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Abstract

During the last decades magnetic resonance imaging (MRI) has become the imaging
modality of choice and an important tool in the diagnostic workup of patients with
neuromuscular diseases (NMD). This broadly defined group of rare and heterogenous
disorders presents with di↵erent symptoms, disease severity and ways of progression. As
the main pathological changes in the muscle tissue of patients with NMD are muscle
atrophy or hypertrophy, fatty infiltration and oedematous alterations next to remain-
ing healthy muscle tissue, MRI o↵ering high soft tissue contrast is a perfect tool for
diagnostics in these diseases.
In the clinical routine, mainly qualitative imaging techniques are used in order to get

insights into the pathological involvement patterns, narrow di↵erential diagnosis for ge-
netic testing, guide appropriate muscles for biopsy and monitor disease progression as
well as therapy e↵ectiveness. Due to the subjective character of assessment based on
qualitative imaging recently a lot of e↵ort has been invested in order to develop quanti-
tative magnetic resonance (MR) techniques revealing robust MR biomarkers. Thereby,
proton density fat fraction (PDFF) and T2 water (T2w) are currently seen as valuable
biomarkers to objectively determine fatty infiltration and oedematous changes. While
PDFF is a rather stable parameter based on chemical shift encoding-based water-fat
MRI, T2w reflecting the water mobility of the tissue is highly sensitive to changes in
the muscle microenvironment for example influenced by the amount of daily exercise.
However, particularly T2w is of high interest currently being seen as a maker for ”disease
activity” and therefore as a predictor for disease progression and therapy e↵ectiveness.
In the first journal publication magnetic resonance spectroscopy (MRS) is used to

gain deeper insights into T2w as a MR biomarker. In the work T2w was determined in
regions of higher fatty infiltration often being present in heterogeneously a↵ected muscles
of patients with NMD. Thereby, MRS o↵ers the possibility to chemically selectively
determine the T2 relaxation time of water in the muscle tissue. It was shown that T2w

is decreased with increasing fat content which has to be considered when interpreting
T2w measurements especially in the presence of fat. Additionally, the findings suggest
that it is crucial to take partial volume e↵ects into account when the region of interest
includes healthy, fatty and oedematous muscle tissue.
Besides the clean determination of T2w using MRS, this technique can not deliver spa-

tial resolution. Therefore, the second journal publication investigates the performance
of a novel T2w mapping technique based on a T2-prepared 3D turbo spin echo (TSE) se-
quence with spectral adiabatic inversion recovery (SPAIR) fat suppression. This method
not only o↵ers the possibility of T2w quantification directly at the acquisition side with-
out the need for further simulations, but also has the advantage of relatively minor B1
and B0 sensitivity. The purpose of this work was to investigate whether the T2-prepared
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3D TSE sequence with SPAIR enables the determination of robust and reliable T2w val-
ues in the presence of fat. Therefore Bloch simulations theoretically reflecting the signal
behavior of water and fat and in vivo measurements in patients with NMD compared
to the reference standard MRS and the standard T2 mapping sequence 2D multi echo
spin echo (MESE) were performed. The work shows that the T2-prepared 3D TSE with
SPAIR is a good alternative for T2w mapping in NMD.
The results of the present dissertation are based on a large-scale MR study in patients

with various acquired and hereditary NMD. The study enabled the further evaluation
of the important MR biomarker T2w and the investigation of the T2-prepared 3D TSE,
as a promising T2w mapping technique. The provided insights into T2w will be further
considered when interpreting its value as an MR biomarker. The T2w mapping technique
T2-prepared 3D TSE is and will be further applied in research studies and e↵ort is being
made to implement the technique in the clinical routine of patients with NMD.
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Syväri, E. Klupp, D. Weidlich, C. Zimmer, E. J. Rummeny, D. C. Karampinos,
J. S. Kirschke, and T. Baum. “Lumbar muscle and vertebral bodies segmen-
tation of chemical shift encoding-based water-fat MRI: the reference database
MyoSegmenTUM spine”. In: BMC Musculoskeletal Disorders 20.1 (2019), p. 152.

[J8] L. Schla↵ke, R. Rehmann, M. Rohm, L. A. M. Otto, A. de Luca, J. Burakiewicz,
C. Baligand, J. Monte, C. den Harder, M. T. Hooijmans, A. Nederveen, S.
Schlaeger, D. Weidlich, D. C. Karampinos, A. Stouge, M. Vaeggemose, M. G.
D’Angelo, F. Arrigoni, H. E. Kan, and M. Froeling. “Multi-center evaluation
of stability and reproducibility of quantitative MRI measures in healthy calf
muscles”. In: NMR Biomed 32.9 (2019), e4119.

[J9] E. Klupp, B. Cervantes, S. Schlaeger, S. Inhuber, F. Kreuzpointer, A. Schwirtz,
A. Rohrmeier, M. Dieckmeyer, D. M. Hedderich, M. N. Diefenbach, F. Freitag,
E. J. Rummeny, C. Zimmer, J. S. Kirschke, D. C. Karampinos, and T. Baum.
“Paraspinal Muscle DTI Metrics Predict Muscle Strength”. In: J Magn Reson

Imaging 50.3 (2019), pp. 816–823.

[J10] S. Inhuber, N. Sollmann, S. Schlaeger, M. Dieckmeyer, E. Burian, C. Kohlmeyer,
D. C. Karampinos, J. S. Kirschke, T. Baum, F. Kreuzpointner, and A. Schwirtz.
“Associations of thigh muscle fat infiltration with isometric strength measure-
ments based on chemical shift encoding-based water-fat magnetic resonance
imaging”. In: European Radiology Experimental 3.1 (2019), p. 45.

[J11] E. Burian, S. Inhuber, S. Schlaeger, M. Dieckmeyer, E. Klupp, D. Franz, D.
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1 Introduction

Neuromuscular imaging is subject to a constant development. In the 1980s and early
1990s computed tomography (CT) was introduced and used in the diagnostic workup
of patients with inherited or acquired neuromuscular disorders while, during the past
three decades, magnetic resonance imaging (MRI) emerged as the imaging modality of
choice for various neuromuscular diseases (NMD). Increasing availability and persistent
development of ever faster and more accurate acquisition techniques have been the key
factors for this progress. Today, MRI has almost completely replaced CT and is next
to ultrasonography increasingly relevant for diagnosis and therapy planning of patients
with NMD. [1, 2, 3, 4, 5, 6]
Magnetic resonance (MR) basically shows image contrast due to specific behaviour

of proton spins being bond in molecules such as water or fatty acids. Therefore, the
imaging contrast of MR images represents a tissue inherent property. [7]
In the clinical setting of imaging in NMD, primarily qualitative imaging techniques

are applied allowing a visual assessment of the muscle pathology. However, recently the
development and implementation of quantitative MR techniques is wildly fostered. In
course of the overall attempt towards quantitative imaging in modern radiology practice
also in the field of NMD novel advanced techniques have been introduced [5, 6, 8].
The Quantitative Imaging Biomarkers Alliance (QIBA) of Radiological Society of

North America (RSNA) has defined quantitative imaging and its advantages for modern
evidence-based medicine as following:

“Quantitative imaging is the extraction of quantifiable features from medical images

for the assessment of normal or the severity, degree of change, or status of a disease,

injury, or chronic condition relative to normal. Quantitative imaging develops, standard-

izes and optimizes: anatomical, functional and molecular imaging acquisition protocols,

data analyses, display methods, and reporting structures. These features permit the vali-

dation of accurately and precisely obtained image-derived metrics with anatomically and

physiologically relevant parameters, including treatment response and outcome, and the

use of such metrics in research and patient care.” [9]

In particular a lot of e↵ort is being invested in order to forward the development of
robust quantitative MR techniques such as magnetic resonance spectroscopy (MRS),
chemical shift encoding-based water-fat imaging, T2 water (T2w) mapping, perfusion
MRI and di↵usion MRI [5, 6] with the over all aim to advance them from mere research
studies to the clinical practice in the workup of patients with NMD. Thereby, quantitative
MR allows the extraction of MR biomarkers which characterize a tissue specific property
and provide insights about disease severity, progression and therapy e↵ectiveness [9, 8].
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1.1 Scientific and Clinical Relevance

Due to its non-invasiveness, possibility for whole-body assessment and lack of radiation
MRI has become an inevitable tool in the diagnostic workup of patients with NMD.
The high soft tissue contrast enables assessment of pathologies in the muscle tissue such
as atrophy or hypertrophy, fatty infiltration and oedematous alterations. Additional to
the neurological examination, functional neurophysiological tests and laboratory results
MRI is used to guide biopsies, narrow the di↵erential diagnoses for subsequent genetic
testing and monitor disease progression as well as therapy e↵ectiveness. [3, 4, 5, 10, 6,
8, 11]
The traditionally used MRI techniques in the field of NMD are mainly T1-weighted

sequences and T2-weighted sequences with additional fat suppression [4, 12, 13, 5, 14, 6].
Due to the assessment based on relative contrast a qualitative, subjective interpretation
of the pathologies and therefore less accurate intra- and inter-rater agreement are com-
mon [15]. Additionally, the monitoring of disease progression or therapy success, mostly
reflected through subtle changes in the imaging contrast, is challenging [8]. Despite the
introduction of semi-quantitative rating scales with the attempt to render assessment
of pathologies based on qualitative imaging more comparable [16, 4, 17, 14, 18], these
techniques remain highly dependent on the reader’s judgement. Therefore, a lot of e↵ort
is being invested in the establishment of objective, robust, quantitative MR biomarkers
in the field of NMD [5, 6, 8]: (i) proton density fat fraction (PDFF) as a biomarker
for fatty infiltration [19, 20] and (ii) T2 water (T2w) as a biomarker for oedematous
alterations [21, 22, 23, 24].
Chemical shift encoding-based water-fat MR measurements allow the extraction of

PDFF, a rather stable tissue property representing the concentration of the MR visible
lipid concentration in the tissue of interest [25, 20].
A far more dynamic and hence unstable biomarker is T2w. It represents the water

mobility in the muscle tissue and increases in a variety of circumstances with higher
water content such as inflammation, necrosis, denervation or exercise. Currently, T2w is
being seen as a marker for ”diseases activity” in the context of NMD and as a predictor
for later degenerative changes such as fatty infiltration in the muscle tissue. Hence
T2w is a promising biomarker for early diagnosis and assessment of disease severity and
progression as well as monitoring response to treatment. [26, 27, 28, 21, 10, 29, 6, 22,
24, 30, 8, 31]
However, the assessment of T2w is di�cult mainly because of two challenges. On the

one hand, the variety of physiological and pathological circumstances leading to T2w al-
terations [22, 8], renders a definite interpretation of the observed alterations challenging.
On the other hand T2w is technically di�cult to determine using MR imaging sequences.
The measurement of T2w is sensitive to B1 and B0 inhomogeneities that lead to an in-
accurate application of radio frequency (RF) pulses [32, 33, 34, 35, 36, 10]. The longer
T2 of surrounding, unsuppressed fat leads to an overestimation of the T2w value of the
tissue [37, 38, 39, 40, 41, 22, 8, 31].
Thus, there is a high need for research on the behaviour of T2w in di↵erent diseases,

progression states, muscles and surrounding micro environmental conditions [8] and on

2



1 Introduction

imaging techniques providing a robust T2w quantification. This is important, so that a
correct interpretation of T2w values in the context of NMD can be achieved and T2w can
be precisely used as a biomarker.
As patients with NMD typically show fatty infiltration next to healthy or oedematous

muscle tissue [31], particularly the behaviour of T2w in the presence of surrounding fat is
of high relevance. As fatty infiltration is next to field inhomogeneities a main confounding
e↵ect for a robust T2w quantification imaging technique, T2w mapping techniques that
are insensitive to all of these confounding e↵ects are needed. However, both problems
have not been su�ciently solved yet.

1.2 Thesis Purpose

The present work represents a valuable contribution to bridge the gap from research to
the clinical application of T2w as a diagnostic parameter in NMD. To archive this, the
behaviour of the biomarker T2w was evaluated in the presence of fatty infiltration which
is a common pathology in the skeletal muscles of patients with NMD. More specifically,
the purpose of the present work was twofold:

(i) Understanding the physical behaviour of the biomarker T2w in skeletal muscles
with di↵erent degrees of fatty infiltration is crucial for a further clinical application
in the field of NMD. Therefore, the purpose of this study part was to assess T2w

in a large-scale study using the reference standard measurement technique MRS,
to reveal details about the behaviour of T2w in the proximity of fat.

(ii) To determine T2w as a reliable biomarker in the context of NMD the underlying
sequence needs to be robust towards field inhomogeneities and fat in the surround-
ing tissue as confounding factors. The recently presented T2-prepared 3D turbo
spin echo (TSE) sequence with spectral adiabatic inversion recovery (SPAIR) fat
suppression potentially provides quantitative information in a clinically feasible
scan time with relatively low sensitivity to field inhomogeneities [42, 43]. In this
study part the performance of the T2-prepared 3D TSE with SPAIR was analysed
in the presence of fatty infiltrations.

Summarizing, the present dissertation contributes to the overall attempt of a clinical
implementation of quantitative imaging techniques in the field of NMD.

1.3 Thesis Structure

In the present cumulative dissertation, the clinical and technical background of the two
embedded journal publications are described. Furthermore, the dissertation gives an
overview of the literature and discusses the findings of the journal publications in this
context.
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1 Introduction

Chapter 2 gives an overview of NMD, their clinical presentation, treatment options
and the common diagnostic workflow in the clinical routine. Chapter 3 o↵ers insights
into anatomy and physiology of healthy skeletal muscle tissue and typical histopatholog-
ical findings in diseased muscle tissue with concentration on those being of interest for
neuromuscular imaging. A summarization of MRI in NMD is being provided in chapter
4 dealing with qualitative and quantitative techniques as well as going into detail about
the MR biomarkers PDFF and T2w. In chapter 6 the two embedded journal publications
are presented highlighting the author’s contribution to the work, respectively. At the
end in chapter 7, a brief review of the existing literature as well as a discussion of the
two journal publications concentrating on novelty, impact, limitations and perspectives
of the present work are given.
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2 Neuromuscular Diseases

NMD represent a relatively rare, heterogeneous and broad group of hereditary or ac-
quired disorders with malfunction of the muscle tissue itself, or pathologies of the neu-
romuscular junctions, the muscle-innervating nerves or the anterior horns of the spinal
cord [44, 45, 46]. According to a classification by Walton et al. approximately 800 dif-
ferent NMD are known [47]. A rough classification distinguishes between

(i) muscular dystrophies, showing progressive, genetically determined degeneration of
muscle fibres,

(ii) congenital myopathies with innate muscle weakness and limited muscle function,

(iii) myotonic disorders and periodic paralysis due to ion channel defects,

(iv) inflammatory myopathies with subacute or chronic muscle weakness due to inflam-
matory alterations of the muscle tissue,

(v) metabolic myopathies due to enzyme deficiencies,

(vi) mitochondrial diseases with defects in the muscles’ mitochondria,

(vii) myopathies in the course of endocrinological disorders,

(viii) toxic myopathies due to e. g. medication or alcohol,

(ix) neuromuscular junction diseases with defect signal transmission between nerves
and muscles,

(x) spinal muscular atrophy with degeneration of anterior horn cells of the spinal cord
and motor cranial nerves, and

(xi) amyotrophic lateral sclerosis and other motor neuron diseases, in which first and/or
second motor neurons are a↵ected,

(xii) neuropathies, with a↵ection of peripheral nerve fibres [48].

Usually, periodic or permanent muscle weakness or premature muscle fatigue are the
most prominent symptoms, however patients present to clinics with a variety of symp-
toms including myalgia, myotonia, muscle spasm, cramps, fasciculations, muscle atrophy,
hypertrophy or pseudo hypertrophy, muscular hypotonia, myoglobinuria and/or cardiac
involvement. Numbness or paraesthesia are present when the peripheral sensitive nerves
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2 Neuromuscular Diseases

are a↵ected. Thereby on the one hand, di↵erent NMD di↵er on clinical symptoms,
patterns of involvement and additional findings such as specific laboratory results. On
the other hand, heterogeneous disease pathologies might show a rather similar clinical
presentation. [48]
Time of disease onset di↵ers wildly between di↵erent disorders and could be between at

birth and late adulthood. Also, severity of a↵ection and progression vary tremendously
from one disease to another eventually leading to e.g. loss of ambulation or respiratory
failure. [49]
Nowadays treatments for inflammatory diseases of the muscle tissue, the nerves and

the neuromuscular junctions are established in the clinical routine. Also for several
hereditary disorders drugs targeting the underlying pathology are already existing or
currently being developed and evaluated in large-scale drug studies, such as enzyme
replacement, antisense oligonucleotide or gene replacement therapy. Additionally, sup-
portive treatment such as physiotherapy, ergotherapy, speech therapy and respiratory
support are helping to increase the patients’ quality of live substantially. [50, 51, 52, 53,
54, 55, 56, 57, 58, 59, 60, 61, 62, 63]
In order to o↵er appropriate and e↵ective therapy an exact classification of the un-

derlying NMD is crucial and specific diagnostics have to be performed. The complex
diagnostic process in NMD has been mainly driven by neurological examination to de-
termine the clinical phenotype, neurophysiological assessments and laboratory tests in
order to narrow the underlying pathology as well as to plan further diagnostic tests such
as diagnostic muscle biopsies and genetic analysis [48]. In recent years, latter gained
increasing importance in the diagnostic pathway of hereditary NMD passing mere mus-
cle biopsies as basis for a diagnosis. The discovery of various new genetic abnormalities
associated with inherited NMD enabled new insights into the underlying pathologies and
helped further understanding of these heterogeneous disorders as well as forwarding new
therapies. [5, 8].
However, genetic mutation analysis still remains complex and requires narrowing of the

di↵erential diagnosis in order to enable determination of the clinically relevant pathogenic
changes. Furthermore, accurate information about diseases progression and response to
treatment is needed and still lacking in most scenarios [24].
That is why neuromuscular imaging is becoming increasingly important as a tool for

describing the pattern and degree of muscle involvement and nowadays muscle imag-
ing techniques are a fixed component in the clinical routine of patients with NMD.
Thereby, neuromuscular imaging is supposed to confine the complex range of di↵erential
diagnoses, to support the clinical diagnosis, to guide interventional procedures such as
muscle biopsies, to focus genetic analysis, and to monitor disease progression as well as
therapy e↵ectiveness. [5, 8]
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3 Skeletal Muscle Tissue

Regardless of the underlying pathophysiology most NMD show an a↵ection of the muscle
tissue leading to symptoms of impaired muscle function and/or muscle pain. In order
to understand the pathophysiological processes behind the clinical symptoms and the
appearance of muscle tissue in imaging of NMD a profound knowledge of the healthy
skeletal muscle anatomy as well as of characteristic histopathological changes in the
muscle tissue related to NMD are inevitable.

3.1 Anatomy and Physiology of Healthy Skeletal Muscle Tissue

Muscle tissue enables active contraction. Two types of muscle tissue, striated and smooth
muscle tissue, can be distinguished in the human body. In contrast to smooth muscle
tissue representing the basis of the intestines and vessels, striated muscle tissue of the
skeletal muscles and the heart exhibits repeating functional units called sarcomeres.
Skeletal muscle consists of muscle fibres, supplying blood vessels, innervating nerves, and
connective tissue. A muscle fibre is a large cell, structured as a syncytium with multiple
nucleoli arranged close to the cell membrane, termed sarcolemma. The sarcolemma forms
several invaginations into the muscle cell enabling an e�cient signal transduction. The
muscle cell itself contains cytoplasma, termed sarcoplasma, regular cellular structures
such as mitochondria and nucleoli as well as functional units called myofibrils. The
myofibrils are composed of the myofilaments actin (thin) and myosin (thick) (Fig. 3.1).
The interaction of latter is crucial for the active muscle contraction and their regular
alignment as units termed sarcomeres causes the striated, alternating dark and bright
appearance of skeletal muscle tissue under the light microscope (Fig. 3.2). [48, 64]
Skeletal muscle is wrapped in fascia and subjacent epimysium both made out of con-

nective tissue. Connected with the epimysium is the perimysium which is infiltrating
the muscle and forming connective tissue bundles. The individual muscle fibre is sur-
rounded by endomysium a thin layer of connective tissue. This organization is crucial
for the structural integrity during contraction. (Fig. 3.3) [48, 64]
As skeletal muscle tissue has to fulfil di↵erent requirements in order to allow appro-

priate contraction, in general two muscle fibre types with di↵erent functionalities are
known. Due to di↵erences on the cellular level one can distinguish between slow-twitch
(typ I) fibres enabling slow, long lasting contractions and fast-twitch (type II) fibres
enabling short, powerful contractions. Every skeletal muscle consists of type I and type
II fibres, respectively. [48]
Several hundred muscle fibres are innervated by one motor neuron originating from

the spine forming a so-called motor unit. The strength of contraction is being controlled
by the amount of recruited motor units. [48]
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3 Skeletal Muscle Tissue

Figure 3.1: A single muscle fibre consists of several myofibrils composed of actin and
myosin which are forming a functional unit. Figure according to [64].

Figure 3.2: Histological assessment of healthy skeletal muscle tissue with nucleoli ar-
ranged near the sarcolemma. The typical striated appearance is clearly vis-
ible. Hematoxylin and eosin stain. Figure according to Joyce et al. [65].

Individual skeletal muscles di↵er with regard to their function, but also with regard to
their vulnerability towards pathogenic influences. That is the reason why di↵erent NMD
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3 Skeletal Muscle Tissue

Figure 3.3: The three connective tissue layers epimysium, perimysium and endomysium
organize skeletal muscles by structuring them in muscle fascicles and muscle
fibres. Figure according to [64].

show di↵erent, however often disease characteristic patterns of involvement, respectively.
[48]

3.2 Pathological Changes in Diseased Skeletal Muscle Tissue

Histopathological examination gives insights into structural changes of diseased muscle
tissue. Thereby a similar histopathological finding can occur due to di↵erent underlying
pathophysiologies. Several findings might be indicative for a specific disease. However,
usually only the combined interpretation of various di↵erent histopathological findings
helps to guide diagnosis, referred to as myopathological syndrome. Di↵erent histopatho-
logical changes of the muscle tissue in patients with NMD are known: (i) characteristic
structural changes of the muscle fibres themselves such as atrophy, hypertrophy, muscle
fibre type grouping, abnormal nucleus arrangement, necrosis, and numerous others, (ii)
fatty infiltration, (iii) endomysial fibrosis (iv) oedematous alterations and a↵ection of
intramuscular blood vessels, and (v) changes of nerve-related structures. The combi-
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3 Skeletal Muscle Tissue

nation of specific pathologies of the muscle architecture are indicative for a myopathic,
myositic or neurogenic syndrome, respectively. [48]
Furthermore, it is important to be aware of the dynamic character of striated muscle

tissue, being influenced not only by pathological changes but also by physiological factors
such as exercise, age and gender [66].
Atrophy or hypertrophy, fatty infiltration and oedematous alterations are currently

among the pathologies of utmost interest for neuromuscular imaging. Therefore, they
are discussed in more detail in the following.

3.2.1 Atrophy and Hypertrophy

Atrophy and hypertrophy can either a↵ect only single muscle fibres or have influence on
the whole muscle volume (Fig. 3.4) [48, 6]. Atrophy and hypertrophy can be assessed
by routinely performed imaging techniques.

Figure 3.4: Histopathological assessment of a dermatomyositis patient’s muscle biopsy.
The disease characteristic atrophy of the muscle fibres at the periphery of
fascicles (perifascucular) is prominent. Nicotinamide adenine dinucleotide
stain. Figure according to Joyce et al. [65].

3.2.2 Fatty Infiltration

In advanced disease stages the NMD patients’ muscles typically show a significant in-
crease of interstitial fat content up to replacement of the whole functional muscle tissue
by fat (Fig. 3.5). In general, fatty infiltration of muscle tissue occurs in various condi-
tions such as ageing, muscle inactivity, disuse, as side e↵ect of e. g. steroid medication,
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3 Skeletal Muscle Tissue

and in NMD. It can either occur locally or di↵usively. Imaging of the patients’ mus-
cles enables the determination of a fatty infiltration involvement pattern which is fairly
specific for the underlying disease and therefore can narrow the di↵erential diagnosis
in the field of NMD. While fatty infiltration in elderly people occurs rather symmetri-
cally and homogeneously in almost all skeletal muscles, in patients with NMD it is more
heterogeneous and usually di↵erent muscle groups are involved. [6]

Figure 3.5: Histopathological assessment of an end stage muscle showing an almost com-
plete replacement of muscle fibres by fatty infiltration. Figure according to
Joyce et al. [65].

Fatty infiltration is often accompanied by muscle atrophy. Recent research raised
the suspicion that fatty infiltration might inversely correlate with muscle strength [67,
68]. The amount of functional muscle tissue without fatty infiltration is an indicator for
remaining muscle strength [69].

3.2.3 Oedematous Alterations

An increase of extra- and/or intracellular water content, referred to as oedematous al-
terations, might occur focally in a single muscle or di↵usively involving di↵erent muscle
groups, as in rhabdomyolysis. Several di↵erent, rather unspecific circumstances lead
to an increase of muscle water content such as inflammation, necrosis, dystrophic cell
lesions, denervation, or tumours. Physiologically, muscle oedema might also be present
after exercise of moderate to high intensity. In patients with NMD exercise might even
enhance pre-existing oedematous alterations. Currently, muscle oedema is seen as the
imaging correlate to histopathological loss of muscle fibre integrity accompanied by in-
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3 Skeletal Muscle Tissue

creased water content and invasion of inflammatory cells (Fig. 3.6). That is the reason
why muscle oedema is currently being understood as the first pathological manifestation
and therefore as an early imaging sign before degeneration of muscle fibres with sub-
sequent replacement by fat and connective tissue. Muscles showing oedema in imaging
are preferably chosen as biopsy sides in order to obtain tissue with active disease, which
might enable an early diagnosis and hence prompt therapeutic intervention. [70, 5, 6,
22, 8]

Figure 3.6: Histopathological assessment of a polymyositis patient’s muscle biopsy. En-
domysial inflammatory cells (arrow) are prominent. Hematoxylin and eosin
stain. Figure according to [71].
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4 Magnetic Resonance Measurements in
Neuromuscular Diseases

MR measurements provide a high soft tissue contrast in various anatomies of the human
body. As the main morphological changes in diseased muscle tissue of patients with NMD
are mainly muscle atrophy or hypertrophy, fatty infiltration and oedematous alterations,
MR measurements are a valuable diagnostic tool in this field. MRI enables excellent
assessment of skeletal muscles regarding their shape, volume and tissue architecture.
Signal intensity and hence brightness of di↵erent tissue types on MR images, referred to
as MR image contrast, originate from di↵erences in spin behaviour of protons in fat and
water molecules. Specific MR sequences are sensitive to the fat content or to changes in
the hydration level of the tissue. Consequently, these MR techniques are appropriate for
assessment of fatty infiltration and oedematous changes of skeletal muscle tissue. Also
because of its non-invasive character and the possibility of whole-body imaging, MRI is
a valuable diagnostic tool in the clinical assessment of NMD next to the neurological
examination, neurophysiological assessments, laboratory results, and genetic analysis.
[3, 4, 5, 6, 8]
Routinely, MR sequences in muscle imaging in NMD are performed in the axial plane.

Thereby, especially whole-body imaging enables detection of pathologies of muscles in
unusual and therefore unexpected locations and allows an almost complete description
of the muscle involvement pattern. The lack of ionising radiation renders MR techniques
particularly interesting for the examination of children or for longitudinal imaging stud-
ies with multiple acquisitions. Additional advantages of MR measurements are the
possibility of high-resolution imaging and multi-parametric tissue analysis with di↵erent
contrast techniques. [5, 6]
MRI can help to describe pattern and degree of muscle involvement, focus appropriate

genetic analysis, to determine muscle biopsy sides and to monitor disease progression
and response to treatment. Therefore, MR techniques are widely used in patients with
suspected and proven neuromuscular disorders [10, 4, 5, 11, 6, 8, 3].
In general, MR techniques for imaging of NMD can be subdivided into on the one

hand conventional qualitative imaging techniques (section 4.3) which are routinely used
in clinics and on the other hand quantitative measurement techniques (section 4.4).
Qualitative techniques provide so-called weighted images and the image contrast of tis-
sues and pathologies can be visually assessed by the reader. Whereas, quantitative
techniques try to determine tissue parameters and therefore are more objective and po-
tentially more accurate then qualitative sequences. Quantitative techniques o↵er new
insights into pathological changes of the muscle tissue by providing absolute biomarkers
for pathological changes. Hence, development of quantitative MR measurement tech-
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4 Magnetic Resonance Measurements in Neuromuscular Diseases

niques has been brought forward during the last years. Quantitative MR methods are
currently mainly used in research studies, however their clinical implementation is highly
desirable and being forwarded. [5, 6, 8]

4.1 Excursus: Relaxation

Crucial for understanding the following sections 4.3 and 4.4 and the described MR signal
behaviour of sequences are the terms T1 and T2 relaxation time.
Thereby the T1 relaxation time, also called spin-lattice (longitudinal) relaxation, is a

tissue specific parameter indicating the time proton spins need to return from the trans-
verse magnetization plane to their starting magnetization on the longitudinal axis after
excitation. The realignment to the longitudinal direction is caused by interactions of the
spins with surrounding tissue, the lattice. Whereas the T2 relaxation time, also called
spin-spin (transverse) relaxation, is a tissue property for the loss of phase coherence in
the transverse plane due to interactions between neighbouring spins. These interactions
are due to slightly di↵erent processional frequencies of the spins leading to slightly dif-
ferent magnetic fields that the neighbouring spins are experiencing, respectively. Both
relaxation parameters influence the amount of MR signal present in a specific sequence
and consequently influence the signal contrast. In general, T2 is shorter than T1. Table
4.1 gives an overview of T1 and T2 relaxation times of skeletal muscle tissue and fat at
main magnetic field strengths of 1.5 T and 3 T. [7]

T1 [ms] T2 [ms]
Tissue 1.5 T 3 T 1.5 T 3 T
Muscle 1075 898 33 29
Fat 200 382 - 68

Table 4.1: T1 and T2 relaxation times of skeletal muscle tissue and fat at 1.5 T and 3 T
[7].

As skeletal muscle tissue has a high water content and water and fat have very di↵erent
T1 relaxation times, T1-weighted contrast sequences can be used to distinguish between
healthy muscle tissue and fatty infiltration. The parameter T2 is sensitive to the amount
of water in skeletal muscle and is therefore a desirable parameter to investigate oedema
indicating an increased water content. However, for an accurate assessment of T2 the
specially designed sequence has to be insensitive to the relaxation parameter T1 and to
fatty infiltration to obtain an una↵ected measure of the hydration state of the tissue.
For example, this can be realized by long repetition times in a spin echo acquisition and
fat suppression techniques.
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4 Magnetic Resonance Measurements in Neuromuscular Diseases

4.2 Excursus: Chemical Shift

Crucial for understanding in particular the sections 4.4.1, 4.4.3 and 4.4.4 is the term
chemical shift.
Protons in the water molecule and protons with di↵erent chemical microenvironments

in triglyceride molecules experience slightly di↵erent magnetic field strengths due to
di↵ering electron clouds and therefore di↵erent chemical shielding. This leads to di↵ering
resonance frequencies of the protons in di↵erent molecules such as water or triglycerides,
referred to as chemical shift. In large molecules as triglycerides, the chemical shift can
lead to a complex MR frequency spectrum with di↵erent peaks corresponding to di↵erent
locations of the protons. In less complex molecules as water only one frequency peak
is present. Based on the frequency spectrum consequently di↵erent molecules can be
distinguished in a MR experiment, hence a decomposition of di↵erent protons based on
the chemical shift is possible. The chemical shift in the resonance frequency is mostly
expressed as a fraction of the main resonance frequency in parts per million (ppm).
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4 Magnetic Resonance Measurements in Neuromuscular Diseases

4.3 Qualitative MR Measurements

The routinely in clinics performed MR imaging techniques in the diagnostic workup of
patients with NMD enable a qualitative assessment of the patients’ muscle pathologies
fatty infiltration and oedematous alterations [4, 12, 13, 5, 14, 6].

4.3.1 T1-Weighted and T2-Weighted Imaging

Fatty infiltration is evaluated based on T1-weighted imaging [4, 5, 6]. In this case, the
contrast is obtained by the di↵erence in T1 relaxation time between muscle tissue and fat
[7]. Oedematous alterations are assessed with T2-weighted imaging with fat suppression
techniques such as short tau inversion recovery (STIR) [12, 13, 5, 14, 6]. In this case
the contrast is obtained by the di↵erence in T2 relaxation time between healthy and
oedematous skeletal muscle tissue without the confounding factor of fatty infiltration
[7].
In order to generate images with bright fat signal T1-weighted sequences are used (Fig.

4.1). In the applied sequences the inherent T1 relaxation time is inversely related to the
brightness of the tissue on the image. Fat having a short T1 relaxation time appears
brighter on T1-weighted images than water with a longer T1 relaxation time. Due to
short repetition times (TR), the T1-weighted images can be rapidly acquired. [4, 5, 6,
7]
In order to depict oedematous alterations of the muscle tissue, representing increased

fluid content of intracellular or extracellular water, T2-weighted TSE sequences with
STIR can be used (Fig. 4.1). The T2-weighting leads to a qualitatively brighter appear-
ance of tissue with inherently longer T2 relaxation time than of tissue with short T2.
As oedematous muscle tissue has a higher water content than healthy muscle tissue, the
increasing water content leads to a longer T2 relaxation time. Because fat also has a long
T2 relaxation time and is most of the time simultaneously present in patients with NMD,
a robust suppression of fat is additionally needed for correct assessment of oedematous
changes. In qualitative skeletal muscle imaging STIR is a widespread technique for fat
suppression due to its insensitivity to field inhomogeneities leading to a homogenous
suppression of the fat signal. STIR uses an inversion recovery pulse to invert water and
fat. Due to the inherently shorter T1 relaxation, the fat signal recovers fast after the
inversion pulse. The acquisition of the T2-weighted imaging starts exactly when the fat
signal is nulled and is therefore acquired without influence of the fat signal. However,
it has to be paid attention to the fact, that every tissue within the range of the same
T1 relaxation time as fat will be attenuated during signal acquisition. Furthermore,
di↵erent fat peaks have di↵ering T1 relaxation times, hence a complete suppression of
the whole fat spectrum is challenging. The appropriate inversion recovery time (TI)
depends on the T1 relaxation time of the tissue to be suppressed. Other fat suppression
techniques use spectral information for suppression of the fat signal for example spectral
adiabatic inversion recovery (SPAIR). However, the spectrally resolved suppression of
di↵erent fat peaks is sensitive to B0 errors and not suppressing the olefinic fat peak
which is in proximity to the water peak. Hyperintensities on T2-weighted STIR images

16



4 Magnetic Resonance Measurements in Neuromuscular Diseases

Figure 4.1: Representative whole-body T1-weighted and T2-weighted sequences with fat
suppression in a severely a↵ected patient with limb girdle muscular dystrophy
type 2A (LGMD2A). Figure according to Schlaeger et al. [15].

are seen as an indicator for higher water content of the tissue and therefore for oedema
in the muscle tissue. The T2-weighting of TSE sequences requires long scan time as the
T2-weighting requires long echo times (TE) and a low influence of T1 requires long TR.
[72, 12, 13, 5, 14, 6, 41, 7]
Combing the assessment of fatty infiltration and oedematous alterations in one single

imaging sequence can be achieved by a T2-weighted Dixon TSE sequence (Fig. 4.1)
[15]. As basis for the fat and water contrast this sequence utilizes the Dixon tech-
nique, a chemical-shift imaging method proposed by Dixon which enables the calcula-
tion of separated fat and water images [73]. In this specific sequence, which is combining
T2-weighting and Dixon, T2-weighted fat images (to assess fatty infiltration) and T2-
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weighted water images (to assess oedematous changes) are obtained. The underlying
mechanism of chemical shift imaging is explained in more detail in section 4.2. The
simultaneous assessment of the two pathological changes yields several advantages such
as a more time e�cient scanning procedure which is particularly of interest in a whole-
body assessment, the especially to motion more robust fat separation based on the Dixon
technique compared to fat suppression using STIR and the simultaneous acquisition of
water and fat images which facilitates the implementation of automatic ways of muscle
segmentation due to the co-registered water and fat images [15].

4.3.2 Semi-quantitative Rating

In order to enable a more comparable assessment of pathological changes based on
qualitative imaging several semi-quantitative visual rating scales for fatty infiltration
and oedematous changes have been established.
Mercuri et al. [4], Kornblum et al. [16], and Fischer et al. [17] developed slightly

di↵erent rating scales which can be used in order to visually rate the degree of fatty
infiltration in a single muscle. Table 4.2 gives on overview of the respective rating scales.
Also for assessment of muscle oedema several rating scales have been introduced and

are used in clinical and research set ups. Table 4.3 presents exemplary rating scales for
oedematous alterations by Morrow et al. [18] and Poliachik et al. [14].
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Grade Mercuri et al. Kornblum et al. Fischer et al.
0 Normal appearance Normal appearance
1 Normal appearance Discrete moth-eaten ap-

pearance with sporadic
T1 hyperintense areas

Mild: traces of in-
creased signal intensity
on the T1-weighted
MRI sequences

2 Mild involvement:
Early moth-eaten ap-
pearance with scattered
small areas of increased
signal or with numer-
ous discrete areas of
increased signal with
beginning confluence,
comprising < 30 %
of the volumen of the
individual muscle

(a) Moderate moth-
eaten appearance with
numerous scattered T1

hyperintense areas
(b) Late moth-eaten
appearance with nu-
merous confluent T1

hyperintense areas

Moderate: increased
T1-weighted signal in-
tensity with beginning
confluence in < 50 % of
the muscle

3 Moderate involve-
ment: Late moth-eaten
appearance with nu-
merous discrete areas
of increased signal with
beginning confluence,
comprising 30 - 60 %
of the volume of the
individual muscle

Complete fatty degen-
eration, replacement of
muscle by connective
tissue and fat

Severe: increased T1-
weighted signal inten-
sity with beginning con-
fluence in > 50 % of the
muscle

4 Severe involvement:
Washed-out appear-
ance, fuzzy appearance
due to confluent areas of
increased signal, or an
end-stage appearance,
with muscle replaced by
increased-density con-
nective tissue and fat,
and only a rim of fas-
cia and neurovascular
structures

End-stage appearance,
entire muscle replaced
by increased-density
connective tissue and
fat

Table 4.2: Semi-quantitative scales for a visual rating of fatty infiltration in a↵ected
muscles published by Mercuri et al. [4], Kronblum et al. [16], and Fischer et
al. [17].
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Grade Morrow et al. Poliachik et al.
0 Absence of intramus-

cular hyperintensity on
STIR images

1 Mild intramuscular hy-
perintensity on STIR
images

Myoedema absent

2 Definite intramuscular
hyperintensity on STIR
images

Slight, interfascicular
myoedema

3 Slight, interfascicular,
segmental myoedema of
individual muscle

4 Slight, interfascicular,
global myoedema of in-
dividual muscle

5 Moderate, interfas-
cicular, segmental
myoedema of individual
muscle

6 Moderate, interfascicu-
lar, global myoedema of
individual muscle

Table 4.3: Semi-quantitative scales for a visual rating of oedematous alterations in af-
fected muscles published by Morrow et al. [18] and Poliachik et al. [14].

Rating scales enable a more objective and inter-/intra-rater comparable assessment of
the pathological changes compared to mere subjective description of the muscle tissue
architecture and can for example be used in order to create heatmaps in which each
rating score is depicted with an appropriate colour intensity, respectively [74]. Such
heatmaps enable a fast overview of the patients’ muscle involvement pattern (Figure
4.2).
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Figure 4.2: Representative heatmap visualizing the lower limb muscle involvement in
patients with neutral lipid storage disease (NLSD). For the scheme the five-
point Fischer et al. scale for fatty infiltration was used [17]. Figure according
to Garibaldi et al. [74].

Still, assessment of muscle pathology using semi-quantitative rating scales remains
dependent on the reader’s judgement. Therefore, it remains challenging to compare
among di↵erent acquisition times, centres, scanners and readers. The ratings can be
prone to artefacts in the acquisition and only represent a rough classification of the
pathologies. Additionally, an automated assessment based on semi-quantitative rating
is challenging as it requires quite some manual input. Quantitative imaging techniques
promise to overcome these disadvantages.
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4.4 Quantitative MR Measurements

In addition to qualitative imaging sequences, recently a lot of e↵ort is being invested in
the development of quantitative MR techniques in the field of NMD [75, 76, 77, 78, 5,
6, 8]. Particularly in the age of evidence based medicine, robust, objective biomarkers,
independently assessable from the patient’s collaboration are essential [49].
Hence the move towards quantitative methods leads to more profound diagnosis and

treatment decisions. Biomarkers based on quantitative MR techniques allow detection
of subtle changes which is crucial for an early diagnosis and start of therapy intervention
as well as the basis for longitudinal research studies. [79, 80, 81, 82, 83, 84, 85, 8]
In contrast to qualitative MR techniques where the signal intensity is a relative param-

eter and prone to confounding e↵ects, quantitative MR measurements generate absolute
values representing a tissue property.
Quantitative MR techniques allow the definition of MR biomarkers. In order to render

a biomarker useful for the application in clinics it has to measure a clinically relevant
quantity. A biomarker has to be accurate, precise, robust, and reproducible. Su�-
cient accuracy ensures, that the biomarker predicts the quantity it is supposed to mea-
sure, thus the results match with the reference standard. Precision describes the inter-
and intra-patient repeatability of the biomarker. A robust biomarker is insensitive to
changes in the acquisition setup. Last but not least biomarker measurements should be
reproducible, hence independent from di↵erent scanner platforms, acquisition days, field
strengths, operators and readers. A biomarker fulfilling all these requirements enables
assessment of pathological changes for therapy monitoring, longitudinal studies and al-
lows patients to bring results from earlier examinations with a di↵erent setup or even
from another hospital. Thus the definition of standardized biomarkers and the develop-
ment of quantitative techniques to determine these biomarkers are critical for research
and clinical use. Biomarkers allow a precise comparison to other quantitative clinical
measurements such as muscle strength, laboratory results or functional scores. [20]
In the following the quantitative MR biomarkers PDFF representing fatty infiltration

(section 4.4.1) and T2w representing oedematous alterations (section 4.4.2) are being
described. Additionally, the MR acquisition technique single-voxel 1H MRS (section
4.4.3) as well as the imaging techniques chemical shift encoding-based water-fat MRI
(section 4.4.4) and T2w mapping (section 4.4.5) are being explained in more detail.
Figure 4.3 shows representative PDFF and T2w maps.

4.4.1 The Quantitative Biomarker Proton Density Fat Fraction

PDFF is the MR biomarker for tissue fat concentration which is broadly accepted and
recommended in the MR community. It is defined as the ratio of density of mobile
protons from triglycerides and the total density of protons from mobile triglycerides
and mobile water. Triglycerides, that are composed of three fatty acids esterified with
glycerol, constitute the major building block of human fat tissue. The underlying prin-
ciple for quantifying PDFF with MRI and MRS is the chemical shift between the reso-
nance frequencies of water protons and protons in the triglyceride molecule with di↵erent
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Figure 4.3: Representative MR images showing PDFF and T2w values based on maps in
a healthy volunteer (a) and a patient with Becker muscular dystrophy (b).

chemical environments (section 4.2). The measurement of PDFF is rather insensitive to
changes in acquisition parameters, di↵erent scanner platforms or manufacturers and field
strength inhomogeneities due to its unconfounded and fundamental tissue property char-
acter. This means a significant advantage over measurements of signal intensity ratios
of fat and water based on conventional in/out of phase imaging with lacking correction
for confounding factors. PDFF accurately and precisely reflects the fat ratio in various
tissue types and therefore is a robust and reliable biomarker. In the muscle tissue of
NMD patients, PDFF is a measure for the amount of fatty infiltration. Apparent PDFF
is a marker for the physiological functionality of the muscle tissue as PDFF is inversely
correlating with muscle strength. However, it is important to state, that due to MR
invisible molecules with short T2 relaxation times PDFF is not a measure for the mass
fat fraction determined in standard biochemical assays. The fully automated calculation
pipeline of PDFF maps based on MR methods from which the PDFF value of a voxel
can directly be extracted render PDFF an easy applicable and convenient biomarker in
the clinical setting. In JP-I and JP-II PDFF is calculated using single-voxel 1H MRS in
various patients with NMD. [86, 87, 25, 88, 89, 20, 49, 67, 15, 68]

4.4.2 The Quantitative Biomarker T2 Water

In contrast, T2w, representing the water mobility in the muscle tissue, is a rather un-
specific biomarker being a↵ected by a variety of circumstances such as: inflammation,
necrosis, dystrophic cell lesions, denervation, and tumour, as well as exercise of moderate
to high intensity.
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A way to determine T2 is by using a spin echo sequence with a 90� RF pulse followed
by a train of 180� refocusing pulses. The mono-exponential signal decay allows the
calculation of T2 by using the following equation:

S(t) = M0exp(
�t

T2
) (4.4.1)

where S is the signal amplitude, M0 is the net magnetization and t is the overall time
from the excitation to the measured echo.
In the context of skeletal muscle tissue, the thereby calculated T2 is a non-chemically

specific parameter, incorporating the mixed muscle T2 relaxation time without separat-
ing between water and fat tissue, therefore referred to as global T2. As T2 of fat is
usually longer than T2 of water and especially in patients with NMD healthy muscle,
oedema and fat are often simultaneously present, the amount of fatty infiltration has
a crucial influence on the global T2 calculation resulting in a longer global T2 with in-
creasing fat content. Hence, it is crucial to measure T2 without the influencing factor
of fat, referred to as T2w, in order to determine a clinically important MR biomarker.
The chemically specific biomarker T2w is currently seen as a marker for ”disease activ-
ity” in patients with NMD as it is not only reflecting the intensity of the underlying
pathology but also responding rapidly to acute and already subtle changes of the muscle
microenvironment. T2w, sensitive to the proportion of free fluid present, is a↵ected by
early changes in the muscle integrity potentially preceding later fatty infiltration and
is therefore of immense value to longitudinal research on determination of the interplay
between change in T2w and change in fatty infiltration in NMD. When using MRS, the
confounding influence of fatty infiltration is eliminated because of the possibility for a
chemically specific determination of the water signal. That is why MRS can be seen as
a reference standard for T2w determination. [70, 37, 38, 90, 26, 27, 28, 21, 10, 29, 6, 91,
22, 92, 93, 24, 94, 30, 8, 31, 7]
JP-I shows by using stimulated echo acquisition mode (STEAM) MRS that chemically

specific T2w is decreased with increasing fat fraction, an important aspect which has to
be considered in future interpretations of T2w measurements. In order to distinguish
between global T2 and T2w also in imaging techniques an accurate and robust separation
or suppression of the fat signal is essential. In recent years, a lot of e↵ort has been
invested in the development of novel T2w mapping techniques for a fat insensitive T2w

determination. Section 4.4.5 gives deeper insights into current T2 mapping techniques
and their advantages and disadvantages. In JP-II a novel T2w mapping technique, the
T2-prepared 3D TSE with SPAIR fat suppression is investigated with regard to its T2w

quantification robustness in muscles with fatty infiltration.

4.4.3 Single-Voxel Proton Magnetic Resonance Spectroscopy

In vivo single-voxel 1H MRS provides insights into the underlying chemical structure
of tissue composition in a clearly defined volume of interest, referred to as a voxel.
Therefore, this technique is seen as the reference standard for metabolite quantification
in (musculoskeletal) MR [95, 96, 97, 98, 41, 99].
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Based on the chemical shift and therefore di↵erent resonance frequencies (section 4.2)
di↵erent metabolites can be independently quantified and their relative concentration
based on the area of each peak in the spectrum can be calculated. Two di↵erent tech-
niques are routinely used for single-voxel 1H spectroscopy: STEAM and point-resolved
spectroscopy (PRESS). STEAM uses three sequential 90� excitation pulses, each applied
together with a slice-selective gradient in one of the three directions x, y, and z, respec-
tively. Whereas PRESS requires one 90� excitation pulse followed by two 180� refocusing
pulses also with appropriate slice-selective gradients. PRESS being based on a spin echo
sequence delivers a better signal-to-noise ratio (SNR) than STEAM, whereas STEAM
allows rather short echo times and is less prone to j-coupling e↵ects. Therefore, which
technique is used, depends on the specific tissue of interest and question. Applying the
Fourier transformation on the acquired raw data and several additional processing steps
such as zero filling, apodization and phase correction produces a high quality spectrum.
[7]
Figure 4.4 shows a representative STEAM spectrum.

Figure 4.4: Representative multi-TE single-voxel 1H STEAM spectrum in the highly
fatty infiltrated muscle tissue of a patient with distal myopathy.

Critical for high-quality assessment of MRS are the correct determination of the voxel
location, appropriate shimming and voxel dimensions. The voxel has to incorporate the
tissue of interest which requires adequate imaging scans for planning before the MRS
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acquisition. Good shimming produces readable spectra with narrow line widths. Smaller
voxels are good for shimming, however, show the disadvantage of lower SNR. [7]
Representative voxel location planning on T2-weighted Dixon TSE water and fat im-

ages with corresponding STEAM spectra is shown in Figure 4.5 from JP-I.

Figure 4.5: Voxel location planning based on a T2-weighted Dixon TSE fat image (a) and
on a T2-weighted Dixon TSE water image (b). (c) represents a voxel location
in a region with highly fatty infiltrated muscle tissue with the corresponding
STEAM spectrum, (d) represents a voxel location in a region with healthy
muscle tissue with the corresponding STEAM spectrum. Figure according
to JP-I.

Although single-voxel 1H MRS allows robust quantification of water and fat, without
mutual confounding e↵ects, this technique lacks spatial resolution. Especially for an ac-
curate assessment of the patients’ muscle tissue in the context of NMD knowledge about
the spatial distribution of pathological changes is essential. Additionally, MRS requires
complex post processing routines and therefore does not enable a straightforward in-
terpretation of the results and in general, images are easier to interpret for the reader
compared to a spectrum. Chemical shift encoding-based water-fat MRI and T2w map-
ping are promising techniques for a spatially resolving quantification of fatty infiltration
and oedematous alterations.

4.4.4 Chemical Shift Encoding-Based Water-Fat Imaging

Fat quantification based on routinely performed T1-weighted sequences always requires
reference measurements as the determined signal intensity is not an absolute quantity for
the tissue fat content. An additional disadvantage for robust fat quantification using T1-
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weighted sequences is their sensitivity to B1 and B0 inhomogeneities. Furthermore, the
absolute value for the obtained fat fraction can strongly depend on the chosen acquisition
parameters. [40, 100]
Therefore, quantitative determination of fat content, referred to as PDFF measure-

ments, are nowadays routinely based on an alternative technique called chemical shift
encoding-based water-fat imaging [20]. The underlying principle are the di↵erent reso-
nance frequencies, referred to as chemical shift (section 4.2) of the water peak and the fat
peaks. Due to their di↵erent resonance frequencies, the metabolites accumulate di↵erent
amount of phase after the excitation pulse and consequently the signal for di↵erent echo
times of a mixture of metabolites is modulated. The modulation of the signal can be
rather complex, when the underlying frequency spectrum is complex.
In a simplified scenario, originally investigated by Dixon [73], only the main fat peak

(methylene, at 1.3 ppm) and the water peak is considered. The complex signal behaviour
of water and fat thereby reduces to a mixture of these two metabolites with distinct
resonance frequencies. Due to the di↵erent resonance frequencies of water and methylene,
they process with slightly di↵erent speeds and accumulate di↵erent amount of phase.
When the resonance frequencies are known, the angle between the two magnetization
vectors is a function of the acquisition echo time.
When the two vectors point in the opposite direction, it is referred to as out of phase

and the total signal is the di↵erence between the two components. When the vectors
form an angle of 0�, it is referred to as in phase, and their signals add up. Figure 4.6
shows representative out of phase and in phase images of the lower leg.

Figure 4.6: Magnitude signal of a healthy lower leg muscle with a gradient echo sequence
with out of phase (TE = 3.45 ms and 5.75 ms) and in phase (TE = 4.60
ms) TEs. In the out of phase images, there is no signal at the water-fat
boundaries. Figure according to Burakiewicz et al. [49].

In the very simple case only assuming two components, no field inhomogeneities, no
additional phase errors and a perfectly defined angle between the two vectors, the total
signals during out of phase (SOP ) and in phase (SIP ) can be used for quantification of
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the fat signal with help of the following equations:

SIP = (Sw + Sf ) (4.4.2)

SOP = (Sw � Sf ) (4.4.3)

where Sw is the water signal and Sf is the fat signal.
Hence the separated water and fat signal can be calculated using equation 4.4.4 and

4.4.5:

SIP + SOP = (Sw + Sf ) + (Sw � Sf ) = 2Sw (4.4.4)

SIP � SOP = (Sw + Sf )� (Sw � Sf ) = 2Sf (4.4.5)

Subsequently the fat fraction (FF ) in each voxel can be calculated by equation 4.4.6:

FF =
Sf

Sf + Sw

(4.4.6)

Summarising, the presented technique requires two acquired echoes at distinct time
points and is therefore called two point Dixon approach. With this technique the fat
fraction can be determined, however potentially the water and fat signal can be in-
terchanged. This circumstance is called water-fat swap or water-fat ambiguity. If the
water-fat determination is performed on complex data, this water-fat ambiguity can be
avoided. [6, 49, 7]
B0 inhomogeneities, routinely present in MR scanning, lead to an additional angle of

the signal and consequently to quantification errors. An additional echo can be acquired
(leading now to a three point Dixon sequence) and enables B0 inhomogeneity corrections,
hence renders the sequences rather insensitive to field inhomogeneities [101].
In order to turn PDFF into an accurate, precise, robust and reproducible biomarker

as described in section 4.4.1, Dixon sequences with three or more echoes as well as long
TR and low flip angle for minimizing the T1-weighting are used. Additionally, multi-
spectral modelling of fat and T2* correction are implemented in the PDFF calculation
pipeline. After all, for example in liver tissue chemical shift encoding-based water-fat
imaging enables a reproducibility co-e�cient of less than 0.5 % for PDFF determination.
[49, 6]
The acquisition of echoes not only when water and fat are in or out of phase but form

di↵erent angles to one another, combined with an iterative algorithm for water and fat
separation known as iterative decomposition of water and fat with echo asymmetry and
least-squares estimation (IDEAL), improves SNR and robustness of PDFF even further
[102, 103].
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4.4.5 T2 Water Mapping

Traditionally performed T2-weighted sequences are designed in order to indicate T2-
weighted contrast showing muscle tissue mid-intense and water and fat with a brighter
appearance. The voxel signal intensity based on T2-weighted sequences can be compared
to the surrounding tissue o↵ering a relative signal estimation rather than an absolute
T2 quantification. Especially, when all the investigated skeletal muscles of a patient
show oedematous alterations it is challenging to assess the level of muscle a↵ection using
weighted images [104].
Quantitative T2 water mapping techniques try to provide robust, absolute T2w values

of the tissue of interest. Thereby, the main challenges especially in the imaging of NMD
are quantification errors due to transmit B1 or B0 field inhomogeneities and the presence
of fat. [70, 34, 37, 38, 39, 90, 35, 40, 21, 36, 10, 14, 29, 6, 22, 23, 41, 24, 8, 31]
In principle, images with di↵erent amount of T2-weighting need to be acquired and

quantitative T2 maps can be obtained in a subsequent step assuming an exponential
signal decay in each voxel. The T2-weighted raw images can be achieved by measuring
spin echoes with increasing echo times, by measuring the echoes after multiple refocusing
pulses or by applying a T2-preparation module [105] before the excitation pulse followed
by a spin echo or gradient echo readout.
The simplest way for T2 determination is by acquiring the T2-weighted raw data based

on a single spin echo sequence containing one 90� and one 180� refocusing pulse with
increasing echo times [106]. As only one k-space line is acquired per repetition time this
technique is very slow with the additional risk of quantification errors due to di↵usion and
involuntary subject motion during the long acquisition time. The application of several
180� refocusing pulses after the excitation as in MESE sequences gives the advantage of
acquiring all the T2-weighted data for one k-space line after only one excitation [34, 33].
The MESE approach is consequently faster, but can su↵er from unwanted magnetization
pathways that do not follow a pure T2 relaxation [34, 36, 10]. These so-called stimulated
echoes lead to T2 quantification errors due to additional influence of T1 relaxation on the
magnetization decay. In order to minimize the formation of stimulated echoes an exact
application of the excitation and refocusing pulses is crucial what renders the MESE
technique particularly sensitive to B1 and B0 inhomogeneities. Several approaches have
been published to overcome sensitivity of MESE to field inhomogeneities such as ac-
quiring an additional B1 map and subsequently excluding voxels from the T2 map with
high B1 errors [107, 41]. Other approaches model the signal decay using Bloch [108] or
extended phase graph (EPG) formulations [109, 36, 31]. In these approaches the magne-
tization evolution is simulated including simulated echoes. Consequently, by comparing
the simulated signal to the measured signal the influence of stimulated echoes can be
deducted. Another approach, the so called double-echo-steady-state (DESS) sequence
uses the free induction decay (FID) signal and the echo signal for T2 quantification [110].
In contrast, a T2-preparation module used for T2 quantification can be applied before

the data readout module which can either be a spin echo [42] or a gradient echo sequence
[111, 112, 113]. In principle, a T2-preparation module consist of a 90� pulse, one or
multiple refocusing elements and a -90� pulse. Di↵erent T2-weightings can be achieved
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by varying the spacing between the RF pulses (varying the gaps) or by introducing
more RF pulses. Both designs alter the time of the magnetization in the transverse
plane and therefore lead to di↵erent T2-weightings. If such a T2-preparation is used
for T2 mapping, only the T2-preparation and not the readout needs to be insensitive to
inhomogeneities. That can be achieved because the T2-weighting is decoupled from the
data acquisition in such a case. To reach a high insensitivity towards B1 inhomogeneities,
adiabatic pulses can be utilized for the T2-preparation. Klupp et al. [42] proposed to
use an adiabatic B1 insensitive rotation-4 (BIR-4) pulse with gaps combined with a 3D
TSE readout, referred to as T2-prepared 3D TSE. Figure 4.7 shows the pulse sequence
diagram of the T2-prepared 3D TSE with SPAIR sequence.

Figure 4.7: Pulse sequence diagram of the T2-prepared 3D TSE with SPAIR sequence.
The RF pulses of the T2-preparation module with spacing in between and
the flip angle modulation of the 3D TSE readout are illustrated.

This pulse design o↵ers a T2-weighting that is insensitive towards a wide range of B1
inhomogeneities [42] and mildly a↵ected by B0 inhomogeneities [43]. Figure 4.8 shows
that a stable T2 quantification is possible for B1 varying between 60 % and 70 % and
for B0 o↵sets between -60 Hz and 60 Hz, which is the typical range for thigh muscle
imaging at 3 T.
Additional to that, the 3D TSE readout o↵ers the possibility to acquire high reso-

lution 3D datasets. The TSE readout utilizes a varying flip angle modulation train to
increase the echo train length and therefore accelerate the acquisition. This enables a
SNR e�cient acquisition of a 3D dataset enabling the visualization of smaller objects
and multiplanar reconstruction. A simple mono-exponential fitting of the signal decay
in each voxel subsequently allows T2 quantification. Figure 4.9 shows the signal decay
in a region of interest.
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Figure 4.8: Simulation results of the sensitivity of T2 quantification based on the T2-
prepared 3D TSE to B1 and B0 errors. Figure according to Klupp et al.
[42].

Figure 4.9: Raw T2-weighted images based on the T2-prepared 3D TSE sequence with
SPAIR of the thigh region in a patient with Pompe disease. The bottom
right corner shows the signal decay for the indicated region of interest in
gracilis muscle for di↵erent T2-preparation durations of 20, 30, 40, 50 and
60 ms with corresponding mono-exponential fitting.
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If the tissue only included water components, the measured T2 and T2w would be
equivalent. However, in the context of NMD a non-negligible amount of fat might be
present in the skeletal muscle tissue. As explained in section 4.4.2 it is absolutely crucial
to correct for the influence of the fat signal on the T2w determination particularly in the
context of NMD.
During the last years various approaches have been published in order to suppress

or separate the fat signal from the water signal for robust T2w quantification. For
example the application of the EPG formulation on MESE data does not only allow to
overcome errors because of field inhomogeneities but also when incorporating additional
information such as the appropriate fat spectrum and T2 of the di↵erent fat peaks to
get rid of the influence of the fat signal [31]. However, this approach does not suppress
or separate the fat signal directly on the acquisition side, requires large computational
power and is highly dependent on the appropriate parameter input. Another approach
uses the chemical shift between water and fat for fat separation (please refer to section
4.2 for more details). For example, the Dixon approach can be combined with a MESE
sequence [114]. However, this approach is prone to field inhomogeneities resulting in a
less robust chemical shift separation and especially in regions with high fat content has
its di�culties due to the relatively low water signal [41]. Also the approach of applying
a multi exponential fitting model incorporating the signal decay of the water and the fat
signal, respectively, leads to a separation of these components, however has its di�culties
in regions with moderate to high fatty infiltration [41].
In JP-II the T2-prepared 3D TSE sequence combined with SPAIR [72] for fat sup-

pression was investigated in its T2w quantification performance in fatty infiltrated thigh
muscles of patients with NMD. Thereby SPAIR reduces the total energy of the fat sig-
nal and with the appropriate timing between SPAIR and the T2-preparation module
the influence of the fat signal on the readout can be largely reduced. However, the
mechanism of the fat suppression as well as the performance of the fat suppression in
highly fatty infiltrated muscles has so far been purely understood. Based on simulations
and in vivo measurements the work in JP-II shows that the combination of SPAIR and
the T2-preparation module leads to a partial signal cancellation of the fat signal. This
allows an accurate T2w determination correlating highly with T2w measurements based
on MRS even in the presence of higher fat content. In this approach, T2w mapping with
negligible influence of fatty infiltration is possible without additional modelling of fat
signal behaviour.
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5 Compliance with Ethical Standards

All investigations performed in the studies involving human participants were in accor-
dance with the ethical standards of the institution and national research committee as
well as the 1964 Helsinki declaration and its later amendments or comparable ethical
standards. All participants included in the studies gave written informed consent.
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6.1 Journal Publication I: Decreased Water T2 in Fatty
Infiltrated Skeletal Muscles of Patients with
Neuromuscular Diseases

The publication entitled Decreased Water T2 in Fatty Infiltrated Skeletal Muscles of

Patients with Neuromuscular Diseases was published in NMD in Biomedicine (ISSN:
0952-3480, DOI: 10.1002/nbm.4111). The manuscript was authored by Sarah Schlaeger,
Dominik Weidlich, Elisabeth Klupp, Federica Montagnese, Marcus Deschauer, Benedikt
Schoser, Sarah Bublitz, Stefan Ruschke, Claus Zimmer, Ernst J. Rummeny, Jan S.
Kirschke, and Dimitrios C. Karampinos.

6.1.1 Abstract

Quantitative imaging techniques are emerging in the field of magnetic resonance imag-
ing of neuromuscular diseases (NMD). T2 of water (T2w) is considered an important
imaging marker to assess acute and chronic alterations of the muscle fibers, being gen-
erally interpreted as an indicator for “disease activity” in the muscle tissue. To validate
the accuracy and robustness of quantitative imaging methods, 1H magnetic resonance
spectroscopy (MRS) can be used as a gold standard.
The purpose of the present work was to investigate T2w of remaining muscle tissue

in regions of higher proton density fat fraction (PDFF) in 40 patients with defined
NMD using multi-TE single-voxel 1H MRS. Patients underwent MR measurements on
a 3 T system to perform a multi-TE single-voxel stimulated echo acquisition method
(STEAM) MRS (TE = 11/15/20/25(/35) ms) in regions of healthy, edematous and
fatty thigh muscle tissue. Muscle regions for MRS were selected based on T2-weighted
water and fat images of a two-echo 2D Dixon TSE.
MRS results were confined to regions with qualitatively defined remaining muscle

tissue without edema and high fat content, based on visual grading of the imaging data.
The results showed decreased T2w values with increasing PDFF with R2 = 0.45 (p ¡
10-3) (linear fit) and with R2 = 0.51 (exponential fit).
The observed dependence of T2w on PDFF should be considered when using T2w as

a marker in NMD imaging and when performing single-voxel MRS for T2w in regions
enclosing edematous, nonedematous and fatty infiltrated muscle tissue.
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1 | INTRODUCTION

Magnetic resonance imaging (MRI) is emerging as a diagnostic and monitoring tool for patients with neuromuscular diseases (NMD).1 Qualitative

imaging routinely based on T1‐weighted sequences and T2‐weighted short tau inversion recovery (STIR) sequences enables assessment of three

main, often simultaneously present, tissue compartments: healthy, edematous and fatty muscle tissue.2 In order to classify and assess the extent

of edematous muscular alterations as well as fatty infiltration, semi‐quantitative rating scales are commonly used.3,4 As semi‐quantitative rating is

highly reader‐dependent and cannot easily track small changes, research efforts have expanded aiming to develop robust methods for quantitative

imaging such as chemical shift encoding‐based water‐fat imaging5-7 or T2 mapping.8

In order to quantify edematous muscle alterations, research efforts have concentrated onT2 alterations of muscle tissue, since the spin–spin relaxation

of muscle water is generally interpreted as an indicator for “disease activity” in muscle tissue.8 Thereby a precise differentiation between muscle global T2

and muscle water T2 (T2w) is important to prevent misinterpretation.9,10 Muscle global T2 refers to the mono‐exponential, nonchemically selective T2

decay in muscle tissue without fat suppression, spectrally selective excitation of water or modeling of the signal decay of a water‐fat mixture.8,10 There-

fore, muscle global T2 measures relaxation properties of its two main components, water and fat, and depends on the muscle‐fat composition as lipids

have a longer T2 than skeletal muscle fibers.9,10 On the contrary, T2w being independent from the influence of fat tissue is a marker for water mobility

in the muscle tissue and therefore reflects theT2 relaxation of the tissue, including contributions from extracellular matrix, blood and muscle fibers.10 T2w

assesses the alteration of the muscle itself by the pathological process.9 The water mobility increases in a variety of circumstances such as inflammation,

denervation or exercise. A pathological change in T2w is commonly seen as a marker for “disease activity” in the muscle tissue.8,10-12

Therefore, a lot of effort is being made to reliably determine muscleT2w. Robust determination of muscleT2w requires the complete suppression of

the energy of all nonwater signal components. Several approaches have been proposed to suppress the fat signal or separate the water from the fat

signal via the chemical shift difference between water and fat. Existing techniques include the acquisition of 2D multi‐echo spin‐echo (MESE) com-

bined with Dixon water‐fat separation13-15 and the processing of 2D‐MESE data using a multi‐exponential T2 decay model without16-19 and with the

extended phase graph (EPG) formalism8,20 to additionally remove the effects of B1‐inhomogeneities. Water‐fat separation has also been combined

with a 2D radial gradient and spin echo (GRASE) sequence to acquire T2w maps in regions affected by motion.21

1H magnetic resonance spectroscopy (MRS) can be used as the gold standard for accurate quantification of T2w as it permits resolution of the

spectral complexity of fat in fatty infiltrated muscles.16 Single‐voxel MRS lacks the spatial information of spatially resolved T2‐mapping techniques,

but, when performed at multiple echo times (TEs), it can also be used to reliably determine T2w in regions of higher fat fraction. Previous work

mainly based on imaging sequences has concentrated on T2w elevation as a marker for “disease activity” in regions of low to moderate fatty infil-

tration.8,22 The work by Arrigoni et al. is one of the few studies reporting a decreased T2w in areas of high PDFF in subjects with LGMD based on

quantitative imaging sequences.23 However, there still needs to be more investigation of how T2w behaves at muscle regions with higher PDFF

using the gold standard MRS in various NMD and in a larger number of patients.

Therefore, the purpose of this study was to investigate T2w based on multi‐TE single‐voxel 1H MRS in fatty infiltrated skeletal muscles of

patients affected by different NMD.

2 | METHODS

2.1 | Subjects

40 patients (27 females and 13 males; age: 48 ± 16.5 years) with acquired and hereditary NMD were recruited (Table 1). These included: myotonic

dystrophy type 2 (DM2) (n = 6), limb girdle muscular dystrophy type 2A (LGMD2A) (n = 5), centronuclear myopathy (CNM) (n = 1), inflammatory

myopathy (n = 1), Lamin A/C myopathy (n = 1), inclusion body myositis (IBM) (n = 2), facioscapulohumeral muscular dystrophy (FSHD) (n = 1), limb

girdle muscular dystrophy type 2I (LGMD2I) (n = 2), dermatomyositis (n = 2), Bethlem myopathy (n = 1), amyotrophic lateral sclerosis (ALS) (n = 1),

polymositis (n = 2), Pompe disease (n = 3), hypokalemic periodic paralysis (n = 1), distal myopathy (n = 2), myositis triggered by infection (n = 1),

overlap myositis (n = 1), myofibrillar myopathy (n = 1), limb girdle muscular dystrophy type 2L (LGMD2L) (n = 1), rhabdomyolysis (n = 1), and

unclassified myopathy (n = 4). Diagnosis was based on muscle biopsies and/or genetic testing. The study was approved by the local institutional

Committee on Human Research. All patients gave written informed consent.

2.2 | MR measurements

Patients were scanned on a 3 T system (Ingenia, Philips Healthcare, Best, The Netherlands) using the whole‐body coil, the built‐in 12‐channel pos-

terior coil and a 16‐channel anterior coil placed on top of the hip and thigh region. Subjects were positioned in a head‐first supine position. A

whole body two‐echo T2‐weighted 2D Dixon TSE sequence was performed in five stacks: TR/TE/ΔTE = 3725/100/1.0 ms, FOV = 330 x 450 x

306 mm3, acquisition voxel size = 2.5 x 2.7 x 6.0 mm3, slices = 26, slice gap = 6 mm, TSE factor = 45, averages = 2. A multi‐TE single voxel STEAM
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MRS (TR/TM = 6000/16 ms, VOI = 15 x 15 x 15 mm3, 8 averages per TE) was performed at four/five echo times (TE = 11/15/20/25(/35) ms) in

the patient's healthy, edematous and fatty thigh muscles. The thigh muscles were selected based on theT2‐weighted water and fat images, respec-

tively, and varied depending on the patient's disease and muscle affection. Therefore, in 12 patients, MRS voxels were placed in two different

muscle regions with a fat fraction difference of greater than 30% to perform an intra‐patient analysis.

TABLE 1 Patient ID, age, gender and disease

Patient ID Age, years Gender Disease

P001 63 Female Myotonic dystrophy type 2

P002 54 Female Myotonic dystrophy type 2

P003 47 Female Limb girdle muscular dystrophy type 2A

P004 34 Female Myotonic dystrophy type 2

P005 49 Female Limb girdle muscular dystrophy type 2A

P006 30 Female Limb girdle muscular dystrophy type 2I

P007 26 Male Limb girdle muscular dystrophy type 2A

P008 61 Female Myotonic dystrophy type 2

P009 52 Male Myotonic dystrophy type 2

P010 45 Male Centronuclear myopathy

P011 52 Female Limb girdle muscular dystrophy type 2A

P012 61 Male Unclassified myopathy

P013 34 Female Unclassified myopathy

P014 50 Female Unclassified myopathy

P015 45 Female Limb girdle muscular dystrophy type 2A

P016 19 Female Inflammatory myopathy

P017 20 Female Lamin A/C myopathy

P018 77 Male Inclusion body myositis

P019 22 Female Facioscapulohumeral muscular dystrophy

P020 66 Female Myotonic dystrophy type 2

P021 25 Female Limb girdle muscular dystrophy type 2I

P022 39 Male Unclassified myopathy

P023 36 Female Dermatomyositis

P024 26 Female Rhabdomyolysis

P025 49 Female Bethlem myopathy

P026 55 Male Amyotrophic lateral sclerosis

P027 57 Male Polymyositis

P028 76 Female Pompe disease

P029 84 Male Pompe disease

P030 70 Male Hypokalemic periodic paralysis

P031 34 Female Distal myopathy

P032 61 Female Polymyositis

P033 48 Male Pompe disease

P034 36 Female Myositis triggered by infection

P035 44 Female Overlap myositis

P036 73 Female Myofibrillar myopathy

P037 69 Female Inclusion body myositis

P038 41 Male Dermatomyositis

P039 49 Female Distal myopathy

P040 48 Male Limb girdle muscular dystrophy type 2L
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2.3 | Postprocessing

Water‐fat separation of the T2‐weighted two‐echo 2D Dixon TSE images was performed online using the vendor's mDixon algorithm.24 The pro-

cessing of the MRS data was performed with in‐house software and included zero order phasing, Gaussian apodization and frequency alignment of

single acquisitions. Peak area quantification was performed considering eight to ten fat peaks (depending on the fat fraction and therefore visibility

of smaller fat peaks)25 and jointly incorporating the measurement of all four/five TEs into a peak‐specific T2 decay signal model.26 Fitting was

constrained with a common fat T2 (T2f) for all fat peaks. Based on the fat and water T2 as well as the fat peak amplitudes, the proton density

fat fraction (PDFF) can be calculated. The MRS quantification was eventually utilized to extract both PDFF and T2w.

2.4 | Grading

The muscle tissue in the volume of interest (VOI) was rated based on the 2D Dixon TSE T2‐weighted fat‐ and water‐separated images by one

reader using the Mercuri and the Morrow grading scales.27 Severity of fatty infiltration was assessed via the four‐point Mercuri grading scale with

score 1 for muscles with normal appearance, score 2 for muscles with mild fatty infiltration (less than 30% of the volume of the original muscle),

score 3 for muscles with moderate fatty infiltration (30 to 60% of the volume of the original muscles), and score 4 for muscles with severe fatty

infiltration (greater than 60% of the volume of the original muscle).3 To rate intramuscular hyperintensities indicating edema, a three‐point scale by

Morrow et al was used with score 0 for absence of intramuscular hyperintensity, score 1 for mild hyperintensity, and score 2 for definite intra-

muscular hyperintensity.4 MRS performed in regions with Morrow Grade 1 or 2 indicating edematous changes were excluded to concentrate

on the effect of fatty infiltration on T2w of remaining healthy muscle tissue.

2.5 | Statistical analysis

Statistical analysis was performed using Matlab (Mathworks, Natick, MA, USA). Correlation analysis was based on R2 for a linear fit and for an

exponential fit to test if there is an overall trend in the dataset. Additionally, a group analysis of two PDFF regimes was performed. MRS voxels

were divided into a low PDFF regime (PDFF < 60%) and a high PDFF regime (PDFF > 60%). A cut‐off level of 60% was selected based on visual

inspection of the data distribution. The T2w values in the two PDFF regimes were compared using a boxplot analysis and a student t‐test.

(A) (B)

(D)(C)

FIGURE 1 Representative spectroscopy voxel locations with corresponding spectra in a muscle with Mercuri Grade 4 (C) and a muscle with
Mercuri Grade 1 (D) based on the T2‐weighted Dixon TSE fat image (A) in a patient with limb girdle muscular dystrophy type 2A (LGMD2A).
Both muscles with Morrow Grade 0 based on the T2‐weighted Dixon TSE water image (B). (C) and (D) show the corresponding STEAM MRS
TE‐series
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3 | RESULTS

Figure 1 shows representative spectra and voxel locations in muscles graded with Mercuri Grade 1 and Mercuri Grade 4 based on T2‐weighted

Dixon TSE fat images in a patient with LGMD2A. Both regions were graded with Morrow Grade 0 on the T2‐weighted Dixon water image.

Figure 2 shows representative MRS peak fitting results for two regions with different Mercuri grading and thus different fat fraction. The applied

fitting was reliable in regions with low fatty infiltration (Mercuri Grade 1) as well as in regions with high fatty infiltration (Mercuri Grade 4) having

minimal residuals, especially in the spectral region around the water peak.

The correlation of T2w and PDFF based on multi‐TE single‐voxel MRS performed in 40 patients with different NMD is shown in Figure 3A.

Different NMD groups are shown with different symbols and colors. T2w versus the PDFF showed a negative correlation between the two param-

eters with R2 = 0.45 (p < 10−3) (linear fit) and with R2 = 0.51 (exponential fit). Figure 3B shows the correlation of T2w and PDFF using a linear fit

FIGURE 2 Peak fitting of multi‐TE single‐voxel STEAM spectra in Mercuri Grade 1 and Mercuri Grade 4 voxel locations. Negligible residuals
detectable in both example spectra
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FIGURE 3 (A) Correlation of T2 and PDFF based on multi‐TE single‐voxel MRS performed in 40 patients with different neuromuscular diseases.
Different NMD groups are shown with different symbols and colors. (B) Correlation of T2 and PDFF based on multi‐TE single‐voxel MRS
performed in 40 patients with different neuromuscular diseases using a linear fit and an exponential fit. The different marker colors indicate the
Mercuri grading of the investigated muscle region. T2 decreased with increasing PDFF. (C) Correlation of T2 and PDFF based on multi‐TE single‐
voxel MRS in 12 patients. Spectra were measured in both a region with low and a region with high fat fraction. Measurements from the same
patient are paired. T2 also decreased with increasing PDFF when looking at an individual patient

FIGURE 4 Boxplot analysis of T2 values in a PDFF < 60% regime (low PDFF regime) compared with a PDFF > 60% regime (high PDFF regime).
Difference between PDFF regimes is highly significant (p < 10−5)
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and an exponential fit, with different colors indicating Mercuri Grades 1 to 4. In Figure 3B, the qualitative Mercuri grading and the quantitative

PDFF values do not fully agree but show a very similar trend for the acquired data. Figure 3C shows T2w and PDFF, highlighting the decrease

of T2w with increasing PDFF, pairing the data from the muscles of the same patient in order to show the intra‐patient behavior of T2w. In 12

patients, spectra were measured in both a region with low and a region with high PDFF. For better clarity, only patients with an intra‐patient PDFF

difference of the two voxel locations of greater than 30% were included in the figure. When investigating the data from an individual patient, T2w
is decreased with increasing PDFF. Figure 4 shows the boxplot analysis of T2w values in two PDFF regimes: PDFF < 60% and PDFF > 60%. The

difference in T2w values between the two groups is highly significant (p < 10−5).

4 | DISCUSSION

The present study investigated T2w based on multi‐TE single‐voxel 1H MRS in fatty infiltrated skeletal muscles of patients affected by different

NMD. It was shown that 1H MRS‐based T2w is decreased with increasing 1H MRS‐based PDFF. The measurement of T2w is currently considered

as a marker of muscle “disease activity”, as T2w is a measurement of water mobility in the tissue. The water mobility increases in a variety of cir-

cumstances, being a nonspecific event, and is a parameter responding rapidly to changes in the microenvironment of the skeletal muscle

fibers10,28. Therefore, T2w is seen as an important biomarker for acute or chronic changes in the muscle tissue.11,12 To the best of the authors'

knowledge, 1H MRS‐based T2w in muscle regions with PDFF greater than 60% has not been reported previously. The present results show that

T2w of remaining muscle tissue is decreased with increasing PDFF, especially in regions of fatty infiltration of greater than 60% PDFF.

The difference between T2w values in a group with PDFF < 60% compared with a group with PDFF > 60% is highly significant. The cut‐off

value of 60% was selected based on the data reported in Figure 3. The observation based on the present work that T2w is approximately stable

up to a PDFF of 60%, and is abruptly decreased with a PDFF of greater than 60%, has important practical consequences, as it suggests that inves-

tigators do not have to consider any influence of fat content on the T2w measurements up to PDFF values of 60%. Only if T2w at regions with

PDFF of greater than 60% is used then do correction or normalization factors have to be introduced.

Previous imaging studies have attempted to suppress or separate the effect of fat in order to measureT2w instead of global T2 in the context of

NMD imaging.8,13-20 Many of these studies have investigated the relationship betweenT2w and PDFF, aiming at a result where T2w is not related

to PDFF in order to validate the performance of the proposed methods in suppressing the effect of fat on theT2w measurement. However, entirely

suppressing the fat signal remains a challenging task, especially in regions with high PDFF. Single‐voxel multi‐TE MRS is instead the gold standard

for measuringT2w by directly quantifying theT2 decay of the water peak, even in regions with high fat PDFF. Therefore, single‐voxel multi‐TE MRS

would be the technique of choice for testing the quantitative fidelity of an imaging T2w mapping method, especially in muscle regions with very

high PDFF.

It was outside the scope of the present work to perform additional measurements beyond the employed single‐voxel multi‐TE MRS acquisition

in order to provide a detailed explanation of the observed decrease of T2w in muscle regions with high PDFF. However, some hypotheses are

discussed below to explain the observed behavior of T2w in muscle regions with high PDFF.

A first effect contributing to the observed dependence of T2w on fat fraction might be related to exchange and the compartmentalization of

theT2 decay. The Zimmerman–Brittin model has been proposed to describe the relaxation processes in a spin system composed from a finite num-

ber of phases with each phase characterized by a single relaxation time.29 Previous studies have shown that there is no exchange between lipids

and water protons for either transverse or longitudinal relaxation, due to the hydrophobic character of large amounts of nonpolar lipids.30 This

means that if considerable amounts of fat are present in muscle, the observed dependence of T2w on fat fraction cannot be explained by exchange

effects between lipids and water. The observed dependence of T2w on fat fraction could, however, be related to the multi‐exponential nature of

the water T2 decay. Fat‐infiltrated skeletal muscles might have a different multi‐exponential water T2 decay compared with healthy muscles, due

to changes in the intracellular/extracellular space compartmentation and the tissue macromolecular content.31 It is also unclear how muscle dis-

organization affects the obtained T2 water value because small but significant elevations of water T2 were reported in animal studies. However,

the reported changes in water T2 were smaller than the changes described in the present work.9 In addition, fibrosis has to be specifically men-

tioned as a possible physiological explanation for decreased T2w.
23,32 Fibrosis means the replacement of skeletal muscle tissue by connective tis-

sue, mainly collagen, which has a very short T2 because of the tissue characterizing macromolecules.9 As the T2 decay is a complex multi‐

exponential process, a sufficient amount of fibrosis might lead to a decreased measured T2w. As fibrosis is a chronic change in muscle diseases

and significant for the very last state of disease in muscle tissue, fibrosis will be more likely to be present in muscle with a higher fat content.

A second effect contributing to the observed dependence of T2w on fat fraction might be the susceptibility differences between muscle water

and fat. The expected signal loss in a spin‐echo sequence due to the susceptibility difference between fatty deposits and the surrounding water in

fatty infiltrated skeletal muscle depends on the microstructural properties of the fatty deposits. The effect of microscopic susceptibility deposits to

the signal cannot be described by a general analytical solution. However, analytical solutions can be derived in the two limiting regimes of motional

narrowing33 and static dephasing.34 The two regimes are determined based on the correlation time for diffusion with respect to the magnetic field

inhomogeneities, τ = R2/D (where R is the radius of the susceptibility perturbation and D is the diffusion coefficient of water) and the local Larmor
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frequency shift δf produced by the susceptibility difference. The motional narrowing regime, holding when δf τ ≪ 1, is usually valid for small per-

turbations or rapid diffusion. In the motional narrowing regime, the protons sample the entire range of frequencies present in the VOI. The static

dephasing regime, holding when δf τ ≫ 1, is usually valid for large perturbers or slow diffusion. In the static dephasing regime, the effects of dif-

fusion are small and the signal is largely refocused in a spin‐echo experiment. For spherical deposit of fat within skeletal muscle (D = 1.7 10−9 m2/s)

at 3 T δf=2/3yδχB0 = 51 Hz35, it can be shown that the static dephasing regime holds for R > 20 μm (δf τ > 10) and the signal is refocused. How-

ever, for fat droplets with R ≈ 6 μm (δf τ ≈ 10), the difference in magnetic susceptibility between the water and fat could induce a T2w that

reduces with fat fraction.36 If fat accumulates as increasingly larger zones of lipid droplets (adipocytes), the hereby described effect on the water

T2 might be negligible. However, if the number and size of adipocytes randomly distributed in the muscle tissue is increasing, susceptibility effects

could be a potential explanation of the decreasing water T2 values.

Irrespective of the exact explanation for the observed dependence of T2w on fat fraction, the present results have some important implications

for the use of T2w in NMD imaging. First, elevated T2w is currently considered as a marker for a pathological process of muscle fibers themselves

not being affected by surrounding fatty infiltration.9 However, the present results indicate that T2w shows at least a mild dependence on the

degree of the fatty infiltration, and this should be taken into consideration if studying T2w in regions with high fat fractions. Second, due to the

typical heterogeneity of fatty infiltrated muscles, the large MRS voxel could include edematous (with elevated T2w) as well as remaining

nonedematous (with reduced T2w) muscle tissue. Thus, the two effects could compensate each other, and the overall T2w of the remaining muscle

might have a T2w value similar to the T2w in healthy muscle. The effect could be especially severe when the muscle tissue is highly infiltrated and

heterogeneous. Therefore, there is a need for accurate and high resolution T2w mapping using imaging in patients with NMD.

The present study has some limitations. First, subjects with different NMD at different disease stages were grouped and no disease‐specific or

stage‐specific analysis of T2w was performed. Additionally, when MRS at multiple voxel locations was acquired in the same patient, such measure-

ments cannot be considered as independent in the subsequent statistical analysis. However, the observed dependence of T2w on fat fraction was

present in all disease types and disease stages. Due to the large heterogeneity of different diseases and expected physiological muscle T2w differ-

ences between patients, we decided to use both a linear fit and an exponential fit to test for the overall trend in the heterogeneous dataset. Sec-

ond, the employed single‐voxel MRS sequence used only a few short TEs and could not therefore assess the presence of any multi‐exponential

decay for T2w. Third, MRS peak area quantification was performed considering different numbers of fat peaks varying from eight to ten fat peaks

depending on the fat fraction and therefore visibility of smaller fat peaks. However, the aim was to minimize the residual and therefore maximize

the quality of the fitting. Furthermore, the limitation concerning the MRS peak area quantification only affects quantification of PDFF whereasT2w

quantification should not be affected. Fourth, a common T2 was used for all fat peaks neglecting that different fat peaks have different T2s.
16

However, the present work focuses on the behavior of the water peak and therefore using a common T2 for all fat peaks has a minor impact

on the reported results. The assumption of a common fat T2 was mainly used to stabilize the fitting process by a reduction of fitting parameters.

5 | CONCLUSION

It is feasible to measure T2w with single‐voxel MRS in fatty infiltrated muscle tissue. The present study has shown that 1H‐MRS‐based T2w is

decreased in fatty infiltrated muscle of patients with NMD. The observed dependence of T2w on fat fraction should be considered when applying

T2w as a marker of “disease activity”, currently seen as an important measurement to assess alterations in the muscle tissue of patients with NMD.

Furthermore, when evaluating edematous changes single‐voxel MRS could suffer from partial volume effects, especially when the voxel encloses

edematous, nonedematous and fatty infiltrated muscle tissue. Therefore, there is a high need for accurate and high resolution T2w mapping in

patients with NMD as imaging could overcome the existing challenges that arise from the nonspatially resolved nature of single‐voxel MRS.
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Infiltrated Thigh Muscles of Patients With Neuromuscular
Diseases Using a T2-Prepared 3D Turbo Spin Echo With
SPAIR

The publication entitled Water T2 Mapping in Fatty Infiltrated Thigh Muscles of Pa-

tients With Neuromuscular Diseases Using a T2-Prepared 3D Turbo Spin Echo With

SPAIR was published in Journal of Magentic Resonance Imaging (ISSN: 1053-1807,
DOI: 10.1002/jmri.27032). The manuscript was authored by Sarah Schlaeger, Dominik
Weidlich, Elisabeth Klupp, Federica Montagnese, Marcus Deschauer, Benedikt Schoser,
Sarah Bublitz, Stefan Ruschke, Claus Zimmer, Ernst J. Rummeny, Jan S. Kirschke, and
Dimitrios C. Karampinos.

6.2.1 Abstract

Background: Muscle water T2 (T2w) has been proposed as a biomarker to monitor
disease activity and therapy e↵ectiveness in patients with neuromuscular diseases
(NMD). Multi-echo spin-echo (MESE) is known to be a↵ected by fatty infiltration. A
T2-prepared 3D turbo spin echo (TSE) is an alternative method for T2 mapping, but
has been only applied in healthy muscles.
Purpose: To examine the performance of T2-prepared 3D TSE in combination with
spectral adiabatic inversion recovery (SPAIR) in measuring T2w in fatty infiltrated
muscles based on simulations and in vivo measurements in thigh muscles of patients
with NMD.
Study Type: Prospective.
Subjects: One healthy volunteer, 34 NMD patients.
Field Strength/Sequence: T2-prepared stimulated echo acquisition mode (STEAM)
magnetic resonance spectroscopy (MRS), SPAIR STEAM MRS, and SPAIR
T2-prepared STEAM MRS were performed in the subcutaneous fat of a healthy
volunteer’s thigh. T2 mapping based on SPAIR 2D MESE and SPAIR T2-prepared 3D
TSE was performed in the NMD patients’ thigh region. Multi-TE STEAM MRS was
performed for measuring a reference T2w at di↵erent thigh locations.
Assessment: The behavior of the fat spectrum in the SPAIR T2-prepared 3D TSE
was simulated using Bloch simulations. The in vivo T2 results of the imaging methods
were compared to the in vivo T2w MRS results.
Statistical Test: Pearson correlation coe�cient with slope and intercept, relative
error.
Results: The simulated T2 for the SPAIR T2-prepared 3D TSE sequence remained
constant within a relative error of not more than 4 % up to a fat fraction of 80 %. In
vivo T2 values of SPAIR T2-prepared 3D TSE were in good agreement with the T2w

values of STEAM MRS (R = 0.86; slope = 1.12; intercept = –1.41 ms). In vivo T2

values of SPAIR 2D MESE showed large deviations from the T2w values of STEAM
MRS (R = 0.14; slope = 0.32; intercept = 38.83 ms).
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Data Conclusion: The proposed SPAIR T2-prepared 3D TSE shows reduced
sensitivity to fatty infiltration for T2w mapping in the thigh muscles of NMD patients.
Level of Evidence: 1
Technical E�cacy: Stage 1

6.2.2 Authors Contribution

The author performed the MRI examinations of the study patients with NMD and the
healthy volunteer on a 3 T Philips scanner as well as the post-processing, quantification
and analysis of the MRS and T2w mapping data using MATLAB. Furthermore, the au-
thor performed the simulations for the T2w mapping sequence behaviour in regions with
fatty infiltration. Additionally, the author reviewed the existing literature and kept up
to date about novel scientific developments in the field through conferences and work-
shops. In collaboration with the co-authors, the author designed the MRI protocol and
performed the recruitment of the patients, adapted the existing MRS post-processing
frame-work and simulation pipeline using MATLAB, analysed and interpreted the data,
and drafted the publication manuscript.
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Water T2 Mapping in Fatty Infiltrated Thigh
Muscles of Patients With Neuromuscular
Diseases Using a T2-Prepared 3D Turbo

Spin Echo With SPAIR
Sarah Schlaeger,1,2* Dominik Weidlich, MSc,1 Elisabeth Klupp, MD,2
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Sarah Bublitz, MD,4 Stefan Ruschke, PhD,1 Claus Zimmer, MD,2 Ernst J. Rummeny, MD,1

Jan S. Kirschke, MD,2 and Dimitrios C. Karampinos, PhD1

Background: Muscle water T2 (T2w) has been proposed as a biomarker to monitor disease activity and therapy effective-
ness in patients with neuromuscular diseases (NMD). Multi-echo spin-echo (MESE) is known to be affected by fatty infiltra-
tion. A T2-prepared 3D turbo spin echo (TSE) is an alternative method for T2 mapping, but has been only applied in
healthy muscles.
Purpose: To examine the performance of T2-prepared 3D TSE in combination with spectral adiabatic inversion recovery
(SPAIR) in measuring T2w in fatty infiltrated muscles based on simulations and in vivo measurements in thigh muscles of
patients with NMD.
Study Type: Prospective.
Subjects: One healthy volunteer, 34 NMD patients.
Field Strength/Sequence: T2-prepared stimulated echo acquisition mode (STEAM) magnetic resonance spectroscopy
(MRS), SPAIR STEAM MRS, and SPAIR T2-prepared STEAM MRS were performed in the subcutaneous fat of a healthy vol-
unteer’s thigh. T2 mapping based on SPAIR 2D MESE and SPAIR T2-prepared 3D TSE was performed in the NMD patients’
thigh region. Multi-TE STEAM MRS was performed for measuring a reference T2w at different thigh locations.
Assessment: The behavior of the fat spectrum in the SPAIR T2-prepared 3D TSE was simulated using Bloch simulations.
The in vivo T2 results of the imaging methods were compared to the in vivo T2w MRS results.
Statistical Tests: Pearson correlation coefficient with slope and intercept, relative error.
Results: The simulated T2 for the SPAIR T2-prepared 3D TSE sequence remained constant within a relative error of not
more than 4% up to a fat fraction of 80%. In vivo T2 values of SPAIR T2-prepared 3D TSE were in good agreement with
the T2w values of STEAM MRS (R = 0.86; slope = 1.12; intercept = –1.41 ms). In vivo T2 values of SPAIR 2D MESE showed
large deviations from the T2w values of STEAM MRS (R = 0.14; slope = 0.32; intercept = 38.83 ms).
Data Conclusion: The proposed SPAIR T2-prepared 3D TSE shows reduced sensitivity to fatty infiltration for T2w mapping
in the thigh muscles of NMD patients.
Level of Evidence: 1
Technical Efficacy: Stage 1
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MUSCLE WATER T2 (T2w) has been proposed as an
important imaging marker for pathophysiological

changes of skeletal muscle tissue.1,2 Muscle T2w, in contrast
to muscle global T2, reflects the chemically selective T2 decay
of the water component in the muscle tissue and is therefore
considered an indicator for water mobility in the tissue.2,3

Water mobility in the muscle tissue is affected by several
circumstances, such as inflammation, myocyte swelling,
sarcoplasmic leakiness, cell necrosis, hydrostatic edema,
denervation, or exercise of moderate to high intensity.1,2

Therefore, T2w is a rather unspecific parameter, although
responding rapidly to alterations in the muscle tissue and all-
owing assessment of acute as well as chronic changes.2,4–6

Due to its high sensitivity to alterations in the muscle fibers,
T2w has seen a growing consideration in the assessment of
patients with neuromuscular diseases (NMD), where T2w is
currently considered a potential marker for diseases activ-
ity.1,2,4,5,7 T2w has been proposed as an outcome measure to
monitor muscle disease status and evaluate response to
treatment.8,9

The measurement of T2w using quantitative magnetic
resonance sequences allows objective, comparable, and precise
assessment of even small changes in the muscle fiber composi-
tion.2,6 Single-voxel H1 magnetic resonance spectroscopy
(MRS) is considered the reference standard for robust quanti-
fication of muscle T2w, as it determines the relative concen-
tration of water and various metabolites and can also resolve
the spectral complexity of fat.10,11 Therefore, single-voxel H1

MRS enables a fat fraction independent quantification
of T2w.

In patients with NMD, pathological changes in the
muscle tissue such as fatty and edematous alterations are often
simultaneously present in a single muscle, affecting the mus-
cle heterogeneously.1 There is thus a need for techniques
enabling robust and accurate spatially resolved T2w quantifica-
tion.12 Thereby, especially the thigh musculature is a region
of high interest for the application of quantitative imaging
techniques, as it can be easily assessed with MRI due to its
larger size compared to other body muscles and its relatively
low B1 and B0 inhomogeneities.13 The thigh typically shows
diagnostically important disease characteristic patterns of
muscle involvement.14,15

As analysis based on MRS does not contain any spatial
information and spatially resolved chemical-shift imaging
(CSI) can be time-consuming, prone to artifacts, and limited
in spatial resolution,16 time-efficient quantitative imaging
techniques for T2 mapping are emerging. Several challenges
need to be addressed for a robust quantitative T2w determina-
tion. Transmit B1 and B0 inhomogeneities are a well-known
source of errors for T2w quantification, especially in the
thigh.17–19 In the heterogeneously affected muscle tissue, the
presence of fatty infiltration also affects T2w estimation,1,20–22

as a complete fat suppression is challenging due to the

complexity of the fat spectrum with different chemical shift,
T1 and T2 for each fat peak. Fatty infiltration and edematous
changes both lead to increased T2 values in the muscle tissue
in most sequences. The effects of fatty infiltration and edema-
tous changes on T2 values cannot, in general, be thus distin-
guished.23 Therefore, a reduction of the influence of fat on
the T2w determination is highly important in fatty infiltrated
muscles.

Different T2 mapping techniques have been developed
to address the above challenges in robust muscle T2w determi-
nation. 2D multi-echo spin echo (MESE) sequences have
been traditionally used for muscle T2 mapping, with known
limitations, including the sensitivity to transmit B1 inhomo-
geneities19,24 and the effect of fat on T2 quantification. In
order to remove the effects of transmit B1 inhomogeneities,
extended phase graph (EPG) techniques have been recently
applied on 2D MESE data to model the occurrence of stimu-
lated echoes in the decay of the signal.1,24 Techniques model-
ing the presence of fat based on Dixon MESE data25 or based
on MESE data combined with a multiexponential T2 decay
model without10 or with the phase graph formulation1 have
been proposed to remove the effect of fat. However, the
robustness of the correct T2w determination decreases at
moderately high and high fat fractions due to small contribu-
tion of the remaining water component to the total signal.10

An alternative approach to reduce the effect of B1 inho-
mogeneities directly during acquisition is the use of a T2-
prepared 3D turbo spin echo (TSE) sequence consisting of an
adiabatic BIR-4 radiofrequency (RF) pulse in the T2 prepara-
tion and a 3D TSE readout combined with spectral adiabatic
inversion recovery (SPAIR) fat suppression.13,26 The modified
BIR-4 T2 preparation is a method enabling accurate and pre-
cise T2 mapping in the presence of large B1 and B0 offsets. It
has been shown that the T2-prepared 3D TSE sequence
allows B1-insensitive and reproducible thigh muscle T2 map-
ping in a healthy cohort. However, it remains unknown how
the T2 quantification based on the SPAIR T2-prepared 3D
TSE sequence is affected by the presence of fat.

The purpose of the present work was to investigate the
performance of the T2-prepared 3D TSE combined with
SPAIR fat suppression in measuring T2w in fatty infiltrated
muscles.

Materials and Methods
Theoretical Background
A T2-prepared 3D TSE sequence in combination with SPAIR for fat
suppression was used as proposed by Klupp et al.13 The pulse
sequence diagram is shown in Fig. 1a. The SPAIR T2-prepared 3D
TSE consists of three main components: I) the SPAIR pulse, II) the
adiabatic T2 preparation module, and III) the 3D TSE readout.

SPECTRAL ADIABATIC INVERSION RECOVERY. A SPAIR
pulse at the beginning of the sequence was used to invert the main

1728 Volume 51, No. 6

Journal of Magnetic Resonance Imaging



fat peaks (Fig. 1, I).27 Traditionally, the energy of fat is reduced by
nulling the main fat peak (methylene, at 1.3 ppm) at the beginning
of the readout and reducing thereby the contribution of fat on the
overall acquired signal. Keeping in mind that fat has multiple peaks
with different T1 relaxation times, SPAIR will not null all the fat
peaks at once, rather than greatly reduce the total fat energy. Addi-
tionally, if off-resonance effects are neglected, SPAIR fat suppression
does not affect the olefinic and glycerol fat peaks located in the spec-
tral proximity to the water peak. After SPAIR inversion and the
inversion delay time, some of the fat peaks may be nulled, some
may be inverted, but reduced in energy, some may be already posi-
tively recovered, but reduced in energy, and some may not be
affected at all. Keeping this complex fat signal behavior in mind, the
total energy of the fat signal is expected to be smaller than weighted
by simple T1 relaxation. At the echo, the energy of the inverted and
the noninverted fat peaks is summed and this can lead to additional
fat signal reduction. In the present work, the inversion time between
SPAIR and the beginning of the T2 preparation module was deter-
mined experimentally in order to reduce the total fat signal at the
beginning of the readout as strongly as possible. The experimental
determination of the inversion delay time was optimized in one
healthy volunteer by minimizing the energy in the subcutaneous fat
when performing the T2-prepared 3D TSE.

T2 PREPARATION MODULE. The T2 preparation module
(Fig. 1, II) consists of a modified BIR-4 resonance frequency pulse
with varying gaps to obtain T2 preparation modules with different
T2 weightings.

28 Therefore, the T2 preparation module allows a B1-
insenstive T2 weighting of the whole water-fat spectral region with
at the same time equal T1 weighting for every T2 weighting as the
T2 preparation occurs outside of the readout. The T2 preparation
module was designed to have the final magnetization after the T2

preparation aligned with the main magnetic field. T1 weighting dur-
ing the T2 preparation module can be neglected due to the short
duration of the T2 preparation module.

3D TSE READOUT. The T2 preparation module was followed by
a 3D TSE readout with a flip angle modulation and appropriate
start-up echoes (Fig. 1a, III). The flip angle train was designed to
achieve a constant signal plateau throughout the TSE shot for

skeletal muscle tissue.13 The TSE readout allows a very fast acquisi-
tion of the k-space center and therefore minimizes the T1 recovery
from the end of the T2 preparation module until acquisition of the
k-space center.

SIGNAL CANCELLATION OF FAT PEAKS. In the present
work, it was evaluated whether the combination of the T2-prepared
3D TSE sequence with SPAIR leads to a partial signal cancellation
of fat peaks at echo acquisition. It was particularly examined whether
the remaining signal of the fat peaks is relatively small compared to
the signal of the water peak at the beginning of the 3D TSE readout
and whether due to the relatively short maximum duration of the T2

preparation module only minor changes of the total fat energy occur.
Therefore, it was evaluated whether, after the cancellation of the fat
peaks, the fat will have a small influence on the T2w determination.

Simulations Based on MRS Data
In order to investigate the performance of the T2-prepared 3D TSE
sequence in combination with SPAIR on T2w determination the fol-
lowing signal model was used:

Signal T 2Prepð Þ = 1−FFð Þ # W T 2Prepð Þ
+ FF # c T 2Prepð Þ # F T 2Prepð Þ

ð1Þ

where FF is the fat fraction, W(T2Prep) the water signal, and F
(T2Prep) the fat signal. F(T2Prep) represents the combined fat signal
of all fat peaks. When the different fat peaks cancel each other out,
the ratio of the fat signal contributing to the total signal in Eq. [1] is
reduced. A constant c(T2Prep) was introduced, representing the
energy reduction factor of SPAIR due to T1 relaxation.

In order to solve the signal model equation, the constant c
(T2Prep) and the combined fat signal F(T2Prep) have to be deter-
mined. To accurately investigate the behavior of the different fat
peaks during the different components of the SPAIR T2-prepared
3D TSE sequence, appropriate MRS sequences were designed. In
the subcutaneous fat of a healthy volunteer’s thigh (female, 24 years
old) a T2-prepared stimulated echo acquisition mode (STEAM), a
SPAIR STEAM, and a SPAIR T2-prepared STEAM according to
the pulse sequence diagram in Fig. 1 were performed. Figure 1b

FIGURE 1: (a) Pulse sequence diagram of the SPAIR T2-prepared 3D TSE including I) spectral adiabatic inversion recovery, II) T2Prep
module, and III) 3D TSE with flip angle modulation readout and (b) pulse sequence diagram of the SPAIR T2-prepared single-voxel
STEAM MRS including I) spectral adiabatic inversion recovery, II) T2Prep module, and III) single-voxel STEAM MRS readout.
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shows the different components of the SPAIR T2-prepared STEAM
MRS sequence. The sequence parameters for the T2-prepared
STEAM, the SPAIR STEAM, and the SPAIR T2-prepared STEAM
are listed in Table 1.

Based on the acquired MRS data from the in vivo experi-
ments in the subcutaneous fat, additional simulations were per-
formed to calculate c(T2Prep) and F(T2Prep). Therefore, T1 and
T2 weightings of the STEAM MRS sequence were removed
mathematically based on T1 and T2 relaxation times extracted
from a STEAM TE- and TM-Series in the subcutaneous fat of
the same volunteer. A Bloch simulation of the 3D TSE readout
was then performed. The simulation was implemented in MatLab
(MathWorks, Natick, MA) and performed a numerical calcula-
tion of the magnetization time evolution in discrete time steps
based on the well-known Bloch equation.29

Based on the simulated fat peak area the constant c
(T2Prep) and the remaining combined fat signal F(T2Prep) were
calculated.

Using the experimental data from the MRS measurements in
the subcutaneous fat of a healthy volunteer’s thigh and the signal
model presented in Eq. [1], different signal decay curves for the
water and fat signal components were determined. The total signal,
Signal(T2Prep), which represents the T2 signal of the SPAIR T2-
prepared 3D TSE imaging sequence, was calculated using Eq. [1].
For different fat fractions, different Signal(T2Prep) values were calcu-
lated and T2 was estimated by fitting Signal(T2Prep) to a single-
exponential T2 signal expression.

In Vivo MR Measurements in NMD Patients
The study was approved by the local Ethics Commission and writ-
ten informed consent was obtained from all patients before partici-
pation. In order to verify the fatty infiltration independent

determination of T2w using the SPAIR T2-prepared 3D TSE, MR
measurements were performed in the thigh of 34 patients (64.7%
women) with different NMD (Table 2) with a 3 T system
(Ingenia, Philips Healthcare, Best, The Netherlands). The whole-
body coil, the built-in 12-channel posterior coil, and a 16-channel
anterior coil were used. The 16-channel anterior coil was placed on
top of the hip and thigh region. Subjects were positioned in a
head-first supine position.

Spatially-resolved PDFF mapping was performed for a refer-
ence using a six-echo 3D spoiled gradient echo sequence with
bipolar readouts. In order to calculated T2 maps, a 2D MESE with
SPAIR fat suppression and a T2-prepared 3D TSE with SPAIR fat
suppression were acquired in one stack in the mid-thigh. A multi-
TE single-voxel STEAM MRS was performed in multiple locations
by moving the MRS box within the patients’ healthy, edematous,
and fatty thigh muscles. The thigh muscles where MRS was
applied were selected by qualitative assessment by the scanner oper-
ator based on the T2-weighted water- and fat-separated images of a
T2-weighted Dixon TSE sequence and varied depending on the
patients’ muscle disease pattern.30 The sequence parameters for
SPAIR 2D MESE, SPAIR T2-prepared 3D TSE, multi-TE
single-voxel STEAM MRS, the T2-weighted Dixon TSE, and the
six-echo 3D spoiled gradient echo sequence are shown in Table 3.
The longest duration of the T2 preparation module in the present
work was 60 ms, resulting in an effective T2 weighting of 56.9 ms
and verifying the assumption of neglectable T1 weighting during
the T2 preparation module.31 The parameters of the employed
BIR-4 RF pulse were: total pulse duration without gaps of the T2

preparation module = 10 ms, B1 amplitude = 13.5 μT, and fre-
quency sweep = 3700 Hz. The parameters for the employed SPAIR
pulse were: pulse duration = 18.4 ms, B1 amplitude = 7.3 μT,
pulse bandwidth = 680 Hz.

TABLE 1. Sequence Parameters of T2-Prepared STEAM MRS, SPAIR STEAM MRS, and SPAIR T2-Prepared STEAM
MRS Performed in a Healthy Volunteer

T2-prepared
STEAM MRS SPAIR STEAM MRS

SPAIR T2-prepared
STEAM MRS

VOI (mm3) 15 x 15 x 15 15 x 15 x 15 15 x 15 x 15

Spectral BW (Hz) 5000 5000 5000

Flip angle (deg) 90 90 90

TR (ms) 2000 2000 2000

TE (ms) 21 20/30/40/50/60 21

TM (ms) 16 16 16

Fat suppression — SPAIR, inversion delay 205 ms SPAIR, inversion delay 205 ms

Startup acquisitions 1 1 1

NSA 24 24 24

Phase cycles 8 8 8

T2 prepartion durations (ms) 20/30/40/50/60 — 20/30/40/50/60

Scan duration (min) 04:10 04:10 04:10
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Data Analysis

PROCESSING OF MRS DATA. The processing of the MRS data
was performed with in-house software and included zero-order phas-
ing, Gaussian apodization, and frequency alignment of single acqui-
sitions. For the MRS scan in the health volunteer’s subcutaneous fat,
the peak area quantification was performed considering six fat peaks
and fitting of the fat peak areas was performed independently for
each echo time (TE). No more than six fat peaks were considered
for the analysis because an accurate determination of T1 and T2

relaxation constants as well as peak amplitudes after inversion recov-
ery was only possible when the initial energy of the fat peak was suf-
ficiently high. For the MRS scans performed in the patients with
NMD, eight to ten fat peaks (depending on the fat fraction and
therefore visibility of smaller fat peaks)32 were considered and the
measurement of all four/five TEs was jointly incorporated into a
peak-specific T2 decay signal model.33 Fitting was constrained with a
common fat T2 (T2f) for all fat peaks. Based on the fat and water T2

as well as the fat peak amplitudes, the proton density fat fraction
(PDFF) was calculated. The MRS quantification was eventually uti-
lized to extract both PDFF and T2w. The MRS-based PDFF values
were used in the subsequent statistical analysis.

PROCESSING OF IMAGING DATA. The processing of the mul-
tiecho gradient echo data was performed online using the vendor’s
routines for PDFF mapping. After phase error correction, water-fat
separation was performed based on a complex-based signal formula-
tion employing a multipeak fat spectrum and single T2* decay cor-
rection.34,35 A small flip angle was used to minimize T1 bias
effects.36 The imaging-based PDFF maps were only used for visualiz-
ing the spatially heterogeneous muscle fatty infiltration patterns.

Postprocessing of the T2 maps was performed offline. An
exponential fit with linear least-squares was used to fit data. For the
MESE data the first echo was excluded to reduce T2 overestimation
due to stimulated echoes.

STATISTICAL ANALYSIS PERFORMED IN NMD PATIENTS.
The statistical analyses were performed using MatLab. Measured T2

values of the SPAIR 2D MESE sequence and the SPAIR T2-
prepared 3D TSE sequence were correlated with T2w values deter-
mined by STEAM MRS using the Pearson correlation coefficient
R. Intercept and slope were determined. The relative error of the T2

TABLE 2. Patient ID, Age, Gender, and Disease of
34 Patients With NMD

Patient
ID Age Gender Disease

P001 63 F Myotonic dystrophy type 2

P002 54 F Myotonic dystrophy type 2

P003 47 F Limb girdle muscular
dystrophy type 2A

P004 34 F Myotonic dystrophy type 2

P005 49 F Limb girdle muscular
dystrophy type 2A

P006 30 F Limb girdle muscular
dystrophy type 2I

P007 26 M Limb girdle muscular
dystrophy type 2A

P008 61 F Myotonic dystrophy type 2

P009 52 M Myotonic dystrophy type 2

P010 45 M Centronuclear myopathy

P011 52 F Limb girdle muscular
dystrophy type 2A

P012 41 M Amyotrophic lateral sclerosis

P013 61 M Unclassified myopathy

P014 50 F Unclassified myopathy

P015 45 F Limb girdle muscular
dystrophy type 2A

P016 19 F Inflammatory myopathy

P017 20 F Lamin A/C myopathy

P018 77 M Inclusion body myositis

P019 22 F Facioscapulohumeral
muscular dystrophy

P020 57 M Nemaline myopathy 2

P021 66 F Myotonic dystrophy type 2

P022 36 F Dermatomyositis

P023 26 F Rhabdomyolysis

P024 49 F Bethlem myopathy

P025 55 M Amyotrophic lateral sclerosis

P026 32 F Myotonic dystrophy type 1

P027 76 F Pompe disease

P028 84 M Pompe disease

P029 70 M Hypokalemic periodic
paralysis

TABLE 2. Continued

Patient
ID Age Gender Disease

P030 34 F Distal myopathy

P031 73 F Myofibrillar myopathy

P032 69 F Inclusion body myositis

P033 41 M Dermatomyositis

P034 48 M Limb girdle muscular
dystrophy type 2L
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values of the SPAIR 2D MESE sequence and the SPAIR T2-
prepared 3D TSE sequence compared to the T2w values determined
by STEAM MRS was calculated in correlation with MRS-
based PDFF.

Results
Healthy Volunteer MRS Results
Figure 2 shows the spectra of the multi-TE single-voxel
STEAM MRS performed in the subcutaneous fat of a healthy
volunteer’s thigh. The spectrum of the T2-prepared STEAM
(Fig. 2a) shows a conventional fat spectrum. The different T2

weightings that reduce the amplitude of the fat peaks can be
observed. In the SPAIR STEAM spectrum (Fig. 2b), the total
fat energy is largely reduced. The total fat energy reduction is
best visible when referencing the fat peak signals in Fig. 2a
and Fig. 2b to the olefinic fat peaks. Furthermore, an

additional energy reduction when all the fat peaks of the spec-
trum are summed up can be observed. The spectrum of the
SPAIR T2-prepared STEAM (Fig. 2c) adds T2 weighting to
the SPAIR STEAM spectrum. The SPAIR T2-prepared
STEAM represents the fat spectrum present at the acquisition
of k-space center when the SPAIR T2-prepared 3D TSE
imaging sequence is performed.

Simulation Results
Figure 3a shows the signal decay curves for the water signal
(blue), for the fat signal without fat suppression (green), and
for the fat signal with SPAIR fat suppression (red) in a theo-
retical voxel with FF = 50%. The SPAIR T2-prepared 3D
TSE imaging sequence provides the sum of the signal of the
water peak and the signal of the fat peak with SPAIR fat sup-
pression. Summing up the water signal decay curve and the

TABLE 3. Sequence Parameters of SPAIR 2D MESE, SPAIR T2-prepared 3D TSE, Multi-TE Single-Voxel STEAM MRS,
T2-weighted Dixon TSE and Six-echo 3D Spoiled Gradient Echo Sequence for PDFF Mapping, Performed in NMD
Patients

SPAIR
2D MESE

SPAIR T2-prepared
3D TSE

Multi-TE single-
voxel STEAM MRS

T2W
Dixon TSE

Six-echo 3D
spoiled gradient
echo sequence

TR (ms) 2200 1500 6000 3725 10

TE (ms) 10 echoes with
TE1 = 20

19 11/15/20/25(/35)
with 8 averages

100 1.17

ΔTE (ms) 10 — — 1.0 0.9

TM (ms) — — 16 — —

Number of slices 30 30 — 26 30

Slice gap (mm) 0 0 — 6 0

Acquisition voxel
(mm3)

2 x 2 x 4 2 x 2 x 8 15 x 15 x 15 2.5 x 2.7 x 6.0 3.2 x 2 x 4

T2 prepartion
durations (ms)

— 20/30/40/50/60 — — —

RF-pulses
(in readout)

180$ refocusing
pulses

Flip angle modulated
TSE readout (echo
spacing: 2.4 ms,
5 start-up echoes)

Slice selective 90$

excitation pulses
— Flip angle of 3$

TSE factor — 50 — 45 —

Averages 1 Partial averaging
(1.4)

8 (4 phase cycles) 2 1

FOV/VOI (mm3) 420 x 260 x 120 420 x 260 x 120 15 x 15 x 15 330 x 450 x 306 260 x 420 x 120

Scan duration 8:24 min 4:30 min 3:36 (4:30) min 2:07 min 0:20

SENSE In A/P direction,
reduction
factor 2

In A/P direction,
reduction factor 2

— — In L/R direction,
reduction
factor 2
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fat signal with SPAIR decay curve, the signal decay is largely
dominated by the water signal decay. Even in a theoretical
voxel with higher fat fraction, such as FF = 75%, the
summed up signal decay of the imaging is largely dominated
by the water signal decay and the influence of the fat signal
with SPAIR stays small (Fig. 3b).

Based on the results of the MRS measurements in the
subcutaneous fat and the Bloch simulations, the following
parameters with their dependency on the duration of the T2

preparation module were determined: c(T2Prep) = [0.22 0.21
0.21 0.20 0.19] and F(T2Prep) = [0.12 0.08 0.04 0.05 0.04]
for the T2Prep durations of [20 30 40 50 60] ms. Figure 3c
shows the dependence of the simulated T2 on different fat
fractions. The simulated T2 remains constant within a relative
error of not more than 4% up to a fat fraction of 80%. At fat
fraction values higher than 80%, deviations from the nominal
T2 values can be observed.

NMD Patients in vivo Results
Representative PDFF maps and T2 maps based on the SPAIR
2D MESE sequence and the SPAIR T2-prepared 3D TSE
sequence of the thigh of a patient with Pompe disease are shown
in Fig. 4. The patient has highly fatty infiltrated muscles, par-
tially fatty infiltrated muscles, and muscles without fatty infiltra-
tion. The red arrow indicates T2 elevations in the SPAIR 2D
MESE in contrast to a stable T2 in the SPAIR T2-prepared 3D
TSE in a region which is typically affected by B1 errors. In a
moderately fatty infiltrated region (PDFF = 25.6 % 14.5% –
circle), the mean T2 value of the SPAIR 2D MESE was
54.6 % 11.8 ms, whereas the mean T2 value of the SPAIR T2-
prepared 3D TSE was 35.4 % 3.8 ms.

Figure 5 shows the results of the comparison of T2w

values determined by STEAM MRS and T2 mapping data in
the scanned 34 NMD patients based on measurements in fatty
infiltrated muscle tissue, edematous muscle tissue, and healthy
muscle tissue locations. A good agreement between T2w values
of STEAM MRS and T2 values of SPAIR T2-prepared 3D
TSE is reported (R = 0.86; P < 10-3; slope = 1.12; intercept =
–1.41 ms), whereas the T2 values of SPAIR 2D MESE show

FIGURE 2: Spectra of single-voxel STEAM MRS performed in the subcutaneous fat of a healthy volunteer’s thigh: (a) T2-prepared
STEAM spectrum at different echo times, (b) SPAIR STEAM spectrum at TE = 20 ms, and (c) SPAIR T2-prepared STEAM spectrum at
different echo times.

FIGURE 3: (a,b) Simulated SPAIR T2-prepared T2-weighted signal
decay curves as a function of effective TE for the water signal
(blue), the fat signal without fat suppression (green), and the fat
signal with SPAIR fat suppression (red) for (a) a voxel with 50%
fat fraction and (b) a voxel with 75% fat fraction. (c) Simulated
estimated T2 vs. fat fraction. The simulated T2 stays rather
constant up to a fat fraction of 80%.
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large deviations from the T2w values of STEAM MRS
(R = 0.14; P < 10-3; slope = 0.32; intercept = 38.83 ms). The
relative error in the T2 measurement using the SPAIR T2-
prepared 3D TSE was below 25%, even at PDFF values larger
than 60%. The relative error in the T2 measurement using the
SPAIR 2D MESE showed a strong dependence on PDFF and
it exceeded 100% at PDFF values larger than 60%.

Discussion
The present work examines how T2w quantification based on
the T2-prepared 3D TSE sequence with SPAIR fat suppres-
sion is affected by the presence of fatty infiltration in skeletal
muscle. Therefore, simulations were performed based on
MRS measurements in the subcutaneous fat of a healthy vol-
unteer’s thigh to theoretically assess the T2 quantification
accuracy of the SPAIR T2-prepared 3D TSE in the presence
of fat. Additionally, SPAIR T2-prepared 3D TSE T2

measurements were performed in the fatty infiltrated thigh
region of 34 patients with various NMD and compared to
the routinely used SPAIR 2D MESE T2 measurements, using
single-voxel MRS T2w measurements as the reference
standard.

The combination of MESE with fat suppression tech-
niques is known to result in T2 values in fatty infiltrated skel-
etal muscles still affected by the presence of fat.37 The
reported simulations based on measurements in the subcuta-
neous fat of a healthy volunteer’s thigh confirm the theory
that the T2-prepared 3D TSE in combination with SPAIR
leads to a partial signal cancellation of fat peaks at echo acqui-
sition, enabling a robust determination of T2w values with
only a small influence of the remaining fat signal. The relative
independence of T2w determination on the underlying fat
fraction is mainly due to 1) the partial signal cancellation of
the fat peaks caused by the signal reduction of the fat peaks

FIGURE 4: Representative PDFF map, T2 map using SPAIR 2D MESE and T2 map using SPAIR T2-prepared 3D TSE in a patient with
Pompe disease. The red arrow indicates a region of typical B1 inhomogeneity and the red circle indicates a region of moderate fatty
infiltration.

FIGURE 5: (a) T2 from SPAIR 2D MESE vs. T2w from STEAM MRS and (b) T2 from SPAIR T2-prepared 3D TSE vs. T2w from STEAM
MRS. (c) Relative error of SPAIR 2D MESE compared to T2w from STEAM MRS as a function of PDFF and (d) relative error of SPAIR
T2-prepared 3D TSE compared to T2w from STEAM MRS as a function of PDFF. Results show data from 34 NMD patients.
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by the SPAIR inversion pulse; 2) the equal fat T1 weighting
for every T2 weighting during the T2 preparation module;
and 3) the 3D TSE readout enabling the fast acquisition of
the k-space center and therefore minimizing any fat T1 recov-
ery effects.

The reported in vivo results show that T2w mapping
based on SPAIR T2-prepared 3D TSE is minimally sensitive
to fatty infiltration even at higher PDFF values, and approxi-
mately reveals the same T2w values as the reference standard
MRS. To the best of the authors’ knowledge, the present
work is the first to compare quantitative spatially-resolved
imaging data based on T2 maps with MRS in a large number
of patients with NMD. Robust T2w mapping, which is com-
parable to MRS as a reference standard, is essential to get an
insight into the spatial distribution of acute and chronic alter-
ations and disease activity in the muscle tissue of patients
with NMD.3,12 A robust and fat independent determination
of the important biomarker T2w is essential, especially in
NMD patients, as regions with healthy muscle tissue, edema-
tous muscle tissue, and fatty infiltrated muscle tissue are often
simultaneously present in a single muscle of NMD patients.

Previous works have addressed the confounding effects
of transmit B1 sensitivity and fat on T2w quantification in
MESE sequences by appropriate signal modeling of the rele-
vant effects, primarily using EPG formulations.1,10 T2w map-
ping based on the T2-prepared 3D TSE has been previously
shown to be insensitive to transmit B1 inhomogeneity effects
in the thigh muscles13 and the present work shows that with
the addition of SPAIR on the T2-prepared 3D TSE, the effect
of fat on the measured thigh muscle T2 is also minimized.
Therefore, the present SPAIR T2-prepared 3D TSE sequence
effectively and simultaneously addresses the confounding
effects of transmit B1 sensitivity and fat on T2w quantification
already on the acquisition side and thus does not rely on
modeling of the above two effects on the signal evolution
(as performed in MESE acquisitions.1,10)

Limitations
The present work has some limitations. First, the present
approach for fatty infiltration independent determination of
T2w in muscle tissue based on SPAIR is specific to the
employed T2-prepared 3D TSE imaging protocol and cannot
be necessarily generalized to other T2 mapping techniques.
Second, the measured T2w using the SPAIR T2-prepared 3D
TSE remains an approximation of the T2w value, as the signal
of the different fat peaks is not completely suppressed or sepa-
rated, and rather the effect of unsuppressed fat is reduced.
Third, although the performance of the T2-prepared 3D TSE
is quite independent of transmit B1 and B0 field inhomogene-
ities, the performed SPAIR preparation is prone to B0 inho-
mogeneity effects. The sensitivity of SPAIR to B0

inhomogeneity effects can affect the effectiveness of the inver-
sion of the main fat peaks.27 However, the effect of B0

inhomogeneities on the SPAIR pulse is estimated to be small,
at least for thigh muscle imaging at 3 T. Concerning study
design limitations, fourth, the present simulations in order to
explain the performance of the combination of SPAIR with
the T2-prepared 3D TSE in regions of fatty infiltrated thigh
muscles are based on measurements in the subcutaneous fat
of a single healthy volunteer. However, the measurements in
the subcutaneous fat are only used to explain the findings of
robust T2w mapping with sufficient fat suppression, which is
confirmed in 34 patients in the present study. Fifth, the total
number of patients per each different disease group in the
present study is rather small. However, the present study was
performed in patients with rare diseases, and therefore the
results in a small cohort number can add significant value to
progress in diagnostics and therapy of NMD. Despite the
small numbers per disease group, the moderate total number
of patients (n = 34) shows the effectiveness of the proposed
method for effectively measuring T2w across different fatty
infiltration patterns in muscle tissue.

Conclusion
T2-prepared 3D TSE in combination with SPAIR is proposed
for T2w mapping in NMD patients. T2w mapping using the
proposed SPAIR T2-prepared 3D TSE is known to have
insensitivity to B1 inhomogeneities and is shown as being
minimally affected by the underlying fatty infiltration in thigh
muscle imaging at 3 T. Therefore, the SPAIR T2-prepared
3D TSE enables T2w determination already during acquisi-
tion without the need to model the effects of B1

inhomogeneity and fat presence. The application of the
method in NMD patients shows that T2w is spatially hetero-
geneous and the spatial resolution of T2w mapping needs to
be particularly considered in order to potentially monitor dis-
ease activity or therapy effectiveness in NMD patients.
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7 Discussion

7.1 Review of the Existing Literature

Oedematous alterations are the MR imaging pendant to increased water content in the
muscle tissue and are present in several di↵erent circumstances such as injury, tumour,
denervation or exercise. In the context of NMD increased water content is seen as a
marker for ”disease activity” providing information about muscle fibre injury and being a
potential predictor for later degenerative changes. Thus, currently skeletal muscles with
oedema are preferably chosen for biopsies and oedematous alterations are the pathology
of interest for monitoring disease progression and response to treatment. [26, 27, 28, 21,
10, 29, 6, 22, 24, 30, 8, 31]
In the following, first, in section 7.1.1 the existing literature regarding T2w as a quan-

titative biomarker in the assessment of skeletal muscle health is reviewed. Second, in
section 7.1.2 literature about T2w quantification based on MRS is presented. Third,
in section 7.1.3 di↵erent approaches for T2w mapping with particular focus on the T2-
prepared 3D TSE with SPAIR fat suppression are introduced.

7.1.1 T2 Water as a Biomarker in the Context of Skeletal Muscle Health

In the context of T2 relaxometry measurements in fatty tissue, the two terms global T2

and T2w have to be distinguished [22, 8]. Muscle global T2 represents the non chemically
specific, mono-exponential T2 decay of a water-fat tissue mixture, whereas muscle T2w

is a measure only of the water component of the tissue [22, 8, 31]. In order to quantify
oedematous alterations in the muscle tissue, the biomarker T2w is of interest because
it predominately reflects the quality of the muscle fibres [70, 37, 38, 90, 21, 10, 29, 6,
91, 22, 24, 30, 8, 31]. T2w is a measure for the water mobility of the tissue, however
it is also influenced by the tissue microenvironment, such as the extracellular matrix,
blood, muscle fibres and the presence of fat [22, 41, 8, 31]. Thereby, given the multiple
influencing factors, the exact behaviour of T2w in a specific chemical environment is
di�cult to predict.
If fatty infiltrations are present in the muscle and not accounted for in the MR mea-

surement, global T2 and not T2w will be measured [8, 22]. As fat has a longer T2 than
water and it is a common pathological change in the skeletal muscles of patients with
NMD, a T2w determination without the influence of surrounding fatty infiltration is
crucial [22, 41, 8, 31].
However, a complete separation of the water and fat component or a complete suppres-

sion of the fat signal is challenging, especially when imaging techniques are employed.
These challenges are mainly due to the following characteristics of the complex water-fat
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spectrum: (i) in the spectrum the olefinic fat peak is relatively close to the water peak
[115], (ii) the di↵erent fat peaks have di↵erent T1 and T2 relaxation times [115], respec-
tively and (iii) in general a complex fat signal behaviour is present because of j-couplings
and the overall spectral complexity [116, 117].

7.1.2 T2 Water Quantification Based on Magnetic Resonance Spectroscopy

MRS o↵ers the possibility to separate di↵erent chemical species based on their MR
resonance frequency. Therefore, this measurement allows a complete separation of the
signal from di↵erent fat peaks and the water peak [95, 96, 97, 98, 41, 99]. MRS can be
used for an accurate and clean determination of the T2 decay only in the water peak.
This approach provides insights into the behaviour of T2w in di↵erent circumstances, e.
g. also in regions of moderate to high fatty infiltration. The disadvantage of MRS are the
slow acquisition and missing spatial information. The latter is especially unfavourable
in patients with NMD because the muscles are sometimes heterogeneously a↵ected [31].
However, MRS can provide a very detailed and accurate view on the investigated tissue
of interest [95, 96, 97, 98, 41, 99]. This fact makes the technique valuable in investigating
the behaviour of parameters in challenging environments. Particularly, in the context of
NMD, it is unknown so far, how the parameter T2w behaves in regions with moderate
and high fatty infiltration.

7.1.3 T2 Water Quantification Based on Magnetic Resonance Imaging

Robust determination of T2w can be provided based on MRS, which allows insights into
the molecular composition of the tissue. However, MRS is lacking spatial resolution
which is inevitable in order to characterize the pattern of involvement in a single muscle
and the whole body. Therefore, quantitative imaging techniques for a robust quantifi-
cation of T2w are crucial [70, 90, 21, 10, 14, 29, 6, 22, 23, 24, 8, 31]. As chemical-shift
imaging (CSI) is very time-consuming, prone to artefacts and additionally limited in
spatial resolution [118, 119, 120], T2w mapping is a promising approach for T2w quan-
tification.
T2 mapping techniques are well established in the MR research nowadays but face par-

ticular di�culties when applied in the patients with NMD. Field inhomogeneities [32,
33, 34, 35, 36, 10] and fatty infiltration [37, 38, 39, 40, 41, 22, 8, 31] can be identified as
main confounding e↵ects. Transmit B1 and B0 inhomogeneities, present in body MR ap-
plication, cause an inaccurate application of the applied RF pulses and lead to di↵erent,
not-desirable signal pathways. These signal pathways eventually lead to measurement
errors in the determination of T2w. The presence of unsuppressed fat in the acquired
signal leads to an overestimation of the T2w value of the tissue. Therefore, a robust
T2w mapping technique has to provide low sensitivity to both field inhomogeneities and
surrounding fatty infiltration. Di↵erent techniques and postprocessing methods such as
Dixon fat separation [114] or a multi-exponential T2 decay model without/with EPG
simulations of MESE data exist [31, 36, 41].
However, the robustness of these techniques decrease with increasing fat content as
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the contribution of the water signal to the total signal is decreasing [41]. Klupp et al.
reported a di↵erent approach of using a BIR-4 RF pulse in the T2-preparation model
with varying gaps followed by a 3D TSE readout with a varying flip angle train combined
with SPAIR fat suppression [42]. This sequence was shown to be rather insensitive to
field inhomogeneities [42, 43], whereas its suggestibility to fatty infiltration has not yet
been investigated.

7.2 Present Work

Several contributions to the field of quantitative MR measurements in NMD were made
within the scope of the present dissertation. The focus was put on the MR biomarker
T2w quantifying oedematous alterations of the skeletal muscle tissue. JP-I provides
deeper insight into the behaviour of T2w in fatty infiltrated muscles. JP-II evaluates the
performance of a novel T2w mapping technique in the presence of fatty infiltration and
underlines its value for a clinical implementation. The MR measurements of JP-I and
JP-II are based on a large-scale study of patients with various hereditary or acquired
NMD, respectively.

7.2.1 Novelty

Both journal publications contribute novelty to the field of quantitative MR measure-
ments in NMD.
Concretely, JP-I shows decreased T2w with increasing fat content of the muscle tissue,

when measured by single-voxel 1H MRS. Due to the spectrally resolved measurements,
MRS can reliably determine T2w also in the presence of fat as confounding factor. In
the work single-voxel 1H MRS was used for the first time to determine the behaviour of
T2w also in moderately and highly fatty infiltrated muscle tissue.
JP-II evaluates the recently introduced T2w mapping technique T2-prepared 3D TSE

with SPAIR fat suppression regarding its sensitivity to fatty infiltration. The sequence’s
robustness regarding transmit B1 and B0 errors has already been investigated [42, 43].
JP-II shows for the first time that the T2-prepared 3D TSE sequence with SPAIR is
little influenced by fatty infiltration in the investigated muscle tissue. The evaluations
performed in JP-II are based on two pillars: on Bloch simulations of the behaviour
of T2w with increasing PDFF and on in vivo measurements in patients with NMD
compared to the reference standard MRS and to the standard T2 mapping sequence
MESE, respectively.

7.2.2 Impact

The present dissertation advances the future implementation of quantitative MR mea-
surements in the clinical assessment of patients with NMD.
In JP-I the behaviour of T2w in regions of higher fatty infiltration is determined using

MRS. Exchange and compartmentalization of the T2 decay or susceptibility di↵erences
between muscle water and fat might contribute to decreased T2w in regions of high

60



7 Discussion

PDFF. The finding that T2w is decreased with increasing PDFF is of great importance
when interpreting T2w values in patients with NMD, where fatty infiltration is often
simultaneously present in the muscle tissue [31]. Particularly, partial volume e↵ects
can lead to a misleading interpretation of mean T2w values of heterogeneously a↵ected
muscle tissue. Highly fatty infiltrated muscles with remaining healthy and oedematous
muscle tissue showing voxels with oedematous (elevated T2w) and voxels with fatty
(reduced T2w) muscle tissue might have a T2 value similar to healthy muscle tissue.
JP-I calls attention to this aspect and hence highlights the need for further development
and clinical implementation of robust and high resolution T2w mapping in patients with
NMD.
JP-II shows that the T2-prepared 3D TSE sequence with SPAIR fat suppression is a

good alternative for T2w mapping in patients with NMD. Because of the complex signal
behaviour and the non-trivial suppression of fat, fatty infiltration is a main confounding
factor for robust T2w mapping in the fatty infiltrated muscles of patients with NMD
[37, 38, 39, 40, 41, 22, 8, 31]. The Bloch simulations and in vivo measurements in JP-II
show that the combination of SPAIR and the T2-preparation module followed by a 3D
TSE readout leads to a partial cancellation of the fat signal. Thus, fatty infiltration
has a negligible influence on the T2w determination. The rather insensitivity to fatty
infiltration in combination with the sequence’s robustness towards field inhomogeneities
render the T2-prepared 3D TSE sequence valuable for a clinical application. Thereby,
the reduction of the influence of the fat signal on the T2w determination already at the
acquisition side works without post acquisition simulations of signal behaviour.

7.2.3 Limitations

The publications of the present dissertation have the following limitations regarding
study cohorts and methodology.
JP-I and JP-II are based on studies that examined patients with various di↵erent

NMD which are quite rare diseases [45]. Therefore, the total number of patients per
each disease group as well as the overall number of examined patients were rather small.
In JP-I and JP-II no disease specific or stage specific analyses were performed, respec-
tively. However, such simplifications were reasonable as JP-I tends to give insights about
T2w as a general biomarker in NMD and JP-II evaluates the T2-prepared 3D TSE se-
quence with SPAIR regarding its overall performance of T2w determination in NMD
patients. Additionally, in JP-I as well as in JP-II up to three MRS voxels were placed in
healthy, fatty and oedematous muscle tissue depending on the qualitative presentation
of the patients’ thigh muscles and corresponding T2w values were extracted. Hence these
measurements can not be regarded as completely independent.
Regarding methodological limitations of JP-I, it was not possible to consider a multi-

exponential decay of T2w because of the limited amount of four or five TEs. Additionally,
the MRS fitting was based on eight to ten fat peaks depending on the amount of fatty
infiltration and hence visibility of single fat peaks in order to reduce the residual and
therefore enhance the fitting accuracy. As JP-I concentrated on the behaviour of the
water peak the assumption of the same fat T2 for all fat peaks was made for a further
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stabilization of the fitting process.
As to limitations of JP-II the presented approach of combining SPAIR with the T2-

preparation module for a signal reduction of fat is specific for the presented sequence
and not generally applicable on other sequences. Additionally, with this approach the
fat signal is not completely suppressed or separated rather than its influence on the
T2w determination is minimized. Furthermore, in contrast to the T2-prepared 3D TSE
which is rather insensitive to field errors, the SPAIR pulse is prone to B0 inhomogeneity
e↵ects [72]. However, the e↵ects of B0 errors on SPAIR should be negligible in the thigh
region. The simulations of the T2w behaviour in di↵erent PDFF regimes were based on
MRS measurements in the subcutanoeus fat of only one healthy volunteer, though the
simulation results were confirmed by measurements in 34 patients.

7.3 Perspective

The present dissertation provides new insights about the biomarker T2w in the presence
of fat. Based on these findings, a further characterization of T2w as a biomarker in
the context of NMD is necessary. Particularly, a further correlation of T2w to biopsy
results and an evaluation of the predictive character of T2w in longitudinal studies is
needed. Thereby, a correlation of initial T2w alterations to functional impairment and
later degenerative fatty infiltration will help to further understand the value of T2w as
a biomarker for ”disease activity”. T2w as a reliable biomarker is highly desirable to
accurately track disease progression and therapy e↵ectiveness. As the composition of
the NMD patients’ skeletal muscles is specifically characterized by a parallel existence
of healthy, oedematous and fatty muscle tissue, it is particularly important to respect
the influence of fatty infiltration on MR biomarkers. In the future, it might be indicated
to perform a voxel-based analysis of quantitative biomarkers rather than a mean value
analysis based on the tissue of the whole muscle.
The evaluated T2w mapping technique T2-prepared 3D TSE with SPAIR will be con-

sidered for future NMD studies. Its implementation in the clinical routine of patients
with NMD as a fast and robust quantitative imaging technique should be forwarded.
Further studies in patients with NMD are needed to evaluate the reproducibility of T2w

values determined by the T2-prepared 3D TSE with SPAIR sequence also in the presence
of fatty infiltration. An outstanding advantage of the present T2w mapping technique is
its insensitivity to field inhomogeneities [42, 43]. This allows T2w mapping also in regions
prone to B1 or B0 errors such as the shoulder region. Currently, regions prone to field
errors are not commonly examined by T2w mapping techniques in NMD patients. How-
ever, in NMD such as various limb girdle muscular dystrophies or facioscapulohumeral
muscular dystrophy especially the shoulder region is of high interest potentially show-
ing earlier pathological alterations of the muscle tissue than the traditionally examined
thigh region. The T2-prepared 3D TSE with SPAIR allows examination of these clin-
ically important regions. Furthermore, robust T2w determination in the muscle tissue
is not only useful in the context of NMD, but also for an examination of e. g. ageing
muscle tissue or muscle injury. Therefore, the T2-prepared 3D TSE with SPAIR might
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be used in future studies in patients with sarcopenia or muscle injuries.
Last but not least, the critical part for the extraction of quantitative values from MR

measurements is the definition of regions of interest in which the biomarker should be
calculated, referred to as segmentation. A time e�cient, automated definition of seg-
mentation masks is currently one of the main boodle necks for further implementation
of quantitative techniques in the clinical routine. Large databases providing access to
MR images with corresponding segmentation masks have to be allocated such as the
MyoSegmenTUM databases provided by Schlaeger et al. [121] or Burian et al. [122].
These databases represent the groundwork for the development of automatic segmen-
tation algorithms by providing access to training and test datasets. The development
and implementation of such automatic segmentation techniques has to be forwarded in
order to allow real impact of quantitative imaging techniques in the clinical workflow
[123, 124, 125, 126].
In general, the further evaluation of MR biomarkers allowing to quantify and bet-

ter understand muscular degeneration non-invasively will take us one step closer to a
MR-based characterization of muscle disorders leading to a more personalized patient
treatment of these diseases.
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Syväri, E. Klupp, D. Weidlich, C. Zimmer, E. J. Rummeny, D. C. Karampinos,
J. S. Kirschke, and T. Baum. “Lumbar muscle and vertebral bodies segmen-
tation of chemical shift encoding-based water-fat MRI: the reference database
MyoSegmenTUM spine”. In: BMC musculoskeletal disorders 20.1 (2019), p. 152.

[123] R. J. Willcocks, W. T. Triplett, S. C. Forbes, H. Arora, C. R. Senesac, D. J. Lott,
T. R. Nicholson, W. D. Rooney, G. A. Walter, and K. Vandenborne. “Magnetic
resonance imaging of the proximal upper extremity musculature in boys with
Duchenne muscular dystrophy”. In: Journal of neurology 264.1 (2017), pp. 64–
71.

[124] E. Lareau-Trudel, A. Le Troter, B. Ghattas, J. Pouget, S. Attarian, D. Benda-
han, and E. Salort-Campana. “Muscle quantitative MR imaging and clustering
analysis in patients with facioscapulohumeral muscular dystrophy type 1”. In:
PLoS One 10.7 (2015), e0132717.

[125] S. Makrogiannis, S. Serai, K. W. Fishbein, C. Schreiber, L. Ferrucci, and R. G.
Spencer. “Automated quantification of muscle and fat in the thigh from water-,
fat-, and nonsuppressed MR images”. In: Journal of Magnetic Resonance Imag-

ing 35.5 (2012), pp. 1152–1161.

82



Bibliography

[126] V. Positano, T. Christiansen, M. F. Santarelli, S. Ringgaard, L. Landini, and A.
Gastaldelli. “Accurate segmentation of subcutaneous and intermuscular adipose
tissue from MR images of the thigh”. In: Journal of Magnetic Resonance Imag-

ing: An O�cial Journal of the International Society for Magnetic Resonance

in Medicine 29.3 (2009), pp. 677–684.

83


