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1. General Introduction
Magnetic Resonance Imaging (MRI) and Magnetic Resonance Spectroscopy
(MRS) are both important non-invasive tools in the field of biomedical research.
The most common application is in the brain: however, adaptation of these MR
techniques make them applicable to many other tissues and organs. One of these
fields is musculoskeletal imaging where many different techniques are available to
map various characteristics of healthy and diseased skeletal muscle. An important
development in this field is the switch from qualitative visual assessment to
quantitative measurements of tissue properties, which can be used to map the
course of a disease, to evaluate potential therapeutic effects, and to investigate the
effects of potential confounding factors on interpretation. One of the most common
applications is in muscular dystrophies.

1.1

Skeletal muscle

Skeletal muscle is a highly ordered structure surrounded by connective tissue called
the epimysium. The epimysium encloses the whole muscle and protects it from
friction against other muscles and bones. A muscle consists of multiple fascicles,
each surrounded by the perimysium and containing multiple fibers, which are in turn
enclosed by the endomysium. All these connective tissue layers are interconnected
and play an important role in force transmission. Small blood vessels and motor
axons cross the perimysial space to make connections with muscle fibers. An
individual muscle fiber is filled with sarcoplasm in which the myofibrils, ribosomes
and mitochondria are located. In the myofibril, protein filaments (myofilaments)
are organized in repeating units called sarcomeres. A sarcomere includes actin
and myosin, contractile proteins which are essential for the generation of a muscle
contraction. In addition to these contractile proteins, there is a wide variety of
structural proteins in the sarcomere such as titin, nebulin and dystrophin, whose
function is to maintain the architecture of the sarcomere. These organized repeating
units are surrounded by the endoplasmic reticulum (Figure. 1.1). The endoplasmic
reticulum stores calcium ions which are released when an action potential arrives at
the T-tubulus. The rapid release of calcium ions activates the myofilaments that work
together to generate force. The force developed in an individual muscle cell needs to
be transferred to the musculoskeletal system in order to facilitate movement. The
interconnection of all the connective tissue layers ensures that force is transferred
to the tendon which is connected to the skeleton and finally results in movement.
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Figure 1. A schematic overview of skeletal muscle showing the arrangement of the various components.

1.2 Duchenne Muscular Dystrophy
Clinical phenotype
Duchenne Muscular Dystrophy (DMD) is the most common neuromuscular disorder,
with an incidence of 1 in 3500 newborn boys. 1 It is an X-linked disease caused by a
mutation in the DMD gene which codes for the protein dystrophin within the muscle
cell. 2 The disease is characterized by progressive muscle damage, weakness and
functional impairment. In DMD patients, the first symptoms often become apparent
between the ages of 2 and 4 years old and consist of walking abnormalities, difficulties
in climbing stairs, rising from the floor and running. 3 Many patients show pseudohypertrophy of the muscles, most notably in the calf muscles. The progressive loss
of muscle strength results in wheelchair dependence in their early teens, after which
upper limb function starts to decrease and frequently, scoliosis occurs. 4-6 In the late
teens, patients develop respiratory impairments and need assisted ventilation.7,8 In
all DMD patients the heart muscle also becomes affected with age and mainly results
in dilated cardiomyopathy.9 Some patients suffer from learning and behavioral
disabilities and the Intelligence Quotient (IQ) has been found to be one standard
deviation below the general population.10-12 Although life expectancy and quality of
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life gradually increased due to treatment with corticosteroids, assisted ventilation
and spinal fixation for severe scoliosis, most DMD patients die in their mid-thirties
due to cardiac and respiratory failure. 13

Figure 2. Cross-section of a muscle biopsy of the tibialis anterior muscle of a DMD patient showing
ƤǡƤǡƤǡƪ 
ƤǤ

Muscle pathology
In muscle, dystrophin anchors the contractile apparatus to the muscle basement
membrane via connections with the dystroglycoprotein complex.14,15 Absence of
dystrophin results in ongoing muscle damage, but the exact mechanism of how
Ƥ    ƤǤ
16
 ơ  ǡ  
ǡƪǡƤ Ǥ 
hallmarks are clearly visible in muscle biopsies which contain an increased variation in
ƤǡƤ   Ƥ
(Figure2). 17 The exact time course of these various processes is not fully understood,
     Ƥ        ƪ  
 ƤǤ    ǡ        
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satellite cells.4,18 Nonetheless, exhaustion of this regeneration capacity of the muscle
eventually results in the replacement of muscle tissue by fat and connective tissue
which is considered to be the end stage of the disease. 19 It is not completely clear
whether the initial increase in muscle mass through hypertrophy is to compensate
in part for the loss of force-generating capacity or should be considered an intrinsic
aspect of this type of muscular dystrophy. 20,21

1.3 Quantitative MR in skeletal muscle.
MR contrast
In MR the effect of two primary relaxation mechanisms on water protons is used
to create image contrast, T1 and T2 relaxation. T1 relaxation is the mechanism
by which the longitudinal magnetization returns to its thermal equilibrium and
reflects the energy transfer from spins to the environment, consisting of atoms
and macromolecules. Each of these structures has its own characteristic tumbling
rate (motion of the spin) which depends on the size and structure of the molecule
and is driven by the thermal energy. The T1 is shortest when the tumbling rate is
almost equivalent to the Larmor frequency of the spin in the main magnetic field,
both faster and slower tumbling rates are less efficient and result in longer T1’s. T2
relaxation is the dephasing of the transverse magnetization and is determined by
the interactions between spins in the tissue, which will lead to slight differences in
resonance frequency. This difference in frequencies is measured by the dephasing
of spins and generates T2 contrast. By varying of sequence parameters, such as
echo time (TE) and repetition time (TR), different image contrasts can be generated
based on the T1 and T2 of the tissue.

MR in Skeletal muscle
Skeletal muscle has a short T2 relaxation time, long T1 relaxation time and high
diffusivity of water protons. Consequently, application of MR techniques in skeletal
muscle is challenging, as these tissues intrinsic MR properties all act to reduce the MR
signal in a given sequence. These intrinsic tissue characteristics can change due to
damage and disease, and as such can be a direct reflection of the disease. However,
these pathology-related changes, for example muscle inflammation, metabolic
alterations, or the replacement of muscle tissue by fat, can also act as confounders in
the MR measurement. The recent switch from qualitative to quantitative assessment
of skeletal muscle tissue properties with MR stresses the importance of high quality
data, and the need to correct for such confounding effects. Acquisition of high
quality data can naturally be achieved by using long measurement times. However,
these long measurement times are generally experienced as uncomfortable and
increase the risk of, for example, movement during the measurements which can
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directly affect data-quality. In addition, a wide variety of MR-related parameters
need to be assessed in order to be able to correct for any potential confounding
factors, which is a time-consuming process. For newly-introduced techniques, it
is generally unclear if there are any confounding factors and what, in the end, the
effect might be on the measurements: the existence of confounding factors needs
to be investigated to determine their effects on the final quantitative information
from the scans.

Magnetic Resonance Imaging and Spectroscopy in DMD
Quantitative MR techniques have been frequently used to assess individual
pathophysiological processes in Duchenne Muscular Dystrophy (DMD). 22 To start
with, the replacement of muscle tissue by fat and connective tissue has been
studied extensively. Both quantitative and semi-quantitative techniques showed
variations in the extent and the rate of disease progression between different leg
muscles.20,23-29 In addition, quantitative techniques also showed that muscle fat
fraction correlated well with disease progression and functional measures. Another
MR measure which is often used in DMD, and is thought to reflect the inflammation
component of the disease, is water T2 relaxation times. Water T2 values have shown
to be elevated compared to healthy controls and to decrease with age and disease
progression in DMD. 30-32 Moreover, water T2 values have been shown to decrease
towards more healthy values after three months of corticosteroid treatment.
33
Consequently, both muscle fat fraction and water T2 values are frequently
used as outcome measures in therapeutic evaluations (https://clinicaltrials.gov/
search?cond=DMD+Therapy+MRI). Finally, changes in energy metabolism can
be detected with phosphorous spectroscopy (31P MRS). Elevated phosphodiesters
levels, reduced phosphocreatine levels and a more alkaline intracellular tissue pH
have been detected in DMD.34-37 In addition, changes in energy metabolites have
been found in relation to age, disease progression and functional measures. 37-41 So
far the main focus of the field has been on quantifying individual pathophysiological
processes in relation with function, disease progression, therapy and on detecting
differences between individual muscles. However, to date, very little is known about
how these individual pathophysiological processes relate to each other as well as to
differences within an individual muscle.

Challenges in scanning of (young) children
Imaging studies in young pediatric populations remain relatively scarce due to
the practical and technical challenges imposed during scanning of non-sedated
subjects. Those challenges include motivation, alertness and cooperation of the
child, but also anxiety caused by loud noise and the confined space of an MR scanner.
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Various strategies have been proposed to improve a child’s compliance during
scanning without using sedation. 42 In the studies described in this thesis we used
a mock scanner combined with a clear explanation of the procedure in appropriate
terminology and a flexible approach based on the needs of the participant to
improve the compliance. In addition to this, wearing their own metal-free clothing,
bringing their own stuffed animal, and listening to their own music can result in a
more familiar situation which improves the state of the patient. The presence of
a parent, sibling or friend of the family in the MRI room can also put the child at
ease. Alternatively, the presence of parents, sibling or guardians can also negatively
influence the child which complicates the scanning procedure. During scanning, it is
highly important to be aware of the state of the participant, as children sometimes
do not express their feelings. Boredom, anxiety, discomfort and frustrations need
to be detected and dealt with properly to ensure data quality: for example by using
compliments, positive feedback and reminders about the essential things during
scanning.
A number of MRI and MRS techniques applied in skeletal muscle will be discussed in
more detail in the following section, as they are an essential part of this thesis. The
discussion will focus on the basic characteristics of the method, confounders, data
quality and factors which need to be considered during quantification.

1.4 Water fat imaging and 1H MRS to assess muscle fat infiltration
One of the most common pathophysiological changes in damaged and diseased
skeletal muscle is the progressive replacement of muscle tissue by fat. 43,44 45,46 There
are two main approaches used to assess muscle fat infiltration in skeletal muscle.
1

H MRS

The first approach is single voxel (SV) proton spectroscopy ( 1H MRS) which is based
on the difference in resonance frequency between water and fat protons. This
technique measures the net equilibrium precessing magnetization of a desired
nucleus, in this case protons, in a specific volume of interest, and depicts it as a
function of their resonance frequency. This results in a frequency spectrum in which
the resonances can be assigned to known functional groups, such as water and lipid
(and also other macromolecules), and can be quantified. The total lipid signal in a
typical 1H spectrum consists of a number of spectral peaks at varying resonances
and with varying amplitudes, while the water protons resonate at a single frequency
(Figure 3). The lipid signal measured at clinical field strengths is represented by six
fat peaks. It is dominated by lipid frequencies resonating between 0.5-2.75 ppm, and
is often referred to as the aliphatic fat peak.47 The lipid signal resonating at 5.3 ppm,

13

1

Chapter 1

very close to the water signal, is called the olefinic fat peak. The apparent fat fraction
can be derived from the integrated area of all the lipid signals and the water signal.
One of the disadvantages of this method is that it only reflects a specific volume
of interest. Therefore, it is less representative in heterogeneous tissue types, or in
situations where one needs information from multiple muscles at once.

Figure 3. A proton MR spectrum at 3T. Water signal appears as a single peak at 4.7ppm (orange),
ȋ Ȍǡ Ƥ ͝Ǥ͛ȋ͙Ȍǡ
͜Ǥ͙ȋ͚Ȍǡ ͚Ǥ͟ȋ͛ȌǡǦƤ Ǧ ͚Ǥ͙ȋ͜Ȍǡ
the dominant methylene peak at 1.3 ppm (5) and the methyl peak at 0.9 ppm (6).

Water Fat Imaging
The second approach is a quantitative imaging technique called Dixon, first
introduced in 1984.48 This method also allows separation of water and fat tissue
based on the difference between the precessional frequencies of protons in water
and fat. The conventional 2-point-DIXON method relies on the acquisition of two
images with a gradient echo sequence, one in which water and fat are in-phase
(IP) and one in which water and fat are out-of-phase (OP). Adding and subtracting
these two images generates water and fat images, which combined can be used to
quantitatively calculate an apparent fat fraction (Figure 4). One of the drawbacks
of this method is that the reliability of the fat and water separation, by adding and
subtracting images, is highly dependent on the magnetic field (B0) inhomogeneities.
This conventional method has been extended to the so-called 3-point-Dixon method
which contains an additional third echo resulting in the ability to account for phase
differences introduced by minor field inhomogeneities.49 However, the situation
described above is oversimplified, since it assumes a single resonance frequency
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for water and fat, whereas the fat signal consists of a number of spectral peaks all
contributing differently to the total fat signal. 47,50 The underlying algorithm of the
3-point Dixon can be modified to account for the individual fat spectral peaks. 51 52

Figure 4. Axial in-phase (IP) and out-of-phase (OP) images and their reconstructed water and fat map
of a right lower leg of a DMD patient. Note that the bright signal in the water images originates from
muscle while in the fat images the bright signal is located in the subcutaneous fat.

The gradient echo 3-point Dixon method is used for all studies quantitatively
assessing fat fraction in this thesis. A few factors will be discussed that need to be
considered during the Dixon quantification process. First, the T1 relaxation effect
which could result in an overestimation of the fat fraction, due to a shorter T1 of
fat, as this difference in T1 relaxation time between water and fat protons results in
quicker relaxation of the fat signal within a short sequence TR.53,54 For the data to be
truly quantitative, this effect has to be minimized by using appropriate sequence
parameters, for instance by using an optimized combination of a specific flip angle
and TR. Secondly, the number of peaks taken into account in the reconstruction
algorithm has a pronounced effect on the accuracy of the assessed fat fraction.
Single peak models, solely aimed at the dominant methylene fat peak, responsible
for 70% of the total fat signal, have shown to underestimate the total fat fraction
compared to multi-peak models.55,56 Another confounder is the T2* relaxation
effect, which originates from signal relaxation between echoes due to minor field
inhomogeneities. 57 Despite the fact that this effect is small in tissues with no
significant iron concentrations, this could result in an overestimation of fat fractions
in low fat ranges. These effects can be accounted for in post-processing, where a
minimum of three echoes is essential to generate a proper T2* correction. 58
15
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1.5 (Water) T2 relaxation time to assess inflammation and
edema-like processes
The T2 relaxation time is a tissue specific constant which reflects the interaction
of a group of proton spins dephasing with respect to each other. The T2 relaxation
behavior should be mono-exponential in case of a single component, such as
protons in water that reside in the same compartment. However, the transverse
relaxation behavior of most biological tissues, including muscle, has shown to be
multi-exponential. 59 Changes in T2 are often associated with pathology, for example
elevated water T2 values in skeletal muscle are thought to reflect processes such
as inflammation or edema. Elevated water T2 values are also found after exercise.
By contrast, reduced water T2 values in skeletal muscle have been associated with
fibrosis. 60,61
1

H MRS to assess water T2

There are two main techniques used to quantitatively assess water T2 relaxation
time in skeletal muscle. First of all, SV 1H MRS which measures the T2 relaxation
behavior of any tissue component independently of others, in this case water, and is
in-vivo generally reflected by a mono-exponential fit. This MRS method with monoexponential fit is assumed to be the gold standard and has been shown to be a robust
and quantitative measure to assess water T2 within a specific region of interest in
both healthy and diseased tissue. 62-64 However, as mentioned before, this method
can only generate information from one specific region of interest and is therefore
not representative in heterogeneous tissue types.

Quantitative T2 imaging to assess water T2
The second approach is a Multi Spin Echo (MSE) acquisition, which is a quantitative
imaging method that can cover a large region of interest (ROI) and contains
information from multiple muscles at once. This approach is based on a simple CarrPurcell-Meiboom-Gill sequence, where a 90-degree pulse is followed by a series of
180-degree pulses at multiple echo times, which allows assessment of the relaxation
behavior of protons bound to various tissue components. The T2 relaxation times
of these tissue components can differ. For example, the T2 relaxation time of fat
protons is relatively long (> 90ms) compared to that of water (25-30ms). These
two components together, when originating from the same tissue compartment,
create a bi-exponential signal. However, the relaxation behavior of these two tissue
components can still be approximated by a mono-exponential fit. 65,66 This combined
relaxation behavior of protons in water and fat is then referred to as global T2 values.
In healthy skeletal muscle, global T2 values and water T2 values are almost equivalent,
due to the only very minor contributions of the protons in fat. However, one of

16

General introduction

the most common pathophysiological changes in damaged and diseased muscle
is the replacement of muscle tissue by fat. Consequently, an increase in muscle
fat fraction will result in more slowly decaying signal that results in measuring a
prolonged T2 relaxation time. This increase in the T2 relaxation time is proportional
to the fat fraction, and may falsely indicate muscle inflammation. Hence, additional
approaches are necessary to separate the contribution of the fat and water protons
to the total T2 signal in order to derive the true water T2. This is particularly important
in situations where a significant amount of fat is present.

Figure 5.Ǧ ǦƤ 
patient showing the 1st echo (TE: 8ms); the reconstructed T2ǦƤǢ
 Ƥ  Ǥ

There are multiple approaches to separate the contribution of the water and fat
protons. Two of these approaches are often used in skeletal muscle T2 measurements
and will be discussed in more detail. The first one is based on an addition to
the acquisition scheme, a Spectrally Adiabatic Inversion Recovery (SPAIR) fat
suppression pulse aimed at the main methylene and methyl fat peak.67 (Figure 2)
This resonance-specific method is based on the idea that when fully suppressing the
main fat peak one can solely acquire the water signal. This method then assumes
mono-exponential behavior of the water protons. It is important to note that this
approach is highly sensitive to B0 inhomogeneities as it has a resonance-specific
fat suppression pulse. As a result, one should be extremely careful when using
this method for quantification purposes because the fat suppression pulse can be
inconsistent between examinations. In addition, previous work also showed that the
significant influence of the fat signal on the measurement increased in the higher
fat ranges.68 This suggests that this measurement does not purely reflect the water
signal. The second approach separates the multi-exponential behavior of the T2
signal in post-processing by either a tri-exponential or an Extended Phase Graph
(EPG) based fit. 43,69,70 A minimum number of echoes is essential to obtain a proper fit
of the signal and advanced post-processing is needed to obtain quantitative values.
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The MSE in combination with the advanced tri-exponential fitting method has been
used in all studies assessing water T2 in this thesis (Figure 5).
There are a few factors which need to be considered during quantification. First of
all, the MSE method is more sensitive to B1+ field inhomogeneities compared to the
MRS approach due to the larger field of view (FOV). The effect of these potential
B1+ inhomogeneities should be taken into account when using the MSE approach.
The EPG based fit incorporated these B1+ field fluctuations in the model, but that
is not the case for the advanced tri-exponential signal fit. Consequently, in that
case additional approaches, for example mapping of the B1+ field, are necessary to
correct for these B1+ inhomogeneities (see the next section). Secondly, relatively
high water T2 values have been found with the advanced fit MSE approach compared
to the MRS approach.71 This difference in T2 values has been attributed to imperfect
slice profiles in the MSE approach caused by the absence of adequate RF-spoiling
schemes on most clinical systems.66,71 These RF imperfections result in stimulated
echoes (additional signal) which can result in measuring elevated water T2 values.
This needs to be considered when comparing water T2 values between studies.

1.6 B1+ field mapping approaches
There are two approaches often used to map the B1+ field: the double angle method
(DAM) and the double TR method for actual flip angle imaging (AFI). 72,73 The double
     ǡ     Ƚ    ͚ȗȽ ǡ 
the true flip angle can be derived from those two images by calculation. The double
TR method uses two varying repetition times to derive the actual Flip Angle. This
B1+ field information can be used as prior knowledge or as cut-off values in postprocessing to ensure data-quality in any B1+ field sensitive acquisition. To date, this
is still a relatively time-consuming process without any direct diagnostic value,
so acceleration of this process is highly desirable. Recently, a relatively new fast
Dual Refocusing Echo Acquisition Mode (DREAM) B1+ mapping technique has been
proposed which allows acceleration by two orders of a magnitude. This method
seems very promising but needs further evaluation in clinical applications.74,75

1.7 Diffusion Tensor Imaging to assess muscle structure
Diffusion Tensor Imaging (DTI) is a quantitative imaging technique aimed at probing
water diffusion, the random microscopic movement of water, which in skeletal
muscle is hindered by structures such as mitochondria, the sarcoplasmic reticulum,
macromolecules and the cell membrane. This hindered diffusion can be described
by a parameter called the apparent diffusion coefficient (ADC), which is an indirect
reflection of the muscle microstructure. Introducing diffusion weighting into the
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sequence attenuates the signal more from tissues which allow unrestricted diffusion
of water, thus producing higher relative signals from tissues in which the movement
is restricted. By using two or more diffusion-weighted sequences and comparing
the relative tissue signal intensities it is possible to calculate ADC maps, showing
diffusive properties of tissue in different regions of interest.

Figure 6.   ơơǣ  ȋȌ
  ȋȌǤǡɁǡȟ
spacing, and TM is the mixing time.

There are two main MR techniques used to map the diffusion properties of water in
skeletal muscle. The first is the spin-echo echo-planar imaging sequence (SE-EPI),
a fast, movement-robust and intrinsically T2-weighted method, most commonly
used with Stejskal-Tanner diffusion encoding (Figure 6 (top)).76 The main challenge
for this method is to achieve sufficient diffusion weighting within reasonable echo
times since muscle tissue has a relatively short T2 relaxation time. The amount of
diffusion weighting is directly related to the b-value, a higher b-value generates
more diffusion weighting. A given b-value is dependent on the gradient amplitude
(g), gradient strength, the gyromagnetic ratio of the nucleus and the gradient
         ȋȟȌǤ 
two ways to increase diffusion weighting: higher gradient strength (g) or longer
gradient duration (Ɂ). (Figure 6) However, the maximal gradient strength on most
clinical scanners is limited due to subject safety limitations. In order to reach

19

1

Chapter 1

higher b-values one has to increase the gradient spacing or duration. Both of these
adjustments result in longer TE’s which has a high impact on Signal to Noise Ratio
(SNR) due to the muscle tissue’s short T2. An alternative approach is the Stimulated
Echo (STE) sequence which avoids the T2 decay by storing the magnetization in the
longitudinal plane, which causes the signal to be attenuated by T1 decay, and T1>T2
for all tissues.77 The 180-degree refocusing pulse is replaced by two 90-degree radio
frequency pulses which are separated by the mixing time (TM). (Figure 6 (bottom))
This results in a direct loss of approximately 50% of the signal but allows much
longer mixing times within the same echo time. These longer mixing times result in
the ability to probe longer distances which can be advantageous in larger structures.
A minimum of six non-collinear diffusion directions are necessary in order to quantify
the directionality of the diffusion within one individual voxel by calculating the
diffusion tensor. The tensor can be diagonalized to obtain three eigenvectors (v 1, v2,
v3Ȍ ȋɉ1ǡɉ2ǡɉ3). These eigenvalues are commonly
       Ǥ    ȋɉ1) represents the
direction in which diffusion is dominant. As such, in skeletal muscle this represents
diffusion along the fiber length; the first eigenvector defines the fiber orientation
        Ǥ    ȋɉ2) points
along a direction that is orthogonal to the first eigenvector (v1). The third eigenvalue
ȋɉ3) is orthogonal to both the first eigenvector (v1) and the second eigenvector (v2).
       ȋɉ1γ ɉ2 γ ɉ3) are equal, whereas when it is
 ȋɉ1 ηɉ2 γɉ3
 ɉ1 ηɉ2 η ɉ3). Radial diffusivity is the average of the second and third eigenvalue
ȋɉ2  ɉ3) and represents the average diffusion orthogonal to the dominant
direction. The radial diffusivity is thought to be most sensitive to changes in muscle
due to the elongated shape of the fibers. From these three eigenvalues two other
measures can be computed. The mean diffusivity (MD) is the average of the three
eigenvalues and reflects the average diffusion in tissue. The fractional anisotropy
(FA) is a dimensionless scalar index which varies between zero (isotropic) and one
(anisotropic) and reflects the amount of directionality in the tissue. 78,79 These five
measures are generally used to describe tissue microstructure and have been shown
to change with respect to age, gender, exercise, injury and disease; and to vary
between individual muscles.80-94 95
High quality data is essential to obtain reliable estimates of these DTI-based
parameters. However, reaching sufficient SNR is challenging in skeletal muscle due to
the tissue’s short T2, long T1 and relatively high diffusivity of water. Simulation studies
have evaluated the effect of SNR on the DTI parameter estimation. They predicted
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an underestimation of MD and the three eigenvalues, and an overestimation of FA
in low SNR data.80,89 In addition, changes in T2, often associated with muscle damage
may indirectly influence the DTI parameter estimation in the SE-EPI sequence due
to associated changes in SNR. Finally, simulation studies showed that the presence
of fat signal can result in an inaccurate DTI parameter estimation due to the fact
that fat has a diffusion coefficient two orders of magnitude lower than water. 96
This is particularly important in applications where there is a significant amount
of fat tissue present in the region of interest, such as in muscular dystrophies.
Multiple approaches have been investigated in order to suppress the effect of the
fat signal.97 One of the methods which generates good overall suppression of the
spectrum is a combination of a SPAIR pulse and a Slice Selective Gradient Reversal
(SSGR) technique both aimed at the main methylene and methyl fat peaks, together
with a second spectral suppression pulse aimed at the olefinic fat peak. (Figure 3)
Essential to keep in mind is that this method needs adjustments on the acquisition
side and is highly sensitive to B0 field inhomogeneities.96 Recently, a relatively new
method has been introduced which uses an arbitrary chemical-shift angle dual echo
Dixon method to perform image reconstruction of diffusion-weighted images with
suppression of the entire fat spectrum. 98 The SE-EPI sequence in combination with
the three-component fat saturation technique was used for all DTI measurements
in this thesis.

1.8 Phosphorous Magnetic Resonance Spectroscopy (31P MRS)
to assess energy metabolism
31

P MRS is a quantitative technique used to assess energy metabolism in skeletal
muscle either in rest or in non-steady state conditions. As mentioned previously,
this technique is based on the concept that nuclei of the same type, in this case
31
P, resonate at slightly different frequencies in different chemical environments,
due to minor differences in shielding exerted by the electron cloud. This gives rise
to a spectrum of frequencies which can be assigned to known metabolites. A 31P
spectrum of skeletal muscle contains a variety of peaks from (muscle) metabolites
including Inorganic Phosphate (Pi), Phosphocreatine (PCr), Phosphodiesters (PDE),
Phosphomonoesters (PME) and Adenine-Tri-Phosphate (ATP). An example of a
spectrum obtained in skeletal muscle at a 7T MR system is shown in figure 7.
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Figure. 1.7: Typical 31P spectra of the Soleus muscle of a healthy (adult) control subject.

Ratios between these phosphorous compounds can reflect for instance muscle
metabolic reserve and oxidative phosphorylation capacity. 99,100 In addition, the shift
in resonance between the Pi and PCr peak can be used to calculate the intracellular
tissue pH. These ratios and intracellular tissue pH slightly vary between the individual
muscles at rest.101,102
MRS measurements are commonly based on a simple free induction decay (FID)
readout without gradients during the spatial encoding which results in signal without
any spatial information. There are three ways commonly used to spatially localize
MRS data: surface coil localization, single voxel localization and spectroscopic
imaging. Surface coil localization is most commonly used for 31P MRS measurements
in skeletal muscle and is based on measuring one single FID for all the signal picked
up by the coil. This method is very fast and has short TE’s which is advantageous
since 31P compounds have relatively short T2 relaxation times. The sensitivity of
this method is highly influenced by the shape and size of the coil, and the signal
is weighted towards tissue located more closely to the surface. Consequently, the
signal obtained with this method is a mixture of multiple tissue types and has a
high inter-subject variability which needs to be considered when interpreting the
results. Secondly, there are single-voxel localization approaches which generate
rapid information from a well-defined small ROI with a relatively homogeneous
magnetic field. This method uses a combination of three slice-selective RF pulses
in orthogonal planes through which a signal arises at the intersection of these three
planes. This localization method is highly sensitive to the chemical shift displacement
artefact (CSDA), especially at high magnetic fields, and works less efficiently in
heterogeneous tissue types. In addition, the relatively long TE’s, pertinent to this
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method, in combination with the relatively short T2 times of the various phosphorous
compounds result in a lot of signal loss. 103 Lastly, there are Chemical Shift Imaging (CSI)
   Ƥ
magnets. The acquisition of this technique is based on a simple FID readout, spatially
localized in 1D, 2D or 3D by a combination of a single excitation pulse and phase
encoding steps. This technique is very well suited for heterogeneous tissue types, is
ƥ  
ǦƤǤ  ǡ  
31
P imaging. This imaging technique can be used to map PCr with high temporal and
spatial resolution compared to spectroscopy approaches. This is advantageous in
exercise settings and heterogeneous tissue types. However, this method is only aimed
at one or two resonances, which limits application possibilities.104 The 2D chemical
shift imaging method was used for all 31P MRS studies in this thesis.
There are a few general points which need to be considered when quantitatively
assessing energy metabolism with 31P MRS. First, one of the most essential points
for MRS in general is adequate shimming of the B0 field which has a direct relation
to SNR and linewidth. Generally, a drop in SNR and an increase in linewidth result in
a less accurate estimation of the area under curve and thus of the metabolite ratios.
These effects can be minimized by enforcing strict acceptance criteria that limit
spectra to minimum SNR and maximum linewidths to ensure proper quantification
and comparisons of energy metabolism among individuals. Second, the saturation
effect due to variation in T1 relaxation of the various phosphorus compounds needs
to be considered. In practice, the T1 relaxation times of 31P metabolites are too long
to allow complete saturation before the next excitation pulse. These relaxation
effects can be accounted for in post-processing using literature values, or by
measuring the full relaxation of the various compounds. They can also be reduced
during acquisition by using the Ernst angle for excitation. 103 Last, all individual
         ȾǦǤ 
quantification method assumes that muscle ATP is constant or at least is preserved
as long as possible in skeletal muscle. However, this might not always be the case.

1.9 Objectives of this thesis
The overall aim of this thesis was to combine various quantitative MR measurements
and to compare these between DMD patients and healthy age-matched controls,
both on a cross-sectional and longitudinal level, to generate a better understanding
of the underlying pathophysiology and ideally to explore the value of these MR
outcome parameters to monitor muscle tissue changes in a clinical setting. In order
to achieve this aim we:
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1.

2.

3.

measured muscle fat infiltration, inflammation, fiber architecture and
energy metabolism in healthy and diseased muscle on a cross-sectional and
longitudinal level.
combined these MR techniques to assess the effect of spatial localization,
data quality and confounding factors on the quantification process of MR
outcome measures.
combined these MR parameters to have a better understanding of the
underlying pathophysiology of DMD.

Thesis Outline
This thesis is divided into two main parts, preceded by an introduction and followed
by a general discussion. The first part focuses on the effect of methodological
factors such as data-quality, accurate spatial localization and confounding factors on
quantification of MR outcome measures in skeletal muscle applications. In chapter 2,
the effect of %fat, SNR and T2 changes on the DTI measurements in skeletal muscle
of DMD patients and healthy controls has been evaluated using multi-parametric
MRI. In chapter 3, the accuracy of spatial localization is stressed using 3-point-dixon
imaging for fat quantification along the proximodistal muscle axis in DMD patients.
In chapter 5, the effect of data quality, accuracy and reproducibility of quantifying
PDE-levels with 31P MRS was assessed in healthy control subjects. The second part
of this thesis is focused on the importance of combining various imaging techniques
in order to have a better understanding of the underlying pathophysiology in DMD
and to explore the value of MR measures to monitor muscle tissue changes. Chapter
3 assessed variations in muscle degeneration within individual leg muscles of DMD
patients. Chapter 4 presents combined qMRI and spatially-resolved (2D-CSI) 31P
MRS data of the leg muscles in DMD patients to determine metabolic changes and
inflammation in muscles with and without fat infiltration, to assess if metabolic
changes and inflammation vary in different stages of the disease process. Chapter
5 presents longitudinal and spatially resolved 31P MRS and qMRI data of lower leg
muscles that represent varying levels of muscle deterioration, aimed to assess
whether phosphodiester (PDE)-levels detected by 31P MRS could be a marker
for muscle tissue changes. In addition, the course of the other metabolic indices
over two-year time-period was assessed. Finally, chapter 6 aims to bridge the gap
between the research field and clinical practice by accelerating of sequences, as it
focuses on the implementation of a fast B1+ shimming technique to improve image
quality, in whole body imaging at 3T, without loss of essential scan time.
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