confirm or counterfeit the cross-sectional results from this study. A bigger sample size
would obviously benefit statistical power, yet the number of patients is acceptable for a
rare disease. To allow the inclusion of young children we kept scan time minimal which
compromises resolution and SNR, yet no data had to be excluded due to motion artifacts.
Furthermore, the high-end of fat infiltration is pushing the limits of fat-suppression
techniques and its reliability. However, each of the methods includes visual and quantitative
quality-checks of the data; i.e. the b-0 map for DIXON, b-1 for T2 mapping, and SNR for DTI.
Unfortunately, we were not able to find corresponding control subjects for matching to
the very young patients. Albeit we developed a fully automated pipeline for processing
the MRI data uniformly and reproducibly, manual segmentation was still needed, which
is prone to error and time-consuming. Lastly, there was a notable difference between the
fat fraction estimated by DIXON and by EPG which needs further investigation as a clear
explanation for this is currently lacking.
In conclusion, we have provided qMRI measurements of skeletal muscle in a large
cohort of SMA patients widely ranging in age and disease severity. This study depicts the
natural disease course of muscle tissue. The MRI protocol we used has demonstrated
high temporal stability and multicenter reproducibility and proved tolerable even by very
young children. This study shows that DTI parameters complement existing MR protocols
that have focused on T2 signal and fat fraction, and manifest good correlation with clinical
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measures. We disclose abnormal DTI properties of skeletal muscle in SMA that have not
been described before. DTI serves as a distinct parameter that can be monitored alongside
and independent to the process of fat infiltration. This demonstrates the potential of
quantitative MRI markers to study SMA pathogenesis and to monitor disease progression
and treatment effects in muscle.

Acknowledgements
We thank all SMA patients, their families and control subjects for their participation and
Christa van Ekris for her assistance.

Funding
This work was supported by the Prinses Beatrix Spierfonds (Grant no. W.OR16-06). The
Dutch SMA register and SMA team are supported by stichting Spieren voor Spieren.

Competing Interest
WLP served as an ad hoc member of the scientific advisory board of Biogen, Avexis and
as a member of the Branaplam data monitoring committee (Novartis). BB performed
consultancy activities for Scholar Rock and Cytokinetics. WLP and BB report grants
from Prinses Beatrix Spierfonds, grants from Stichting Spieren voor Spieren, grants from
Vriendenloterij. Other co-authors report no competing interest.

46

Quantitative MRI of skeletal muscle in a cross-sectional cohort of patients

Supplementary files – S1 Simulations DTI and T2 (EPG-T2) explained
DTI simulations

2

Simulations were performed similar to
1.

Froeling M, Nederveen AJAJ, Nicolay K, Strijkers GJGJGJ: DTI of human skeletal
muscle: The effects of diffusion encoding parameters, signal-to-noise ratio and
T2 on tensor indices and fiber tracts. NMR Biomed 2013; 26:1339–1352.

2.

Damon BM: Effects of image noise in muscle diffusion tensor (DT)-MRI assessed
using numerical simulations. Magn Reson Med 2008; 60:934–944.

1.

Acquisition parameters:

Same as real data (see Table 1 of manuscript)

2. Tissue parameters
The tissue parameters that were used in the simulations were:
Muscle compartment

Fat compartment

Proton density

0.9

0.1

T1 relaxation [ms]

1200

300

T2 relaxation [ms]

30

20

Tensor eigen values [10-3 mm2/s]

1.88; 1.46; 1.25

0.8; 0.8;0.8

Derived MD and FA

1.53; 0.21

0.8; 0.0

Tensor eigen vector direction

Along z direction

Random

3. Simulation parameters
-

SNR value: 30

-

Fat range: 0 to 100% with steps of 5%

4. Simulation
Per compartment (either muscle or fat) the signal was generated as:

47

Chapter 2

Here TR is the repetition time, TE the echo time, T1 the longitudinal relaxation time, T2 the
transverse relaxation time, and ρ the proton density. The diffusion-weighted signal intensity
Sib is related to the non-weighted signal intensity S0 via the diffusion tensor D, the b-value
b and the gradient directions
eigenvalues λi and eigenvectors

(Eq. 2). The diffusion tensor D was decomposed into its
using

The combined signal from water and fat was defined as

With the fat fraction f ranging from 0 to 1.
In total 10000 signal were generated for each fat fraction after which Rician noise was
added. Data was fitted identical to the acquired MRI data as described in the manuscript.
EPG T2 simulations
The EPG signals were simulated according to
1.

Marty B, Baudin PY, Reyngoudt H, et al.: Simultaneous muscle water T2and
fat fraction mapping using transverse relaxometry with stimulated echo
compensation. NMR Biomed 2016; 29:431–443.

1.

Acquisition parameters:

Same as real data (see Table 1 of manuscript)

2. Tissue parameters
The tissue parameters that were used in the simulations were:
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Relative size

Muscle compartment Fat compartment
water

Fat compartment
fat

-

90%

10%

T1 relaxation [ms]

1200

1000

500

T2 relaxation [ms]

30

20

175

2

3. Simulation parameters
-

SNR value: 50

-

B1 value: 100%

-

Fat range: 0 to 100% with steps of 5%

4. Simulation
The measured signal S with size Necho can be approximated using a bi-component EPG
model where the signal can be defined as

With W and f the water and fat signal amplitudes which in the simulation were defined
as W = 1 - f The signal at each echo of the water and fat component are Swater and Sfat
,respectively, and are defined as

With αex and αref the flip angle profiles along the slice direction of the excitation and
refocusing pulses, respectively, and m the number of samples along the slice profile and
g is the water fraction in fat which was 10%.
In total 10000 signal were generated for each fat fraction after which Rician noise was
added. Data was fitted identical to the real data as described in the manuscript.
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S2 – Cross-sectional area (CSA) and volumes of thigh muscle of SMA
patients
Patients

CSA
[cm2]

Contractile-CSA
(ccsa) [cm2]

Volume (vol)
[cm3]

Contractile volume
(cvol) [cm3]

P1

0

0

0

0

P2

350,89

285,57

1774,46

1433,57

P3

77,13

46,62

370,49

209,02

P4

0

0

0

0

P5

55,89

11,63

165,77

36,962

P6

158,72

103,87

788,83

484,03

P7

99,68

59,38

470,44

290,388

P8

0

0

0

0

P9

41,58

19,49

136,22

62,87

P10

4,75

1,99

11,28

5,13

P11

31,43

15,14

93,74

41,89

P12

126,09

83,09

519,51

322,69

P13

11,79

7,99

28,63

18,43

P14

3,98

1,21

16,94

4,02

P15

327,40

213,02

1512,70

957,38

P16

171,65

83,95

810,16

367,15

P17

20,88

14,51

70,91

45,80

P18

69,86

40,12

318,52

170,54

P19

190,28

161,48

839,85

693,63

P20

6,39

1,88

20,03

5,98

P21

13,19

6,05

28,60

12,98

P22

59,69

39,38

233,78

145,88

P23

84,02

43,23

349,23

164,47

P24

65,14

52,54

281,55

220,01

P25

208,82

108,02

932,28

474,73

P26

15,64

6,66

41,05

17,37

P27

65,75

43,00

195,99

121,06

P28

36,65

14,80

137,20

53,83

P29

69,59

27,54

311,01

104,62
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Correlation plots of (A) cross-sectional area (CSA); (B) contractile CSA
(ccsa); (C) volume and (D) contractile volume (cvol) versus MRC sum
score of upper legs.
The correlation formula, Kendall’s tau correlation coefficient and the p-value (significance
level set at <0.05) are shown per correlation plot.
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ABSTRACT
Objectives
Quantitative MRI of muscles is a promising tool to measure disease progression or to
assess therapeutic effects in neuromuscular diseases. Longitudinal imaging studies are
needed to show sensitivity of qMRI in detecting disease progression in spinal muscular
atrophy. In this pilot study we therefore studied one-year changes in quantitative MR
parameters in relation to clinical scores.

Methods
We repeated quantitative 3T MR analysis of thigh muscles and clinical testing one year
after baseline in 10 treatment-naïve patients with spinal muscular atrophy, 5 with type
2 (21.6 ± 7.0 years) and 5 with type 3 (33.4 ± 11.9 years). MR protocol consisted of DIXON,
T2 mapping and diffusion tensor imaging. Temporal relation of parameters was examined
with a mixed model.

Results
We detected a significant increase in fat fraction (baseline: 38.2% SE 0.6, follow-up: 39.5%
SE 0.6; +1.3%, p=0.001) in all muscles. Muscles with moderate to high fat infiltration at
baseline show a larger increase over time (+1.6%, p<0.001). We did not find any changes in
DTI parameters except for low fat infiltrated muscles (m. adductor longus and m. biceps
femoris (short head)). T2 of muscles went from 28.2 ms to 28.0 ms (p=0.07). Muscle strength
and motor function scores were not significantly different between follow-up and baseline.

Conclusion
Longitudinal imaging data show slow disease progression in skeletal muscle of the thigh
of (young)-adult patients with spinal muscular atrophy despite stable strength and motor
function scores. Quantitative muscle imaging demonstrates potential as a biomarker for
disease activity and monitoring of therapy response.
Key words Muscular Atrophy, Spinal; Magnetic Resonance Imaging; Muscle, Skeletal
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ABBREVIATIONS
DTI diffusion tensor imaging; FA fractional anisotropy; HFMSE Hammersmith Functional
Motor Scale, Expanded; MD mean diffusivity; SMA Spinal Muscular Atrophy; SNR Signal to
Noise Ratio; qMRI quantitative MRI

3

INTRODUCTION
Hereditary proximal spinal muscular atrophy (SMA) is the leading genetic cause of death
in infancy and severe impairment in childhood and later life. It is caused by the loss of
function of the survival motor neuron (SMN) 1 gene and characterized by abnormalities
and dysfunction of motor neurons, neuromuscular junction and muscle tissue.(1–5)
The first genetic therapies for SMA were introduced in the past five years with prospects
for additional therapies in the near future. Clinical trials have shown that genetic therapies
improved infantile survival and motor function in both babies and young children.(6,7)
Assessment of treatment efficacy in older children and adults is complicated by the
relatively slow progression of the decline of muscle strength and motor function in patients
with SMA.(8–12) Sensitive biomarkers to detect decline caused by disease progression and
early response to treatment is necessary to evaluate treatment effects at a relatively early
stage of treatment to minimize risk and burden to patients and to optimize cost-efficiency.
Quantitative magnetic resonance imaging (qMRI) of muscles is a promising tool to measure
disease progression or to assess therapeutic effects in neuromuscular diseases, including
SMA.(13–22) We recently reported several unique qMRI characteristics in a cross-sectional
study on patients with SMA types 2 and 3. First, quantification of fat infiltration in patients with
SMA differentiates between vulnerable and resilient thigh muscles. Second, the bias of fat
infiltration resulted in a slight decreased T2. Finally, diffusion tensor imaging (DTI) showed
decreased mean diffusivity (MD) in combination with increased fractional anisotropy (FA),
which may reflect muscle atrophy.(23) Longitudinal imaging studies are needed to show
sensitivity in detecting disease progression. Especially with experimental methods such as
quantitative MRI there is a need for reference data, preferably of treatment-naïve patients.
As treatment is becoming available for patients, there is subsequent fewer opportunity to
obtain data on natural history of disease progression. We repeated qMRI analysis of thigh
muscles in treatment-naïve patients with spinal muscular atrophy one year after baseline.
We here report on the novel methodology required for analysis of longitudinal imaging
data and present the course of qMRI and clinical measures over time. Our data show that
qMRI can serve as a biomarker for disease progression.
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METHODS
Study population
We invited 31 patients who participated in our prospective baseline study for a followup MRI after one year. Exclusion criteria were: any type of invasive ventilation, a postural
change of >15% in Forced Vital Capacity (FVC) between sitting and supine position,
orthopnea, pronounced swallowing problems, pregnancy, non-MR compatible material in
the body or any contra-indication for 3T MR. Additional exclusion criteria for participation
were: severe fatty infiltration of muscle tissue after visual evaluation at baseline, the use of
any of the available SMA therapies or participation in a clinical trial (fig 1). Ten patients were
eligible (3 males and 7 females). Five patients had SMA type 2 (mean age 21.6 ± 7.0 years)
and 5 SMA type 3 (mean age 33.4 ± 11.9 years, see table 1). The study was approved by the
local ethics committee (no. 17-226/NL61066.041.17) and was conducted in accordance to
the declaration of Helsinki.

FIGURE 1 Flowchart of study inclusion and follow-up procedure
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Table 1 Clinical characteristics
Clinical characteristics

SMA type 2

SMA type 3

N

5

5

Age in years; mean [range]

21.6 [15.7-34.9]

33.4 [18.8-52.8]

Sex (M:F)

0:5

3:2

SMN2 copy number
3
4
5

4
1
0

0
4
1

Disease duration in months; mean 250 (82)
(SD)

234 (120)

Ambulatory status n (%)

5 (100)

0 (0)

3

Legend Table 1: F= female; M = male; N = number; SD = standard deviation; SMN2 = survival motor
neuron 2 gene. Clinical characteristics are reported for patients with SMA type 2 and with type 3.

Clinical evaluation
We assessed motor function with the expanded Hammersmith Functional Motor Scale
Expanded (HFMSE) (range 0-66; a lower score indicates poorer motor ability and function).
(24,25) Muscle strength was documented with the Medical Research Council (MRC)
scoring system (Medical Research Council, 1976). Additionally, we performed handheld dynamomyometry (HHD) of the adductors, quadriceps and hamstring muscles at
both sides with a hand-held device (MicroFET2; Hoggan Health Industries Inc., USA). All
clinical measurements were performed at baseline and follow-up by the same trained
evaluator (LAMO, two years of experience). The clinical evaluation followed directly after
MR examination.

MR acquisition
All MR examinations were performed on the same 3 Tesla MR scanner (Philips Ingenia,
Philips Medical Systems, the Netherlands) and according to the same protocol as
performed at baseline with supine position and feet first, using a 12-channel posterior and
16 channel anterior body coil. Field of view was set according to the position of the image
stack of the first scan, which was positioned approximately 175 mm below the femoral
head.
The MR protocol comprised of a 4-point DIXON sequence (TR/TE/ 210/2.6/3.36/4.12/4.88
ms; flip angle 10°; voxel size 6x1.5x1.5 mm3; no gap; 25 slices); T2 mapping (17 echoes TR/
TE/ΔTE 4598/17/7.6 ms; flip angle 90/180°; voxel size 6x3x3 mm3; slice gap 6mm; 13
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slices, no fat suppression) and DTI SE-EPI (TR/TE 5000/57 ms; b-values: 0 (1), 1 (6), 10 (3),
25 (3), 100 (3), 200 (6), 400 (8) and 600 (12) s/mm2; voxel size 6x3x3 mm3; no gap; 25 slices,
SPAIR and SPIR fat suppression (fig 2). Total scan time was ~10 minutes. The MR protocol
has been validated in a previous multicenter study for reproducibility and high temporal
stability.(26) See table 2 for the acquisition parameters.
Table 2 Acquisition parameters of MR protocol. Specifications per sequence at a field strength of
3T
Sequence

4-point DIXON

T2 mapping

Sequence

Multi acquisition gradient multi echo spin
echo
echo

spin echo-EPI

Repetition time (ms)

210

5000

4598

DWI

Echo time (ms)

2.6/3.36/4.12/4.88

17x 7.6

57

Flip angle (degrees)

10

90/180

90/180

Acquisition Matrix

320x320

160x92

FOV

480x480

480x276

Resolution (mm )

1.5x1.5

3x3

3x3

Slices

25

13

25

Slice thickness (mm)

6

6

6

Slice gap (mm)

0

6

0

0

0 (1), 1 (6), 10
(3), 25 (3), 100
(3), 200 (6), 400
(8), 600 (12)

2

b-values
(nr of images) (mm/s²)
Fat suppression

Gradient
inversion +
SPAIR (main fat
signal) + SPIR
(olefinic fat
signal)

SENSE / Partial Fourier

2/1

2/1

1.9 / 0.75

Acquisition time (min:s)

1:20

3:05

3:30

MR processing
We processed MR data using the custom toolbox QMRITools for Mathematica
(mfroeling.github.io/QMRITools). All data were checked visually for data quality and motion
artifacts (MF and LAMO, 12 years and 2 years experience, respectively). The processing
steps have been described previously.(23,26) In short, DIXON data was reconstructed
using an IDEAL method with the estimation of B0 and T2*, T2-mapping was processed
with extended phase graph (EPG) fitting(27), and DTI with a fitting method (iWLLS with
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REKINDLE outlier detection), denoised with principal component analysis (PCA) method
and corrected for eddy current distortion and subject motion, Signal to Noise Ratio (SNR)
of the DTI data was obtained using the PCA denoising algorithm (fig 2).(28)
Manual segmentation of all datasets was done by one researcher (LAMO, two years of
experience). All muscles were segmented for all slices of the imaging stack. However not
all muscles could be segmented when they were not clearly present anymore.

FIGURE 2 Data acquisition and processing of qMRI parameters Legend: diffusion weighted imaging;
FA= fractional anisotropy; mm= millimeter; ms = millisecond; MD = mean diffusivity; TE = echo time;
s= second. One subject is highlighted to visually present the dataset at time-point A and time-point
B (alongside); for each of the parameters the raw data is projected above the processed data. The
specifications of the 3 sequences are given
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Comparison of imaging stacks
We aligned imaging stacks from baseline (scan A) and follow-up scans (scan B) using
multiple converting steps to ensure a match of the muscle segmentations at both timepoints. Although care was taken to position and plan scan A and B similarly, they are not
identical (fig 3). To select the corresponding anatomy between scans, non-corresponding
regions of the muscle segmentations were removed. This was done by registration of
the DIXON water image of scan A to scan B using a combined rigid, affine and b-spline
registration. With the known transformation of scan A to scan B the manual segmentation
was transformed from the image space of scan A to the image space of scan B. Next
the union of both the transformed segmentations of scan A and the native segmentation
of scan B was taken (fig 3 B). This step ensured the match of voxels, as the shape and
position of the leg may vary between scans (fig 3 C). Also, the inverse of the transformation
was applied to the segmentations of scan B to move those to the image space of scan A
and the union of the native segmentations of scan A and transformed segmentations of
scan B was taken. This consecutively led to a match between the two segmentations in
the image space of scan A and scan B, to directly compare segmented muscles at the
two time-points at exactly the same level and location. Since all data was analyzed in
the native space of that dataset, not all muscles contained sufficient voxels for analysis
after registration. Therefore, the number of segmented muscles N reported could vary per
analysis.
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FIGURE 3 Illustration of pipeline and steps of mask alignment of longitudinal data The methodology
of alignment of imaging stacks is illustrated by the steps involving conversion of masks; initial and final
masks in panel A and automated steps in mask alignment in panel B. In panel C, the images of timepoint A and time-point B are rendered red and blue, to illustrate the incongruency between datasets
before (left) and after (right) rigid, affine and b-spline registration. The non-corresponding regions can
be identified as they maintain their respective color

Statistical analysis
Clinical scores and the fat fraction of muscle groups were compared between baseline
and follow-up using a paired t-test. In case of missing data, pairwise deletion followed.
The change over time in qMRI outcomes was examined using a linear mixed effects model
with two random intercepts for subjects and muscle groups according to an unstructured
covariance matrix. Follow-up time as factor and baseline score were incorporated as
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fixed effects, with the addition of SNR for DTI parameters. We used the Wald statistic to
determine whether a significant change over time occurred. A similar model was created
for myometry of the three muscle groups. Threshold of significance was set a p<0.05.
Statistical analysis was performed using SPSS version 25 for Windows (SPSS Inc. Chicago).
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

RESULTS
We included 10 treatment-naïve patients, i.e. none started with nusinersen or other SMA
specific treatments during follow-up. Patient characteristics are presented in Table 1.
Mean follow-up duration was 13.1 months, of which time between scans was at minimum
368 days and at maximum of 442 days. The full MR protocol could be executed at baseline
and follow-up in all 10 selected patients, resulting in a complete dataset of 20 MR scans
in total. All but one patient completed the repeated clinical measurements. Muscle ache
after the study visit was the only reported adverse event in one patient and resolved
spontaneously.

MR processing
After visual inspection of the data no datasets were excluded because of data quality or
motion artifacts. SNR of the DTI data did not differ significantly between datasets (mean
SNR 17.3 ± 6.8 at first scans, 17.7 ± 8.2 at second scans, mean difference -0.0 ± 4.7, p = 0.25).

Quantitative MR markers over time
Results from the linear mixed model of each of the qMRI parameters at time-point A and B
are given in table 3, visually presented for type 2 and type 3 (fig 4) and are plotted against
fat fraction (fig 5).
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FIGURE 4 Visual overview of fat infiltration at baseline and at follow-up for type 2 and type 3 The
color bar at the bottom indicates the gradient of fat fraction, ranging from lesser fat fraction in dark
tones fading to lighter colors indicating higher fat fraction

FIGURE 5 Histogram and plots of qMRI parameters at both time-points In the upper row, MD, FA and T2
are plotted against fat fraction, with each of the individual datapoints as dots, reduced to an average
line using local regression with 95%-CI (shaded area). The bottom row represents the histograms of
each of the qMRI parameters, the red arrow indicates significant changes and its direction. Timepoint
A is indicated in grey, and time-point B in green

Mean fat fraction was 38.2% (SE 0.6) at baseline, and measured 39.5% (SE 0.6) at followup. Combined analysis showed an increase in fat fraction of all muscles over time (slope
+1.3 %/time; 95%-CI 0.51 – 2.05) but only hamstrings showed a significant increase in fat
fraction when analyzing muscle groups individually (from 37.1% to 38.7% (p=0.04); adductors
increased from 33.1 to 34.1% (+1.0%, p=0.47) and quadriceps muscles from 44.0 to 44.5%
(+0.5%, p=0.40).
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The histogram (fig 5) of fat fraction showed bimodal distribution reflecting muscles with
relatively high and low fat infiltration. The m. adductor longus and the short head of m.
biceps femoris are consistently less fat infiltrated than other muscles, with a fat fraction of
≤ 30% (see Table 4). When we excluded these two muscles from the mixed model analysis,
the slope of fat fraction over time increased to +1.6% (95%-CI 0.8 – 2.4, p<0.001). Change of
fat fraction of the adductor longus and biceps femoris over time was -0.5% (95% CI -2.5 –
1.5,p=0.63).
Removal of other muscles from the generalized linear model did not change the outcome.
Subsequently, results from other qMRI parameters were analVyzed with and without the
incorporation of these two muscles.
Albeit the histograms from time-point A and B mostly overlapped, there were significant
changes in T2 and fractional anisotropy (FA) over time (fig 5). T2 decreased from 28.2 ms (SE
0.2) to 28.0 ms (SE 0.2, p=0.07), and further decreased after the exclusion of the m. adductor
longus and m. biceps femoris (short head) (difference -0.4 ms, p=0.02). FA decreased from
0.32 (SE 0.01) to 0.31 (SE 0.01, p<0.01) when all muscles are analyzed simultaneously.
However, when analyzed individually only FA of the adductor longus and biceps femoris
(short head) showed a significant decrease of 0.03 (p<0.01). MD was not significantly
different between time-points, with or without the exclusion of the two aforementioned
muscles. The outcome of these analyses did not change after correction for SNR which is
expected since there was no significant difference in SNR between timepoints.
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Table 4 Fat fraction, CSA and c-CSA of muscles at time point A and B
c-CSA
(cm2)
–A
total

n - A Fat fraction
(%)
–B
Mean, SD

CSA
(cm2)
–B
total

c-CSA n – B
(cm2)
–B
total

24.49 ± 14.39 75.87

53.33

17

24.87 ± 14.88

69.84

47.38

Adductor magnus

40.20 ± 19.34 203.15

145.42

17

42.97 ± 28.92

189.43

132,98 17

Biceps femoris (long)

39.05 ± 19.34 113.99

78.94

18

40.23 ± 20.77

111.53

76.27 18

Biceps femoris (short) 30.73 ± 25.47 78.01

59.29

16

28.19 ± 25.64

78.71

59.71

Gracilis

32.33 ± 20.05 63.72

44.20

19

33.89 ± 22.59

55.62

38.44 18

Rectus femoris

38.01 ± 20.37 58.84

40.32

17

37.65 ± 19.87

58.03

39.84 17

Sartorius

41.46 ± 18.77 45.61

27.68

16

41.92 ± 18.61

44.87

26.73

16

Semimembranosus

41.09 ± 19.17 118.58

76.87

20

42.69 ± 20.98

110.72

71.01

20

Semitendinosus

38.22 ± 17.42 79.72

49.22

20

41.25 ± 20.44

77.54

47.32

20

Vastus intermedius

37.51 ± 24.84 71.75

56.41

6

35.16 ± 23.74

65.72

51.97

6

Vastus lateralis

47.94 ± 23.09 225.27

127.24

16

49.31 ± 24.32

212.81

119.41 16

Vastus medialis

47.82 ± 21.42 109.58

66.93

20

49.20 ± 22.31

107.48

63.29 20

TOTAL \
– all muscles

38.38 ± 21.34 1244.07 825.86

202

39.42 ± 22.60

1182.29

774.34 200

Muscle

Fat fraction
(%)
–A
Mean, SD

Adductor longus

CSA
(cm2)
–A
total

3

17

15

Legend table 4: c-CSA = contractile cross-sectional area, cm= centimeter, CSA = cross-sectional
area, n = number of measurements per time-point A/B, SD = standard deviation. Mean values are
descriptive, cross-sectional means.
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Table 3 Quantitative MRI parameters over time
qMRI parameter

N muscle Time-point A Time-point B Difference
Mean (SE)
(SE)
Mean (SE)

95%-CI

p-value

Fat fraction (%)

402

38.22 (0.64)

39.50 (0.64)

1.28 (0.39)

0.51 – 2.05

0.001

CSA (cm2)

401

6.21 (0.12)

5.95 (0.12)

-0.25

-0.61 – 0.10

0.15

c-CSA (cm2)

401

4.12 (0.06)

3.90 (0.06)

-0.23

-0.41 – -0.05

0.016

T2 (ms)

386

28.21 (0.16)

27.97 (0.16)

-0.24 (0.14)

-0.51 – 0.02

0.074

MD (10-3 mm2/s)

360

1.35 (0.01)

1.37 (0.01)

0.02 (0.01)

-0.01 – 0.04

0.121

FA

360

0.32 (0.01)

0.31 (0.01)

-0.01 (0.00)

-0.02 – 0.00

0.007

ALL MUSCLES

Analysis of muscles, without m. adductor longus and m. biceps femoris (short head)
Fat fraction (%)

337

40.37 (0.73)

41.96 (0.73)

1.59 (0.42)

0.76 – 2.4

<0.001

CSA (cm2)

336

6.49 (0.13)

6.20 (0.13)

-0.28 (0.18)

-0.67 – 0.10

0.143

c-CSA (cm2)

336

4.24 (0.07)

4.00 (0.07)

-0.25 (0.09)

-0.44 – -0.05

0.017

T2 (ms)

325

28.02 (0.17)

27.66 (0.17)

-0.36 (0.15)

-0.65 – 0.06

0.018

MD (10-3 mm2/s)

302

1.34 (0.01)

1.36 (0.02)

0.02 (0.01)

-0.01 – 0.05

0.114

FA

302

0.31 (0.01)

0.31 (0.01)

- 0.01 (0.00)

-0.02 – 0.00

0.106

Analysis of muscles, m. adductor longus and m. biceps femoris (short head) only
Fat fraction (%)

65

27.03 (0.86)

26.54 (0.89)

0.49 (1.02)

-2.55 – 1.56

0.631

CSA (cm2)

65

4.76 (0.12)

4.65 (0.12)

-0.11 (0.12)

-0.36 – 0.14

0.355

c-CSA (cm2)

65

3.49 (0.10)

3.36 (0.10)

-0.13 (0.08)

-0.29 – 0.03

0.110

T2 (ms)

61

29.23 (0.30)

29.61 (0.30)

0.38 (0.30)

-0.22 – 0.99

0.211

MD (10-3 mm2/s)

58

1.43 (0.02)

1.44 (0.02)

-0.00 (0.02)

-0.04 – 0.05

0.856

FA

58

0.33 (0.01)

0.29 (0.01)

-0.03 (0.01)

-0.06– -0.01

0.003

Legend table 3. qMRI= quantitative MRI; c-CSA; contractile cross-sectional area; CI = confidence
interval; CSA: cross-sectional area;FA = fractional anisotropy; N= number; MD = mean diffusivity; ms
=millisecond ; mm= millimeter; s= second.
Results from the linear mixed model after correction for baseline. All data are represented by mean
with standard errors, unless otherwise stated. The number of muscles that could be segmented is
reported per qMRI parameter in the second column.

Clinical assessments at baseline and follow-up
Clinical assessments are summarized in table 5. Hamstrings generated the highest mean
muscle force, followed by the adductors and lastly the quadriceps, as measured by HHD.
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HFMSE, MRC scores and HHD were not significantly different between baseline and
follow-up.
Table 5 Clinical measurements at baseline and follow-up
Clinical measurements

Baseline

Follow-up

Statistics

HFMSE score
mean (SD) [score range 0-66]

27.9 (27.7)

25.1 (27.6) *

p= 0.364

MRC sum score
mean (SD) [score range 44-210]

142.7 (41.6)

141.6 (41.8) *

p= 0.257

MRC sum score thigh
mean (SD) [score range 6-30]

16.3 (5.7)

16.5 (5.7)

p= 0.169

HHD of muscle group (N)
mean [95%-CI]
Adductors
Hamstrings
Quadriceps

39.4 [8.0-70.9]
47.1 [5.0-89.1]
16.0 [-7.9-39.8]

45.6 [14.2-77.1]
59.1 [17.1-101.1]
20.2 [-3.6-44.1]

p= 0.221
p= 0.058
p= 0.226

3

Legend Table 5:* n=9; CI = confidence interval; HHD = hand-held dynamometry; HFMSE = Hammersmith
Functional Motor Scale Expanded; MRC = Medical Research Council; N = Newton; SD = standard
deviation
Clinical characteristics are reported for patients with SMA type 2 and with type 3. Clinical measurements
are reported as means with standard deviation, or the 95%-CI in case we used a mixed model. P-values
of paired t-testing and of the mixed model of clinical measurements are reported.

DISCUSSION
We here show that qMRI parameters obtained from thigh muscles of patients with SMA type
2 and 3 change significantly in the course of one year whereas strength and motor function
remain unchanged. Previous studies consistently showed that clinical assessments lack
sensitivity to detect changes in follow-up periods shorter than 2-5 years.(8,11,12,29–31)
This study, therefore, demonstrates that qMRI can detect subclinical disease progression
and therefore is a promising biomarker.
Comparison of longitudinal imaging datasets is challenging and may impede clinical
application. When comparing structures between imaging stacks or analyzing whole
muscle volume two components are of importance; accuracy of segmentation and the
match of anatomical locations. Slice-by-slice manual segmentation has yet demonstrated
good-to-excellent reliability.(32) For the latter, we describe in this study a method to
overcome the misalignment that is inherent to comparing scans from two time-points. We
chose to segment and analyze all muscles separately and only use those regions that were
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present and consistently segmented in consecutive scans. In this way, only muscle tissue
that was present in both examinations on the same location was used for analysis. With
this approach whole muscle can be compared individually, whilst retaining its multitude
of information and without subsampling or deformation of the parameter maps. Our
methodology thus allowed to include all 25 slices of the imaging stack, spanning 15 cm,
which benefitted accuracy and statistical power. In comparison, a previous longitudinal
study in SMA that employed the DIXON sequence and compared 3 slices of the imaging
stack failed to detect significant changes (+2.3% after one year).(13)
The pace of fatty degeneration in SMA is slow and comparable to other neuromuscular
diseases that are generally characterized by a yearly progression rate of <5%.
(15,21,33,34) Other longitudinal studies in muscular dystrophies show that only few
functional tests were able to detect changes in that timespan whilst fat infiltration
progressed on MRI.(15,21,35–37) SMA is furthermore characterized by a higher
overall fat infiltration, although there are few longitudinal studies in treatmentnaïve adult patients with other neuromuscular diseases for comparison.(15,20,21,33)
The increase in fat fraction seems to occur at the cost of contractile muscle tissue, as
illustrated by the significant decrease in contractile-CSA over the course of one year. In
line with previous clinical observations(8,9,38), qMRI data show clear differences between
muscles. The pattern of relatively vulnerable and spared muscles that is characteristic of
SMA is reflected by the bimodal distribution of fat fraction. Two separate peeks indicate
the difference between low and high levels of fatty infiltration. This difference is clearly
muscle specific but probably not static. Data from a cross-sectional study in SMA indicate
that the adductor longus and biceps femoris muscles eventually show fatty replacement
exceeding 30% of muscle volume up to end-stage full fatty replacement.(23) The lack of
a clear spectrum may suggest that fatty infiltration is not a continuous process but can
rather quickly convert at some tipping point towards high fatty content. This hypothesis is
also supported by the finding that fat infiltration occurs at a slow yearly speed in muscles
with less than 30% of fat infiltration as compared to a rapid yearly increase in muscles with
fat infiltration > 30%.
Also, we noticed a very small (-0.2 ms) but significant decrease in T2 over time. We think the
decrease is related to the bias of a simultaneous increase of fat fraction as increasing fat
replacement results in lowering of T2, as we observed in our previous study.(23,27) Although
T2 mapping is often used as a meaningful outcome measure in other neuromuscular
diseases, its application as a biomarker for SMA, therefore, seems irrelevant, although its
value in monitoring treatment effect remains to be determined.
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The DTI measures MD and FA did not show significant changes over time in moderate to
severely affectedฤ muscles. We observed a small significant change in FA only in low fatinfiltrated muscles, i.e. the adductor longus and biceps femoris (short head) that persisted
after correction for SNR.(39) The decrease in FA in does probably not represent increased
permeability of cell membranes because MD values did not change accordingly. Possible
alternative explanations for the observed FA decrease in low fat-infiltrated muscles are
increased strain while other muscles deteriorate, resulting in swelling. FA decrease may
also reflect a distinct moment in (early) muscle pathology. Whether DTI changes are
preceding fat infiltration remains inconclusive and has to be demonstrated by additional
measurements in an early phase of muscle pathology in young children. Because of the
small standard deviation of MD and FA (0.1 and 0.2 respectively) on both time-points,
we hypothesize that DTI can still be sensitive measure for evaluating treatment effects
despite not qualifying as a biomarker for disease progression in untreated patients.
In the cross-sectional cohort, which was a inhomogeneous group that included patients
from 7 to 73 years, the overall change of FA was 0.2 over the span of 60 years.(23) Now,
we observe that FA, similar to MD, is not sensitive as measure for change within one year.
Nonetheless, previous work has also shown that FA in affected muscle is different from
healthy muscle, and that what is considered healthy muscle in SMA has comparable FA
values as muscle of controls.(23) This broad range of FA and the possibility for normalization
of FA values holds potential when monitoring treatment response.
All clinical measurements were done by one evaluator. Previous studies have shown that
the intra-rater reliability of these measurements in SMA are 0.959 for HFMSE(40) and
>0.91 for HHD.(41) Additionally, research in DMD showed that MRC reliability within a study
improved when consecutive evaluations are done by the same evaluator.(42) Clinical
measures appear insensitive to minor changes, as reflected by the stable MRC score, or
can show day-to-day variation, as illustrated by the HHD results. We thus propose MRI
as a more objective method for monitoring patients. Good correlation of DIXON-FF and
moderate correlation of DTI parameters with clinical measures has been established in a
cross-sectional study in SMA.(23) The small sample size is a clear limitation to this study.
However, SMA is rare and the fact patients are often severely impaired complicates MRI
studies. Muscle MRI of lower extremities in SMA therefore seems limited to young and
adolescent patients with type 2 and young to adult patients with type 3. qMRI of the upper
extremities could represent a future alternative, after the solution of some logistic and
technical issues including positioning of the patient (especially those with contractures)
and the fact that arms cannot be imaged simultaneously, resulting in prolonged scanning
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time. This study on natural history of disease progression excluded patients that started
treatment; they are still undergoing follow-up measurements. There are subsequent fewer
opportunities to gather reference data from treatment-naïve patients since treatment is
becoming widely available for patients.
To conclude, longitudinal imaging data show slow disease progression in skeletal muscles
of the thigh of (young)-adult patients with SMA despite stable strength and motor function
scores. As multiple disease-modifying therapies have become available since the start of
this study, this dataset, on treatment-naïve patients, provides insight in the natural history
of SMA. This pilot study demonstrates the potential of quantitative MRI as a biomarker for
disease activity and monitoring of therapy response.
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ABSTRACT
Introduction Spinal muscular atrophy (SMA) is caused by deficiency of survival motor
neuron (SMN) protein. Intrathecal nusinersen treatment increases SMN protein in motor
neurons and has been shown to improve motor function in children with SMA. We used
quantitative MRI to gain insight in microstructure and fat content of muscle during
treatment and to explore its use as biomarker for treatment effect.
Methods We used a quantitative MRI protocol before start of treatment and following the
4th and 6th injection of nusinersen in 8 children with SMA type 2 and 3 during the first year
of treatment. The MR protocol allowed DIXON, T2 mapping and diffusion tensor imaging
acquisitions. We also assessed muscle strength and motor function scores.
Results Fat fraction of all thigh muscles except for the m. adductor longus increased in all
patients during treatment (+3.2%, p=0.02). DTI parameters changed in hamstrings towards
values observed in healthy muscle with similar trends in other muscle groups. T2 showed
no significant changes over time (-0.7 ms, p=0.3).
Conclusion Thigh muscles of children with SMA treated with nusinersen showed ongoing
fatty infiltration and normalization of thigh muscle microstructure during the first year
of nusinersen treatment. Quantitative muscle MRI shows potential as biomarker for the
effects of SMA treatment strategies.
Keywords spinal muscular atrophy, nusinersen, quantitative MRI, muscle MRI, diffusion
tensor imaging
Abbreviations AD, axial diffusivity; DMD, Duchenne Muscular Dystrophy; DTI, diffusion
tensor imaging; FA, fractional anisotropy; FOV, field of view; HFMSE, Hammersmith
Functional Motor Scale, Expanded; HHD, hand-held dynamometry; MD, mean diffusivity;
MRC, Medical Research Council; PCA, principal component analysis; qMRI, quantitative
MRI; RD, radial diffusivity; SMA, spinal muscular atrophy; SMN, survival motor neuron; SNR,
signal to noise ratio; SE-EPI, spin-echo echo planar imaging; SPAIR, spectral attenuated
inversion recovery; SPIR, spectral presaturation with inversion recovery.
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INTRODUCTION
Proximal hereditary spinal muscular atrophy (SMA) is caused by loss of function of the
survival motor neuron (SMN)1 gene and the resulting deficiency of cellular SMN protein.
SMA is characterized by severe and progressive muscle weakness and is the most
important genetic cause of infantile death or severe impairment later in life.(1) SMN protein
is ubiquitously expressed and has several important cellular functions.(2) The highly
homologous SMN2 gene ensures the production of residual amounts of full-length protein,
but this is insufficient to avoid degeneration of the motor unit.(3) Alpha motor neurons are
most sensitive to SMN deficiency, but SMN deficiency probably also affects the structural
integrity and function of other tissues, such as muscle.(4,5)
The antisense oligonucleotide (ASO) nusinersen modulates SMN2 mRNA splicing and
is the first approved drug for SMA. It is used to treat an increasing number of patients
worldwide. After intrathecal administration, it upregulates SMN production in the spinal
cord and brain.(6,7) Randomized trials have shown that nusinersen treatment improves
survival in infants and motor function in approximately half of young children with SMA.
(8,9) Real life data in older patients also show treatment effects in subgroups.(10,11) The
clinical motor function scales that have been used in natural history studies to assess
disease progression lack sensitivity to detect relevant changes in the shorter run.(12,13)
New, sensitive biomarkers that can differentiate responders from non-responders would
therefore help to improve cost-effectiveness and reduce the patient burden that is
associated with unsuccessful treatment.
Magnetic resonance imaging (MRI) has been used as an in vivo outcome measure in trials
to measure treatment effect in patients with neuromuscular disorders such as Duchenne
Muscular Dystrophy (DMD).(14–16) We recently showed that quantitative MRI (qMRI) of
thigh muscles can detect subclinical disease progression in the course of one year in
treatment-naïve adult patients with SMA.(13) This MR protocol assesses the ratio of healthy
muscle versus fat fraction (DIXON); microstructural changes in remaining muscle tissue
using diffusion tensor imaging (DTI) and possible inflammatory changes (T2 mapping). In
the current study, we used this MR protocol in a cohort of 8 young children with SMA type 2
and type 3 (age range 7-13 years) prior to and in the course of the first year of treatment (at
4th and 6th injection) to investigate if qMRI has potential as a biomarker to detect treatment
effects. The data presented here show that qMRI detects early changes during treatment
and is therefore a promising tool for treatment evaluation.
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METHODS
Study population
We consecutively enrolled 8 children with genetically confirmed SMA before they started
treatment with nusinersen. Four children had SMA type 2 (i.e. onset between 6-18 months
and able to sit independently at any moment in life) and 4 had SMA type 3 (i.e. onset after
18 months and able to walk independently at any moment in life).(17) Mean age was 9.0
years (range 7.6 - 13.8 years). Clinical characteristics are presented in table 1. The inclusion
criterium was an age older than 6 years at the start of nusinersen treatment. From this
age children can express voluntary participation to scanning procedures without sedation.
Exclusion criteria were any type of invasive ventilation, orthopnea, pronounced swallowing
disorders, discontinuation of nusinersen treatment during the study, or any other contraindication for 3 Tesla MR.
The study was approved by the local ethics committee (no. 17-226/NL61066.041.17) and
conducted in accordance with codes of conduct for research in children and the Helsinki
declaration (latest amendment Fortaleza, October 2013). In children under 12 years, parents
gave oral and written consent. We monitored children for signs of resistance against any
of the procedures. Children of 12 years and older and their parents both gave oral and
written consent.
Table 1 Patient characteristics at baseline
Patients (n=8)
Mean age in years [range]

9.0 [7.7-13.8]

Sex (M:F)

5:3

SMA type (Type 2 : Type 3)

4:4

SMN2 copy number *
3
4

5
3

Mean disease duration in months [range]

93 [69-148]

Ambulatory status (ambulant : non-ambulant)

3:5

Legend table 1: F= female; M= male. *SMN2 copy number was determined with MLPA analysis
(SALSA MLPA kit P060 version B2; www.mlpa.com)
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Clinical evaluation
Two trained physiotherapists (DvdW, BB) assessed motor function with the Hammersmith
Functional Motor Scale Expanded (HFMSE) before the 1st and after the 4th (i.e. 2 months
after start of treatment) and 5th injection (i.e. 6 months after start of treatment). In addition
to routine clinical evaluation with HFMSE, we assessed muscle strength either prior to
the injection or directly following the MR examination. The same evaluator (LAMO)
performed all strength measurements using the Medical Research Council (MRC) scale
and hand-held dynamometry (MicroFET2; Hoggan Health Industries Inc., USA) of the
quadriceps, hamstrings and adductors of both sides according standard procedures.(18)
We report muscle strength as a composite MRC score of all 42 muscle groups (flexors and
extensors of the neck, upper arms, wrists, fingers, hips, knees, feet and deltoids, pectoralis,
supraspinatus, infraspinatus, finger abductors, hip abductor and – adductor and hallucis
longus muscle) and as MRC sum score of the upper leg muscles (quadriceps, hamstrings
and adductors).

MR acquisition
Baseline scans were performed prior to the first injection with nusinersen. The second and
third scan were scheduled at the 4th injection (i.e. 2 months after start of treatment) and
at the 6th injection (10 months after start of treatment). We used the same 3T MR scanner
(Philips Ingenia, Philips Medical Systems, the Netherlands) for all but one patient. We had
to reschedule this patient to another scanner from the same vendor because it was outof-service due to maintenance. Patients were scanned in supine position, feet-first with a
12-channel posterior coil and 16-channel anterior body coil. The image stack was centered
mid-femoral, the distance from the top of the FOV to the upper limit of the femoral head
was noted for each patient to ensure same positioning for follow-up scans. We designed
the protocol to be short (total scan time ~10 minutes) in order to be tolerated by young
children. The MR protocol consisted of the following three sequences; 4-point DIXON
(TR/TE/ 210/2.6/3.36/4.12/4.88 ms; flip angle 10°; voxel size 6x1.5x1.5 mm3; no gap; 25
slices); T2 mapping (17 echoes TR/TE/ΔTE 4598/17/7.6 ms; flip angle 90/180°; voxel size
6x3x3 mm3; slice gap 6mm; 13 slices, no fat suppression) and DTI SE-EPI (TR/TE 5000/57
ms; b-values: 0 (1), 1 (6), 10 (3), 25 (3), 100 (3), 200 (6), 400 (8) and 600 (12) s/mm2; voxel
size 6x3x3 mm3; no gap; 25 slices, SPAIR and SPIR fat suppression. The MR protocol has
been validated in a multicenter study on healthy controls and has been used in previous
imaging studies in SMA.(13,19,20)

83

4

Chapter 4

MR processing
We obtained the following quantitative parameters; fat fraction (%) from DIXON; T2 relaxation
times (ms); mean diffusivity (MD) and the directional parameters fractional anisotropy (FA),
radial diffusivity (RD) and axial diffusivity (AD) from DTI. We used a custom toolbox for
processing of MR data (QMRITools for Mathematica -mfroeling.github.io/QMRITools). Two
of the authors (MF and LAMO, 13 years and 3 years of experience, respectively) checked
data for motion artifacts and quality. We reconstructed DIXON data with an IDEAL method
with estimation of B0 and T2*, T2-mapping data with extended graph (EPG) fitting(21)
and DTI data with iWLLS method with REKINDLE outlier detection. We used principle
component analysis (PCA) for denoising and for obtaining the signal to noise ratio (SNR) of
DTI data and corrected for subject motion and eddy current distortion.(22) For a detailed
description of the processing steps we refer to previous work.(19,20)

Comparison of imaging stack
The field of view (FOV) comprised 12 individual muscles per leg; m. adductor magnus,
m. adductor longus, m. rectus femoris, the three vasti muscles, m. semimembranosus,
m. semitendinosus, m. biceps femoris (long and short head) and the m. sartorius and m.
gracilis. One of the authors (LAMO) performed manual segmentation of these muscles for
each leg with ITK-SNAP(23) (version 3.6) and at each time-point. As positioning of patients
may slightly vary between scans, we used multiple converting steps for alignment to
ensure evaluation of the same muscle location at each time-point.(13) In short, we used
the registration of the DIXON water image of each of the scans for combined rigid, affine
and b-spline registration to the other two time-points (in the assumption that each
participant had a total of three scans). The manual segmentation, or mask, at each timepoint was transformed accordingly. We took the union of the transformed segmentation
and the native segmentation for each time-point. We then repeated this step, where each
time-point served as reference and starting point for the converting steps. Finally, only a
match between the three segmentations in the image space of those three scans was
taken for analysis which assures that we evaluated exactly the same muscle location at
all timepoints.

Statistical analysis
We compared clinical scores and qMRI outcomes with linear mixed effects models. We
plotted all outcomes as function of the continuous variable time (in years) and estimated
the average time trend for qMRI data by incorporating a random intercept and slope for
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time per subject, as well as a random intercept for muscle. Also, we clustered the muscles
in a muscle group (hamstrings, adductors, quadriceps).
The fixed part of the model contained the baseline score and an effect for time. We used
the Wald statistic to determine significance (threshold set at p<0.05).
We will refer to patients who were still able to walk as ‘walkers’ and patients who had lost
or never acquired the ability to walk as ‘sitters’ (i.e. both type 2 and non-ambulant type
3). Due to the limited sample size, we use only descriptive statistics for the findings in
clinical subgroups. We used SPSS for statistical analysis (version 25 for Windows, SPSS Inc.
Chicago) and ggplot2 function in RStudio (version 1.3.959, RStudio PBS) for the figures. All
source codes and data are available upon request.

RESULTS
Study population
We had to exclude one participant after the 4th injection since he/she wanted to participate
in a clinical trial (see flowchart in Fig 1). All other 7 participants continued nusinersen
treatment.

FIGURE 1 Flowchart of study procedure
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Clinical evaluation
Clinical scores are presented in table 2. HFMSE scores were higher at 5th injection
compared to baseline in four out seven children. The mean change of the HFMSE score
after 6 months of treatment was +1.6 points (95%CI -0.20 to 3.50, p=0.084). Two out of seven
children showed an increase in HFMSE score measured at 6th or 7th injection of ³3 points.
(24)
We could not obtain full MRC scores of 2 patients at two visits because of fatigue. We
therefore only obtained MRC scores of muscle groups of the thigh. At the group level, the
MRC sum score increase was +5.4 points during the first year of treatment (95%CI 0.70 to
10.10, p=0.028). At individual level, the range of MRC sum change was 0 to 11 points (i.e. 1
subject remained stable). The change in MRC sum scores of thigh muscles after one year
was not significantly different from baseline (+0.3, 95%CI -0.70 to 1.30, p=0.50) but we did
detect variability between subjects; MRC sum score changes of the thigh varied from a
decrease of 1 point (2 subjects), stable (1 subject), to an increase of 1 (3 subjects) or 2 points
(1 subject).
Quantitative muscle strength (as measured by HHD) of adductors and hamstrings
increased significantly in the course of one year (+6.8 N 95%CI 3.3 to 10.3, baseline 21.8,
p<.001 and +8.9 N 95%CI 4.5 to 13.3, baseline 22.1, p<.001, respectively). HHD of quadriceps
was 4.3N at baseline and showed no significant change (+1.0 N 95% CI -2.4 to 4.3, p=0.56).
Table 2 Clinical parameters over time
Clinical measurements

n

Baseline (SE)

Slope / year [95%-CI]

p-value

23

31.8 (0.7)

+1.6 [-0.2 – 3.5]

0.084

130.8 (1.4)

+5.4 [0.7 – 10.1]

0.028*

MRC sum score upper leg 23

18.5 (0.4)

+0.3 [-0.7 – 1.3]

0.504

HHD (N)
Adductors
Hamstrings
Quadriceps

21.8 (0.9)
22.2 (1.9)
4.3 (1.6)

+6.8 [3.3 – 10.3]
+8.9 [4.5 – 13.3]
+1.0 [-2.4 – 4.3]

<0.001*
<0.001*
0.557

HFMSE
MRC sum score

20 ⟊
40
46
40

Legend table 2: * = p<0.05; ⟊= missing data; CI = confidence interval; HHD = hand-held dynamometry;
HFMSE = Hammersmith Functional Motor Scale Expanded, score range 0-66; MRC = Medical
Research Council, sum score range 44-210, sum score upper leg range 6-30; N = Newton; n = number
of observations included in analysis; s= second; SE = standard error
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MR acquisition and processing
We obtained baseline scans the day before (7 patients) or one month before (1 patient) the
first administration of nusinersen. We performed the second scan one day prior to the 4th
injection (1 patient); on the day of the 4th injection (4 patients) or in the period following the
4th injection (2 patients; 2 weeks since and 5 months, respectively) and the third scan on
the day of the 6th injection in 3 patients, after 1 month (2 patients) or 2 months (2 patients)
following the 6th injection. We excluded one patient after the 4th injection because of his/

4

her wish to participate in a clinical trial with another drug.
None of the datasets had to be excluded for motion artifacts or data quality, resulting
in a total of 25 datasets. 90% of muscles could be segmented, whilst extensive fatty
degeneration precluded segmentation in the remainder (Table 2).

Muscle fat fraction changes in the course of one year (DIXON)
Figure 2 depicts the cross-sectional image of fat infiltration of thigh muscles of each
participant at baseline. Table 3 summarizes quantitative MR data over time. The average
fat fraction of participants was 44.2% (95% CI 43.5 to 44.9 at baseline). Quantification of fat
infiltration showed an increase of 3.2% in fat fraction during treatment (95% CI 0.9 to 5.5,
p=0.015). Figure 3 (panel A) shows the slope of fat fraction of individual patients over time,
and their relation with motor function scores (panel B).

FIGURE 2 Status of fat infiltration at baseline of participants. Legend: M = male, F = female, yr(s) =
year(s) Overview of the status of fat infiltration of all participants, as measured by the DIXON sequence;
87

Chapter 4

in the bottom two rows we highlight the three consecutive scans of two subjects. Note the visible
change of color in the anterior compartment of one male subject, as indicated by the red arrows, that
indicates progression of fat infiltration

Fat infiltration exceeded 40% in all muscles at baseline, except for the m. semimembranosus
and the m. adductor longus. Notably, the m. adductor longus had the lowest fat fraction,
which decreased in the course of one year (21.5% to 19.4%). The highest increase in fat
fraction was in the m. rectus femoris (+10%) and lowest in the m. sartorius (+1.5%) after one
year. At the level of muscle groups, the quadriceps (consisting of the m. rectus femoris
and vasti) showed the greatest fat increase; +5.8% (95% CI 2.7 to 8.9, baseline 44.5, p=0.003).
The fat fraction of the adductor muscle group (m. adductor magnus and longus) increased
by 1.5% (95% CI 0.3 to 2.7, p=0.014), and that of hamstrings (m. semimembranosus, m.
semitendinosus and m. biceps femoris) by +3.3% (95% CI 1.1 to 5.5, p=0.65). Figure 4 presents
the fat fraction changes over time of the muscle groups and highlights one muscle per
muscle group, i.e. m. adductor longus, m. rectus femoris and m. semimembranosus. We
did not find a significant decrease in contractile volume over time (Table 3). At baseline and
after the 6th injection, fat fraction negatively correlated with contractile volume of thigh
muscle (R=-0.25, p=0.001 and R=-0.32, p<0.001, respectively). However, the change in fat
fraction did not correlate with a change in contractile volume (R=-0.15, p=0.086).
Table 3 Quantitative parameters over time
qMRI parameter
Fat fraction (%)

N
499

Baseline (SE)
44.2 (0.3)

Slope / year [95%-CI]
+3.2 [0.9 – 5.5]

p-value
0.015*

Adductors

43.7 (1.3)

+1.5 [0.3 – 2.7]

0.014*

Hamstrings

44.0 (0.2)

+3.3 [1.3 –5.4]

0.652

44.5 (0.5)
12.3 (0.2)

+ 5.8 [2.7 – 8.9]
+1.2 [-0.4 – 2.9]

0.003*
0.133

Adductors

12.6 (0.1)

+0.7 [-0.7 – 2.2]

0.263

Hamstrings

12.4 (0.2)

+1.2 [-1.1 – 3.6]

0.293

11.9 (0.4)

+1.5 [-1.0 – 4.0]

0.194

Quadriceps
Volume (cm3)

502

Quadriceps
Contractile volume (cm ) 502

6.8 (0.2)

+0.5 [-0.6 – 1.6]

0.343

Adductors

7.0 (0.2)

+0.4 [-0.8 – 1.6]

0.498

Hamstrings

6.9 (0.2)

+0.7 [-1.2 – 2.6]

0.399

6.7 (0.1)
26.76 (0.24)

+0.0 [-0.9 – 0.9]
-0.72 [-2.51 – 1.06]

0.927
0.293

Adductors

27.00 (0.59)

-1.28 [-4.06 – 1.51]

0.299

Hamstrings

29.93 (0.40)

-0.19 [-1.48 – 1.11]

0.745

Quadriceps

26.61 (0.22)

-0.84 [-2.17 – 0.49]

0.176

3

Quadriceps
T2 (ms)
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MD (10-3 mm2/s)

1.58 (0.02)

-0.05 [-0.12 – 0.02]

0.130

Adductors

1.65 (0.05)

-0.03 [-0.20 – 0.15]

0.714

Hamstrings

1.59 (0.04)

-0.09 [-0.16 – -0.03]

0.007*

1.57 (0.07)
0.36 (0.01)

-0.03 [-0.13 – 0.07]
-0.02 [-0.04 – 0.01]

0.597
0.110

Adductors

0.35 (0.01)

-0.03 [-0.07 – 0.01]

0.133

Hamstrings

0.35 (0.01)

-0.02 [-0.04 – 0.00]

0.084

0.36 (0.01)
2.19 (0.04)

-0.01 [-0.05 – 0.02]
-0.11 [-0.22 – 0.01]

0.410
0.061

Adductors

2.30 (0.06)

-0.10 [-0.39 – 0.19]

0.431

Hamstrings

2.16 (0.07)

-0.19 [-0.29 – -0.09]

<0.001*

2.19 (0.08)
1.04 (0.02)

-0.06 [-0.19 – 0.08]
-0.03 [-0.10 – 0.04]

0.405
0.386

Adductors

1.06 (0.03)

+0.04 [-0.09 – 0.17]

0.468

Hamstrings

1.06 (0.04)

-0.06 [-0.14 – 0.01]

0.089

Quadriceps

1.01 (0.03)

-0.02 [-0.11 – 0.06

0.487

Quadriceps
FA

Quadriceps
AD (10-3 mm2/s)

Quadriceps
RD (10-3 mm2/s)

493

493

493

492

4

Legend table 3: * = p<0.05; AD = axial diffusivity; CI = confidence interval; FA = fractional anisotropy; mm=
millimeter; MD = mean diffusivity; ms = millisecond; n = number of observations included in analysis;
RD = radial diffusivity; s= second; SE = standard error.

FIGURE 3 Fat fraction over time and relation with motor function score. Legend: HFMSE = Hammersmith
Functional Motor Scale, Expanded

Panel A presents the trajectory of fat fraction of subjects over time, the timing of each
scan is presented as bullet. In panel B the timing of scans is presented as A (baseline); B
(after loading phase) and C (one year on treatment) and fat fraction at each time-point is
presented in relation to the score on the HFMSE scale. Subjects go by the same color in
the panels.
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FIGURE 4 Trajectory of fat fraction for muscles over time. Panel A represent the trajectory of fat fraction
for the three muscle groups; adductors, hamstrings and quadriceps. Note the steeper increase of
quadriceps in fat fraction over time. In panel B one muscle per muscle group is highlighted, and the
trajectory of each subject is given. The color coding of subjects corresponds with figure 3. The
adductor longus seems to decrease in fat fraction over time; the rectus femoris shows a steep
increase in subjects, one subject (blue line) that started with low fat infiltration demonstrates a great
increase from baseline. In the m. semimembranosus, fat fraction increase is more modest and gradual
over time

Fat fraction in relation to clinical characteristics
Three patients were walkers and 5 were sitters (1 subject with type 3 and 4 with type 2).
Figure 5 shows the histogram and slope of fat infiltration for both groups. Walkers had a
lower average fat fraction of thigh muscles at baseline than sitters (baseline 28.2% versus
50.7%; +2.6% versus +3.0% over time, respectively). In parallel, we observed a decrease
(between 1.3 to 5.8%) in fat fraction in walkers in the m. adductor longus, the m. adductor
magnus, m. semimembranosus and m. semitendinosus. Walkers had a higher HFMSE
score at baseline.
QMRI results of three children with motor function improvement showed the most
pronounced change in fat fraction. The fat fraction distribution of this group was bimodal
with low and high fat infiltration peaks (Fig 5-C). This pattern of two peaks persisted and
evenly shifted towards higher fat infiltration in the course of one year. In contrast, the fat
distribution of thigh muscles of the other children did not show a bimodal distribution, but
a broad slope from moderate to high (50 to 70%) fat fraction. At baseline, the fat fraction of
children with the most pronounced motor function improvement was lower compared to
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children with modest or no motor function change (33.6% vs 50.8%). However, increase in
fat fraction in the course of one year was greater (+5.4% vs. +2.4%) (Fig 5-D).

4

FIGURE 5 Plots of fat fraction over time for walkers vs. sitters and motor function improvement group.
The top row (A-B) presents the fat fraction when subjects are classified upon ambulatory status at
baseline as ‘sitters’ or ‘walkers’. Note the lower average fat fraction in walkers (panel A). Furthermore,
the confidence interval of change in fat fraction of the groups mostly overlaps. The bottom row (C-D)
presents the fat fraction when subjects are further subclassified based on their motor function score
change. Note the bimodal fat distribution in responders panel a, and the seemingly steeper slope of
change in fat fraction of responders

Quantitative MR parameter: T2
T2 imaging had a slope of -0.7 ms (95% CI -0.2 to 0.1, baseline 26.7 ms) in the course of one
year. The changes compared to baseline were not significant (p=0.29) either on the group
level or for individual muscle groups.

Quantitative MR parameters: MD, FA, AD and RD
We observed a non-signifcant negative slope for all DTI parameters MD, FA, AD and RD
when we performed combined analysis of all leg muscles (table 2). The negative slopes
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of MD and AD seem mainly driven by a significant decrease seen in the hamstrings (slope
MD: -0.1 mm2/s/year, p<0.01 and slope AD: -0.19 mm2/s/year, p<0.001, respectively),
while values did not change significantly in quadriceps and adductors. FA showed the
strongest negative decrease for the hamstrings (-0.02/year, p=0.084), but similar to RD not
for all muscle groups.

DISCUSSION
In this study we describe quantitative MR parameter changes in thigh muscles of 8 children
with SMA aged 7 to 13 years during one-year treatment with nusinersen. Segmentation
of individual muscles allowed comparison of longitudinal MR data for the monitoring of
treatment effects. The DIXON and DTI suggest simultaneous and divergent processes. We
observed continued fatty degeneration of muscle groups that were already affected at the
start of treatment. In parallel, DTI results showed improvements in the microstructure of
muscle tissue. Together, these alterations differ from the changes observed in treatmentnaïve adult patients in whom the natural disease progression is characterized by
progressive fatty degeneration at the loss of contractile muscle tissue.(13) Our data show
that although progression of fatty infiltration of thigh muscles is also present in young
children with SMA who are treated, contractile volume of thigh muscles remains stable.
Fatty replacement increased despite treatment, in line with previous observations(25),
although the rates at which this happened differed between muscle groups, possibly
reflecting differences in vulnerability of muscle groups. The quadriceps, which is a
relatively weak muscle group in SMA,(20,26–28) showed the highest one-year increase
in fat, followed by the hamstrings, whilst the anatomy and function of the adductors was
relatively preserved. The m. adductor longus was the only muscle in which average fat
content decreased during treatment in all children. This is consistent with observations in
three treated adults by Savini et al.(25) The gains in HFMSE scores that we observed in a
subgroup of children indicate that treatment success is not explained by a reverse of fatty
degeneration. We observed specific patterns of fat distribution that may have biomarker
value. A bimodal distribution of the level of fatty infiltration was common in children with
motor function gains. We previously observed a similar pattern in some adults.(13) This
pattern most likely indicates the presence of muscles that may still respond to treatment
(i.e. low levels of fat; <30%). Disease progression may eventually change this bimodal
distribution in a single broad peak reflecting end-stage fat infiltration (i.e. fat levels > 50%).
Therefore, the value of bimodal fatty distribution as qMRI biomarker deserves further study.
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Diffusion tensor imaging provides the directional properties of water diffusion. The relation
between each of the directional parameters can be used to probe tissue microarchitecture.
(29) For example, the finding of lowered average diffusion in a increased anisotropic medium
was an indication of shrinkage of the cellular compartment, i.e. muscle atrophy,(30) as we
established in a previous study on thigh muscles in patients with SMA.(20)
The mean diffusivity (MD) at baseline was higher than measured in adult patients with
SMA(20), probably due to lower levels of fat infiltration in children,(31,32) but still lower
compared to values known of healthy muscles (i.e. 1.4 and 1.5)(19,33). Fractional anisotropy
(FA) at baseline was high compared to findings in healthy muscles. After start of nusinersen
treatment, we observed significant changes towards normal DTI values in hamstrings with
similar trends in other muscle groups. A decrease in FA is explained by an axial diffusivity (AD)
decrease, while radial diffusivity (RD) remains constant. This means that during treatment
diffusion restriction in axial directions increases, implicating that atrophy is gradually
reversed.(34) A FA decrease in response to treatment has recently also been observed
in lower leg muscle in a case-study in two patients.(35) The trend of normalization of MD,
RD and AD values could reflect a decrease of membrane permeability, or an increase
of intracellular actin and myosine.(36) We hypothesize that these changes indicate
normalization of muscle microstructure. Taken together, our data suggest that treatment
effects are first seen in the restoration of structurally abnormal but viable muscle tissue,
rather than in a decrease of fatty infiltration of muscle tissue.
The sample size is a limitation of this study. However, the analysis of individually segmented
muscles increased statistical power. Despite extensive fatty replacement, we were able to
include muscles with up to 80% fat fraction in our final analysis. Since we did not include a
matched group of control subjects, patients served as their own reference. Theoretically,
the observed changes in DTI parameters could reflect natural history rather than treatment
effects. This is unlikely, since the increase of fat replacement is similar to observations
in adults and natural history of children from the age of 6 years on is characterized by
slowly progressive decline in muscle strength.(12) We therefore think it is highly unlikely
that pathophysiological processes captured by qMRI differ between children and adults.
Larger sample sizes and a reference cohort will be almost impossible to obtain now that
treatment has become part of standard care.
To conclude, quantitative MR parameters of the DIXON and DTI sequence provided insight
into parallel ongoing fatty infiltration with microstructural normalization of thigh muscles
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in young patients during their first year of nusinersen treatment. Quantitative MRI could
serve as a biomarker for treatment effects at the tissue level and possibly even to identify
responders.
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ABSTRACT
Introduction New treatment strategies for spinal muscular atrophy (SMA) have been
shown to improve motor function in a subgroup of children and adults, but a proportion
does not respond to treatment. Sensitive outcomes measures that are able to monitor
treatment effects at an early stage, such as potentially quantitative MRI, could help to
understand the heterogeneity in treatment response.
Methods We applied a MR neurography protocol, consisting of DIXON, T2 mapping,
DTI and proton density, in a cross-sectional cohort of 16 treatment-naïve children and
adults with SMA, and explored associations between MRN parameters and clinical
characteristics: HFMSE and measures of muscle strength. We subsequently applied the
protocol longitudinally in 7 young children receiving nusinersen treatment before starting
treatment, and after the 4th and 6th injection of nusinersen.
Results The cross-sectional area (CSA) of the sciatic nerve increased with age in SMA
patients (R=0.76, p<0.001) and showed a moderate correlation with HHD results (R=0.38,
p=0.045). AD correlated with HFMSE score and MRC sum score of hamstrings/adductors
(R=0.48, p=0.012 and R=0.42, p=0.023). None of the qMRN parameters changed over the
course of one year of treatment, despite increase in clinical scores.
Conclusion Quantitative MR neurography of the sciatic nerve was feasible in adults and
children with SMA and showed correlation with clinical characteristics. The added value of
qMRN markers in the evaluation of treatment in SMA remains to be demonstrated in future
studies of larger sample size.
Keywords spinal muscular atrophy, nusinersen, magnetic resonance neurography,
diffusion tensor imaging
Abbreviations AD, axial diffusivity; ALS, amyotrophic lateral sclerosis; CMAP, compound
muscle action potential; CMT1, Charcot-Marie-Tooth disease type 1; CSA, cross-sectional
area; DTI, diffusion tensor imaging; EPG, extended graph; FA, fractional anisotropy; HHD,
hand-held dynamometry; HFMSE, Hammersmith Functional Motor Scale, Expanded; MD,
mean diffusivity; MLPA, multiplex ligation-dependent probe amplification; MRC, Medical
Research Council; MRN, magnetic resonance neurography; N, Newton; PCA, principal
component analysis; PD, proton density; RD, radial diffusivity; SD, standard deviation; SEEPI, spin-echo echo planar imaging; SMA, spinal muscular atrophy; SMN, survival motor
neuron; SNR, signal to noise ratio; SPAIR, spectral attenuated inversion recovery; SPIR,
spectral presaturation with inversion recovery; TSE ,turbo spin-echo; qMRI, quantitative
MRI; qMRN, quantitative MRN
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INTRODUCTION
Hereditary proximal spinal muscular atrophy (SMA) is the most common genetic cause
of infant death and significant disability later in life. It is caused by the deletion or loss of
function of the SMN1 gene resulting in cellular SMN protein deficiency. A point mutation in
exon 7 of the second, highly homologous SMN 2 skews splicing of pre-mRNA towards an
mRNA that lacks exon 7, next to a smaller fraction off full length mRNA that ensures residual
full-length SMN protein production. SMN2 copy number variation inversely correlates with
disease severity and explains a large part of the variability seen in SMA.(1,2)
Spinal cord alpha-motor neurons are the most susceptible cell type for SMN deficiency,
despite the fact that SMN protein is ubiquitously expressed and involved in multiple generic
cellular functions.(3) Alpha-motor neuron loss, axonal degeneration and neuromuscular
junction dysfunction are important characteristics of motor unit pathology in SMA and
explain the often severe and progressive muscle atrophy and weakness.(4) New treatment
strategies that target SMN2 are the antisense oligonucleotide nusinersen and the small
molecule Risdiplam, and have been shown to improve motor function in a subgroup of
children and adults with SMA.(5,6)
A significant proportion of patients does not respond to treatment in terms of muscle
strength or motor function improvement.(7,8) Sensitive outcomes measures that are able
to monitor treatment effects at an early stage could help to understand the heterogeneity
in treatment response. Quantitative magnetic resonance imaging (qMRI) is a technique
that can be applied to study tissue properties in vivo before or during treatment, as has
been demonstrated by imaging studies of the cervical spinal cord and skeletal muscle.
(9–12)
Quantitative MRI has also been applied to analyze peripheral nerves and provides insight in
the microstructural properties of nerve. Thus far, pilot studies showed that quantitative MR
neurography (qMRN) can detect peripheral nerve atrophy in SMA. A number of modalities,
i.e. magnetization transfer ratio, apparent T2-relaxation time and proton spin density, have
been proposed as novel imaging biomarkers that require additional validation studies.
(13,14) Diffusion tensor imaging (DTI) is a tool to study microstructure of tissue and has
been applied in peripheral neuropathies(15–17) including CMT1 and in amyotrophic lateral
sclerosis (ALS),(18,19) where it appeared sensitive to detect disease progression and
increased axonal degeneration within a time period of 6 months.(19)
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To explore quantitative MR neurography as potential monitoring biomarker for treatment
effects in SMA, we conducted an exploratory study on the sciatic nerve in two cohorts of
SMA patients, i.e. one with and one without nusinersen treatment. First, we established
our MRN protocol, consisting of DIXON, T2 mapping, DTI and proton density, in a crosssectional cohort of 16 treatment-naïve children and adults. We explored associations
between MRN parameters and clinical characteristics. Our secondary aim was to evaluate
the feasibility of the MR protocol longitudinally in 8 young children receiving nusinersen
treatment, before start of treatment and after the 4th and 6th injection of nusinersen.

METHODS
Patients
We enrolled 16 patients with SMA and genetically confirmed SMN1 loss of function. Six
had SMA type 2 (onset between 6-18 months and highest acquired motor milestone
‘independent sitting’) and 10 with SMA type 3 (onset after 18 months and highest acquired
motor milestone ‘independent walking’). Mean age was 17.0 years (age range 7.6-54.7
years). From this cohort (further referred to as cohort 1- the cross-sectional cohort), we
followed up on 7 pediatric patients that would frequent the hospital for treatment with
nusinersen (cohort 2 – longitudinal cohort). These 7 patients were longitudinally followed
at the 4th and 6th intrathecal injection with nusinersen (see flowchart in figure 1). This group
consisted of 4 children with SMA type 2 and 3 with SMA type 3 (mean age 8.3, range 7.6-9.4
years). Patients were included from an age older than 6 years, and for longitudinal analysis,
when 3 measurements points were available; see complete individual data in figure 4.
Exclusion criteria were orthopnea, pronounced swallowing disorders that would put at risk
for asphyxia during scanning, any type of invasive ventilation, non-MR compatible material
in the body or other contra-indication for 3T MR. Patients’ characteristics of the two cohorts
are summarized in table 1.(20)
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5
FIGURE 1 flowchart study procedure

Table 1 Patient characteristics
Parameter

SMA population
n = 16
cross-sectional cohort

SMA – children
n=7
longitudinal cohort

Age [yrs] (range)

22.8 ± 17.3 (7.7 – 54.8)

8.3 ± 0.7 (7.7 – 9.4)

Sex [m:f]

9:7

4:3

SMA subtype (type 2 : type 3)

6:10
208 ± 174

4:3
85 ± 9.0

7
8
1
34 ± 22

5
2
0
32 ± 16

92.8 ± 90.5
(0.0 – 303.1)

40.8 ± 21.5
(0.0 – 66.3)

Disease duration [months]
SMN2 copy number
[n patients]
3 copies
4 copies
5 copies
HFMSE score *(range 0-66)
MRC sum score (range 2-10)
Adductors/hamstrings
HHD [N] (range)
Adductors/hamstrings

6.8 ± 1.8

7.2 ± 1.5

Legend: * = one observation missing; HFMSE = Hammersmith Functional Motor Scale, Expanded, f=
female, m = male, MRC = Medical Research Council, n = number, N = Newton, yrs = years. SMN2 copy
number was determined with MLPA.
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Clinical assessment
All patients underwent clinical testing, either at least 2 hours prior to scanning to not
affect the MR examination, or following scanning. The clinical assessment consisted of
evaluation of motor function with the Hammersmith Functional Motor Scale Expanded
(HFMSE) and of muscle strength of the lower legs with the Medical Research Council
(MRC) Scale and hand-held myometry (MicroFet2; Hoggan Health Industries Inc. USA). The
HFMSE was administered in adult patients by a trained evaluator (LO), pediatric patients
were evaluated by two trained physiotherapist; before the 1st injection and after the 4th (i.e.
2 months) and 5th injection (i.e. approximately 6 months). Additionally, LO assessed muscle
strength at each scanning visit for all patients, for treated children this consisted of testing
at the 1st, 4th and 6th injection (i.e. after 10-12 months) - either prior to the injection or after
the MR examination on the same day. Muscle strength is reported as sum score of the
hamstrings and adductors of both legs, as the muscles of these groups (m. semitendinosus,
m. semimembranosus, m. biceps femoris and m. adductor magnus) are innervated by the
sciatic nerve.

MR acquisition
MR datasets of left and right sciatic nerve at the thigh level were acquired on a 3T MR
Scanner (Ingenia, Philips, Best, the Netherlands). Patients were scanned feet-first in
supine position with a 12-channel receiving coil and 16-channel anterior body coil. The
protocol had a duration of 9:45 minutes and consisted of the following sequences:
i.

Proton density (PD) weighted turbo spin-echo (TSE) for anatomical reference
(TR/TE 2041/15 ms; field of view 403 x 352 mm2; matrix size 672 x 585; acquisition
voxel size 0.6x0.6x4mm3; reconstruction voxel size 0.3x0.3x4mm3; slice gap 1mm;
17 slices, SPAIR fat suppression, SENSE with Partial Fourier reconstruction);

ii.

Four-point DIXON to determine the fat content of the nerve (TR/TE/
210/2.6/3.36/4.12/4.88 ms; flip angle 10°; voxel size 6x1.5x1.5 mm3; no gap; 25
slices);

iii.

T2 mapping (17 echoes TR/TE/ΔTE 4598/17/7.6 ms; flip angle 90/180°; voxel
size 6x3x3 mm3; slice gap 6mm; 13 slices, no fat suppression);

iv.

SE-EPI sequence to acquire DTI parameters (TR/TE 5000/57 ms; b-values: 0 (1),
1 (6), 10 (3), 25 (3), 100 (3), 200 (6), 400 (8) and 600 (12) s/mm2; voxel size 6x3x3
mm3; 25 slices without gap; SPAIR and SPIR fat suppression).
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MR processing
We processed data using a custom pipeline (QMRI Tools for Mathematica – m.froeling.
github.io/QMRITools). We checked data for data quality and motion artifacts. The
processing steps have been described in previous work.(21) In short, DIXON was
reconstructed with an IDEAL method with estimation of B0 and T2*, T2 mapping with an
extend graph (EPG) fitting and DTI with iWLLS fitting with REKINDLE outlier detection and
principle component analysis (PCA) for denoising and obtaining the signal to noise (SNR)
ratio, and data was corrected for eddy current distortion and subject motion.
We segmented the sciatic nerve on the PD-sequence that provided anatomical reference
for bilateral segmentation with the use of ITK-snap(22) (version 3.6)(see figure 2). Then,
segmentations were transformed using rigid, affine and b-spline registration to the
image space of the quantitative sequences DTI, T2 mapping and DIXON. Transformation
was checked visually by two authors (MF, LO) for the whole the image stack to rule out
misalignment.

FIGURE 2 Nerve segmentation and mask overlay on other sequences. Panel A shows the sciatic nerve
in the right leg in two subjects with SMA, type 3 and type 2. The insert gives the enlarged picture of the
nerve with the outer edges circled in red. Panel B depicts the mask of the nerve in the PD sequence,
and consecutively transformed to the other image spaces DIXON, DTI and T2-EPG
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Statistical analysis
Differences in clinical scores between type 2 and type 3 was examined with a student’s
t-test. We explored the relation of qMR metrics with clinical scores in the cross-sectional
cohort with linear regression and Pearson’s correlation formula. Then, we determined the
rate of change in qMRN parameters during the first year of treatment with a linear mixed
model that incorporated time since baseline as fixed effect, and a random intercept for
patients using an unstructured covariance matrix. P-values were determined using the
likelihood ratio test.

RESULTS
Clinical characteristics
We obtained HFMSE scores from all but one patient. SMA patients exhibited a broad range
on the HFMSE score (see table 1). There was no significant linear relation between age and
HFMSE score (R=-0.05, p=0.8). The sum MRC score of adductors and hamstrings was not
significantly different for type 2 (mean 5.7, range 2-8 points) versus type 3 patients (mean
7.3, range 6-8 points, p=0.08). HHD results were significantly lower in type 2 compared to
type 3 patients (mean 31 ± 27 N, range 14-66 N versus 125 ± 96 N, 19-303 N, respectively,
p-0.001). There was no significant correlation between HHD results and age (R=0.20, p=0.3).
Children from cohort 2 scored between 2 and 53 points on the HFMSE scale at the start of
the treatment and demonstrated a yearly increase of +2.5 points (SE 0.6, p<0.001). Muscle
strength of hamstrings and adductors remained stable after the 6th injection on the MRC
scale (baseline 7.2, p=0.41), HHD results of hamstrings/adductors showed an improvement
(+19 N, SE 4.1, baseline 41 N, p<0.001).

MR acquisition and processing
All but one patient was scanned on the same MR scanner. All data was checked visually. In
total, we included 16 datasets for cross-sectional analysis and 21 datasets for longitudinal
analysis of treatment. Segmentation of both nerves was successful in 23 of the 27 cases,
we obtained unilateral measurements in 4 cases because of motion distortion. There was
no misalignment upon visual inspection.
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MR metrics of the cross-sectional cohort
Table 2 shows the mean value of each of the quantitative MRN parameters. The crosssectional area (CSA) of the sciatic nerve increased with age in SMA patients (R=0.76,
p<0.001). Figure 3 shows that this strong correlation is comparable for type 2 and type
3 (R=0.71, p=0.02 and R=0.76, p<0.001), although type 2 exhibited a lower cross-sectional
area of the nerve at younger age and the subsequent increase was less. Furthermore, CSA
showed a moderate but significant positive correlation with HHD results (R=0.38, p=0.045),
but not with HFMSE and MRC sum score of adductors and hamstrings. Table 3 presents
the correlation values of MR metrics and clinical data.

5

FIGURE 3 MR parameters CSA and AD across age in SMA. Regression plot with R and line function
for the cross-sectional population (left column) and subdivided into SMA type 2 and type 3 (right
column). The top row represents the plots for the cross-sectional area, and the bottom row for axial
diffusivity (AD)
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There was no significant correlation of fat fraction and age or clinical scores. T2 mapping
of nerve was not related with age (R=-0.01, p=0.98), and not significantly correlated with
HFMSE score and MRC sum score of hamstrings/adductors (R=-0.37, p=0.058 and R=-0.35,
p=0.061, respectively). Of the DTI parameters, AD was the sole parameter that showed a
significant decrease with age (R=-0.37, p=0.047). Furthermore, AD correlated with HFMSE
score and MRC sum score of hamstrings/adductors (R=0.48, p=0.012 and R=0.42, p=0.023).
The other parameters FA, MD and RD demonstrated decrease with age, although this
was not statistically significant. MD showed a positive significant correlation with MRC
sum score of hamstrings/adductors (R=0.38, p=0.040). FA and RD were not significantly
associated with clinical scores.
Table 2 – Means of quantitative MRN parameters
Parameter –
Mean ± SD

Crosssectional
Cohort
n = 16

Nusinersen
cohort –
baseline
n=7

Nusinersen cohort Nusinersen cohort –
–
at 6th injection¨
n= 7
th
at 4 injection*
n= 7

Follow-up duration
[days] (range)

N/A

0 (0)

75 ± 55
(48 – 200)

351 ± 48
(280 – 422)

CSA [mm2]

29.0 ± 12.7

18.3 ± 3.3

18.3 ± 3.5

18.7 ± 2.2

T2 [ms]

26.5 ± 3.0

25.6 ± 2.0

25.6 ± 2.2

26.3 ± 2.0

Fat fraction [%]

47.7 ± 9.3

50.6 ± 7.9

48.9 ± 13.4

48.1 ± 6.9

DTI – FA

0.49 ± 0.1

0.49 ± 0.1

0.51 ± 0.1

0.50 ± 0.1

DTI – MD
[x10-3 mm2/s]

1.37 ± 0.2

1.41 ± 0.3

1.42 ± 0.2

1.35 ± 0.2

DTI – AD
[x10-3 mm2/s]

2.17 ± 0.3

2.21 ± 0.4

2.27 ± 0.3

2.15 ±0.4

DTI – RD
[x10-3 mm2/s]

0.98 ± 0.2

1.00± 0.3

1.00 ± 0.2

0.95 ± 0.2

Legend: * follow-up duration 74 ± 49 days (range 48 – 200 days); ¨ follow-up duration 351 ± 48 days
(range 280 – 422 days); AD= axial diffusivity, CSA = cross-sectional area, FA = fractional anisotropy, MD=
mean diffusivity, mm= millimeter, ms= millisecond, N/A = not applicable, n= number of patients in
cohort, RD = radial diffusivity, s= second, SD = standard deviation.
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Table 3 – Correlation matrix of MRI metric and clinical characteristics
Age
[yrs]

HFMSE

MRC sum adductors/
hamstrings

HHD sum adductors/
hamstrings

CSA [mm2]

0.76*
(<0.001)

0.14 (0.49)

0.03 (0.87)

0.38* (0.045)

T2 [ms]

-0.01 (0.97)

-0.37 (0.058)

-0.35 (0.061)

-0.10(0.61)

-0.35 (0.070)

-0.13 (0.49)

-0.27 (0.16)

Fat fraction [%] 0.14 (0.47)
DTI – FA

-0.21 (0.29)

0.06 (0.77)

-0.04 (0.83)

0.02 (0.91)

DTI – MD
[x10-3 mm2/s]

-0.25 (0.19)

0.37 (0.060)

0.38* (0.040)

0.18 (0.35)

DTI – AD
[x10-3 mm2/s]

-0.37*
(0.047)

0.48* (0.012)

0.42* (0.023)

0.25 (0.20)

DTI – RD
[x10-3 mm2/s]

-0.12 (0.53)

0.23 (0.26)

0.29 (0.13)

0.10 (0.59)

5

Legend: * = threshold for significance is set at p<0.050, AD= axial diffusivity, CSA = cross-sectional
area, FA = fractional anisotropy, HFMSE = Hammersmith Functional Motor Scale, Expanded, HHD =
hand-held dynamometry, MD= mean diffusivity, mm= millimeter, ms= millisecond, MRC = Medical
Research Council, RD = radial diffusivity, s= second, yrs= years

MR metrics of patients on treatment
The slope of each MR metric in treated patients is presented in table 4. Patients receiving
treatment showed no significant increase in cross-sectional area (+0.7 mm2, p=0.39). T2
values remained stable over the course of one year (change of +0.85 ms, p=0.23) and
fat fraction demonstrated a non-significant decrease (-2.0%, p=0.40). None of the DTI
parameters showed significant changes over one year. All DTI parameters tended to
decrease over the course of one year of treatment. The change of CSA and AD in subjects
during treatment is illustrated in figure 4.
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FIGURE 4 Longitudinal change of CSA and AD of treated patients. Trajectory of cross-sectional area
(CSA -top row) and axial diffusivity (AD – bottom row) over the course of time since baseline (left
column) and of increasing age (right column). Measurements of the left side are represented by the
dotted line, and of the right side as continuous line, each subject has its distinct color. The follow-up
period is indicated by the round (time-point A), the triangular (B) and the rectangular (C) shape

DISCUSSION
In this study we explored multiple quantitative MR parameters of the sciatic nerve in a
cohort of treatment-naïve patients with SMA with a wide age range (7-53 years) and a
second cohort of children who were treated with nusinersen. The association of crosssectional area and of AD with clinical characteristics in treatment naïve patients suggested
that qMRN might have biomarker value for monitoring disease progression or treatment
effects. However, MR parameters of nerve did not exhibit a linear pattern during treatment
in children. We noticed improvements in clinical scores that were not accompanied by
significant changes in quantitative MRN markers nor for the nerve cross-sectional area.
In healthy subjects the sciatic nerve is a big structure that is well identifiable on DIXON
and shows bright with DTI on the lower b-values, contrasting with its surroundings. In
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patients we observed nerve atrophy and an altered anatomy that impeded identifying
the sciatic nerve on these sequences. We thus selected the high-resolution PD sequence
as reference data for segmentation. The transformation of the mask to fit each sequence
allowed us to obtain the quantitative measures of the nerve. The transformation to another
image space introduces a small deviation in the mask, that could be missed upon visual
inspection. However, the match of our MR data with reference values from other research
on sciatic nerve emphasizes the correct positioning of the mask.(18,19,23,24)
Nerve atrophy has been established as a feature of motor neuron disease, including
ALS and SMA.(13,25) Kollmer et al. demonstrated with quantitative MR neurography that
nerve cross-sectional area (CSA) was significantly reduced in the upper and lower leg of
SMA patients compared to age and gender-matched controls.(13,14) As these studies
measured at different segments of the sciatic nerve and nerve thickness varies per
segment, direct comparison of cross-sectional area results was not possible. More so,
there is little data on nerve thickness in children.(26,27) Based on our data we cannot fortify
whether we have demonstrated nerve atrophy in SMA due to the lack of healthy controls.
Nonetheless, the positive correlation between CSA and age in SMA implies that, in spite of
assumed nerve atrophy, the sciatic nerve maintained the ability to grow over time, as seen
in healthy subjects.(28) CSA did not correlate with measures of motor function or muscle
strength scored with the MRC scale, in line with previous research,(14) but was positively
associated with muscle strength on a continuous scale measured with HHD. Children who
received treatment exhibited an increase in CSA (+0.8 mm2/year). This is in line with the
determined increase of 0.6 mm2 per year based on cross-sectional data and could be
either partly explained by physiological aging, as we established a positive correlation
of nerve area and age in SMA, or by potential treatment effects on nerve structure. The
similarity of the trajectories of the nerves of each subject (figure 4) suggests that either of
the hypotheses occur simultaneously and symmetrically. Nonetheless, the improvement
in clinical scores was not reflected in a significant increase in CSA. CSA is considered a
semi-quantitative measure and can be user biased. Its potential as a biomarker therefore
remains undetermined.
None of the DTI parameters changed significantly in children during treatment. This could
be due to the misrepresentation of DTI properties of younger subjects, as we demonstrated
that this did not follow a linear pattern with increasing age. There are few reference studies
for nerve DTI parameters in young, growing children. Although no longitudinal studies are
available, MR neurography in young adolescents showed indeed a greater dependence
on demographic determinants (such as weight and height) compared to adults, which
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is probably due to body development.(27) Other studies on nerve DTI in peripheral
nerve disease or injury have mostly described FA as parameter sensitive to change. FA
of nerve gradually decreases with physiological aging, and a decrease indicates axonal
degeneration in disease conditions.(29–31) Furthermore, FA together with RD marked the
regenerative phase following nerve injury in rodents and correlated with axonal and myelin
regeneration on histology.(32) FA thus theoretically seemed a potential candidate to study
axonal degeneration attributed to motor neuron loss in SMA and to evaluate treatment
directed at motor neurons. Other research on nerve DTI also described the potential of
AD, as it was able to discriminate between ALS and MMN(16), or able to detect changes in
nerve roots of the spinal cord in SMA versus healthy controls.(11)
In our study, FA demonstrated no significant changes during treatment. In contrast to FA, AD
showed moderate correlation with most clinical parameters. However, the improvements
seen in clinical parameters such as HFMSE and HHD during treatment were not paralleled
by significant changes in AD. We believe this could be due to a lack of Power.
The limited sample size and the absence of reference data of young children only
allows careful conclusions on the trends we witnessed during treatment. The primary
recommendation for future studies is extending the sample size in order to validate these
preliminary findings, both with patients and with young controls of which the current
literature is lacking. Furthermore, we suggest data acquisition at higher resolution to
obtain data of greater accuracy, which will probably result in a prolonged scan time.
In the interpretation of DTI results, we identified a potential bias from noise, although the
surrounding tissue was suppressed. More so, the CSA of the nerve influences MD and FA
results due to partial volume effects of outer voxels surrounding a round structure, like the
nerve. In other words, a bigger nerve takes up more volume within a voxel thus eliminating
the amount of contaminating signal from the outer corner.(28) In smaller nerves, like in SMA,
this imposes challenges for the interpretation of results. Furthermore, electrophysiological
assessment could be used to match the MR data, but previous research has already shown
that CMAP amplitudes were not related to CSA.(14) Also, CMAP amplitudes do not exhibit a
significant decline with age in SMA patients.(33)
Quantitative MR neurography of the sciatic nerve showed association with clinical
scores and demonstrated changes of the nerve during treatment. Statements about
possible nerve regeneration during treatment are too premature but subtle alterations
in cross-sectional area could be an indicator of treatment-related effects. Quantitative
MR neurography in SMA has been the interest of recent studies and may have sufficient
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sensitivity to determine alterations of the nerve when compared to controls, which
has resulted in several promising markers. This study demonstrates the complexity of
validating such biomarkers. Possibly, the microstructural changes in the nerve during
treatment are too modest to be picked up by qMRN techniques. In contrast, similar
quantitative imaging markers (fat fraction, T2 mapping and DTI) demonstrated changes
in skeletal muscle during the first year of nusinersen treatment.(12) Further studies on a
larger cohort of treated patients, with nusinersen or other disease modifying therapies, are
therefore needed to decide on useful quantitative MRN markers in SMA.
This study served as a pilot experiment to explore the potential of qMRN markers in
monitoring treatment effects. Quantitative MR neurography of the sciatic nerve was feasible
in adults and children with SMA and showed correlation with clinical characteristics.
The added value of qMRN markers in the evaluation of treatment in SMA remains to be
demonstrated in future studies of larger sample size.
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ABSTRACT
Pre-symptomatic treatment of hereditary proximal spinal muscular atrophy (SMA) is
increasingly advocated as best practice. However, for a small minority of patients with late
onset SMA it is unclear whether the possible gains of chronic pre-symptomatic treatment
outweighs the increased burden and the risk of long-term side effects. Biomarkers
sensitive enough to reveal the time at which individuals turn from asymptomatic to presymptomatic could be helpful to determine the best moment to start treatment. In this
case report we describe the use of quantitative MRI (qMRI) of the thigh in an apparently
asymptomatic patient. Although qMRI parameters were within the normal range, it
revealed the presence of fasciculations. The presence of fasciculations could be an early
pre-symptomatic sign that deserves further research.
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INTRODUCTION
Hereditary spinal muscular atrophy (SMA) is a rare genetic disease that is caused by the
homozygous deletion of the survival motor neuron (SMN) 1 gene.(110) First symptoms
of muscle weakness most often present at birth or during the first years of childhood
and result in stalled gross motor development. The (in)ability to achieve specific motor
milestones, such as sitting and walking independently is used for clinical classification
in infantile/childhood-onset SMA type 1 (non-sitters), type 2 (sitters) and type 3 (walkers).
(204) Late (adolescent or adult) onset SMA (classified as type 4) is rare and contributes
marginally to SMA prevalence.(205) Variation in the copy number of the second human
SMN-gene, SMN2, explains a large part of the clinical variation in severity, with an inverse
relation between copy number and severity.(206) Late onset SMA is therefore associated
with a higher SMN2 copy number, i.e. at least 4 SMN2 copies.(205)
Genetic treatment strategies are increasingly used to treat SMA. These include the
SMN2 splicing modifiers Nusinersen (an antisense oligonucleotide) and Risdiplam (a
small molecule) and the associated adenovirus (AAV)-based SMN1 gene therapy named
Zolgensma. In symptomatic cases, treatment on average improves survival (type 1) and
motor function (types 1-3).(143) Presymptomatic treatment probably improves outcome
and is therefore considered crucial for achieving optimal cost-effectiveness. However, it
is likely that late-onset SMA poses a dilemma to an early start of treatment strategies
that need to be repeated (i.e. Nusinersen and Risdiplam). Presymptomatic treatment of
patients with 4 SMN2 copies or more who could become symptomatic 20 years later
would obviously increase patient burden and reduce cost-effectiveness.
Biomarkers that reveal presymptomatic onset of SMA could therefore be helpful to
determine the optimal moment to start treatment. We previously developed a quantitative
magnetic resonance imaging (qMRI) protocol of the thighs that provides multidimensional
insight in SMA pathophysiology. The DIXON sequences allow quantification of fatty
replacement of muscle tissue, while diffusion tensor imaging (DTI) documents atrophy
of viable muscle tissue.(192) We here describe the application of qMRI in an adult presymptomatic patient with a homozygous SMN1 deletion and 4 SMN2 copies.

Case report
The patient is a 21-year-old man who had been genetically screened for SMN1 deletion
after birth because of a positive family history for SMA on mother’s side (infantile-onset
type 1 in a cousin and another family member with mild, type 3 form SMA). He had not
experienced complaints of muscle weakness. He had normal gross motor development
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and exercised without complaints. He reported an episode of spontaneous twitching of the
limbs for which further neurological work-up (epilepsy in particular) had not provided an
explanation. He was referred for treatment advice shortly after the news about Nusinersen
reimbursement in the Netherlands became public. On neurological examination, there
were no signs of muscle weakness or areflexia, nor of tongue fasciculations. We observed
a mild tremor of the fingers. Genetic testing showed a homozygous deletion of the SMN1
gene and the presence of 4 SMN2 copies. Nerve conduction studies of the median and
ulnar nerve showed normal compound action potential (CMAP) amplitudes. Evaluation
of isokinetic strength and muscular endurance of the quadriceps/hamstrings and the
biceps/triceps with a Biodex System 4 pro dynamometer (Biodex Medical Systems, Inc.,
Shirley, NY, USA) showed to be normal.

Quantitative muscle MRI
He underwent an MR examination of thigh muscles on a 3T MR scanner (Philips Ingenia,
Philips Medical Systems, Eindhoven, The Netherlands). The MR protocol was extensively
described elsewhere(154). Briefly, the protocol included a four‐point Dixon sequence (TR/
TE/210/2.6/3.36/4.12/4.88 ms; flip angle 10°; voxel size 6 × 1.5 × 1.5 mm3; 25 slices; no gap);
T2 mapping (17 echoes TR/TE/ΔTE 4598/17/7.6 ms; flip angle 90/180°; voxel size 6 × 3
× 3 mm3; slice gap 6 mm; 13 slices; no fat suppression) and DTI spin echo echo‐planar
imaging (TR/TE 5000/57 ms; b‐values 0 (1), 1 (6), 10 (3), 25 (3), 100 (3), 200 (6), 400 (8) and
600 (12) s/mm2; voxel size 6 × 3 × 3 mm3; 25 slices; no gap; spectral attenuated inversion
recovery (SPAIR) and spectral presaturation with inversion recovery (SPIR) fat suppression).
The total scan time was ~10 minutes.(172) Segmentation of thigh muscles was performed
as described previously.(192) In short, the out-phase image of the DIXON sequence was
used for manual segmentation with open-source software (ITK-SNAP version 3.6(135)) of
12 individual thigh muscles on the 25 slices of the image stack, accounting for 24 analyzed
muscles per subject. From these, we extracted well-established MR parameters including
fat fraction, T2 time of muscle tissue and the diffusion metrics fractional anisotropy (FA)
and mean diffusivity (MD) (table 1). We checked for motion artifacts and noticed signal
voids, indicating fasciculations or contractions caused by activations of the motor unit.
For each voxel, fasciculation of contractions were quantified according to the method
described by Steidle et al. using the data with a b-value > 150 s/mm2.(207) For every slice,
clusters of activation were selected that existed of at least 4 connecting voxels. Finally, the
total number of clusters and their size were calculated.
We used qMRI data from 4 previously enrolled healthy control subjects (males, mean
age 27.8 yrs [24-31.5]) that were scanned on the same scanner as a reference. Their qMRI
examination covered the same field of view of the thigh and the total scan time was similar.
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Results
Results of qMRI are shown in Table 1. Quantitative MR parameters had a similar range
as observed in age and gender matched control subjects. We unexpectedly observed
fasciculations during MRI (Figure 1), which resulted in a MR signal attenuation, or ‘signal
voids’, on the diffusion weighted images which is presumably based on intravoxel
reordering of tissue water.(207,208) The total count of fasciculations was higher in the SMA
subject compared to control subjects.
Table 1 Results MR examination

A. SMA SUBJECT

MR parameter

SMA subject (n=1)
mean (SD) [range]
N muscles = 24 (left + right)

Control subjects (n=4) (age/gender
matched)
mean (SD) [range] N muscles = 96

Fat fraction (%)

5.9 (0.9) [3.8-8.2]

6.7 (1.7) [3.6-10.2]

T2 (ms)

28.8 (1.6) [23.4-30.6]

29.3 (0.9) [27.2-31.6]

0.23 (0.03) [0.19-0.30]

0.22 (0.04) [0.15-0.34]

MD (*10 mm /s)

1.63 (0.1) [1.38-1.81]

1.53 [0.1) [1.03-1.71]

Fasciculation count
Total count

45.5 (69.8) [-]
1229

13.5 (10.9) [-]
229

FAa
b

-3

2

6

FA: Fractional anisotropy; b MD: mean diffusivity, mm: millimeter, ms: millisecond, s: second,
N muscles is defined as the sum of the 12 muscle of the left and right leg

a

A. SMA SUBJECT

B. CONTROL SUBJECT

B. CONTROL SUBJECT

FIGURE 1 Presence of fasciculations in a control subject versus SMA subject. Fasciculation count in
the upper leg (proximal to distal) for a control subject (A) versus the SMA subject (B). The number of
registered activations is colorcoded and represents the fasciculation count.
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Discussion
We used our previously developed qMRI protocol in an individual with a confirmed SMN1
deletion, a postural tremor and normal muscle strength and motor function. We did not
document early signs of SMA pathology on MRI, i.e. fatty infiltration or muscle atrophy, but
recorded recurrent fasciculations. This case report indicates that DIXON and DTI sequences
may have limited sensitivity to detect pre-symptomatic changes in muscle. Asymptomatic
carriership has been described but is rare.(33) Natural history studies of SMA type 3b/4
documented onset from the second decade to 30-40 years of age.(205,209) It is therefore
possible that the patient presented here is truly asymptomatic.
qMRI analysis showed frequent fasciculations. Fasciculations can be an early sign of alphamotor neuron dysfunction that results in spontaneous motor unit firing and subsequent
muscle twitching. They are a prominent clinical characteristic of amyotrophic lateral
sclerosis (ALS) and other motor neuron disease (MND). Fasciculations in the tongue are a
common characteristic in SMA(174). Their presence in other muscles has not been studied
in detail in patients with SMA; fasciculations were present in 45% of symptomatic type 4
patients in one study.(209) The presence of fasciculations in pre-symptomatic patients has
understandably not been studied at all. Since fasciculations are non-specific for MND and
can also occur in healthy subjects, we cannot determine whether their presence is unique
for this patient, are characteristic of asymptomatic individuals with homozygous loss of
function of SMN1, or precede changes in nerve and muscle that may ultimately cause
motor function loss. (210,211)
Screening for the presence of fasciculations could be a helpful approach in presymptomatic cases in the future. Diffusion weighted imaging can be modeled to study
motor unit morphology and function.(212,213) Also, computer-aided ultrasound of muscle,
a more versatile technique than qMRI, can be used to detect fasciculations(214,215) which
makes them interesting tools for future studies.
Newborn screening for SMA will result in an increasing number of pre- or asymptomatic
referrals for treatment. Some authors have argued for early treatment of all cases(143), but
this may be at odds with reimbursement policies in some countries. More specifically, the
possibility of unnecessary chronic treatment for periods of 10 years or longer may trigger
discussions of cost-effectiveness and patient burden. The fact that the presence of 4
copies is associated with a wide range of phenotypes, from ‘sitters’ (type 2) to adult onset
underlines the need for clinical tools that allow an early detection of symptoms, i.e. before
weakness sets in.(174) Monitoring of fasciculations could therefore provide an interesting
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new approach for pre-symptomatic cases. The patient presented in this case report will
therefore be monitored every year with EMG, qMRI, ultrasound and quantitative muscle
testing. If applied on a broader scale, this could provide important insights in the sensitivity
of such tools for truly pre-symptomatic cases with late onset.
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Chapter 7

This thesis explored feasibility of quantitative muscle and nerve MRI as a biomarker for
SMA. In an initial pilot study that preceded the work described here, we focused on qMRI
of the cervical spinal cord.(1) Although this study showed spinal cord atrophy and DTI
changes in cervical nerve roots that correspond with the characteristic pattern of muscle
weakness in SMA, continuation of spinal cord qMRI was unattractive for a number of
reasons. First, the imaging protocol would require further technical optimization to reduce
scanning time to be applicable for clinical practice.
Second, it would be interesting to extend spinal cord imaging to the lower thoracic and
lumbar segments, for the latter innervates the more affected lower limbs in SMA. However,
imaging these segments is even more challenging as they are more prone to susceptibility
artifacts due to the presence of air trapped in lung tissue. Similarly, the presence of spinal
rods following scoliosis surgery introduces beam scattering artifacts that impedes image
acquisition. Around 34% of our cohort has scoliosis material in situ (reference data of 2019)
(2), making spinal cord imaging as potential biomarker applicable to a small proportion of
the population, both in research as in clinical setting.
Hence, we extended the imaging projects and our search for quantitative biomarker to
other tissues affected by SMA pathology, i.e muscle and peripheral nerve.
Spinal muscular atrophy encompasses a wide range in disease severity. We wanted to
assess applicability of muscle qMRI across the broad spectrum of SMA (chapter 2) and
therefore included patients from 7 years up to 73 years with type 2 and type 3 in a crosssectional study on muscle involvement and properties of muscle. We did not enroll patients
at the extremes of the severity spectrum, i.e. with type 1c and type 4, for reasons of severity
and rarity, respectively. Nevertheless, the study provided insight in muscle involvement
in SMA across the largest part of the disease spectrum. The progressive nature of SMA
was reflected by the more severe fatty infiltration of upper leg muscles in older patients.
Patients with SMA type 2 had earlier onset of fatty infiltration and therefore a higher fat
fraction in all muscle groups than patients with type 3 at a similar age. The scans confirmed
relative vulnerability of muscle tissue; the anterior compartment was conspicuously more
fat-infiltrated that the other muscle compartments, which is in agreement with prominent
quadriceps weakness seen in patients and with previous imaging reports (3–5), while the
hamstrings were relatively spared in patients with SMA type 3.(6) The severe fat infiltration
we witnessed in some patients with type 3 did not impede them to walk. Since knee flexors
have been identified to be involved in the compensatory gait pattern in SMA patients,
progression of fatty infiltration in hamstrings may ultimately lead to loss of ambulation.
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(7) Progression of muscle replacement by fat is continuous, eventually leading to total fat
replacement, which was already observed in patients with type 2 and type 3a under the age
of 30 years. However, and as outlined below, the data may suggest that fat replacement,
when set in motion, arrives at a tipping point beyond which muscle tissue continues to
be replaced even after the start of treatment. This would imply that optimizing treatment
primarily depends on an early start.
The SMA literature tends to emphasize differences between type 2 and 3, or non-walkers
and walkers. However, we did not observe a clear distinction in DIXON qMRI between
SMA types. In fact, there was less of a distinction between patients who learned to stand
but not walk (i.e. ‘SMA type 2b’) and type 3a than between patients with SMA type 3 with
early (type 3a) and late (type 3b) disease onset. This is in line with clinical observations
among Dutch patients with SMA type 3. In particular children who learn to walk, but lose
ambulation before the age of 10 years have a severity profile later in life that is very similar
to patients with type 2b(3,8) , while truly late onset (i.e. type 3b-4) carries a much better
prognosis.(9) Our data therefore confirm that disease course is reflected by the quality of
muscle tissue.(10)
Muscle weakness in SMA is not uniform but shows a pattern of relative sparing. This is not
unique to SMA. Other neuromuscular disease also present with a characteristic selectivity
pattern, which actually triggered research to establish muscle MRI as a diagnostic tool.(11)
In line with previous observations, we observed relative sparing of the m. adductor longus
and gracilis, sartorius, semimembranosus and rectus femoris muscles.(4,12–15) Causes of
selective vulnerability of muscle are unknown although the following mechanisms may
contribute.
First, selective muscle vulnerability may result from motor neuron pathology
or the somatotopic location of motor neuron pools in the spinal cord. Proximal and axial
muscles, which are known to be most affected in SMA from clinical and from imaging
studies, are located in the medial column.(16) Distal muscles are innervated from the
lateral column and are relatively longer preserved.(3–5) Why the medial column would be
more vulnerable than the lateral column remains to be clarified.(17,18) Moreover, these are
findings from mouse studies and remain to be confirmed in humans. Regardless, clinically,
muscle weakness eventually progresses into general involvement, irrespective of the
medial and lateral column.(3,17)
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The theory of segmental vulnerability has been refuted previously. The general
idea was that specific segments of the spinal cord were more vulnerable than others, i.e
.C5, C7 and L3-4, corresponding with deltoid, triceps brachii and quadriceps muscles.(3,8)
In a more in-depth analysis, we could not corroborate a segmental distribution of muscle
weakness based on cross-sectional data of 180 patients.(3)
Differences in innervation density could provide an alternative explanation.
Differences in motor unit size of muscles could determine their vulnerability. Reinnervation
that follows motor neuron degradation in SMA causes the remaining motor units to
enlarge, but is insufficient to compensate for motor unit loss.(19) Muscles with fewer motor
units could therefore be more vulnerable and thereby weaker.(20) This would imply that
muscles that generally contain larger motor units could be prone to faster deterioration,
when subsequent motor unit loss result in more noticeable effects. To the best of my
knowledge, there is no atlas of motor unit sizes in the human body. However, it seems
plausible that the function of anti-gravity muscles such as triceps brachii and quadriceps
would require fewer innervating axons than muscles that need more finetuning, such as
muscles for hand function and eye movements. It is interesting that newly developed
techniques, such as CMAP scan, may be useful to gain insight in how treatment alters motor
unit numbers and sizes.(21) CMAP scan provides information on motor unit composition as
‘steps’ in the curve that constitute the CMAP obtained during increasing stimulus intensity.
(19) The CMAP scan is currently only used for the median nerve and thenar muscles.
Broader application of the CMAP scan could contribute to our general understanding of
motor unit function in SMA to validate this hypothesis for selective vulnerability but will be
technically challenging.
Importantly, muscle itself is affected by SMN deficiency. SMN levels in muscle
of SMA patients were reduced compared to controls.(22–24) Mouse studies demonstrate
SMN requirements of muscle in the developmental stage that decrease over time. SMA
mice present with very low levels of SMN in muscle, already in the presumably presymptomatic period.(25) Regardless of the low SMN requirements in muscle compared to
motor neurons, SMN depletion has it effects on many levels.
In patients, dysregulated muscle growth and structural alterations were observed.(26–29)
In a mouse model, selective depletion of SMN in muscle led to muscle fiber defects,
neuromuscular junction abnormalities and poor motor function.(30) Furthermore, Kim et al.
showed in mouse models for SMA that selective depletion of SMN in muscle triggers NMJ
alterations retrogradely.(30) This strongly implies that SMN depletion in muscle further
contributes to the disease, and is not only affected ‘upstream’ by denervation following
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motor neuron stress or death. The restoration of SMN after onset of muscle pathology
indeed reversed the disease in mice, which is promising for systemic and muscletargeted therapies.(30) The mechanisms by which SMN depletion could lead to selective
vulnerability remain to be established. SMN protein plays a role in actin regulation and
mitochondrial function. We can hypothesize that this causes heterogeneity in vulnerability,
based on differences in muscle fiber type distribution or metabolic requirements in
muscles. Although there are more questions than answers regarding the role of SMN
in muscle function, it seems safe to assume that muscle pathology can only truly be
attenuated if SMN repletion strategies reach the muscle too, or other strategies rescue
downstream effects of SMN deficiency.
Given the extent of pathological findings in each of the constituents of the motor
unit, i.e. the motor neuron, the nerve, the neuromuscular junction and the muscle, it seems
more plausible that selective muscle weakness due to SMN deficiency is multifactorial.
We have only just begun to understand the vulnerability of motor neurons in SMA,
but the paradigm of SMA as pure motor neuron disease has shifted to a systemic and
developmental disease. Comparing the effects of targeted therapy, aimed at motor
neurons only, versus systemic treatment is crucial to optimize treatment protocols in the
future. MRI is one of such modalities that allows examination of tissue, such as muscle and
nerve and assessment of their (relative) involvement in SMA pathology. Studying tissue
involvement under two conditions, i.e. with and without disease modifying treatment, will
give us insight into disease progression at the tissue level, which precedes improvements
or deterioration of clinical deficits. Quantitative MR parameters can teach us more about
tissue involvement and based on the results of our work we hypothesize that qMRI could
serve as a biomarker for disease progression or treatment effect.

Quantification of fat infiltration of muscle
We used the DIXON technique to quantify fat infiltration. This is the best known and
most widely used and described qMRI parameter. Manual segmentation allows
quantification of the fat content of each muscle individually and has been a big step
forward in understanding disease course in other neuromuscular disorders, including
Duchenne muscular dystrophy (DMD). In comparison with standard T1-weighted
imaging, the DIXON technique allows a better estimation of fat fraction in muscle by
differentiating more precisely between water and fat signal.(31,32) It is based on the
chemical shift difference of water and fat, and the 4-point DIXON provides 4 images for
post-processing which is slightly more accurate than the common 3-point sequence.(33)
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Previous smaller imaging studies on muscle involvement in SMA, and quantitative
MRI work on DMD suggested that DIXON could be useful to monitor disease progression
in SMA. In chapter 2, we show that muscles of our included SMA patients had an almost
5-times increased fat content compared to controls (48% fat fraction versus 8%). Fat
infiltration was progressive even in one year. This finding is quite striking if one considers
that natural clinical history studies suggest that deterioration of muscle function can only
be detected in much longer intervals, i.e 2-5 years.(34,35) In adults (chapter 3), fat fraction
increased with 1.3% in one year. As expected, this increase in fat content was not mirrored
by a deterioration of motor function on clinical scales. We therefore conclude that the
DIXON method detects subclinical disease progression. The natural disease progression in
adults is characterized by progressive fatty degeneration at the loss of contractile muscle
tissue. Previous work on natural history in children measured an increase in contractile
CSA of the thigh in one year that, however, was attributed to growth.(36)
The timelines of fatty infiltration differ between muscle groups. This may explain why we
observed a more uniform distribution of fat in patients with more disease progression
(unimodal or ‘dromedary’) and bimodal distribution in patients in better condition (‘camel’)
(Figure 1). This distribution may have biomarker value as will be further explained below.
Figure 1 Distribution of fat infiltration across cohorts – adults & children with SMA

Fiugre 1 The histogram of fat distribution in adults (left) and treated children (middle and right
panel) In adults and in children that improved under treatment (first two panels), we note a bimodal
distribution pattern (“camel” like) versus the more uniform pattern (“dromedary”) in the last panel in
children without improvements on motor scores.

We used the data obtained from treatment-naïve patients as a framework to
interpret the changes we observed in children during treatment. This is the best alternative
to true, age-matched reference data, as there are little to no longitudinal imaging data
of children, while future imaging studies on natural disease progression in treatmentnaïve children will become increasingly unlikely. The uniformity of the quantitative
imaging protocol of both studies facilitated the comparison of the two cohorts. In children

132

General discussion

(chapter 4), fat infiltration increase was higher than in adults (+3.1%) during their first year
of treatment. In contrast to the situation in adults, this was not at the cost of contractile
tissue. We further demonstrated that the rate of fat degeneration differed between
muscles. The weakest muscle group, i.e. the quadriceps, showed the greatest increase in
fat content whereas the strongest muscle, i.e. the hamstrings, showed less increase of fat
infiltration. Interestingly, fatty degeneration was not attenuated by the assumed rescue of
motor neurons during nusinersen treatment. Savini et al. also describe progression of fat
degeneration during treatment in 3 patients. (37) Despite this ongoing fatty infiltration, we
observed (trends towards) motor gains in some children. The children that improved under
treatment demonstrated the dichotomy in the distribution of fat content that we observed
in adults as well (chapter 3). The first peak at low levels of fat (<30%) may indicate a phase
in the fatty transformation of muscle when it may still respond to treatment. Also, the
two peaks in distribution suggests that fat infiltration may not be a gradual process but
could include a tipping-point. The tipping-point concept is further emphasized by a higher
yearly increase in fat content of high fat-infiltrated muscles. Based on the observations,
this tipping point may lie between 30-40% fat content, although this is not a fixed cutoff value. Rather, we think this indicates a transition from low fat content, a slow phase,
to a critical phase that is characterized by faster fatty degeneration. It could be that this
transition can be explained by the failure of compensatory mechanisms to prevent further
degeneration, such as the recruitment of adjacent motor units during reinnervation.
We are the first to notice this pattern and retrospectively also recognize this in datasets
of other imaging projects on SMA (unpublished data). We have not seen this specific
pattern in Duchenne Muscular Dystrophy.(38) The presence of this bimodal distribution as
a specific ‘qMRI fingerprint’, makes it a possible biomarker for treatment responsiveness
that deserves further study. If treatment is indeed more effective on a functional level
when a proportion of muscles is still before the tipping point, this could predict treatment
success, at least with nusinersen. It would be interesting to investigate whether similar
fingerprints can be seen in arm muscles, although this may be more challenging given
the limited number of muscle groups. Apart from corroborative studies, it could also be
interesting to investigate whether the unimodal or bimodal distribution is a biomarker for
success of more systemic (e.g. risdiplam) or combined therapies (e.g. SMN augmentation
in combination with anti-myostatin drugs). Finally, from the reimbursement perspective,
this biomarker may be promising if regulators would seriously like to pursue ‘pay-forperformance’ strategies. A uniformly distributed high fat content of thigh muscle could for
example be used as a rationale for a significantly reduction of drug prices.
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The determination of fat content with DIXON is a robust method and also
shows correlation with clinical measures in SMA.(39) More so, fat fraction is consistently
sensitive to minor changes in muscle across the projects described in this thesis,
whether in terms of treatment-naïve natural disease course or under treatment.
Altogether, quantitative imaging with DIXON is a strong candidate biomarker for disease
progression and treatment effect. Possibly, fat quantification with DIXON can aid in the
timely identification of ‘responders’ and ‘non-responders’ to treatment.
Because fat infiltration reflects ‘end-stage’ disease and does not provide
information on the quality of remaining muscle, we also explored other quantitative MR
parameters.

Quantification of diffusion in muscle
Diffusion tensor imaging quantifies the diffusion of water molecules. The diffusion of
water in tissue is mostly non-isotropic as the mobility of water molecules is hindered by
surrounding structures such as nerve sheets, proteins, or cell membranes. The parameter
fractional anisotropy (FA) reflects the degree of non-isotropy, approaching 1 when
anisotropic and close to 0 when isotropic, as illustrated in Figure 2. Mean diffusivity (MD),
radial diffusivity (RD) and axial diffusivity (AD) are all derived directional parameters of
diffusion. Together, DTI provides a representation of micro-architecture of a tissue.(40–42)
Figure 2 Diffusion tensor imaging explained

Figure 2 In diffusion tensor imaging, the directionality of diffusion of water molecules is estimated in
a three-dimensional model (the tensor). The parameter fractional anisotropy (FA) reflects the degree
of non-isotropy, or directional dominance of a region. The FA is close to 0 if diffusion is equal in all
directions, such as in a sphere, and is approaching 1 when anisotropic, such as in an ellipsoid. The
derived parameters AD, RD and MD are calculated from this tensor model.
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In healthy muscle, DTI measures are sensitive enough to detect alterations in
muscle already in the 2 days following increased exercise, while no changes on fatsuppressed T2-weighted sequences were noted. (43) This made DTI an interesting
application for neuromuscular diseases to capture disease progression. Most of the
first studies were done in Duchenne Muscular Dystrophy, in which a strong correlation
between DTI values and function was found.(44) DTI had not been applied in SMA when
we started this project. We demonstrated that DTI correlates with clinical measures in
SMA, which has not been consistently found in, for example, DMD or LGMD.(44,45) More
so, we established a similar or even stronger correlation of DTI parameters with clinical
scores than we observed for fat fraction, which was the parameter believed to be closest
associated with function. This association is even more notable given the small volumes of
remaining muscle tissue due to severe fat infiltration in some patients.
Furthermore, we found evidence that the muscle atrophy is reflected by an
increased FA and decreased MD. Muscle atrophy is such a characteristic feature of
the disease (46) that is it is used in the name of the disease. As a marker for muscle
microstructure and because of its association with clinical measures(47), DTI seemed
promising as measure for disease progression in SMA. However, in our longitudinal study
we found no significant changes over the course of one year. This may be in line with the
observation that clinical measures remained stable as well, but the fat fraction did increase
as an indicator of continuing disease activity. Therefore, we concluded that DTI markers
MD and FA were probably not sensitive enough in the setting of slow disease progression
in adult patients. It should be noted that clinical outcome measures such as the HFMSE
for motor function or MRC sum score of muscle strength are equally insensitive to capture
change in a small timeframe in adults in multiple other, smaller cohort studies.(5,9,48,49)
However, data from a larger population (approximately 100 patients), i.e. our Dutch
cohort study, demonstrates the longitudinal decline of clinical scores and contradicts
the hypothesis of relative stability of disease progression.(8) None of the DTI parameters
significantly changed within the first year of nusinersen treatment. However, when we
looked at DTI values for the three muscle groups separately, we saw significant changes
in AD and MD of the hamstrings. It seems like this shift towards normalization of DTI
values occurred in the relatively preserved hamstrings which could indicate restoration
of microarchitecture in remaining viable muscle tissue. Normalization of DTI values cooccurring with fatty degeneration may seem contradictory. However, similar effects are
seen in DMD, i.e. ongoing fat infiltration and muscle hypertrophy, indicate that two distinct
pathological processes that can differ between muscle groups.(50) Normalization of DTI
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parameters could indicate reversal of atrophy which was not seen in untreated adults and
could be a promising effect of treatment.
DTI is therefore still a potential biomarker for disease course, but probably in a
younger population with relatively more preserved tissue, or in the monitoring of treatment
effects. This could either be either treatment focused on SMN protein level restoration
in motor neurons, systemic SMN-augmenting treatment or combinatorial therapy with
treatment that targets the muscle specifically, such as with a myostatin-inhibitor. One
of the effects seen in mice of this drug combination was the increase in muscle fiber
size(51), for which DTI could be sensitive if applied in patients. DTI thus provides multiple
measures for aspects of muscle that may change with treatment. DTI is not (yet) specific
to determine muscle fiber type, although there has suggestions that higher FA values
could be an indication of overrepresentation of type 1 fibers.(52) However, FA elevation
is not specific for the presence of type 1 fibers and could be due to other reasons.(41)
The determination of fiber type is of particular interest in SMA because research in mice
indicated fiber type switching to predominant slow oxidative type 1 fibers in response to
muscle atrophy. These changes were restored with an exercise diet.(53) The effects of
adaptive changes of fiber type on muscle strength are not clear, contractile property is
also determined by the myosin light chain isoforms(54), and observations in mice cannot
be generalized to patients. A non-invasive measure of fiber type distribution in patients
is particularly interesting to monitor training effects, for example in combination with
treatment. MR (phosphor) spectroscopy seems a better alternative to investigate slowand fast oxidative and glycolytic fibers in muscle, and this has recently been explored in
SMA.(55)

Limitations of diffusion tensor imaging
Diffusion tensor imaging reflects local microstructure and anatomy.(56) However, its
representation depends on the resolution, which is associated with longer scanning
times. Therefore, there is a trade-off between the aimed resolution (ideally, the higher the
better), and scanning time (ideally - for the patient, the shorter the better). In our muscle
and peripheral nerve studies, the resolution of the DTI sequence was 3x3 mm2. This was
sufficient for muscle imaging, but this was a clear limitation for nerve imaging. In SMA,
the nerves are of smaller size due to atrophy. Hence, the resolution covered the course
of the nerve roughly, but a higher resolution would have traced it more precisely. Also,
when the resolution is less optimal adjusted to size of a round structure such as the nerve,
there is the problem with partial volume effects from the outer edges of the squared
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voxel. A bigger nerve takes up more volume within a voxel thus eliminating the amount of
contaminating signal from the outer corner.(57) Future studies therefore require a higher
resolution for nerve DTI imaging.
Furthermore, DTI is not yet as established as for example T2 or T1- weighted
imaging. Compared to the latter, DTI has benefits but also limitations over these more
‘anatomical’ images. Although promising as technique, it is not known completely how DTI
changes represent the microarchitecture of tissue. There can be multiple explanations to a
change in a certain parameter/vector, and it is also relevant whether these changes occur
in an acute or chronic phase of disease, as has been reviewed by Oudeman et al.(42)
The association with clinical measures (chapter 2), its sensitivity for disease
in evolution (chapter 3&4) and the characteristics of various tissues (chapter 2-5)
nevertheless indicate that DTI is a very promising technique to monitor disease course of
SMA. Together, these projects provide first benchmarks for future projects.

7

Quantification of inflammation in muscle
Inflammation as part of muscle pathology is not observed in histopathological studies in
SMA, in contrast to muscle diseases like DMD or myositis.(58–60) This does not rule out
that the process of fat replacement could be preceded or followed by minor changes in T2
water signal, which can be quantified by mapping T2 relaxation times in muscle. We found
no evidence for relevant T2 changes that accompany fat infiltration across our projects,
not in disease course nor in response to treatment. T2 mapping has often been used as
meaningful biomarker in other neuromuscular diseases but seems not useful in SMA.

Imaging in neuromuscular disease – correction for confounding
Fat infiltration is the hallmark of most neuromuscular diseases but is in itself a confounding
factor in imaging (chapter 2). The bias of fat infiltration is due to partial volume effects; fat
in fact contains a small proportion of water, such that when estimating the water or fat
component in a voxel, this mixed compartment must be removed from the equation. For
example, the more fat is present in the voxel, the more the equation must be corrected as
to not overestimate the amount of water, since a small part of the water belongs to the fat
compartment. The challenge of imaging fat infiltrated muscles in neuromuscular disease
because of partial volume effects has been addressed previously.(61–63) We integrated
these recommendations into our studies. For T2 mapping for example, we used an
extended phase algorithm that was optimized for the spectrum of fat infiltration above 50%.
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Additionally, we used a two-component T2 fat calibration. T2 water will gradually decrease
for increasing fat fractions.(62,63) When we simulated this effect and compared this to
our data (chapter 2), we saw an exact overlay. The decrease of T2 could subsequently
be interpreted as an ‘artificial’ effect rather than a ‘true’ pathological effect. Similarly, not
incorporating the confounding effect of fat would have led to overestimation of T2 that
could have been mistaken for evidence for inflammation. A prolonged relaxation time of
water in muscle has been found in previous work in SMA, but we believe this is due to not
incorporating the partial volume effect of fat.(39) Interestingly, the estimation of fat by EPG
is not congruent with fat estimated by DIXON method, and we do not have an explanation
for this discrepancy.
Likewise, the far end of the spectrum of fat infiltration pushed the boundaries
of the DTI method for it relies on fat suppression. Again, we modeled our outcomes to
the confounding effect of fat on DTI parameters that have been described in previous
research.(61,64) We then understood that the changes we saw in DTI parameters were not
solely due to fat bias and so we interpreted the results from MD and FA as indicators of
altered microstructure.

Quantitative imaging of the nerve
Based on other publications on nerve imaging in familial amyloid polyneuropathy(65,66),
we explored the feasibility of nerve MRI in SMA. For this purpose, we added a dedicated
anatomical sequence (proton density – PD) and retrieved quantitative information on the
nerve from the other sequence. The association of both the cross-sectional area (CSA)
and of AD with clinical characteristics which we established in cross-sectional analysis
made them potential candidates as biomarkers for monitoring treatment effects. When
we analyzed CSA and AD changes in relation to treatment effects, only CSA showed
significant changes. However, the CSA is in fact a semi-quantitative marker that is also
rater dependent. Other putative quantitative markers seem not equipped to track changes
during treatment in young children. We don’t know whether this is because DTI parameters
lack in discrimination between healthy and diseased nerve in SMA, or because DTI
parameters are not sensitive enough to change. Due to a lack of reference data on DTI
indices of young children, we do not know how DTI properties develop in children that are
growing up. This complicates the interpretation of data obtained before and after the start
of treatment with nusinersen.
Other candidate neuroimaging biomarkers described in previous research projects
(67,68) need to be followed up by longitudinal studies in order to demonstrate sensitivity
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for disease progression and/or treatment effects. Further studies on quantitative MR
neurography are therefore needed before it can be used as biomarker in SMA.

CLINICAL RECOMMENDATIONS FOR FUTURE MRI STUDIES
We have developed a very short scanning protocol (» 10 minutes) that was feasible and welltolerated by all patients and that encompassed a complete set of quantitative measures
to evaluate muscle pathology. The short scanning time was especially important to ensure
the participation of children. Children older than 6 could participate without problems.
From this age, children can express voluntary participation to scanning procedures without
sedation. Dedicated care and time are crucial when scanning young children to adequately
prepare MR examination. Taking extra care of comfortable positioning and offering them the
control over the playlist during the MR scan improves their cooperation. We continuously
monitored children for signs of resistance, as discussed prior with the child and parent(s).
Young patients with SMA tolerated the MR examination and subsequent clinical testing
very well but obviously were accustomed to hospital visits. These children seemed more
familiar with clinical procedures and the presence of clinical personnel. In contrast, the 3
children who had to be withdrawn during screening were all afraid of scanning. One had a
concomitant phobia of needles, and the other two had recently been diagnosed and their
first-ever hospital admittance for treatment was already quite stressing. Participation was
too stressful for them. In the end, we included 8 young children brave enough to follow
through with multiple scans. We think that older children, e.g. from 10 or 12 years and over,
are easier to instruct and have a longer attention span than 6-to-8-year olds.

Image acquisition
In our imaging studies, we have focused on the upper legs of ambulant and non-ambulant
patients. One of the reasons for selecting the upper leg for muscle MR studies was that
in supine position the legs, in contrast to the arms, are positioned in the middle of the
magnetic field of the bore. This reduces inhomogeneities of the magnetic field (B0-field)
that could compromise sensitivity and resolution.
When scanning the legs, a large MR scanner bore is required for patients with severe
hip and knee contractures; knee flexion was at times fixed at almost 90 degrees which
amounts to a certain vertical height when laying supine. Muscle imaging in patients
varying in disease severity provided a complete picture of muscle involvement in SMA
(chapter 2). In some patients, the extent of fatty degeneration had reached near-total fat
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replacement of muscle. Because there was simply too little muscle to examine for followup measurements, we excluded these patients for follow-up study. Hence, we excluded
13 patients from the follow-up study on natural disease progression (chapter 3). We thus
concluded that muscle MRI of lower extremities is limited to young and adolescent patients
with type 2 and young to adult patients with type 3 SMA. MRI of the upper extremities
could represent a future alternative for other patients, but this requires resolving some
logistic and technical issues first, including positioning of the patient (especially those
with contractures) and the fact that arms cannot be imaged simultaneously, resulting in
prolonged scanning time. Quantitative imaging of the upper arm has been investigated in
13 patients with SMA that had relatively good arm function (MRC score of triceps of ≥4).
(55) We do not know the feasibility of imaging the upper extremities in patients with more
impaired arm function. Also, the upper arm consists of fewer muscles than the upper leg
(triceps, biceps and brachialis muscle) as opposed to the 12 muscles present in the thigh
that greatly improved statistical power. Nonetheless, quantitative imaging data of the arm
will contribute to our knowledge of muscle condition in SMA, because the large majority of
patients will lose ambulation and arm function is highly relevant for their quality of life.

Certain contra-indications for 3T MR, such as a rod-length of >30 cm of scoliosis material
following scoliosis surgery limited enrollment of patients with SMA type 2 or type 3a. To
safeguard patients’ airway and oxygenation during the MR examination in supine position,
we screened for postural change of >15% in Forced Vital Capacity (FVC) between sitting
and supine position, orthopnea and pronounced swallowing problems. The latter criteria
did not result in exclusion of any participants in the study, but the presence of scoliosis
material did result in screening-failures of approximately 8 patients. MR imaging is thus not
feasible in SMA as outcome measure for all patients.
The exclusion of patients is a clear limitation in a rare disease like SMA. Already, the
small number of participants was a major limitation for each of the studies, but particularly
for our study in treatment-naïve adults (chapter 3).

Post-processing of MR images
The processing of MR images is key to generating data for analysis and each step of
the process ultimately determines quality and outcome. The software of the scanner
has default settings that are not specific to the quantitative sequences. Therefore, we
processed the MR data offline, with a custom toolbox ‘QMRI Tools for Mathematica’ that
was developed specifically for quantification purposes.(69) This open-source toolbox is
140

General discussion

publicly accessible, and the published codes provided insight to how the processing steps
works. These ‘QMRI Tools’ have been used in previous studies, providing a reference of
uniformly processed data.(70,71) Nonetheless, post-processing consists of a long trajectory
with many steps before it delivers final data. Consequently, this requires personnel with
expertise and understanding of processing software and codes to process data properly.
Before qMRI is generally applicable in clinical practice, post-processing needs to be
further automized and made accessible to those without the in-house expertise.

Segmentation
Manual segmentation was the start of each analysis. This is a labor-intensive part of qMRI.
Segmentation is best performed on the DIXON images as the out-of-phase images provide
good contrast. The mask created by segmentation on the DIXON images can subsequently
transformed to the image space of other sequences to retrieve their quantitative
information for the individual muscles. The use of the DIXON as anatomical reference to
draw the region of interest (ROI), i.e. the segmentation, is preferred over drawing ROI’s on
for example the DTI sequence of a lesser resolution, as has happened in other research
projects.(72) Drawbacks of DTI images are that the outline of muscles cannot be easily
identified due to the somewhat ‘pixelated’ images. This increases the risk of including too
little (muscle) or too much (of adjacent structures). This could subsequently yield a less
accurate segmentation and misinterpretation of results.
Although manual segmentation is very laborious and time-consuming, it is the
most precise and preferred method. When muscles are already severely atrophied or
even unidentifiable, locating and demarcating the muscle is a challenge. Segmentation of
12 muscles pQr leg and in 25 slices in a total of 78 muscle scans equals no less than 46.800
segmented muscles. This greatly improved accuracy of data-analysis and an increased
statistical power. In contrast to other previous studies on quantitative imaging, we were
now able to confirm biomarker relevance of certain imaging parameters. If we had taken
another approach, we would have discarded quantitative imaging as a biomarker as has
happened repeatedly previously (39,73). For clinical application, we need further innovation
that would allow automation of the segmentation process. (Semi-)automated techniques
to shorten segmentation time are being explored. The reliability of semi-automated
segmentation that requires only minor manual input have since been validated for DIXON
and DTI indices.(74,75) For now, this only seems to feasible when anatomy is preserved,
for example in healthy controls or minimally affected patients. Further enhancement of
automated techniques is needed to facilitate qMRI use in SMA, as altered anatomy is more
the rule than the exception - at least in the thigh.
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Alignment of imaging stacks
Another known challenge in longitudinal imaging studies is the correct alignment of stacks
of images obtained at different time-points. We developed a method to overcome this, as
described in chapter 3. Careful planning of your field of view (FOV) is one of the conditions
for correct alignment, and figure 4 from chapter 3 demonstrates the successful result of
our attention for this detail. We hope that our methodology can help comparable studies
in other neuromuscular diseases in the future.

Quantitative MRI in clinical practice
Notwithstanding, the translation of scientific research to clinical practice does not always
require additional years of research. In chapter 6 we show that were able to apply the
quantitative imaging protocol in our clinical work. In a pre-symptomatic patient, the
standard outcome measures for motor function and muscle strength were not adequate
to rule out the absence of any symptoms. We therefore explored the usefulness of qMRI
to determine when treatment should be started in late onset patients. Although we did
not document early qMRI signs of SMA pathology, i.e. fatty infiltration or muscle atrophy,
we recorded and quantified recurrent fasciculations with diffusion weighted imaging. This
single patient study generated new hypotheses that should be explored in the future.

Future directions
In the near future, we will increasingly care for patients treated with a range of medications,
as mono- or combination therapy. We can expect to encounter new phenotypes. MR
imaging can be a valuable addition to study pathology and treatment effects at the tissue
level. This may provide a valuable new level of insight in the condition of the motor unit.
Future studies should improve applicability of qMRI through automation of segmentation
and explore feasibility in other muscle groups, for example bulbar, respiratory and arm
muscles. Whole body imaging with automated segmentation and quantification may
represent the ultimate goal in a field that is rapidly moving towards universal treatment
with the concurrent loss of clinical and classification certainties.
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MAIN CONCLUSIONS
•

A short MR protocol for muscle and peripheral nerve is feasible and informative
in SMA and was well-tolerated by patients from 7 years old.

•

DIXON and DTI qMRI can be used to quantify muscle pathology specific to SMA

•

Quantitative muscle MRI can be used as a biomarker for natural disease
progression and for treatment effects

•

Fat distribution in the thigh can be uniform or bimodal. Bimodal distribution
was associated with trends towards clinical improvement during nusinersen
treatment and could be a biomarker for the early identification of responders

•

Quantitative MRI of thigh muscle is most informative in young and adolescent
patients with SMA type 2 and young to adult patients with SMA type 3

•

The value of quantitative MRI to distinguish asymptomatic from pre-symptomatic
patients remains uncertain.

•

Quantitative MR neurography is in its current format not contributory in monitoring
treatment effects in peripheral nerve
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Spinale musculaire atrofie (SMA) is een progressieve spierziekte die in de meest
ernstige vorm de belangrijkste erfelijke oorzaak is van sterfte op de kinderleeftijd. Op
de kinderleeftijd openbaart de ziekte zich door toenemende spierzwakte dat maakt dat
kinderen bepaalde mijlpalen in de motorische ontwikkeling, zoals omrollen, zitten en
lopen, niet behalen of vroeg verliezen. De diagnose wordt gesteld bij een combinatie
van symptomen (hypotonie of spierzwakte, ontbreken van reflexen, fasciculaties van de
tong, tremor) en bevestigd met een genetische test voor een homozygote deletie van het
SMN1 gen. De overerving van SMA is autosomaal recessief; dit betekent dat ouders beiden
drager zijn en zelf geen klachten hebben. In zeldzame gevallen veroorzaakt een spontane
puntmutatie in combinatie met een heterozygote deletie van het SMN1 gen SMA. Het
SMN1 gen is verantwoordelijk voor het aanmaken van een eiwit dat essentieel is voor het
functioneren en voortbestaan van de zenuwcellen in het ruggenmerg (motor neuronen)
die de spieren aansturen.
SMA kent een klinische subclassificatie, gebaseerd op de leeftijd waarop de klachten
zijn ontstaan en de behaalde mijlpalen in motorische ontwikkeling. De meeste ernstige
vorm van SMA is type 1 SMA waarbij bij zuigelingen onmiddellijk of binnen maanden
na geboorte al ernstige, snel progressieve spierzwakte wordt gezien. Zij zijn zeer slap
vanwege het verlies van spierkracht en spierspanning, en ondervinden problemen met
de ademhaling, met drinken, zij kunnen zich niet omrollen en verliezen snel het vermogen
om ledematen tegen de zwaartekracht op te tillen. Het snelle debuut (<6 maanden) en
het onvermogen om zelfstandig te zitten is het criterium voor type 1 SMA. Als er nog
voldoende kracht bestaat om het hoofd te bewegen, wordt dit meegenomen in de
klinische classificatie (type 1c). De prognose was voor de komst van behandeling voor
deze jonge kinderen grimmig waarbij zij zonder ondersteuning binnen 2 jaar kwamen te
overlijden. Wanneer de klachten zich na 6 maanden openbaren (maar vóór 18 maanden)
wordt gesproken van type 2 SMA. Deze kinderen hebben zich motorisch ontwikkeld tot
(zelfstandig) zitten, maar komen door de spierzwakte in met name de bovenbenen niet tot
zelfstandig lopen en raken hierdoor rolstoel gebonden. Wanneer kinderen de motorische
mijlpaal van zelfstandig lopen (zonder enige ondersteuning) hebben behaald, worden zij
geclassificeerd als type 3. Wanneer klachten van spierzwakte pas later op de volwassen
leeftijd ontstaan, spreekt men van type 4 SMA. Er is dus een grote variatie in ziekte-ernst
die uiteen loopt van baby’s die niet kunnen omrollen tot volwassenen met milde klachten,
terwijl mensen met SMA hetzelfde genetisch defect delen. Deze verscheidenheid maakt
dat eerder in de wetenschappelijke literatuur het ziektebeeld bij baby’s, kinderen en
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volwassenen vaak als aparte ziekte-entiteiten werden opgevat. De eponiemen ‘WerdnigHoffman ziekte’ en ‘Kugelberg-Welander ziekte’ waren in gebruik voor wat wij verstaan
onder type 1 SMA en respectievelijk type 3 SMA.
In 1995 beschreef groep van professor Judith Melki de genetische oorzaak van SMA;
de deletie van het SMN1 gen. Het ontbreken van dit gen wordt deels opgevangen
door een zogenaamd ‘reserve’ gen, het SMN2 gen, waarvan het bestaan uniek is voor
mensen. Echter, het SMN2 gen is malfunctionerend en maakt maar kleine hoeveelheden
van het SMN (survival motor neuron) eiwit aan, in onvoldoende mate om klachten te
voorkomen. Het aantal kopieën van het SMN2 gen varieert tussen 1 tot 5 of meer. Er
wordt aangenomen dat hoe meer SMN eiwit er aangemaakt wordt, hoe milder de ziekte
verloopt. De ziekte-ernst wordt dus deels gemoduleerd door de hoeveelheid kopieën
van het SMN2 gen. Toch verklaart dit niet volledig de verschillen in ziekte-ernst tussen
mensen met SMA.
Hoewel de motor neuronen het meest kwetsbaar zijn voor een tekort aan SMN eiwit, is
dit eiwit in alle cellen van het lichaam aanwezig en is het betrokken bij veel cellulaire
functies. De effecten van een SMN tekort vertalen zich daarom in afwijkingen van andere
weefsels en organen, zoals spieren, hart, milt, nieren en bloedvaten. Hoewel veel studies
zich aanvankelijk op de motor neuronen hebben gericht, wordt er nu meer onderzoek
verricht naar de gevolgen van SMN deficiëntie in andere organen.
De ontwikkeling van het eerste medicijn 20 jaar na de ontdekking van het “SMA-gen” is voor
wetenschappelijke begrippen zeer snel. De identificatie van de genetische achtergrond van
SMA heeft gemaakt dat er specifieke behandelstrategieën zijn ontwikkeld voor het SMN1
gen en het SMN2 gen. De huidige therapieën zijn erop gericht het SMN eiwit te verhogen
(nusinersen/Spinraza en risdiplam/Evrysdi) of door gentherapie het ontbrekende SMN1
gen via een virale vector terug in het lichaam te brengen (onasemnogene abeparvovec/
Zolgensma). Maar ook andere behandelstrategieën worden ontwikkeld om symptomen
te verlichten, bijvoorbeeld door het verbeteren van de neuromusculaire overgang
(pyridostigmine) of het versterken van de spier (myostatine-inhibitor).
De behandelingen voor zeldzame ziekten zijn extreem kostbaar. De kosten voor gentherapie
worden op 1,9 miljoen voor een éémalige injectie geschat, Spinraza kost 80.000 euro
per injectie en de kosten voor Risdiplam worden op 250.000 euro per jaar geschat, voor
levenslange behandeling. Dit heeft geleid tot ethische en beleidsmatige discussies over
kosteneffectiviteit en vergoedingen, waarbij in Nederland tot een voorwaardelijke toelating
van Spinraza werd besloten waarbij de kosteneffectiviteit moet worden aangetoond voor
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de groep patiënten ouder dan 9,5 jaar. Artsen en beleidsmakers worden met de komst
van behandeling ook geconfronteerd met dilemma’s waarbij het belang van patiënten, de
belasting van behandeling en kosteneffectiviteit afgewogen moeten worden.
Om de belasting en risico’s van een behandeling te rechtvaardigen is het belangrijk
om vroegtijdig het onderscheid te kunnen maken tussen zij die wel en zij die niet of
onvoldoende reageren op behandeling. De klinische studies van Spinraza laten namelijk
zien dat minder dan de helft van de jonge kinderen tijdens behandeling vooruitging op
motorische schalen. Uit vervolgstudies blijkt dat een vroegtijdige behandeling de beste
resultaten geeft. Echter, er moet nog veel meer onderzoek worden verricht naar specifiek
welke groepen baat hebben bij Spinraza en wat de lange-termijn effecten van behandeling
zijn. Dit geldt voor Spinraza maar ook voor andere, nieuwe geneesmiddelen. Adequate
uitkomstenmaten voor de beoordeling van een behandeling zijn hiermee onontbeerlijk.
Het testen van spierkracht en motorische functie zijn beproefde uitkomstmaten die hun
dienst hebben bewezen in de kliniek en in medicijnonderzoek. Echter, in spierkracht kan
dagelijkse variatie zitten en met name in oudere patiënten is achteruitgang van spierkracht
iets wat subtiel, doch progressief verloopt. Daarom zijn meer uitkomstmaten gewenst
die de ziekte preciezer kunnen volgen, het ziekteverloop kunnen meten en die effecten
van behandeling kunnen monitoren, ofwel ‘biomarkers’. Beeldvorming met MRI is een
potentiële kandidaat als zogenaamde biomarker.
MRI (magnetic resonance imaging) wekt met een sterk magneetveld en radiogolven
bepaalde signalen in het lichaam op. Deze signalen worden opgevangen en door een
computer omgezet in beelden. Elk soort weefsel heeft een uniek signaal waarmee weefsel
zich kunnen onderscheiden. Dit proefschrift richt zich op beeldvorming van spieren en
zenuwen met MRI.
Met het ten gronde gaan van zenuwcellen in het ruggenmerg (motor neuronen) worden
dientengevolge ook de zenuwen aangedaan en daarmee de spieren. Daarbij zijn de
spieren zelf ook onderhevig aan een SMN eiwit tekort in het weefsel. Het bestuderen
van deze schakels van het motorisch systeem zou nieuwe inzichten in de ziekte en
aangrijpingspunten voor behandeling kunnen bieden. Eerdere spier MRI studies hebben
gebruikt gemaakt van een visuele schaal om een score te geven aan spieren die door de
ziekte aangedaan zijn. In dit proefschrift worden kwantitatieve MRI technieken gebruikt,
waarvan wij geloven dat zij preciezer zijn. In andere spierziektes is de meerwaarde van
kwantitatieve MRI technieken vastgesteld om het ziekteverloop te bestuderen.
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Dit proefschrift heeft daarom twee doelstellingen;
1.

Het in kaart brengen van eigenschappen van spier en zenuw met kwantitatieve
MRI.

2.

Het onderzoeken van de gevoeligheid van kwantitatieve MRI technieken voor
het meten van ziektebeloop en het effect van behandeling,

In hoofdstuk 2 beschreven we de karakteristieken van de spieren in het bovenbeen in een
grote groep mensen met SMA van verschillende leeftijden, type SMA en ziekteduur. Ter
referentie includeerden we mensen zonder SMA van zoveel mogelijk dezelfde leeftijd.
Bij SMA worden spieren dunner (spieratrofie) en vervangt vet de spier. Het kwantificeren
van vet in een spier geeft aan in welke mate de spier aangedaan is. In gezonde spieren
is de vethoeveelheid laag (8%) maar bij de spierziekte SMA bestaat het spiervolume
gemiddeld 48% uit vet. Mensen met type 2 hadden meer vervetting van de spieren dan
mensen met type 3. We observeerden dat sommige spieren juist een lager vetpercentage
hadden, en pas in een laat stadium van de ziekte toenemen in vetpercentage. Dit is eerder
waargenomen, maar nog niet verklaard. We hebben geen aanwijzingen gevonden dat er
ontsteking van de spieren (inflammatie) speelt bij SMA. Dit is bijvoorbeeld wel het geval
bij andere spierziektes, zoals in Duchenne Spierdystrofie. Uit verschillende parameters
hebben we aanwijzingen gevonden voor atrofie van de spiercellen (het krimpen van
cellen). Spieratrofie is een gekend fenomeen bij SMA (de ziekte heet daarom ook spinale
spieratrofie), en dit is te ook zien op spierbiopten. Het vermogen van DTI als beeldtechniek
om de microstructuur van de spier te kunnen afleiden is een belangrijke bevinding. Bij
het monitoren van het effect van toekomstige behandelingen op de spier heeft een
non-invasieve techniek zoals MRI de voorkeur boven bijvoorbeeld het uitvoeren van een
spierbiopt.
In hoofdstuk 3 demonstreerden we dat MRI in staat in subklinische ziekteprogressie te
meten; in één jaar tijd bleven klinische metingen van spierkracht en motorische functie
stabiel, terwijl de vervetting toenam (+1.3%). Er werden geen veranderingen in andere
parameters gemeten. Deze longitudinale studie is een waardevolle toevoeging aan de
kennis over ziektebeloop in patiënten zonder behandeling. Nu behandeling voorhanden is,
zal het niet meer mogelijk zijn om het natuurlijke beloop, zonder medicatie, te bestuderen.
Hoofdstuk 4 beschrijft de veranderingen in de bovenbeenspieren van 8 jonge kinderen
tijdens hun eerste jaar van behandeling met nusinersen. Zij werden voor de start van
behandeling, na de oplaadfase (bij 2 maanden) en ongeveer rond 1 jaar na start van de
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behandeling gescand (na 6de injectie). Vervetting van de beenspieren nam gemiddeld toe
met 3.2%. Interessant genoeg vonden we tegelijkertijd aanwijzingen voor het verbeteren
van de spierstructuur van de hamstrings, ofwel kniebuigers, onder behandeling. De
vervetting van de hamstrings was tevens lager dan andere spiergroepen in een jaar. Dit
zijn voorzichtige conclusies over het effect van behandeling op spieren.
Ondanks een toename in vervetting van de spieren in alle kinderen, ging een klein
gedeelte van de kinderen vooruit op motorische schalen. Deze kinderen demonstreerden
een specifiek patroon van vervetting, waarbij er nog een proportie van spieren bestaat
die minder aangedaan is. Het zou kunnen dat dit patroon een aanwijzing vormt voor wie
zou reageren op behandeling. Deze waarneming moet door verder onderzoek worden
bevestigd. Dit onderzoek draagt bij aan de kennis over de effecten van nusinersen
behandeling, en bevestigt MRI als potentiële biomarker.
In hoofdstuk 5 onderzochten we of deze kwantitatieve maten ook bijdragend zijn om
behandeling te volgen op het niveau van de zenuw. Uit cross-sectioneel onderzoek in
patiënten van verschillende leeftijd zonder behandeling bleken sommige parameters
veelbelovend. In de monitoring van een kleine groep behandelde kinderen nam echter
alleen de oppervlakte van de zenuw significant toe. Echter, de onderzochte groep was
zeer klein wat de power van statitische analyse negatief beïnvloedde. Er is tevens weinig
referentie data beschikbaar over MRI maten, zeker op de kinderleeftijd. We concludeerde
op basis hiervan dat zenuw-MRI in deze vorm niet bijdragend is als uitkomstmaat. Verder
onderzoek is nodig om de biomarker waarde vast te stellen of uit te sluiten in een grotere
populatie.
In hoofdstuk 6 werd spier-MRI voor het eerst ingezet in klinische praktijk. In de vorm van
een case-report rapporteerden we lichamelijk onderzoek en aanvullend onderzoek bij
een jongeman met genetisch vastgestelde SMA, maar zonder klachten van spierzwakte,
iets wat zelden voorkomt. MRI-spier liet zien dat de persoon zich in een vroeg stadium van
de ziekte bevindt waarbij de spieren geen afwijkingen vertoonden. Echter, we zagen al wel
fasciculaties van de spier die kunnen duiden op axonaal verval, wat geïnterpreteerd kan
worden als vroeg kenmerk van achteruitgang van zenuwfunctie. MRI-spier kan bijdragend
zijn in het vroegtijdig detecteren van uitingen van ziekte. De huidige klinische classificatie
van SMA is gebaseerd op de aanwezigheid van spierzwakte, gelieerd aan het debuut
van klachten. Nu SMA opgenomen wordt in de hielprikscreening bij geboorte, zullen er
meer kinderen gediagnosticeerd worden nog voordat zij überhaupt klachten laten zien.
Momenteel geldt het protocol dat in het geval van 4 SMN2 kopieën, wat gerelateerd is aan
een later debuut van klachten, een afwachtend beleid wordt gehanteerd. Behandeling
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met nusinersen wordt geïnitieerd wanneer er sprake is van klachten. Wellicht zou spier
MRI kunnen bijdragen in de afweging rondom de timing van het starten van behandeling.
MRI-spier is hiermee een bewezen biomarker voor ziekte-ernst, ziekteprogressie en
behandel effect. Het gebruik van MRI-spier is uiteraard niet gelimiteerd tot toepassing in
het bovenbeen en dit proefschrift biedt technische aanbevelingen en refentiewaarden
voor verder onderzoek met MRI. Het SMA Expertisecentrum heeft ook andere
beeldvormingsstudies verricht die veelbelovend zijn, zoals de toepassing van kwantitatieve
MRI voor het cervicale ruggenmerg en MR spectroscopie van de bovenarm tijdens
inspanning. Er is tevens een platform opgericht om het effect van medicatie te monitoren
met 7T MRI welke gericht is op de korte en lange termijn en voor diverse behandelingen
(Spinraza, Risdiplam, pyridogstigmine).
De implementatie van MRI-spier als uitkomstmaat in klinische studies, medicijnstudies
en in klinische praktijk zou verder inzicht bieden in de betrokkenheid van spieren in de
neuromusculaire ziekte SMA.
SMA Expertisecentrum & klinische database
Het SMA Expertisecentrum is gespecialiseerd in de diagnose, zorg, behandeling en onderzoek
van de ziekte SMA - voor kinderen en volwassenen. Zij heeft een database opgericht waarin
ruim 400 mensen met SMA geregistreerd zijn. De database bevat klinische data, genetische
data, vragenlijsten, medische voorgeschiedenis, motorische testen en laboratorium testen
van patiënten. Data van wetenschappelijk onderzoek dat het SMA Expertisecentrum uitvoert,
wordt ook in deze beveiligde database opgeslagen. Het is de grootste database van SMApatiënten uit één centrum.
Het SMA Expertisecentrum is nauw verbonden met het Spieren voor Spieren kindercentrum
in het Wilhelmina Kinderziekenhuis, een gespecialiseerd centrum voor spierziekten op de
kinderleeftijd, en met de polikliniek Neuromusculaire Ziekten van het UMC Utrecht.
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