
  

 





Rationale Spinal muscular atrophy (SMA) is a disorder characterized clinically by axial and 
proximal muscle weakness and pathologically by degeneration of α-motor neurons, and is caused by the 
homozygous deletion of the survival motor neuron (SMN) 1 gene. SMN is important for RNA splicing 
and axonal transport, but the mechanisms that cause SMA are largely unknown. Reduced connectivity 
of motor neurons may be an important cause for muscle weakness in SMA. We hypothesize that reduced 
connectivity can be visualized in the spinal cord by using magnetic resonance imaging (MRI) and 
diffusion tensor imaging (DTI). Robust biomarkers for SMA severity and disease progression are needed 
because the relatively slow rate of disease progression has complicated the selection of clinical outcome 
measures for clinical trials. DTI could be helpful as a biomarker to evaluate efficacy of experimental 
treatment strategies. The aims of this study were to develop an acquisition protocol to visualize the 
spinal cord and the descending nerves and to gain more insight into the potential value of DTI as a 
biomarker for disease severity in SMA patients. 

Methods We developed, optimized and validated an acquisition protocol for use in an 
observational cross-sectional pilot study. We included 8 patients with SMA types 2 and 3 and 14 healthy 
controls, who were scanned with the developed protocol. Two anatomical images and two diffusion 
weighted images were obtained. DTI data was corrected for subject motion and eddy current induced 
distortions, and diffusion tensors were calculated according to the weighted linear least squares (WLLS) 
procedure. Fiber tractography was performed and four diffusion parameters were computed of the 
cervical nerves (C5-C7): fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and 
radial diffusivity (RD). Cross sectional areas of the spinal cord and of the grey matter, and diameters of 
the anterior and posterior nerve roots were measured. 

Results  All diffusion parameters for nerves C5-C7 were significantly lower (FA: p<0.05; MD, AD, 
RD: p<0.005) in SMA patients than in healthy controls. Anatomical differences were found in grey 
matter to spinal cord area ratio and in anterior to posterior nerve root diameter ratio between an SMA 
patient and an age- and gender matched healthy control. 

Conclusion We showed that it is possible to visualize the anatomical and microstructural properties 
of the cervical spinal cord and the descending nerve roots. To our knowledge we report the first clinical 
study that used DTI to investigate the anatomical and microstructural properties of the cervical spinal 
cord and nerves in patients with SMA. DTI can provide additional unique information regarding the 
pathophysiological mechanisms of SMA in vivo. This study provides a foundation for further exploration 
of DTI as a biomarker in SMA. Combining anatomical imaging, DTI and tractography, and correlating 
diffusion parameters with clinical outcome measures may prove a valuable contribution to better 
monitor the disease progression and therapeutic effect in SMA patients in the future.  
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Hereditary proximal spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder 
with an incidence of 1 in 6.000-10.000 live births per year1, and is an important genetic cause of infant 
mortality and morbidity.2 The name ‘spinal muscular atrophy’ originates from the description by Guido 
Werdnig at the end of the 19th century, who documented the pathological findings of nerve root 
(‘spinal’) thinning in combination with muscle atrophy for the first time.3 

SMA is characterized by degeneration of alpha motor neurons in the anterior horn of the spinal cord4, 
see Figure 1.1. The loss of these lower motor neurons leads to progressive muscle weakness of 
predominantly proximal and axial muscles, but distal and respiratory muscles can be affected as well. 
Clinically, SMA patients are classified into four types, according to the age of symptom onset and the 
highest motor function ever acquired.5 The majority of SMA patients experiences first symptoms in 
infancy or childhood and will have a mildly to severely reduced life expectancy.6 

 

SMA is caused by a homozygous deletion of the survival motor neuron (SMN) 1 gene or by a hemizygous 
deletion and an additional disabling point mutation in the SMN1 gene, located on chromosome 5. 
Carrier frequency of an SMN1 deletion is 1 in 38-50.1 SMN is a ubiquitously expressed protein that is 
known to function as part of several protein complexes involved in RNA splicing and axonal transport.7–

11 However, the mechanisms that cause SMA are still largely unknown.12,13 

In addition to lower motor neuron degeneration, the hallmark of the disease, neurophysiological 
studies have shown reduced H-reflexes in patients with SMA type 1, which may suggest reduced 
sensory-motor connectivity in the spinal cord.14,15 Furthermore, histological studies have shown an 



abnormal architecture of the neuromuscular junction (NMJ) in tissue cultures of animal models16 and 
patients with SMA17, and an abnormal function of the NMJ has been found in patients with SMA types 2 
and 3.18 Reduced connectivity of motor neurons may thus be an important cause of muscle weakness in 
SMA. 

To provide more information on motor ability and clinical progression, several rating scales were 
devised.19–24 A shortcoming of these scales is that they are not sufficiently sensitive to assess strength in 
very weak muscles, i.e. when movement is possible only if the influence of gravity is eliminated, and in 
muscles that are powerful enough to overcome gravity but are still weak.25 Robust biomarkers for SMA 
severity and disease progression are needed because the relatively slow rate of disease progression has 
complicated the selection of clinical outcome measures for clinical trials. Biomarkers could be helpful to 
evaluate the efficacy of experimental treatment strategies. Therefore it is important to have a 
biomarker that can detect neuromuscular changes in more detail, preferably before these changes are 
reflected by muscle strength. 

Specific magnetic resonance (MR) imaging techniques might be able to give more insight in structural 
changes and decreased connectivity of nerves in vivo. Earlier studies have used diffusion tensor imaging 
(DTI) to visualize the spine in healthy subjects.26–32 These studies indicated several possible clinical 
applications, which have been broadly investigated since then. For example, DTI has revealed a loss of 
cervical cord tissue structure in multiple sclerosis (MS) patients.33–35 An earlier study of Oh et al. also 
showed that in patients with MS, DTI detects clinically relevant abnormalities beyond what can be 
detected by conventional MRI.36 This phenomenon has been demonstrated in patients with amyotrophic 
lateral sclerosis (ALS) as well.37 To our knowledge, the application of DTI in the spine to study motor 
neuron connectivity and nerve roots in patients with SMA has not been investigated before. When 
combining structural images with DTI, DTI could provide high resolution information about the 
anatomy and microstructural properties of the nerves. DTI could thus provide new insights in disease 
pathology in vivo and may be applied as a new biomarker for disease severity in SMA. 

 
This Master’s Thesis focuses on developing a method for imaging the microstructural properties of the 
cervical spinal cord and its nerve roots, and on gaining more insight in the pathophysiological 
mechanisms of SMA and the applicability of DTI as a biomarker. 

This leads to a methodological and a clinical research question: 

1. How can we image the morphology and microstructural properties of the cervical spinal cord and its nerve 
roots with the use of DTI? 

2. What is the potential value of DTI as a biomarker for disease severity in SMA patients? 



To answer these questions, we will develop a scanning protocol that makes it possible to obtain 
information about the microstructural properties of the cervical spinal cord and its nerve roots. To 
investigate the potential value of DTI as a biomarker for disease severity, we will use this devised 
scanning protocol to collect and compare DTI data between SMA patients and healthy subjects. 

 
This first chapter described the clinical need for this project. A brief introduction on SMA was given, as 
well as an explanation of why there is a need for a suitable biomarker for disease severity and disease 
progression in patients with SMA. In Chapter 2, the development of an acquisition protocol for the 
cervical spinal cord will be described, containing different sequences to image the anatomy, 
morphology, and microstructural properties of the cervical spinal cord and its emerging nerve roots. 
Chapter 3 will describe the clinical study that is conducted using the developed scanning protocol. In 
Chapter 4 the main findings of this research project will be summarized and future perspectives will be 
discussed.  



 

 

 

Magnetic resonance imaging (MRI) is a technique based on the nuclear spin of a proton, which causes a 
magnetic moment. Normally the magnetic moments in a collection of protons will be randomly 
oriented, but when an external magnetic field (B0) is applied the spin’s magnetic moment tends to align 
with the direction of the applied field. This alignment is not perfect, a cone-shaped rotation around the 
axis of the applied field still occurs, the so-called Larmor precession (Figure 2.1A). The rate of precession 
is called the Larmor frequency and is influenced by the strength of B0. A collection of spins with the 
same Larmor frequency can be represented by a single net magnetization factor M, see Figure 2.1B. The 
net magnetization M consists of two components: Mxy in the transverse plane and Mz in the longitudinal 
plane (Figure 2.1C). 

 

Due to Faraday’s law of induction, only the magnetic component in the xy-plane can be detected.39 In 
order to obtain information from the spins they must be knocked out of their relaxed, in-phase state 
along the z-axis, a process called spin excitation. This is done by applying a radio frequent (RF) 90° pulse 
that matches the Larmor frequency of the spins, see Figure 2.2. The initial net magnetization vector 
along the z-axis is deflected into the transverse xy-plane, where it precesses with the Larmor frequency 
(Figure 2.2A and Figure 2.2B). After excitation, relaxation occurs. In the relaxation process the spins 
realign with the external magnetic field along the z-axis, thereby emitting electromagnetic radiation in 
the form of an RF signal. Meanwhile, the magnitude of the net magnetization factor decreases due to 



spin-spin interactions and magnetic field inhomogeneities in the xy-plane. Instead of one coherent 
Larmor frequency the spins now have their individual Larmor frequencies. This is called dephasing 
(Figure 2.2C). 

 

The two dephasing processes are fundamentally different. Interactions between spins occur random, 
but inhomogeneities in the magnetic field are constant for a system, and can therefore be accounted 
for. By applying a 180° refocusing pulse, the individual spins are flipped around the x-axis. The spins 
continue precessing in the xy-plane, but because the effect of the field inhomogeneities is still the same, 
they are realigning, or rephasing (Figure 2.2D). The signal that occurs due to the rephasing of the spins 
is called the spin echo (SE), and is shown in Figure 2.2E. 

 

Diffusion is the random movement of water molecules, also called Brownian motion (Figure 2.3A).40,41 
The amount of diffusion is quantified by the diffusion coefficient D. If diffusion can occur in all spatial 
directions, it is referred to as isotropic diffusion. Factors that influence diffusion are molecular weight, 
intermolecular interactions, and temperature.42 The underlying cellular microstructure of tissue 
influences the overall mobility of the diffusing molecules by providing barriers and by creating various 
individual compartments within the tissue.43 The result is restricted diffusion. Restriction of diffusion 
can occur in all directions, which is shown in Figure 2.3B, or in one or two directions specifically, which 
is shown in Figure 2.3C and Figure 2.3D. When diffusion is restricted in one or two directions, it is 
referred to as anisotropic diffusion. 

In the white matter of nervous tissue, axonal membranes and the myelin sheath primarily influence the 
direction of motion.42 This results in water molecules moving more freely parallel to the nerve fibers, 
and have its motion restricted perpendicular to the fiber tracts (Figure 2.3D). 
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Diffusion can be measured during an SE sequence by applying identical magnetic field gradients G 
before and after the 180° pulse. If a spin is stationary, these gradients have no effect: the spins will 
realign at the echo time (Figure 2.4A). However, if spins diffuse randomly between the application of the 
gradients, their precession frequency after the refocusing pulse will be different from the frequency 
before the pulse, and they will not realign perfectly (Figure 2.4B). 

 



Imperfect realignment of the spins results in a lower echo amplitude, with the reduction depending on 
the strength and duration of the magnetic field gradient (b-value), and the diffusion coefficient D. The 
relation between the initial net magnetization vector M0 and the resulting net magnetization vector Mb 
is shown in Equation 2.1. 

𝑀𝑏 = 𝑀0𝑒−𝑏𝐷 (2.1) 

 

In anisotropic structures, diffusion cannot be characterized by a single scalar, but requires a tensor, D. 

𝑫 =

𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧

𝐷𝑦𝑥 𝐷𝑦𝑦 𝐷𝑦𝑧

𝐷𝑧𝑥 𝐷𝑧𝑦 𝐷𝑧𝑧

 (2.2) 

The diffusion tensor fully describes molecular mobility in three directions, and the correlation between 
these directions. As can be seen in Equation (2.2), the diffusion coefficient needs to be measured in at 
least six independent directions. This is done by applying multiple diffusion encoding gradients. A 
visual representation of the tensor can be done by a sphere. When the diffusion is isotropic, the tensor 
is a perfect sphere, but when diffusion has a main direction, the tensor becomes an ellipsoid. The 
ellipsoid is defined by three eigenvectors and three eigenvalues (λ1, λ2, and λ3), which correspond 
respectively to the principal diffusion directions and associated diffusivities45 (see Figure 2.3D). 

Several scalars were introduced to characterize diffusion anisotropy.46 The diffusivity along the 
principal axis is called the axial diffusivity (AD). AD is equal to eigenvalueλ1. The diffusivities along the 
two axes perpendicular to the principal axis are often averaged to form the radial diffusivity (RD). 

𝑅𝐷 =
𝜆2 + 𝜆3

2
 (2.3) 

The mean diffusivity (MD) is the average of all eigenvalues. 

𝑀𝐷 =
𝜆1 + 𝜆2 + 𝜆3

3
 (2.4) 

The degree of anisotropy in the tissue is described by the fractional anisotropy (FA) index.47 

𝐹𝐴 = √
3

2
 
√(𝜆1 − 𝑀𝐷)2 + (𝜆2 − 𝑀𝐷)2 + (𝜆3 − 𝑀𝐷)2
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2 + 𝜆2
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 (2.5) 

For an isotropic medium diffusion is equal in all directions, so FA is 0. For a cylindrically symmetric 
anisotropic medium, FA is 1. 

To visualize the three-dimensional information in two dimensions and to make the tensor data easier to 
read, in 1999, Pajevic and Pierpaoli suggested to use a color-coded scheme.48 The most basic red-green-



blue (RGB) color-coded scheme attributes a color for each orientation of the fibers: fibers running left-
right are visualized in red, fibers running anteriorly-posteriorly are visualized in green and fibers 
running inferiorly-superiorly are visualized in blue. Figure 2.5 shows the different steps in defining a 
tract and color indication. 

 

The color-coded FA maps are sufficient for visualizing DTI data in two dimensions. However, when 
neuronal connections are to be observed, a three-dimensional representation of the data is preferred. 

 

A commonly used method for giving a three-dimensional representation of DTI data is tractography, see 
Figure 2.6. With tractography, fiber systems are reconstructed based on the eigenvector fields in the DTI 
data.49 First, a seed region of interest (ROI) is manually or automatically selected. Then, streamlines are 
propagated based on the assumption that the orientation of the longest axis of the diffusion tensor (v1) 
represents the local fiber orientation. Different ending conditions for a streamline can be selected. For 
example; ending conditions can be based on when a region of low anisotropy is reached and no 
coherent fiber organization is present, or when the angular change of the fiber tract is too large. 
Specific threshold values for ending conditions can be appointed before tractography is performed.40,49–

51 



 

 

DTI has been used extensively for imaging pathologies of the brain.53–57 Several neuronal pathologies 
that are expressed in the spinal cord have been imaged with DTI as well. Examples of these pathologies 
are amyotrophic lateral sclerosis (ALS),37,58–60 multiple sclerosis (MS),36,61–63 and neuromyelitis optica 
(NMO).64,65 To our knowledge, DTI of the spinal cord in patients with SMA has not been investigated 
before. In this chapter we focus on the acquisition protocols that are needed to visualize the pathology 
of SMA in the spinal cord. We explain for each clinical characteristic of SMA which MRI protocol should 
be developed. Per protocol different parameter settings are studied. 

 
Factors affecting image quality include the MRI hardware and software configuration, acquisition 
sequences, and scanning parameters.66 Optimizing image acquisition parameters is an essential step for 
producing high-quality DTI scans. In our set-up the scanner and coil are fixed conditions. A framework 
for an acquisition sequence for DTI on the cervical spinal cord is available at the University Medical 
Center Utrecht (UMCU). 

In this study we aimed to develop a new protocol to image the cervical spinal cord and nerve roots at 
3.0T by optimization of the acquisition parameters. The protocol should meet the following 
requirements: 

1. Identify the microstructural properties of the grey and white matter in the spinal cord; 
2. Identify the microstructural properties of the nerve roots exiting the spinal canal; 
3. Anatomical imaging of the grey and white matter in the spinal cord; 
4. Anatomical imaging of the cervical nerve roots exiting the spinal canal. 



 

 

Between February 2015 and July 2015 nine healthy volunteers were scanned. All of the MRI was 
performed on a 3.0T MR system (Ingenia, Philips Healthcare, Best, The Netherlands) using a 20-channel 
phased-array dStream HeadNeckSpine coil. 

Four different acquisition sequences were optimized to meet the set of requirements, two anatomic 
sequences and two diffusion-weighted sequences: 

1. A diffusion weighted SE sequence (‘DTI myelum’) with a high in-plane resolution is developed to 
investigate the microstructural properties of the grey and white matter in the spinal cord, and 
the anterior and posterior nerve roots; 

2. A T2-weighted multi-echo fast field echo sequence (‘mFFE’) is optimized to make an anatomical 
distinction between the grey and white matter in the cervical spinal cord; 

3. A T2-weighted contrast enhanced gradient echo sequence (‘PSIF’) is optimized to depict the 
anterior and posterior nerve roots in the axial plane; 

4. A diffusion weighted SE sequence (‘DTI roots’) with an isotropic voxel size is developed to study 
the microstructural properties of the descending lower cervical nerves. 

Characteristics for all acquisition sequences are shown in Table 2.1. 

Protocol name DTI myelum mFFE PSIF DTI roots 
Plane Axial Axial Axial Coronal 
Echo time TE (ms) 96 7.8 (2 echo’s) 6.1 62 
Repetition time TR (ms) 1657 700 12 6442 
Flip angle (degrees) 90 28 26 90 
Field of view (mm x mm) 240x60 160x160 200x181 280x120 
Acquisition matrix 240x59 248x246 332x297 112x46 
Voxel size (mm x mm x mm) 1.0×1.0×5.0 0.65x0.65x5.0 0.6x0.61x0.5 2.5×2.5×2.5 
Slices 10 17 160 30 
b-value (s/mm2) 800 NA NA 800 
Number of gradient directions 10 NA NA 10 
Acquisition time (min) 05:50 05:47 05:49 10:06 

 
The experiments around three specific acquisition parameters are elucidated below. 

Experiment 1: Different b-value. The b-value measures the degree of diffusion weighting applied and 
characterizes the gradient pulses (strength, duration, and spacing) used in the acquisition sequence. A 
higher b-value shows more diffusion weighting but also more noise. A higher b-value is achieved by 
increasing the gradient amplitude and duration by widening the interval between gradient pulses. 



To determine the optimum b-value for imaging the diffusion in the cervical spine, two healthy 
volunteers both received two DTI examinations with different b values of 0, 100, 800, 1200, and 1600 
seconds per mm2. Other acquisition parameters were according to the DTI myelum protocol described 
in Table 2.1. 

Experiment 2: Different sensitivity encoding (SENSE). In clinical practice, realistic arrays of coils that 
completely cover the sample are overlapping. Their sensitivity regions are extending beyond the field 
of view (FOV), causing aliasing (Figure 2.7). 

 

The sensitivity encoding method combines coil images in the spatial domain in such a way that aliasing 
is averted. This is possible because the difference in proximity of surface coil elements to different 
tissues means that the expected relative signal intensity from different coil elements can be calculated. 
An example of the principle of sensitivity encoding is shown in Figure 2.8. The reduction of the number 
of phase encoding steps with respect to full Fourier encoding is described by the SENSE reduction 
factor, R. So, if every other acquired line is removed from the spatial domain, then R is 2. 

The influence of applying SENSE on the images is tested for both diffusion sequences. For the ‘DTI 
myelum’ sequence, SENSE reduction factors of 1.0, 1.4, and 1.7 were tested on one healthy volunteer. 
The ‘DTI roots’ sequence is tested for SENSE factors 2.0 and 2.5. All other acquisition parameters were 
kept the same, as described in Table 2.1. 

 



 

𝑀̂

Experiment 3: Different gradient enhancement. Different gradient enhancement options are available to 
increase either the voltage or the currents that are applied on the gradient coils. The first enhancement 
option (‘gradient maximum’) links two power supplies in a parallel way, thereby causing the current to 
go up. A higher current applied on the gradient coil results in a steeper slope of the gradient. A steeper 
slope means faster image acquisition. However, due to the parallel linking the applied voltage goes 
down, so the strength of the gradient will be lower. In practice this results in lower maximum b-values 
that can be measured. 



The second enhancement option (‘gradient enhanced’) puts two power supplies in series. Thereby the 
applied voltage goes up, resulting in a higher gradient amplitude and thereby a higher b-value that can 
be achieved. However, due to the linking in series the applied current goes down and the gradient slope 
will be more gradual. Also, the extra voltage causes the system to heat up quickly, so it needs more time 
to cool down between the SE sequences, causing a longer total acquisition time. 

The options ‘gradient enhanced’ and ‘gradient maximum’ were compared for the DTI roots sequence on 
one healthy volunteer. 

 
In this chapter, three important acquisition parameters for diffusion imaging were compared, and two 
diffusion acquisition sequences and two anatomical acquisition sequences were developed. 

Figure 2.9 shows images of the same slice, but the diffusion measurements are acquired with different b-
values. It shows that the higher the b-value, the lower the SNR. b-values of 1200 s/mm2 and 1600 s/mm2 
do not result in a diffusion signal that is high enough to distinguish the diffusion from the noise. 
Therefore, a b-value of 800 s/mm2 is chosen as the optimum b-value for imaging the cervical spinal 
cord. A b-value of 100 s/mm2 instead of 0 s/mm2 as a reference value is chosen to cancel out the high 
diffusion signal that is caused by cerebrospinal fluid (CSF) at b = 0. Otherwise the CSF signal could 
interfere with the relatively low diffusion signal measured from the spine. 



 



The effect of SENSE on the DTI myelum sequence and the DTI roots sequence is shown in Figure 2.10 and 
Figure 2.11 respectively. Figure 2.10 shows that applying SENSE improves the diffusion signal, up to a 
point where too much information is removed from the spatial domain and SENSE causes its own 
artefacts, known as nonuniform noise. This can be seen at the top part in Figure 2.10C. Therefore a 
SENSE factor of 1.4 is chosen for the DTI myelum sequence. 

The images of the DTI roots sequence in Figure 2.11 show this nonuniform noise as well. Some SENSE 
was needed to acquire enough diffusion signal from the descending nerves. With the improved diffusion 
signal for these nerves taken into consideration, a concession is done on the nonuniform noise and a 
SENSE factor of 2 is chosen for the DTI roots sequence. 

 



 

The decision on the optimal gradient enhancement option is based on the fiber tractography of the 
spinal cord and the nerves. Figure 2.12A shows the tractography of the DTI roots sequence when the 
‘gradient maximum’ option is used. The tractography of the DTI roots sequence with the use of the 
‘gradient enhancement’ option is shown in Figure 2.12B. Tractography results show longer and thicker 
fibers (see Figure 2.12B) when the ‘gradient enhancement’ option is used. Therefore, despite the longer 
acquisition time, we chose to use the ‘gradient enhancement’ acquisition parameter in the DTI roots 
sequence. 



 

 
To image the morphology and microstructural properties of the cervical spinal cord and the descending 
nerves, an acquisition protocol consisting of four different sequences was developed. Two specific DTI 
acquisition sequences were developed, optimized and validated in healthy control subjects. The DTI 
myelum sequence has its focus on the spinal cord itself, the focus of the DTI roots sequence is on the 
cervical nerve roots and nerves. To support possible findings in the DTI sequences, two anatomical 
sequences were developed and optimized as well, with the mFFE sequence focusing on the distinction 
between grey and white matter in the myelum, and the PSIF sequence focusing on the nerve roots 
originating from the myelum. Combining all sequences resulted in an acquisition protocol with which it 
is possible to visualize the cervical spinal cord and the descending nerve roots. 

  



 

 
In the previous chapter, a method to study the morphology and microstructural properties of the 
cervical spinal cord and its nerve roots has been described. We used this method to study in vivo motor 
connectivity in patients with SMA in a clinical study, named ‘MR imaging of the spinal cord in patients 
with spinal muscular atrophy (SMA) and healthy controls’ (acronym: MuSIC). 

In Chapter 1 the relevance of this clinical study is highlighted. With an incidence of 1 in 6.000-
10.000/year1 and a mildly to severely reduced life expectancy, SMA is the most common genetic cause of 
infant mortality and morbidity.2 SMA is characterized by degeneration of alpha motor neurons in the 
anterior horn of the spinal cord due to shortage of SMN protein.4,12 The loss of lower motor neurons 
leads to progressive muscle weakness of proximal and axial muscles. Clinically, SMA patients are 
classified into four types, according to the age of symptom onset and the highest motor function ever 
achieved.5 The classification of the four different types is given in Table 3.1.68,69 

SMA type Age of onset Highest motor function ever achieved 
Type 1 <6 months Never learn to sit 
Type 2 6-18 months Learn to sit without help, never be able to walk independently 
Type 3 18 months – 30 years Learn to walk without help, lose ambulation later in life 
Type 4 >30 years May have difficulties running, or climbing stairs 
 
To provide more information on motor ability and clinical progression, several rating scales were 
devised.19–21 The SMA Functional Rating Scale (SMA-FRS) is an easily administered ordinal rating scale 
based on 10 aspects of activities of daily living, with each subset scored from 0 (fully dependent) to 5 
(fully independent)70,71; the Medical Research Council (MRC) scale uses the ability to move against 
gravity and resistance as most important parameter to document muscle strength of 38 separate 
muscles, given a score ranging from 0 (no contraction) to 5 (normal strength); the Motor Function 
Measure (MFM) tests standing and transfers, and axial, proximal and distal motor function using 32 
tasks, scored from 0 (cannot initiate task) to 3 (performs task fully and ‘normally’)72; the Expanded 
Hammersmith Functional Motor Scale (HFMSE) scores motor skills on 33 items using a 3 point (0-2) 
Likert scale.19 

As previously mentioned, a shortcoming of these scales is that they are not sufficiently sensitive to 
assess strength in very weak muscles.73 Robust biomarkers for SMA severity and disease progression are 
needed because the relatively slow rate of progression has complicated the selection of clinical outcome 
measures for clinical trials. Biomarkers could be helpful to evaluate the efficacy of experimental 



treatment strategies. Therefore, it is important to have a biomarker that can detect neuromuscular 
changes in more detail, preferably before these changes are reflected by muscle strength. Specific MRI 
protocols might be able to give more insight in structural changes and decreased connectivity in vivo. 

The objective of this study is to provide insight in the pathophysiological mechanisms of SMA in vivo, 
and to investigate to what extent DTI can be used as a biomarker for disease severity in SMA patients. 

 

 

An observational cross-sectional pilot study at the UMC Utrecht was established to investigate motor 
connectivity in vivo in patients with SMA. The MuSIC study was approved by the local medical ethics 
research committee. From August 2015 to November 2015, eight SMA patients type 2 and 3 with a mean 
age of 51 years (range 17-73 years), and fourteen age- and gender-matched healthy controls (mean age 
of 55 years, range 31-72 years) were included. Inclusion and exclusion criteria are listed below. 

- Age 12 years or older; 
- Capable of thoroughly understanding the study information given; 
- Given written informed consent. 

Additional inclusion criteria for SMA patients: 

- A diagnosis of SMA type 2 or 3, diagnosed on clinical grounds and confirmed by homozygous 
deletion of the SMN1 gene. 

Additional inclusion criteria for healthy controls: 

- Controls are healthy and do not have any history of SMA or other neurological disorders. 

- Tracheostomy, tracheostomal ventilation of any type, (non)-invasive ventilation; 
- Presence of pronounced swallowing disorders or orthopnea (which make it dangerous to lie 

supine in the MRI scanner); 
- Forced vital capacity (FVC) >15% postural change between sitting and supine, or symptoms of 

nocturnal hypoventilation (recurrent morning headaches, night sweats, orthopnea); 
- Contra-indications for MRI (e.g. a pacemaker, claustrophobia, pregnancy); 
- Previous trauma or surgery of the (cervical) spine. 



 

After written informed consent was obtained, the general medical history was assessed. The SMA-FRS 
was filled out and a neurological examination took place, assessing the MRC score, MFM, and HFMSE. 
Also, an FVC measurement was performed, in sitting and supine position. 

All subjects were examined with the same 3.0 Tesla MR system (Ingenia, Philips Medical Systems, Best, 
The Netherlands) using a 20-channel phased-array dStream HeadNeckSpine coil. Two morphological 
images and two diffusion weighted images were obtained to visualize the cervical spinal cord, the nerve 
roots and the descending nerves, and to quantify diffusion parameters. The acquisition protocol 
consisted of the four sequences mentioned in Chapter 2. 

 

Anatomical measurements were performed using Philips DICOM viewer R3.0 (Philips Medical Systems, 
Best, The Netherlands). Cross sectional areas of the cervical spinal cord and of the grey matter were 
measured in the mFFE data by manually drawing a smoothed polygon around these structures (Figure 
3.1A). Diameters of the anterior and posterior nerve roots were measured in the PSIF data by placing a 
caliper orthogonally to the nerve root in the middle between the spinal nerve and the myelum (Figure 
3.1B). 

 

DTI data was processed using ExploreDTI.74 First, data was corrected for subject motion and eddy 
current induced distortions, and echo planar imaging (EPI) deformations.75,76 Second, diffusion tensors 
were calculated according to the weighted linear least squares (WLLS) procedure77, using 10.000 
iterations and 20.000 data samples. Third, DTI based fiber tractography was performed with a fractional 
anisotropy (FA) threshold of 0.2-1.0, minimum fiber length of 10 mm and a threshold angle of 30 
degrees. Tractography analysis consists of two parts: (1) a mask was generated to use as a seed region of 
interest (ROI) for tractography analysis on the DTI myelum data; (2) seed ROIs in the DTI roots data were 
drawn manually, with the starting seed placed at the point where the anterior and posterior nerve root 



converge to form the spinal nerve, and the end seed placed so that tractography analysis over a nerve 
tract length of 6 slices is performed. Four diffusion parameters were computed: fractional anisotropy 
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). 

 

A Mann-Whitney U test was used to compare the diffusion data of the patient group with the diffusion 
data of the healthy control group. Statistical analyses were performed in IBM SPSS Statistics 22 (IBM 
Corp., Armonk, NY, USA). A p-value less than 0.05 was considered to be statistically significant. 

 
The results of the anatomical sequences are represented as a case report. In Figure 3.2 two examples of 
the images obtained with the mFFE sequence are shown. Figure 3.2A shows the distinctive grey matter 
‘H-figure’ in a healthy control, where in Figure 3.2B the ‘H-figure’ in an SMA patient is depicted. Cervical 
spinal cord cross sectional area was 88.9 mm2 in the control and 86.3 mm2 in the patient. The grey 
matter area measured 21.2 mm2 in the control and 16.7 mm2 in the patient. This results in a grey matter 
to cervical spinal cord ratio of 0.24 for the healthy control and 0.19 for the patient. 

 

Two examples of the acquired images using the PSIF sequence are shown in Figure 3.3. The anterior and 
posterior nerve roots of a healthy control are shown in Figure 3.3A. The mean diameter of the left and 
right anterior nerve root is 1.31 mm, the mean diameter of the left and right posterior nerve root is 1.30 
mm. This results in an anterior to posterior nerve root ratio of 1.00 for this healthy control. Figure 3.3B 
shows the nerve roots in an SMA patient. The mean measured diameter of the left and right anterior 
nerve root is 0.79 mm and the mean diameter of the left and right posterior nerve root is 1.41 mm. The 
anterior to posterior nerve root ratio is 0.56 for this patient. 



 

Figure 3.4 shows an example of the resulting tractography of the cervical spinal cord obtained from the 
DTI myelum data. The semi-transparent white column represents the automatically selected region of 
interest (ROI) that serves as seed volume for tractography. 

 

In Table 3.2 the calculated diffusion parameters of the spinal cord itself, obtained with the DTI myelum 
protocol are shown. The results in this table show no significant differences in FA and diffusivity 
between healthy controls and patients with SMA. 

  Diffusivity (mm2/s) x 10-3 
 FA (mean ± SD) MD (mean ± SD) AD (mean ± SD) RD (mean ± SD) 
Control 0.56 ± 0.05 0.79 ± 0.15 1.36 ± 0.28 0.50 ± 0.08 
SMA 0.58 ± 0.03 0.84 ± 0.18 1.48 ± 0.31 0.52 ± 0.11 



All calculated diffusion parameters of the lower cervical nerves (C5-C7) are shown in Table 3.3. There 
was a significant difference between patients and healthy controls for FA (p < 0.05), MD (p < 0.005), AD (p 
< 0.005), and RD (p < 0.005). 

  Diffusivity (mm2/s) x 10-3 
 FA (mean ± SD) MD (mean ± SD) AD (mean ± SD) RD (mean ± SD) 
Control 0.33 ± 0.04† 1.00 ± 0.17* 1.37 ± 0.23* 0.82 ± 0.14* 
SMA 0.31 ± 0.04† 0.82 ± 0.26* 1.10 ± 0.35* 0.69 ± 0.22* 
* p < 0.005 
† p < 0.05 

Table 3.4 specifies the diffusion parameters per nerve level, for C5 to C7. A result of the different tract 
segments over which diffusion parameters where calculated for a patient and a healthy control is 
shown in Figure 3.5. The average nerve tract length over which diffusion parameters were calculated 
was 5.5 slices for healthy controls. For patients the average nerve tract length was 4 slices. For level C5, 
all diffusion parameters are significantly different. For level C6, significant differences are found in MD 
and AD. No significant differences are found on nerve level C7. 

 

 



   Diffusivity (mm2/s) x 10-3 
Nerve  FA (mean±SD) MD (mean±SD) AD (mean±SD) RD (mean±SD) 
C5 Control 0.34 ± 0.05† 1.03 ± 0.16* 1.43 ± 0.20* 0.83 ± 0.14† 
 SMA 0.32 ± 0.06† 0.83 ± 0.21* 1.11 ± 0.26* 0.69 ± 0.19† 
C6 Control 0.34 ± 0.04 1.04 ± 0.18† 1.44 ± 0.23† 0.84 ± 0.16 
 SMA 0.32 ± 0.04 0.85 ± 0.30† 1.14 ± 0.41† 0.70 ± 0.24 
C7 Control 0.30 ± 0.03 0.94 ± 0.16 1.25 ± 0.20 0.78 ± 0.13 
 SMA 0.30 ± 0.03 0.80 ± 0.29 1.04 ± 0.37 0.67 ± 0.24 
* p < 0.005 
† p < 0.05 

 
To our knowledge this small scale preliminary study is the first study that investigates anatomical and 
microstructural properties of the cervical spinal cord and nerves in patients with SMA. We report 
significant differences between SMA patients and healthy controls in all diffusion parameters of the 
descending nerve roots (C5-C7). In a case report, differences in anatomy were found in grey matter to 
spinal cord area ratio and in anterior to posterior nerve root diameter ratio between an SMA patient 
and a healthy control. 

 

The mFFE images demonstrate a difference between an SMA patient and an age- and gender matched 
healthy control in grey matter to cervical spinal cord ratio. The main contributor for this difference in 
ratio is the smaller grey matter area measured in the SMA patient. The pathophysiological mechanisms 
of SMA explain this finding, since degeneration of alpha motor neurons in the anterior horn of the grey 
matter in the spinal cord is characterizing SMA.4 Another post mortem study of Kumagai et al.78 
underlines this finding. 

Diameter measurements of the nerve roots in the PSIF images show a difference in anterior to posterior 
nerve root ratio between an SMA patient and an age- and gender matched healthy control. In the 
patient, a difference in diameter between the anterior and posterior root is measured; the diameter of 
the anterior nerve root is smaller than that of the posterior nerve root. This difference in diameters is 
not seen in the healthy control. The most likely cause for this is degeneration of axons. Axonal decrease 
or axonal loss in the nerve root is a consequence of degeneration of the nucleus in the anterior horn of 
the spinal cord, a process called Wallerian degeneration.79 Several post mortem studies demonstrate 
axonal loss in SMA patients.80–83 



The results of the anatomical sequences are presented as a case report, because the image quality of the 
mFFE sequence and the PSIF sequence varied considerably between subjects. As a result, it was 
impossible to compare more patients directly to their age- and gender matched healthy controls. The 
difference in image quality was particularly noticeable within the patient group. A possible explanation 
for the varying quality is subject movement. Fast field echo as well as gradient echo sequences are both 
rather sensitive to movement84,85, so small movements can easily result in a blurred image.86,87 During 
the development of both sequences movement was not experienced as a problem and sharp images 
were obtained. However, those experiments were performed on mainly young, healthy subjects. The 
included SMA patients not only have a wider age range, they often suffer from (disease-related) tremor 
in the extremities. In electrocardiography it is shown that essential tremor can cause artefacts.88–90 
Besides subject movement in general, tremor of the patient could be of extra influence on the image 
quality. 

 

Significant differences between SMA patients and healthy controls were found in all diffusion 
parameters of the descending nerve roots (C5-C7). The diffusion parameters of the myelum showed no 
significant differences between patients and healthy controls. A possible explanation for these findings 
comes from the underlying physiological principle used in DTI, namely diffusion. As mentioned in 
Chapter 2, diffusion signal is measured according to the rate and direction of diffusion. If diffusion is 
isotropic the FA will be low; if diffusion is anisotropic the FA will be high.66 In the myelum a clear 
distinction in random motion can be made; in the grey matter mainly cell bodies are present (isotropic 
diffusion) and in the white matter mainly axons are present (anisotropic diffusion).91 The pathological 
principle of SMA originates in the alpha motor neurons of the grey matter.4 However, the tractography 
results of the DTI myelum sequence are based on the tracts in the white matter, which is a combination 
of healthy sensory axons, healthy motor axons originating from motor neurons other than alpha, and 
possibly affected axons originating from alpha motor neurons. The proportion of the affected axons is 
relatively low compared to the non-affected axons. Potential differences due to SMA pathology in the 
DTI myelum sequence are presumably averaged out. The DTI roots sequence is developed to measure 
only small segments of the total axon bundle, the cervical nerves. The cervical nerve is a combination of 
healthy sensory axons and affected motor axons, but the proportion of affected motor axons originating 
from alpha motor neurons is larger. Therefore it is more likely to measure differences between healthy 
controls and SMA patients. This is in accordance with the results we found with the DTI roots sequence. 
The lower diffusion parameters that are found in SMA patients can be explained by cytoskeletal 
breakdown, which is a process that occurs during axonal loss.42 Cytoskeletal breakdown results in 
increased viscosity of the axons, thereby reducing anisotropic water diffusion in the intra-axonal space. 



The aim was to perform tractography over a tract segment length of 6 slices. In patient datasets the 
average tract segment length that could be selected was lower than in datasets of healthy controls. The 
difficulties in performing tractography over a tract length of 6 slices can be due to different factors. 

First of all, morphology of the descending nerves could have an effect on the diffusion signal, in patients 
as well as in healthy controls. Sugimoto et al.92 report nerve root sizes in healthy subjects of 2.14 ± 0.30 
mm for C5, 2.99 ± 0.45 mm for C6, and 3.39 ± 0.48 mm for C7, measured with ultrasonography. The voxel 
size of the DTI roots sequence is 2.5 mm isotropic. This relatively large voxel size of the acquisition 
protocol in combination with the small diameter of the imaged nerves could lead to the partial volume 
effect.93,94 The partial volume effect is the loss of contrast between two adjacent tissues in an image 
caused by insufficient resolution, so that more than one tissue type occupies the same voxel.95 In the 
ideal case, the nerve passes exactly through the center of the voxel, thereby avoiding the partial volume 
effect. However, in reality it is more likely that the nerve passes through parts of two, or even three or 
four voxels, leading to the partial volume effect. The course of the nerve contributes to this effect, 
because if the nerve passes through the matrix diagonally, the anisotropic properties of the nerve are 
averaged with surrounding voxels with a much lower anisotropy, through which tractography is more 
difficult to perform. 

Secondly, pathology of the patient also influences the diffusion signal. The pathological principal of 
SMA is degeneration of motor neurons in the spinal cord10, subsequently leading to fewer axons 
originating from the spinal cord.96 To investigate such pathophysiological mechanisms is one of the 
aims of this study. However, based on the hypothesis that nerve roots in patients have a slightly smaller 
diameter than nerve roots in healthy controls, it could be that the partial volume effect has a larger 
impact on patient data than on healthy control data, resulting in a difference in measured tract length. 

Thirdly, the diffusion data might be influenced by motion artefacts. Total scanning time for the DTI 
roots sequence was 10 minutes and 6 seconds. It is difficult to lie completely still for this length of time, 
for patients as well as for healthy controls. Besides, anatomical structures such as the lungs and 
esophagus are in the direct neighborhood of the nerves of interest. The lungs and esophagus are 
innervated by the autonomic nervous system and therefore the subject does not voluntarily control 
movement of these organs. Despite the fact that all datasets were corrected for subject motion and eddy 
current induced distortions75,76, local deformations and nonlinear motion artefacts caused by 
respiratory and cardiac movement could still be present.97 



 

 
This master thesis focused on DTI as an imaging technique to visualize the cervical spinal cord and the 
descending nerve roots in patients with SMA. The main research questions were: ‘How can we image the 
morphology and microstructural properties of the cervical spinal cord and its nerve roots with the use of DTI?’ and 
‘What is the potential value of DTI as a biomarker for disease severity in SMA patients?’ 

We developed, optimized and validated an acquisition protocol and showed that it is possible to 
visualize the anatomical and microstructural properties of the cervical spinal cord and the descending 
nerve roots. The acquisition protocol consists of two diffusion weighted acquisition sequences and two 
T2-weighted acquisition sequences. We used the developed acquisition protocol to perform a clinical 
study. To our knowledge this was the first clinical study that used DTI to investigate the anatomical and 
microstructural properties of the cervical spinal cord and nerves in patients with SMA. Preliminary 
results show significant differences in FA, MD, AD, and RD between SMA patients and healthy controls 
for nerves C5-C7. Anatomical differences were found in grey matter to spinal cord area ratio and in 
anterior to posterior nerve root diameter ratio between an SMA patient and a healthy control. DTI can 
provide additional unique information regarding the pathophysiological mechanisms of SMA in vivo and 
enables new perspectives on the pathophysiological mechanisms of the disease. 

This study provides a foundation for further exploration of DTI as a biomarker in SMA. Combining 
anatomical imaging, DTI and tractography, and correlating diffusion parameters with clinical outcome 
measures may prove a valuable contribution to better monitor the disease progression and therapeutic 
effect in SMA patients in the future. 

 
We believe that DTI can be of clinical added value as a biomarker in SMA patients. Nevertheless before 
DTI could be actually implemented in clinical practice as a biomarker for disease severity, several steps 
must be taken. 

 

A robust acquisition protocol is essential for acquiring valid data. The developed protocol is robust in 
the sense that it is able to visualize the anatomical and microstructural properties, but it is quite 
sensitive to movement. If the amount of motion artefacts can be reduced, more consistent data can be 
obtained and more valid comparisons can be made. There are different ways to obtain this goal. 

First of all, the developed protocol can be further optimized. The mFFE and PSIF sequences we chose for 
anatomical imaging are known for their sensitivity to movement. During development of the protocol 



we experienced no difficulties, so we chose these sequences because of their remarkable distinction 
between grey and white matter in the spinal cord (mFFE), and their ability to visualize nerve roots 
originating from the myelum (PSIF). With the knowledge that we have now we can reconsider the 
anatomical sequences and look into the possibilities of a turbo spin echo (TSE) sequence, which is less 
sensitive to movement. A TSE sequence was added to the protocol already, so analysis of these results 
can provide information on a more robust anatomical sequence. In the diffusion sequences, the lack of 
resolution which causes the partial volume effect appears to be the main contributor to the problem of 
unstable data. The long acquisition time of the roots sequence causes some difficulties as well. A 
possible solution for these two problems can be to split the roots acquisition sequence in two different 
scan packages, so that data of the left and right cervical nerve roots is acquired separately. Advantages 
of acquiring the information in two different packages are the shorter continuous scanning time and a 
higher resolution that can be achieved. A disadvantage of splitting the roots acquisition is that the data 
of left and right can not be directly compared anymore. However, since SMA appears to be a disease in 
which patients are symmetrically bilateral affected98, the advantages probably outweigh the 
disadvantage. 

Secondly, improvements can be made according to the scanning set up. To acquire the data, we used the 
most dedicated coil available in the clinic, which focusses specifically on the head, neck and spine area. 
This coil is shaped in such a way that the head is surrounded by a cage structure, and it has an extra slab 
at the front to cover the anterior neck area. We chose not to fixate the head of the patient during 
scanning, because we assumed that movement in the coil was quite limited already. However, the 
resulting images of the sequences showed considerable motion artefacts, so fixating the head of the 
patient could help to obtain more robust images. Total fixation can be done with a face covering mask 
that is used in radiotherapy treatment, but this is quite burdensome for the patient. Another option is 
to use a vacuum mattress, which is specifically designed to immobilize a patient. However, this mattress 
does not fit in the dedicated coil, so the result would be that the body of the patient is immobilized, but 
the head could still move freely. A third option can be to use a neck pillow that fills the gaps between 
the patient and the anterior slab, sides and posterior base of the coil. Regular neck pillows are too large 
to fit in, but if a smaller neck pillow is designed this can result in better fixation of the patient and 
thereby fewer motion artefacts. 

Another step in the further development of the protocol can be to optimize the roots sequence for 
imaging other anatomical areas of the patient. The muscles of the lower limbs in SMA patients are 
weaker than the muscles of the upper limbs99, so we hypothesize that the nerves in that area will be 
more affected as well. Nerves that innervate the lower limbs originate from the cauda equina. These 
nerves are larger than the cervical nerves, so the influence of the partial volume effect is probably less 
present. Besides that, fewer artefacts due to subject movement are to be expected because, as opposed 
to in the neck, the nerves originating from the cauda equina are situated in a more static environment. 



 

To date, nine out of ten patients and eighteen out of twenty healthy controls are included in MuSIC. The 
first step is to complete inclusion for MuSIC. In a later stadium study extension should be done as well, 
not only in subject quantity, but also in different disease types. The next step is to expand the analysis 
of available data. Data analysis was difficult in the current datasets. For the diffusion data this was 
mainly due to partial volume effect and for the anatomical data this was mainly due to motion artefacts. 
To improve the quality of the present data, further research in post-processing ‘noise reduction’ 
methods and motion correction methods can be done. 

When a more robust protocol and thus more robust data is available, a broader comparison in grey 
matter to spinal cord ratio and anterior to posterior nerve root diameter ratio between patients and 
healthy controls can be made to see if the differences that the case report showed are also present in a 
larger subject group. Robust data also provides more possibilities for computerizing and automating the 
analyzing methods. We tried to automate the analysis of the current data, but that was only successful 
for the myelum sequence. Several segmentation methods can be researched further, to make data 
analysis as objective as possible. 

Besides comparing patients to healthy controls, another important step is to investigate if there is a 
correlation between diffusion parameters and anatomical data and clinical rating scales in patients. 
Data of several clinical rating scales is obtained in MuSIC. However, due to varying quality of the data it 
was difficult to make a comparison yet. When more robust data is available, diffusion parameters can be 
compared with MRC scores to see if the diffusion parameters reflect the differences in strength. It needs 
to be taken into account that diffusion parameters are assigned to a specific nerve, and MRC scores are 
assigned to a certain muscle. The cervical nerve roots branch several times before turning into the 
actual nerve that innervates the muscle. Before comparing diffusion parameters to MRC scores, clear 
decisions on where on the nerve tract diffusion parameters are measured should be made, because this 
could influence the results. Decisions on which nerve roots are responsible for the innervation of which 
muscles should be made as well. When these choices about innervation and location are made, it would 
be interesting to look at the FA and AD value and compare this to MRC scores. Compared to other 
diffusion parameters, AD changes are considered to be more specific to axonal degeneration42, which is 
the case in patients with SMA. 
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