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Chapter 1

General Introduction
The human body consists of approximately 680 muscles and together they form roughly 33-38%
of a person’s body mass (1). Skeletal muscles are composed of muscle fibers which are long
multinucleated cells with oblate polygonal cross-sections (2) and can be as long as 40 cm
whereas their typical diameter is only 55m (3, 4). Their intracellular space is mainly occupied by
arrays of contractile proteins - the myofibrils - and water. Myofibrils are composed of sets of
functional units, the sarcomeres. To convert the shortening force of the myofibrils into gross
motion they need to be directly or indirectly attached to a tendon or aponeurosis by an extensive
network of collagen fibers, connective tissue proteins and glycoproteins surrounding the
basement membranes of the myofibrils called the extracellular matrix (ECM).
The contractile capabilities of skeletal muscles are primarily determined by the ability of the
sarcomeres to contract (5). In this regard the arrangement of the myofibers in bundles or
fascicles, the so-called muscle architecture, is of utmost importance (6).
To exemplify the relevance of this architecture, we can compare muscles that have fascicles
running along the force-generating axis, so called fusiform architecture with the uni-, bi- and
multi-pennate muscles in which the fascicles are orientated in one or more angles relative to the
force-generating axis, which is called the pennation angle. Fusiform muscles have long relatively
long fascicles and thus long myofibrils with multiple sarcomeres working in series, enabling large
and fast length changes, in contrast to the uni-, bi- or multi-pennate muscles in which the fibrils
work in parallel. The pennate architecture provides a larger amount of myofibrils working
together over the force generating axis of the muscle, thereby allowing the generation of large
forces but comes at the cost of decreased lengthening capabilities (6, 7).

Taken together, muscle function is related to both intra- and extracellular integrity as well as
their architectural arrangement. Yet, complex motions such as walking, running, writing, etc. can
only be realized if the muscles work together in a synergistic fashion.
To achieve such synergism of the muscles, efficient and effective planning of motions is
mandatory. Planning of movements is done in the primary motor cortex in the brain and
executed by generating neural impulses. These impulses are fine-tuned by the secondary motor
cortices with the use of sensory input - such as visual information. Together the primary and
secondary motor cortices give rise to the corticospinal tract, which is composed of fibers, which
descend to the brainstem and subsequently to the spinal cord. The corticospinal tract runs
through the lateral white matter of the spinal cord. To convert the neural impulses of the
corticospinal tract, the fibers synapse onto motor neurons and interneurons in the ventral horn of
the spinal cord (Fig 2A).
These motor units are composed of the motor neuron itself, its axon, the neuromuscular junction
and the muscle fibers innervated by the motor neuron and corresponding axon. Motor neurons
can innervate any number of muscle fibers, but each fiber is only innervated by one motor
neuron. The size of the motor units and the number of fibers that are innervated contribute to
the force of the muscle contraction (8) (Figure 2B).
Altogether, for the proper functioning of the complete musculoskeletal system, every component
from the motor circuit is essential. Pathophysiological changes, injuries and/or diseases affecting
any part of the chain can have detrimental effects.
Injuries directly affecting muscle architecture such as muscle tears are quite common in
athletes(9). These tears occur mostly at the musculotendinous junction, where the force of the
muscle is passed on to the tendon. At the tear, numerous alterations at different levels take
place. Evidently the tear affects the architecture, but there is also a reaction on cellular level such
as the formation of edema as a result of the influx of inflammatory cells which are a reaction to
tissue damage(10). Diagnosis of a tear is rather straightforward and based on the clinical

presentation and physical examination (11). Prognostication, however, is very difficult. Currently,
clinicians have no effective tools for prognosis as regards the process of healing or identification
of individuals with a high risk of injury recurrence (11, 12). Read-outs such as imaging providing
insights in the cellular integrity as well as the architectural remodeling of the muscles might
provide clues for accurate prognosis.
Ultrasound (US) and magnetic resonance imaging (MRI) can be used to assess gross anatomical
features such as muscle tears and secondary features of pathology such as hematomas and
edema (13). These secondary signs are however often not very specific and do have only limited
prognostic value (12). Furthermore, conventional MRI does not allow visualization of the muscle
fiber architecture (14, 15), and although US can reveal pennation angles and fascicle lengths it
allows only for the assessment of the superficially located muscles (16, 17).
Diseases affecting the skeletal muscles, the neuromuscular junction, the peripheral nerves and
the motor neurons in the spinal cord and brain are often referred to as neuromuscular disorders.
Increasingly, imaging plays a role in the diagnostic process. It can be used to assess skeletal
muscle or peripheral nerve pathology, for example, to accurately determine biopsy sites(18), and
in some muscle diseases to identify pathognomonic patterns(19).
Despite all available additional tests, some diagnostic challenges remain(20, 21). One such
challenge can be found in a subgroup of acquired neuromuscular diseases affecting the
peripheral nerves, the so-called immune-mediated neuropathies such as chronic inflammatory
demyelinating neuropathy (CIDP) and multifocal motor neuropathies (MMN). Diagnosis is based
on clinical history, neurological examination and abnormal electrophysiological studies of the
peripheral nerves. The conduction properties of the peripheral nerves such as the velocity and
amplitude can be measured with nerve conduction studies (NCS). In CIDP and MMN, NCS show
signs of abnormalities consistent with demyelination and/or conduction block. However, NCS
cannot always be evaluated reliably in the more proximal parts of the brachial plexus and can fail

to detect these characteristic abnormalities. This can pose a diagnostic challenge which may
potentially lead to underdiagnoses of MMN and pure motor CIDP (22).
In such uncertain cases, it can be challenging to differentiate these immune-mediated
neuropathies from progressive muscular atrophy and segmental or focal forms of SMA. These
motor neuron diseases can present with asymmetrical and distal or proximal muscle weakness of
the limbs without sensory impairment. The importance of differentiating these motor neuron
diseases from the immune-mediated diseases is corroborated by their contrasting prognosis and
therapeutic options. The former are not amenable to treatment whereas immune-mediated
diseases can be treated with immunoglobulins, and in case of CIDP also with corticosteroids, and
usually have a favorable prognosis(23–25).
To aid the clinicians in this diagnostic quest, MRIs of the brachial plexus may be helpful. In these
images, secondary signs of inflammation such as edema and hypertrophy of peripheral nerves
can be found in immune-mediated neuropathies. Although the use of MRI in equivocal cases is
advised in the guidelines, its relatively low sensitivity and specificity are a limiting factor (26–28).
Taken together, there is an urgent need for read-outs, which can reveal changes on the cellular
as well as architectural level of the muscles and nerves.
In recent years diffusion tensor imaging (DTI) – a MRI based imaging technique - has emerged
as a technology that can provide information about the skeletal muscles and peripheral nerves on
both the cellular as well as the architectural level(29). DTI quantifies the movement of water
molecules in biological tissues, which may be restricted by intra- and extracellular elements such
as cell membranes, organelles and extracellular components. Due to the cylindrical shape of
axons and muscle fibers, diffusion parallel to the axons and muscle fibers is almost unrestricted,
whereas perpendicular to the axons/fibers diffusion is restricted by the cell membranes. This
pattern is called anisotropic diffusion and can provide information on the direction of the axons
and muscle fibers and fascicles. This directional information can then be used to reconstruct the

three-dimensional architecture of the muscles and nerves. Furthermore, DTI may be sensitive to
(patho-) physiological changes affecting the intra- and extracellular constituents.
For diagnosing immune-mediated neuropathies new MRI sequences have become available and
might prove useful (30). These sequences yield high resolutions, have nerve specific contrast and
are assessed in a three-dimensional fashion, and altogether might be more sensitive to visualize
alterations of the peripheral nerves than conventional two dimensional techniques (31).
Thus, these techniques may hold great potential to study physiology, injuries and diseases of the
skeletal muscles and peripheral nerves (32–34). Both DTI and the nerve specific sequences are
relatively new techniques and highly susceptible to artifacts (35). In particular, the
implementation of these techniques as regards the brachial plexus is challenging. The multiple
air-tissue transitions in this anatomical area lead to magnetic field inhomogeneities and have a
negative effect on image quality (36–39). Therefore, these sequences need tailoring before they
can be implemented.
This thesis introduces and applies several novel diffusion-based MRI techniques for the
assessment of skeletal muscle and peripheral nerves in a clinical setting. Our developed methods
and clinical results can be used as a framework to in the end, improve diagnosis and prognosis of
muscle injury and several neuromuscular diseases.
This thesis consists of two parts. The first part deals with skeletal muscle physiology,
architecture, and injury. The second part, focuses on the above mentioned immune-mediated
neuropathies (CIDP and MMN) and their mimic segmental SMA.
More specifically, part I (chapters 2-5) focusses on the use of DTI for pathology of skeletal
muscles and presents a method to obtain architectural parameters of muscles. In addition, the
ability of DTI enabling assessment of muscle changes due to strenuous exercise beyond the
capabilities of conventional MRI is shown.

In part II (chapters 6-8), the development and evaluation of a DTI protocol as well as a high
resolution, high contrast sequence for assessing the brachial plexus is shown. In addition, the
use of DTI to distinguish between immune-mediated neuropathies and segmental SMA is
explored.

Outline of the thesis
Part I
In chapter 2 technical considerations, and sensitivity for demographic and transient factors of
DTI in skeletal muscles are addressed in detail. In addition, a comprehensive overview of the
existing literature on the technical advances as well as its applications for skeletal muscle is
provided.
In chapter 3, a novel method is described to measure the lengths of muscle fascicles in a semiautomatically manner using DTI data. Furthermore, the reproducibility and reliability of this
technique in showing length changes of the muscle fascicles due to passive motion are reported.
Chapter 4 builds on the work of chapter 2 in which the developed technique is used to explore
the correlations between the diffusion perpendicular to the muscle fascicles and their length
excursions during passive motion.
In chapter 5, the feasibility of a DTI protocol enabling measurements of the full upper legs was
explored. Furthermore, this DTI protocol was also used to test its sensitivity to muscle alterations
as a result of long distance running.
Part II
Chapter 6 presents a MRI sequence for nerve-specific contrast in a large field of view designed
specifically for the brachial plexus. Strategies for coping with magnetic field inhomogeneities
induced by the anatomy of the neck are described.

Chapter 7 introduces a DTI protocol and segmentation method for the measurement of the
constituent parts of the brachial plexus. Furthermore, reproducibility of the method as well as its
associations with demographics and physiological factors such as sex, age, height and weight
were evaluated.
Chapter 8 reports on a multimodality imaging study in immune-mediated neuropathies and
segmental SMA. The use of conventional MRI sequences was explored as well as the newly
developed sequences.

Figures
Figure 1

Figure 1: Lateral and posterior view of fibertrackings of a fusiform muscle (semitendinosus) (A)
and a pennate muscle (soleus) (B). The dotted lines indicate attachment sites of the fascicles to
the tendon(sheet). The posterior view of the soleus shows the clear pennate architecture.

Figure 2:

Figure 2: A) Impulses from the primary motor cortex travel down the corticospinal tract through
the spinal white matter (Green) and synapse into the motor neurons in the spinal cord’s ventral
horn. Ventral horn neurons then pass on the action potentials to their axons through the ventral
roots to innervate individual muscle fibers. (Courtesy of BrainConnection.com). B) The peripheral
nervous system as shown by “The Continuum of the Nervous System” in a dissection by Rufus
Weaver, MD. 1852 (Courtesy of Drexel University, Philadelphia, PA.)

Part I

Chapter 2

Techniques and applications of
skeletal muscle DTI: a review.
Jos Oudeman
Aart J. Nederveen
Gustav J. Strijkers
Mario Maas
Peter R. Luijten
Martijn Froeling

J. Magn. Reson. Imaging 2016;43:773–88. doi: 10.1002/jmri.25016.

Abstract
Diffusion Tensor Imaging (DTI) is increasingly applied to study skeletal muscle physiology,
anatomy, and pathology. The reason for this growing interest is that DTI offers unique, noninvasive and potentially diagnostically relevant imaging readouts of skeletal muscle structure that
are difficult or impossible to obtain otherwise. DTI has been shown feasible within most skeletal
muscles. DTI parameters are highly sensitive to patient specific properties such as age, BMI and
gender, but also to more transient factors such as exercise, rest, pressure, temperature and
relative joint position.
However, when designing a DTI study, one should not only be aware of the sensitivity to the
above-mentioned factors but also of the fact that the DTI parameters are dependent on several
acquisition parameters such as echo time, b-value and diffusion mixing time. The purpose of this
review is to provide an overview of DTI studies covering the technical, demographic and clinical
aspects of DTI in skeletal muscles. First, we will focus on the critical aspects of the acquisition
protocol. Secondly, we will cover the reported normal variance in skeletal muscle diffusion
parameters, and finally we provide an overview of clinical studies and reported parameter
changes due to several (patho-) physiological conditions.

Introduction
Changes in muscle tissue structure due to (patho-) physiological conditions such as inflammation,
trauma, atrophy or hypertrophy can be assessed on T 1- and T2- weighted imaging. However,
early (patho-) physiological changes often start at the cellular or fascicular level, which is beyond
the detection capabilities of regular T1- and T2-weighted MR-imaging. This also means that it is
difficult to assess early treatment and training effects with MRI. For detecting or monitor early
changes on a cellular to fascicular level, which are not yet clinical evident or visible on regular T 1
and T2 imaging, one must rely on histology requiring invasive biopsies. The invasive character of
a biopsy precludes routine use and regular follow-up in healthy volunteers. A sensitive noninvasive imaging readout of early (patho-) physiological changes in skeletal muscle is therefore in
great demand.
Diffusion Tensor Imaging (DTI) may provide such an imaging readout as it is very sensitive to
changes in tissue microstructure and simultaneously allows for quantification and visualization of
the macroscopic muscle architecture (40). For this reason, DTI has increasingly been applied to
study skeletal muscle physiology, anatomy, and pathology (Figure 1). Furthermore, DTI in
combination with MR spectroscopy of muscle metabolism and other imaging techniques, e.g. T2
mapping or perfusion imaging, might provide more specific information about muscle pathology
(41).
For example in the area of muscle injuries, there is a great demand for sensitive markers to
improve prognosis as the recurrence rate is high (11, 42). DTI may provide such a marker as it is
showed to be sensitive for muscle alterations after strenuous exercise, which could not be
detected by T2-weighted imaging (43). Another area of potential use for DTI is in longitudinal
studies of muscular dystrophies. Clinical tests are lacking suitability and objectivity to measure
subtle changes in muscle status which is needed to evaluate and monitor progression or efficacy
of treatments (44).

Moreover, DTI post-processing software is getting widely available as commercial packages and
as freeware (45), making its application more accessible to a wider user group. As we will show
in this review, DTI is a powerful tool for monitoring and quantifying changes in muscle status and
structure due to muscle injury, disease or physiological processes (46–52). Moreover, DTI is able
to detect subtle subject specific variations such as age, BMI and gender (34, 53–55) or more
transient factors such as exercise, rest, pressure, temperature and relative joint position (56–61).
Apart from detecting changes in tissue microstructure, DTI can also be applied for in vivo
quantification and 3D visualization of muscle fiber architecture (52). DTI exploits the property
that the diffusivity of water is greatest in the direction parallel to the dominant muscle fiber
direction. Thereby DTI permits the quantification of directional anisotropy of muscle fibers (62–
64) and muscle architectural parameters (65, 66). However, the sensitive character of the DTI
parameters to the acquisition and subject specific conditions complicate the interpretation and
design of skeletal muscle DTI studies(67–72). Nevertheless, with a carefully designed
experiment, DTI has the unique capability of providing insights in the (patho-) physiological
processes in muscle tissue.
The purpose of this review is therefore to provide an overview of the current status of DTI in
skeletal muscle, with a focus on the critical technical aspects of the DTI acquisition protocol.
Furthermore, we will review the reported normal variances in skeletal muscle diffusion
parameters. Finally, we will discuss several clinical skeletal muscle DTI studies with respect to
observed changes in DTI parameters as a consequence of several (patho-) physiological
conditions in-vitro and in-vivo. We have included work covering diffusion tensor imaging from
1999 to November 2014, published in the English language (Appendix 1).

Theory and acquisition
Diffusion Weighted Imaging
Diffusion is the random displacement of molecules under the influence of temperature and/or
concentration gradients. The amount of diffusion is quantified by the diffusion coefficient. In
biological tissue diffusion can be hindered by a wide range of factors e.g. specific binding and
physical barriers like cellular membranes. Diffusion is then rather described by the apparent
diffusion coefficient (ADC) to discriminate it from unhindered diffusion. Diffusion of water can be
measured using diffusion-weighted imaging (DWI). DWI typically employs a single-shot diffusionweighted spin echo (SE) echo planar imaging (EPI) pulse sequence (see Figure 2 A). However,
stimulated echo (STE) pulse sequence are also often used of skeletal muscle diffusion weighted
imaging (73–78). With STE, the 180-degree refocusing pulse is replaced by two 90-degree RF
pulses. Although this results in a 50% signal loss it allows for stronger diffusion weighting by
increasing the mixing time (TM), which lengthens the time between the diffusion gradients (Δ),
without increasing the echo time and therefore can have higher SNR in certain conditions (74,
78) (see Figure 2 B). Another commonly used method is the twice refocused spin echo sequence
(Figure 2 C), which can reduce the effect of eddy currents (79). However, this method increases
the echo time and is therefore less preferred for skeletal muscle applications.
For all these methods diffusion sensitizing is accomplished by using diffusion gradients which
cause signal attenuation. The resulting signal intensity relates to the apparent diffusion
coefficient ADC [mm2/s] by
𝑆𝑏 = 𝑆0 𝑒 −𝑏 𝐴𝐷𝐶

(eq. 1)

Where 𝑆𝑏 is the diffusion weighted signal and 𝑆0 the non-weighted signal (see Figure 3 B-C), 𝑏 is
the b-value which is the amount of diffusion weighting and depends on the gradient strength 𝐺
and gradient timing (80).

Diffusion Tensor Imaging
DWI can be extended by measuring the ADC in at least six independent directions to quantify the
directional anisotropy of the diffusion. Instead of a scalar ADC parameter, the diffusivity is then
described by a 3x3 tensor 𝑫 (eq. 3) – hence the name diffusion tensor imaging (DTI) – which
can be reconstructed using several methods, e.g. Linear Least Squares (LLS), Weighted Linear
Least Squares (WLLS) or Non Linear Least Squares (NLS) (15,16).
𝐷𝑥𝑥
𝑫 = [𝐷𝑥𝑦
𝐷𝑥𝑧

𝐷𝑥𝑦
𝐷𝑦𝑦
𝐷𝑦𝑧

𝐷𝑥𝑧
𝐷𝑦𝑧 ]
𝐷𝑧𝑧

(eq. 3)

The tensor can be diagonalized by performing an eigenvector and eigenvalue analysis. The three
eigenvectors 𝜀⃗1 , 𝜀⃗2 and 𝜀⃗3 are orthonormal (principal diffusion directions) and their corresponding
eigenvalues 𝜆1 , 𝜆2 and 𝜆3 (principal effective diffusivity) are positive and 𝜆1 ≥ 𝜆2 ≥ 𝜆3 . The
principal eigenvector yields the direction with the highest diffusion, which has been shown to
correspond to the local muscle fiber orientation (12). Principal diffusion directions of neighboring
voxels are combined for three-dimensional muscle fiber tractography (17-19), see Figure 4.
The diffusion tensor provides information about the directional properties of diffusion and
provides the basis for fiber tractography. However, it is rather hard to interpret quantitative
changes in the diffusivity and diffusion anisotropy directly from the diffusion tensor itself.
Therefore, several rotation and scaling invariant scalar indices were introduced, which can be
quantitatively compared between measurements and subjects. The mean diffusivity (MD), given
in eq. 5, is an index that describes the directional average of the diffusion in the tissue (see
Figure 3 D).
𝑀𝐷 =

𝑇𝑟(𝑫)
3

=

(𝜆1 +𝜆2 +𝜆3 )
3

= 𝜆̅

(eq. 5)

To quantify the diffusion anisotropy, the fractional anisotropy (FA) scalar index (eq. 6) was
introduced (62, 81, 82). FA is dimensionless and equals 0 for an isotropic medium (see Figure 3
C). For a cylindrically symmetric anisotropic medium the FA value approaches 1.

𝐹𝐴 = √

̅ 2
̅ 2
̅ 2
3 √(𝜆1 −𝜆) +(𝜆2 −𝜆) +(𝜆3 −𝜆)
2

√𝜆1 2 +𝜆2 2 +𝜆3 2

(eq. 6)

The values of the diffusion tensor components and the derived scalar parameters can be strongly
biased by a low signal to noise ratio (SNR) (69, 70). Therefore, the SNR should always be
reported. The SNR in skeletal muscles depends on various hardware and acquisition parameters,
such as the echo time (69, 70), the diffusion b-value (71, 72, 83) and diffusion mixing time (84,
85). Moreover, the SNR of the diffusion weighted spin-echo EPI measurement depends strongly
on the T2 relaxation time, because of the relatively long TE (69, 70). For low SNR, generally 𝜆1
and FA are overestimated and 𝜆3 is underestimated. However, the amount of the error can
change depending on the method used for tensor calculation, the height of the tissue diffusion
parameters as well as the b-value (69, 70).
To ensure sufficient SNR typical voxel volumes range between 20 and 30 mm 3, notwithstanding
the resolution differs greatly between studies, e.g. 3x3x3; 2.5x2.5x5 or 1.6x1.6x8 mm 3. Based on
simulations it is recommended to use a short TE to maximize SNR and to use a b-value between
400 and 500 s/mm2 (69, 70) and to use at least 10 gradient directions (70). Depending on the
number of slices measured, typical acquisition times range between 5 and 10 min. Other optimal
acquisition parameters will differ for different applications (e.g. small or large muscles) and
available hardware (e.g. strong gradients and specialized coils).
Next to choosing the proper acquisition parameters it is important to minimize the effect of
artifacts commonly associated with DTI, e.g. susceptibility-induced deformations, eddy current
distortions, motion artifacts and chemical shift. Susceptibility induced deformations can be
reduced by proper shimming and increasing the EPI bandwidth in the phase encoding directions.
Remaining deformation can be further decreased by correcting the distortions using a B 0-map
(86) or non-rigid registration (87). To minimize the effect of subject motion affine registration
with the appropriate b-matrix correction is recommended (88). Furthermore, proper fat
suppression (89) is needed to reduce the effect of chemical shift artifacts. Removal of (olefinic)

fat signal from DW-EPI acquisitions can also be accomplished by alternative acquisition methods
such as echo time-shifted acquisition (90). However, even with appropriate fat suppression DTI
analysis will be affected in voxel containing a high percentage fat (89).
Next to diffusion weighted imaging and diffusion tensor imaging, many other models of diffusion
exist i.e. intra voxel incoherent motion (IVIM) (64), diffusion kurtosis imaging (DKI) (91),
diffusion spectrum imaging (DSI) (92), Q-ball imaging (QBI) (93), constrained spherical
deconvolution (CSD) (94), composite hindered and restricted model of diffusion (CHARMED) (95)
and neurite orientation dispersion and density imaging (NODDI) (96). Most of these models have
been developed to describe diffusion in brain tissue. However, almost none have been optimized
or used for skeletal muscle imaging and only few models specific for skeletal muscle have been
developed (85, 97).

Tractography
DTI enables visualization of muscle architecture with the use of fiber tractography algorithms.
The principal diffusion directions (the first eigenvector 𝜀⃗1 ) of neighboring voxels are combined for
three-dimensional muscle fiber tractography (98–100). Fiber tractography is generally started
form a manually or automatically selected region of interest and continues until a cutoff value is
reached. Commonly used cutoff values are a minimal and maximal FA and the angular change of
the fiber tract per integration step (see Figure 4).
For accurate fiber tractography an SNR of at least 30 is advised (69, 70). With adequate SNR,
tractography cutoff values can be as high as 45 degrees in angular difference and a FA cutoff of
0.1 will be enough for accurately reconstructing the architecture (101). However less stricter cut
off values are more frequently used for practical reasons, which makes comparisons between
different studies complicated (34, 86, 102). Next to SNR, adequate resolution is vital to avoid
partial volume effects. Partial volume effects can result in falsely elongated, crossing or
unrealistically short fibers (103–105).

Fiber tractography allows for the quantification of architectural parameters such as pennation
angle (106), curvature (107), fiber length and physiological cross sectional area (PCSA) (108).
The quantification of muscle architectural parameters in human DTI studies started with the
calculation of the azimuth and elevation angles relative to the imaging plane in 2002 by Sinha et
al. (71), but was also done in more recent studies (60, 61). In 2007 Landsdown et al. (106)
described a technique to determine muscle fiber pennation angle relative to the muscle
aponeurosis and showed that there was significant difference in pennation angle of the deep and
superficial compartments of the tibialis anterior muscle.

Feasibility studies and reported variances in
healthy skeletal muscle
Feasibility
Most early work focused on the feasibility of DTI for quantification of diffusion in skeletal muscle
and on muscle fiber tractography of the muscles of the calf (63, 71, 98, 109–111). Since then
most other limbs, such as forearms (86, 112), upper legs (102, 113, 114) and also more
complicated structures such as the tongue (105, 109), muscles of the feet (115), ocular muscles
(116), and the small pelvic musculature (117–119) have been successfully studied with DTI.
Quantification of the diffusion tensor derived scalar parameters (the tensor eigenvalues, MD and
FA) has been shown to be reproducible (60, 113, 114, 120, 121). Their coefficient of variation
(CV), defined as the standard deviation divided by the mean, and the coefficient of repeatability
(CR), defined as the 1.96 time the standard deviation of the paired difference, varies depending
on the field strength (60, 121) and muscle group of interest (60, 121, 122). Reported values of
CV are between 2 and 8 % for the tensor eigenvalues and MD and between 6 and 12 % for the
FA. Reported values of CR are between 0.1 and 0.3 for the tensor eigenvalues and MD and
between 0.02 and 0.1 for the FA. However, the CV between studies is found to be much higher

when literature concerning the healthy tibialis anterior muscle of the human calf in neutral
position is analyzed (13 % for the MD and 23 % for the FA) (see Figure 5). Reasons for this
spread can be found in differences in acquisition protocols as described above, but can also
originate from differences in demographics (e.g. gender or age) or transient differences (e.g.
exercise or limb position) which are described in the next section.
To interpret results, it is important to understand what physiological structures and mechanisms
lead to changes in the DTI derived parameters. More specifically, how do the eigenvalues, MD
and FA relate with muscle properties? There is a general consensus that the principal eigenvector
aligns with the local muscle fiber orientation (63). However, the relation of the second and third
eigenvector with the muscle microstructure is less clear and has been subject of several studies.
Galban et al. (54, 110) proposed that λ2 is related to the cross-section geometry of the
endomysium and that λ3 reflects the variations in the average muscle fiber radius. Karampinos et
al. (123) hypothesized that the difference in λ2 and λ3 reflect the cross-sectional shape of the
myofibrils. This model is supported by the long-range organization of the second eigenvector
which can even be tracked (124). Studies of DTI parameter changes due to physiological or
pathological conditions and which performed histology ass well seem to support the latter model.
The mean cell diameter was found to be positively correlated with λ 2 and λ3. However most of
the times cell swelling was accompanied by an increase of extracellular fluid. (41, 125–130).
Next to diffusion, blood flow in the capillaries will also cause signal attenuation in diffusionweighted MRI images (64, 97, 131–134), an effect which is called pseudo diffusion. Since
pseudo-diffusion is not truly diffusion, but perfusion, it leads to higher signal attenuation than
from diffusion alone (see Figure 6 A). Although the signal contribution of the perfusion
component is absent at high b-values the signal contribution from the perfusion is present in the
reference b=0 s/mm2 images. As a result, perfusion will always influence the ADC estimation
because its signal is present in the reference images (see Figure 6 B). Therefore, a multiexponential fit of the tensor is more accurate since the effect of the pseudo-diffusion can

influence the MD estimation differently for different b-values. When investigating muscle exercise
or damage one has to keep in mind that the muscle perfusion and blood volume will increase and
that the change in the measured diffusion can be largely due to pseudo diffusion as was shown
by Sigmund et al. (135).

Sensitivity to demographic factors
Measurements of tensor parameters showed to be sensitive to patient demographics such as
gender and age (34, 53–55). Galban et al. found a significant higher diffusivity in muscles of
female subjects as compared to males, however no clear explanation could be given (54).
Moreover, these findings seem to be more pronounced in the flexor muscles, but cannot be
reproduced by others (55, 131, 136). With respect to age, an overall decrease in diffusivity and
increase in FA values in calf muscles has been found with increasing age, which is hypothesized
to be caused by age-induced atrophy (125). However, reported changes differ per muscle(group) (flexors/extensors or lower/upper extremities), sometimes are absent, or contradictory
between studies (53, 55, 125, 131, 137). Body mass index (BMI) is found to correlate negatively
with diffusivity in muscles of the lower back and thigh (44, 113, 136), which could be a direct
result of the increased intramuscular fat fraction (89). Next, Scheel et al. showed that higher FA
values are positively correlated to the proportion of type 1 to type 2 muscle fibers in the soleus
muscle (129). The authors hypothesized the difference in FA can be explained by to the
difference in fiber diameter for type 1 and 2 muscle fibers (129, 130). Although muscle strength
is correlated to muscle fiber type composition (129), Okamoto et al. found no overall difference
in FA between muscles of athletes and non-athletes, but instead found a higher MD in athletes
(138). They also found that training of thigh muscles to increase muscle strength, resulted in an
overall increase of MD and decrease of FA (139). However, Nakai et al. (140) reported a
contradictory effect with an increase of FA in muscles which were subject to extra stress during
walking exercises for over a month. FA increase was absent in muscles which were not stressed.

Transient factors and joint position
The effects of transient conditions such as exercise, rest, temperature and relative joint position
on diffusivity of water in skeletal muscles has been covered in several papers.
For exercise, Okamoto et al. (141) found a decrease in FA values in the exercise loaded
gastrocnemius and soleus muscles. This decrease could be observed up to 48 hours after the
exercise. The last result was reproduced by Yanagisawa et al. (142) who evaluated diffusivity
changes over multiple days after eccentric contraction exercises and found that the FA of the
medial gastrocnemius was decreased up to 2 to 5 days after the exercise. Furthermore, λ 2, λ3,
MD and T2 relaxation times were elevated up to even 3 days after the exercise. This might
explain the higher MD in athletes compared to non-athletes in an earlier mentioned study by
Okamoto et al., in which the athletes were scanned only 48 hours after their last training (138).
In contrast to exercise, laying supine for a period of 30 min significantly decreased diffusivity
(143). Moreover, applying pressure or cooling muscles also decreased diffusivity significantly
(144–146).
Galban et al. showed the ability of DTI to differentiate between functionally different muscles in
the same region of the body on the basis of their diffusive properties and hypothesized DTIparameters reflected muscle architecture (110). Thereafter, it was hypothesized that changes in
joint position, which lead to muscle shortening or lengthening, would lead to changes muscle
architecture and therefore in DTI-parameters as well. For the ankle this is addressed in several
studies (56–58, 60, 61, 147–149), of which 6 reported values for the tibialis anterior muscle and
5 dealt with the medial gastrocnemius muscle. Changes in DTI parameters were linked to
increased cell diameter in shortened muscles, changes in extra and intracellular fluids and postexercise effects (see table 1). Unfortunately, the methods between studies differ to a large
extent, which complicates making comparisons. There were differences in the method of flexion
(active or passive), the angle of flexion (between 10° dorsiflexion to 40° degrees plantar flexion),
measurement setup and acquisition parameters (field strength 1.5 and 3 T, gradient directions: 6

to 12, b-value: 450 to 1000 s/mm2 and TE: 36 to 104 ms). Although most studies report an
increase of FA and decrease of MD with elongation of the muscle and the opposite effect for
muscle shortening, effect sizes differ between studies and significance was not always reached
and one study even reported the opposite effect (see Table 1). This variation in measurement
parameters and methods is reflected in the difference of DTI parameters for measurements of
the tibialis anterior muscle of the calve in rest, plantar flexion and dorsal flexion (see Figure 7).
Furthermore, earlier described effects like temperature change, differences in SNR, muscle
exhaustions or T2-relaxation time change due to muscle work may have influenced the
measurements even more.

Muscle microstructure and architecture
Diffusion tensor imaging and fiber tractography for quantification of architectural parameters
such as PCSA, fiber length and pennation angle has been shown to be reproducible (34, 60, 121).
It has been used to study the effect of joint movement on muscle architecture (61). Several
papers quantified PCSA, fiber length and pennation angles of the calf at different ankle positions
(60, 61, 101, 121). Sinha et al. (61) showed that in different compartments of the soleus the
fiber length and fiber angles change between the neutral and 30° plantar flexed ankle positions.
They showed an angle change of the first eigenvector between 12° and 50° degree with a 30°
plantar flexion of the ankle. More recently, Damon et al. (107) proposed a method for accurate
estimation of fiber curvature, which is an important parameter that is needed to predict strain
patterns during muscle contraction (150). In a study by Englund et al. (59) it was shown that
during contraction the direction of fiber shortening as measured with DTI differed from the
principal direction of muscle shortening as measured using tagging MRI, which indicates the
presence of shear strain in the muscle tissue.

Application to muscle diseases, injuries and
other conditions
Changes due to (patho-) physiological processes often start at the cellular or fascicular level,
which is beyond the detection capabilities of regular T1- and T2-weighted MR-imaging (11). In
literature DTI is considered as a sensitive tool for assessing these (patho-) physiological
processes, processes which are reflected in changes in tissue diffusivity. Next, DTI enables
assessment of disease severity, progression or remission, In general there has been interest to
investigate the use of DTI as a biomarker for various diseases (46–48, 50–52, 65) (Table 2). In
this section, we will first cover the pre-clinical (in-vitro) studies followed by the human (in-vivo)
studies.

Ischemia and denervation
The first who used DTI to investigate its use as a potential imaging biomarker for muscle damage
and regeneration was Heemskerk et al. They studied muscle damage and regeneration during
and after ischemia in mouse hind limb (126, 127). During ischemia, MD in the muscles tended to
decrease. After the reperfusion the MD, FA and T2 response was different if the muscle had been
stimulated during the ischemia. In the non-stimulated situation, the MD and T2 initially increased
and then normalized, whereas in the case of stimulation the FA decreased and the MD and T 2
increased even further (127). Similar results were found in the study of femoral artery ligation.
However, after 10 days in that setting diffusion values were lower than the initial values, whereas
T2 was still increased. Regional differences were found between T2-values and diffusion
parameters, which corresponded to the different phases of tissue de- and regeneration as
confirmed by histology. Increased ADC corresponded well with the presence of round cells,
whereas high T2 values corresponded best with areas in which an influx of inflammatory cells was
present. These different phases could not be identified based on T 2 alone, indicating that DTI
provides supplementary valuable information on muscle injury and regeneration. Similar results

are shown in a study of Zhang et al. in ischemic muscles of rabbits, which showed an increase of
MD and T2 next to a decrease of FA values after ischemia. During histology the muscle fibers
showed to be swollen which was accompanied by an increase of extracellular fluid. (151).
For denervation of the muscles in rabbits the same pattern of increased diffusivity with a
decrease of FA was seen in the acute phase(152). In studies of rats and mice which underwent
neurotomy and were followed up for 2 to 12 weeks, first a rapid increase of the MD was seen
followed by a late increase of T2, however the MD normalized, the T2 remained high (153) and
finally the FA did increase significantly, which was correlated to a significant decrease of muscle
fiber diameter (154, 155). In both studies, the increased FA was due to a decrease of the second
and third eigenvalue. Hara et al. studied impaired muscle function in rats by performing
tenotomy of the Achilles tendon. This resulted histologically in atrophied muscles and a decline of
all eigenvalues and a significant rise of FA after 4 weeks of follow up (156).

Trauma and exercise-induced muscle damage
The same pattern of increased T2 values due to edema together with a significant increase of the
MD and decrease of FA was observed in sterile muscle trauma (125, 128). Moreover, Esposito et
al. found that the combination of T2 and FA correlated with histological signs of inflammation and
repair (125). Bryant et al. studied sterile muscle trauma using several MRI modalities combined
with histology and could only partially reproduce the above-mentioned results (41). An increase
of all eigenvalues was measured of which the increase of λ3 was greatest, leading to a significant
increase of MD. The latter correlated well with other imaging sequences (T 1 and T2 mapping,
and magnetization transfer imaging) and with a histologically identified increase of extracellular
water. However no significant decrease in FA was observed (41).
In studies in which exercise-induced muscle damage was simulated by applying lengthening
contractions on mice, McMillan et al. (157) showed that the MD and FA increased significantly.
McMillian et al. also stated DTI is a reliable method for assessment of muscle damage as T 1 and

T2-weighted MR signals in the acute phase are dominated by edema (157). Gileste et al. used
multiple MRI modalities (Dixon, DTI, 31-Phosporous MR-spectroscopy) to investigate the
ACTA1(Asp286Gly) mouse model of nemaline myopathy to provide in-vivo, non-invasive evidence
of impaired in-vivo muscle function, and altered muscle structure. They found an increase of λ2
and λ3 together with increased T2 relaxation times in affected muscles and considered these as
relevant imaging biomarkers for monitoring the severity and/or the progression of the disease
and for assessing the efficacy of potential therapeutic interventions (158)

In vivo applications
Holl et al. found an increased MD after denervation in muscles of rats, which could be reproduced
in the leg musculature of patients with lumbosacral radiculopathy providing evidence for acute
denervation (152).
Studies towards muscle damage due to eccentric contractions or muscle tears support the in vitro
results and reported an increased MD together with decreased FA in comparison to healthy
controls (33, 159). Using tractography the architecture was found to be disorganized (33). For
assessing the use of DTI as a potential readout of overuse injuries Froeling et al. performed a
longitudinal study in marathon runners in which they found an elevated MD in the biceps femoris
up to 3 weeks after the marathon. Interestingly the biceps femoris is prone to injury in longdistance running. Moreover, there was no change visible in conventional T2-weighted imaging
(Figure 8).
Ponrartana et al. used DTI to study the effectiveness of DTI to provide suitable objective
endpoints for measuring disease progression in Duchenne muscular dystrophy. Clinical testing
has in general a poor intra-rater variability and therefore these tests are inadequate to measure
subtle changes for assessing disease progression or monitor therapeutic responses in therapeutic
intervention studies. The study showed good correlations of DTI parameters with muscle

strength and muscle fat infiltrations suggesting DTI can be a valuable noninvasive marker for
disease severity (44).
In inflamed muscles due to diseases such as polymyositis and dermatomyositis an increase in MD
and T2 was reported in active inflammation(160). However in chronically affected and fatinfiltrated muscles the MD was lower (160). Furthermore, the authors stated that DTI parameters
were more sensitive to the further deteriorating of the muscles than T1 and T2. Next, pseudo
diffusion was elevated in inflamed muscles compared with healthy muscles. An effect which was
also seen in chronically inflamed muscles due to a whiplash (160, 161). Sigmund et al. used
diffusion weighted data at multiple diffusion mixing times together with a random permeable
barrier model (RPBM) to describe the effects of exercise on permeability and diameter of muscle
cells in patients with chronic exertional compartment syndrome (CECS) and healthy controls.
They found an increase of diffusivity in both groups. However, in the healthy controls this was
mainly due to an increase of the muscle fiber diameter, whereas in patients the apparent
membrane permeability increased, likely due to an increase of extracellular edema (85). Besides
the potential value for diagnosing CECS, models like the RPBM can add specificity to DTI and
potentially enlarge its diagnostic value.

Structural change
Fiber tractography can provide insights in the structural level of muscle pathophysiology. Kan et
al. used fiber tractography and derived architectural parameters to create biomechanical models
of the quadriceps mechanism in healthy subjects and those with chronic lateral patellar
dislocation. Such models can be useful for monitoring physical therapy or a rehabilitation process
(162). Within the tongue, fiber tractography was used to study muscle deformations caused by
oral appliances used for Obstructive Sleep Apnea (OSA) (163) and to study altered anatomy after
glossectomy (164). Fiber tractography was used to obtain boundary conditions for accurate finite
element models to study motion of the tongue during swallowing and speech and can be of
significant value for improving rehabilitation programs or pre-surgical planning (66, 164, 165).

Discussion
DTI of skeletal muscles has become a widely available research tool over the last decade, which
resulted in an increasing number of studies using this technique. DTI has shown to be feasible
within most skeletal muscles and its reproducibility has been established for the calf, thigh and
forearm muscles.
Importantly, when designing a DTI study, one should know the DTI-parameters are directly
dependent on the measurement setup, and acquisition parameters. Next, DTI parameters have
shown to be sensitive to both demographics and transient conditions (Table 1 and 2). Therefore,
reference values for FA and MD cannot yet be given.
Moreover, DTI has shown to be very sensitive for (patho-) physiological muscle changes due to
ischemia, denervation, trauma, exercise, dermatomyositis and polymyositis. Altogether, the acute
phase of all conditions is coined with an increased diffusivity –which was greatest for λ1 and λ3
and decreased FA values. These findings which corresponded well with increased cell diameters
and extracellular fluid fraction found with histology. All of which are the general signs of both
inflammatory response and cell de- and regeneration. Although T2 relaxation follows the same
pattern for the acute phase, DTI can provide useful supplementary information in the follow-up.
In some studies, there was a normalization of diffusion parameters during follow-up, whereas T2
had the tendency to stay increased. DTI is also stated to be more specific for muscle damage in
the acute phase when T2 values are mainly influenced by edema. For atrophied muscles,
diffusion parameters decrease while T2 remains increased. Therefore, we believe DTI is a
valuable tool especially when used next to other modalities. Furthermore, specific models such as
the RPMB and IVIM will possible further increase the value of DTI in the clinical setting. These
models will help to provide insights in the level of change in diffusivity due to e.g. edema, pseudo
diffusion or cell-swelling. For example, DTI can play a role in muscle injuries as recurrence rates
are high (11) and T1- and T2-weighted imaging does not provide a good prognosis (13). We see

potential value within (neuro-) muscular disorders, as DTI provides a sensitive readout of muscle
status and can provide a patient friendly and objective measure of disease progression,
treatment effects and prognosis.
DTI fiber tractography allows for an accurate reconstruction of the 3D muscle architecture from
which muscle architectural measures such as the PCSA, fiber length and pennation angle can be
derived. These parameters can be used in biomechanical modeling and have already been used
to describe the biomechanics of the quadriceps in patients with chronic lateral patellar
dislocation.

Conclusions
In conclusion DTI is a sensitive and reproducible tool for assessing muscle (patho-) physiology.
However, when designing new studies, the sensitivity of DTI parameters to the acquisition,
demographics and transient conditions presented in this review, should be carefully reflected.
Presently DTI seems especially suited as a research tool for group comparisons, longitudinal and
prospective studies. Before DTI can be implemented in the clinical routine more studies are
needed that focus on the standardization of protocols, determining reference values for a wide
range of demographic factors and assess sensitivity and specificity of DTI parameters for various
diseases.

Figures
Figure 1

Figure 1: Graph illustrating the increasing number of skeletal muscle DTI papers published over
the years 1999 to 2014 (see Appendix for details on the search criteria). Separate lines
subsequently denote all papers, review papers in which DTI is one of the main topics,
fundamental papers mainly covering acquisition or post-processing techniques, experimental
papers covering reference values, and clinical papers covering the use of DTI in relation with
clinical questions.

Figure 2

Figure 2: Schematic representation of a diffusion weighted spin echo sequence. A) StejskalTanner pulsed field gradients, with: 𝐺 the gradient strength, 𝛿 the gradient duration, 𝜁 the rise
time of the gradients and 𝛥 the delay between the leading edges of the two pulsed field
gradients. B) Stimulated echo sequence with TM the mixing time in which the magnetization is
subject to T1 relaxation instead of T2 relaxation. C) Twice refocused spin echo sequence.

Figure 3

Figure 3: The top row shows two axial slices through both upper legs: A) T2-weighted images,
B) non-weighted (b = 0 s/mm2) images, and C) diffusion weighted (b = 400 s/mm2) images. The
bottom row shows the calculated MD (D) and FA (E) maps for the same axial slices.

Figure 4

Figure 4: Principle of fiber tractography, based on Mori et al. (100). Anisotropic diffusion in an
environment with strongly aligned fibers (A) is represented by an ellipsoid (B). From the ellipsoid,
the fiber direction is determined for each voxel, represented by the open arrows (C). Fiber
tractography starts in the voxel indicated with a (*) in panel C. Actual fibers are represented by
the curved black lines. The connected voxels are shaded gray. Tractography can be performed as
shown by the by the train of red arrows (C). This approach can also be used in three dimensions
were common stopping criteria for tractography are based on the FA and the angular change of
the fibers. Example of diffusion ellipsoids in an axial slice and fiber tractography of the
gastrocnemius (bottom) and tibialis anterior (top) in a human calf (D).

Figure 5

Figure 5: Reported values of MD and FA in the tibialis anterior muscle of the calf with the ankle
in the neutral position. The dashed-dotted line indicates the mean and the thin dashed lines two
times standard deviation. Error bars are given when reported in literature, some values have
been calculated from given tensors.

Figure 6

Figure 6: The effect of IVIM on the ADC estimation. A-B) Log of the signal as a function of bvalue. Without IVIM contribution the signal attenuation would be a line for which the slope is the
ADC (A: blue line). When there is a substantial contribution of perfusion to the signal attenuation
the signal curve shifts down (A: blue dashed line). If the ADC is estimated from signal with
substantial contribution of perfusion this can lead to an over estimation of the ADC (B: green and
red lines for b=400 and 200 s/mm2 respectively). The amount of overestimation of the ADC will
depend on the chosen b-value (B: green and red lines)

Figure 7

Figure 7: Results for MD and FA with the ankle in neutral position and during plantar and dorsiflexion. The asterisk shows reported significant differences.

Figure 8

Figure 8: Different examples of tractography used in literature, the tracts are color coded for the
fractional anisotropy (FA). A) Whole volume fiber tractography of the lumbar erector spinae
muscles (166). B) Whole volume tractography of the full upper legs (43). C) Fiber tractography
of the human revealing the complex architecture of these muscles. D-E) Healthy forearm
muscles, next to atrophic forearm muscles due to focal/monomelic spinal muscular atrophy,
increased FA values can be seen in the affected Extensor Digitorum muscle, which was also
identified by electromyography.(167).

Tables
Table 1
Demographic and

FA

MD

Suggested explanations

Female vs. Male

↓(15)
→(16,19,84,98)

↑(15,84)
=(16,19,93,98)

Mostly unclear.

Ageing

↑(15,93,87,99)
=(17,98)

=(17,98)
↓(15,93,87,99)

Reduced fiber diameter due to
age-induced atrophy.
Changes in type 1 and 2 fiber
composition.

Increased BMI

↑(98)

↓(98)

Increased intra muscular fat-

transient changes

fraction (52).
Relative increased
levels of Type 1
fibers

↑(92)

↓(92)

Smaller diameter of type 1
fibers.

Higher muscle force

↓(91)

↑(91)

Type 2 muscle fibers give
strength and have larger cell
diameter.

Post-Exercise

↓(48,103,104)

↑(48,108,104,122)

Various explanations: ↑ T2
time, ↑ blood volume, ↑
pseudo-diffusion,↑ SNR;
↑ Temperature, changed intraextracellular volume and cell
swelling.

Laying supine

=(105)

↓(105)

↓T2 time, ↓ extracellular space
and
↓ pseudo-diffusion.

↓(106,108)

Decreased diffusivity.

→(107)

Reduced cell size and reduced

Cooling of the
muscles
Applying pressure
on the muscles

↑(107)

extracellular fluid.
Muscle elongation

↑(19,20,21,23,109,111)
↓(21)

↑(20,24)
= (21)
↓(19,109,110)

Muscle shortening

↑(21)
↓(19, 20,23,24,109,111)

↑(19,20,21,23,24,109,110)

Increased/decreased cell
diameter in
shortened/elongated muscles.
Changed composition in extra
and intracellular fluids.
Post-exercise effects.

Table 1: Effects of physiological and transient changes. ↑ indicates the value is increased; ↓
indicates the value is decreased; = indicates no change was seen. References are given in
subscript next to the effect. Studies which reported significance (at least p< 0.05) are underlined.

Table 2
Clinical conditions
compared to healthy
controls

FA
Acute

FA
Followup/chronic

MD
Acute

MD
Followup/chronic

T2
Acute

T2
Followup/chron
ic

↓(88,113,89)
↓(89)

↑(88)

↑(88,89,113)
↑(89)

=(88)

↑(88,89,113)
↑(89)

=(88)

Denervation of muscles

↓(114,115)

↑(114,115,117)

↑(114,115)

↓(114,115.117)

↑(115)

↑(115)

Trauma
• Chemical induced
• Overuse
• Overuse in
dystrophic
muscles

↓(90,87,2)
= (119)
↓(119)

↑(87)

↑(90,87,2)
↑(121,122) =(119)
↑(119)

↓(87)

↑(90,87,2)
=(119)
↑(119)

↑(90)

↑(123)

↓(123)

↑(123)

↑(123)

Ischemia
• Non-stimulated
• Stimulated

Inflammation in
polymyositis and
dermatomyositis

Suggested explanations

Cell swelling and increased
extracellular fluid due to
inflammatory response
Acute: Cell swelling and
increased extracellular fluid
due to inflammatory
response
Chronic: Reduced fiber
diameters due to atrophy
Acute: Cell swelling and
increased extracellular fluid
due to inflammatory
response
Chronic: Reduced fiber
diameters due to atrophy
Acute: Cell swelling and
increased extracellular fluid
due to inflammatory
response
Chronic: Loss of muscle
organization, reduced
diffusivity due to fatinfiltration (52)

Table 2: Effects of muscle damage and disease. ↑ indicates the value is increased; ↓indicates the value is
decreased; = indicates no change was seen. References are given in subscript next to the effect. Studies
which reported significance (at least p< 0.05) are underlined.

Appendix - Literature Search Strategy
To identify literature covering DTI in skeletal muscles and covering the technical advances,
normal variations and its applications we conducted a literature search in November 2014. The
following databases were searched: PubMed (103 included and 105 excluded), Embase (no
additional inclusions) and Cochrane (no additional inclusions). We excluded articles older than 15
years and not written in the English language. The search terms for the PubMed electronic
database were as follows:
("Muscle, Striated"[Mesh] OR "Muscle, Skeletal"[Mesh] OR (striated muscle[All Fields] OR striated
muscled[All Fields] OR striated muscles[All Fields] OR (skeletal muscle[All Fields] OR skeletal
muscles [All Fields] OR skeletal muscles[All Fields] OR skeletal muscles[All Fields]) AND (DTI[All
Fields] OR DT-MRI[All Fields] OR ("diffusion tensor imaging"[MeSH Terms] OR ("diffusion"[All
Fields] AND "tensor"[All Fields] OR "diffusion tensor imaging"[All Fields])
The search was adapted as necessary for the other databases. References were managed with
the aid of reference managing software (Mendelay Desktop 1).
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Abstract
Introduction: Musculoskeletal (dys-)function relies for a large part on muscle architecture which
can be obtained using Diffusion Tensor MRI (DT-MRI) and fiber tractography. However,
reconstructed tracts often continue along the tendon or aponeurosis when using conventional
methods, thus overestimating fascicle lengths. In this study, we propose a new method for semiautomatic segmentation of tendinous tissue using tract density (TD). We investigated the
feasibility and repeatability of this method to quantify the mean fascicle length per muscle.
Additionally, we examined whether the method facilitates measuring changes in fascicle length of
lower leg muscles with different foot positions.
Methods: Five healthy subjects underwent two DT-MRI scans of the right lower leg, with the
foot in 15° dorsiflexion, neutral, and 30° plantarflexion positions. Repeatability of fascicle length
measurements was assessed using Bland-Altman analysis. Changes in fascicle lengths between
the foot positions were tested using a repeated multivariate analysis of variance (MANOVA).
Results: Bland-Altman analysis showed good agreement between repeated measurements. The
coefficients of variation in neutral position were 8.3%, 16.7%, 11.2% and 10.4% for Soleus
(SOL), Fibularis Longus (FL), Extensor Digitorum Longus (EDL) and Tibialis Anterior (TA),
respectively. The plantarflexors (SOL and FL) showed significant increase in fascicle length from
plantarflexion to dorsiflexion whereas the dorsiflexors (EDL and TA) exhibited a significant
decrease.
Conclusions: The use of a tract density for semi-automatic segmentation of tendinous
structures provides more accurate estimates of the mean fascicle length than traditional fiber
tractography methods. The method shows moderate to good repeatability and allows for
quantification of changes in fascicle lengths due to passive stretch.

Introduction
The architectural parameters of muscle-tendon units determine the function that these have
within the musculoskeletal system. Among these parameters we find, most importantly: the
optimal fiber length, the physiological cross-sectional area (PCSA) and the pennation angle. For
instance, fascicles within long muscle-tendon units can sustain longer excursions during daily
activities than short muscles having a large PCSA, which are instead optimized to produce high
forces within a limited range of fascicle lengths (114).
It is well known that these architectural properties may change due to (patho-)physiological
conditions such as aging, exercise, disease, or surgical intervention (168, 169), which has an
influence on muscle function (169, 170). For example, it was shown that muscle fascicle length
decreases due to inactivity and lengthens after exercise, but it has also been shown that fascicle
length directly correlates with performance in athletes (169–171). Therefore, obtaining
architectural properties such as fascicle length in a reliable fashion is of vital importance to
understand skeletal muscle function and alterations therein due to (patho-)physiological
conditions.
Quantitative values for architectural parameters, are often estimated from available data
obtained on dissected cadaveric specimens or from bright mode ultrasound (3, 16, 17). However,
these methods have serious limitations. Cadaveric material does not provide patient-specific
information. Ultrasound is limited to superficial muscles and offers mostly 2D measurements in a
narrow field-of-view (FOV) (16). A few studies exploited conventional anatomical magnetic
resonance imaging (MRI) to derive muscle architecture (172, 173). Anatomical T1- and T2weighted scans provide sufficient contrast for quantification of muscle volume (15, 173), but
fascicle orientations and pennation angles cannot be inferred from these scans.
Muscle fascicle architecture characterization by Diffusion-Tensor MRI (DT-MRI) does not suffer
from the above-mentioned shortcomings, as it can be applied to quantify subject specific in vivo

3D muscle architecture in a large FOV (55, 71). DT-MRI is a specialized MRI technique, capable
of quantifying the self-diffusion of water molecules in tissue. Water diffusion in skeletal muscles
is highest along the axis of the fascicles and lowest perpendicular to the axis of the fascicles.
Although a definitive model underlying this diffusion anisotropy in skeletal muscle is lacking, it is
generally accepted that diffusion perpendicular to the muscle fascicle axis is lower because water
diffusion in this direction is hindered by intra- and extracellular tissue constituents (40, 174).
Using the diffusion tensor, the muscle fascicle orientation can be quantified in each imaging
voxel. Tractography combines this information in 3D to obtain whole-muscle fascicle architecture
(174). DT-MRI and tractography have been applied to visualize muscle architecture in various
regions in the human body, including leg, forearm, heart, spine, pelvis, and tongue (86, 101,
166, 175, 176).
It has been shown that tractography provides a useful visual representation of muscle
architecture in which pennation angles could be measured accurately (103, 121). However,
measurements of fascicle length proved more challenging due to the presence of artificially long
fascicles as tractography continued beyond the muscle origin and insertion due to partial volume
effects with tendons and fascia (103, 137). Additionally, unrealistically short fascicles were
observed near the borders of the segmented muscle volumes as a result of suboptimal
segmentation and limited resolution (103).
Thus, accurate and automatic determination of fascicle lengths and pennation angles not only
depends on accurate segmentations of the individual muscles, but also on the accurate
segmentation of tendons, fasciae and (internal) aponeuroses(121, 137). However, due to their
limited resolution, segmentation cannot be performed reliably on DT-MRI images (40, 174),
therefore, segmentation has to be performed on high resolution co-registered anatomical scans.
While this process is laborious and time consuming, it is also prone to errors due to difficulties in
achieving a perfect registration between the anatomical and DT-MRI scans.

The purpose of this work is to introduce a novel method for semi-automatic segmentation of
tendinous structures directly from the DT-MRI data, facilitating accurate and repeatable
quantification of muscle fascicle lengths without the need for laborious segmentation and
avoiding registration errors. We have explored this new method to quantify muscle fascicle
lengths in several muscles of the human lower leg and we assessed changes in fascicle length
due to passive ankle motion.

Methods
MRI
Five healthy male volunteers were scanned with a 3T Achieva MRI scanner (Philips) using a 6channel torso coil. This study was approved by the local IRB and written informed consent was
provided by all subjects prior to the study. A custom-built device was used to immobilize the foot
in 3 different positions: 15° dorsiflexion, neutral position, and 30° plantarflexion. MRI
measurements of the lower leg for all 3 foot positions were performed in one examination. Each
subject was measured twice on the same day in two separate MRI sessions, with at least 30
minutes in between. The MRI protocol consisted of an mDixon scan, for anatomical reference,
and a DT-MRI scan. The following scan parameters were used for 3-point mDixon: sequence =
FFE, FOV = 192x156 mm2, TR = 7.7 ms, TE1/ΔTE = 2.1/1.7 ms, matrix size = 192x192, number
of slices = 100, voxel size = 1x1x2.5 mm 3. The following scan parameters were used in the DTMRI scan: sequence = SE-EPI, FOV = 192x156 mm2; TR = 11191 ms, TE = 51.63 ms, matrix
size = 64x52, number of slices = 50, voxel size = 3x3x5 mm3, SENSE acceleration factor = 1.5,
number of gradient directions = 12, diffusion b-value = 400 s/mm2; Slice-selection gradient
reversal (SSGR) was used for fat suppression, in combination with spectrally adiabatic inversion
recovery (SPAIR) for aliphatic fat-suppression and spectrally selective suppression of the olefinic
fat peak (177). The scan time for each foot position was 11 minutes, resulting in a total scan

time of 33 minutes per session. Additionally, for each DT-MRI scan a noise scan was also
performed to calculate SNR maps.

Data processing
Tensor calculation
DT-MRI data were processed using DTITools for Mathematica 10.3 (86). Data pre-processing
comprised three steps: 1) Rician noise suppression (178), 2) affine registration of the diffusion
weighted images to the non-weighted image to correct for motion and eddy current deformations
(88), and 3) b-spline registration of the diffusion data to the mDixon water images to correct for
susceptibility induced EPI deformations (39, 179, 180). In the last processing step the resolution
of the diffusion data was increased to a voxel size of 1.5x1.5x3.0 mm 3. Directional diffusion data
was fitted to a tensor model using a Weighed Least Linear Square (WLLS) algorithm, from which
the principal direction of diffusion was determined. SNR (Signal to Noise Ratio) was defined as
the ratio of the mean muscle signal in the DT-MRI images acquired with b=0 s/mm2 and the
standard deviation of noise, calculated from the noise scan.

Muscle segmentation
Muscle segmentation was done by manual delineation of the 11 muscles in the lower leg (i.e.
Tibialis Anterior, Tibialis Posterior, Extensor Digitorum Longus, Flexor Digitorum Longus, Flexor
Hallucis Longus, Extensor Hallucis Longus, Gastrocnemius Medialis, Gastrocnemius Lateralis,
Soleus, Fibularis Brevis and Fibularis Longus). The delineation was performed in the out-of-phase
mDixon images of the first measurement session with the foot in neutral position. These mDixon
images were first down-sampled to a resolution of 1x1x10 mm3, which resulted in only 25 slices
for delineation. The segmentations were then transformed to all 6 datasets (3 positions, 2
measurements) by registering the down-sampled out of phase mDixon images to full resolution
out-of-phase mDixon images using rigid registration followed by non-linear b-spline registration
with Elastix (181).

Tractography
Muscle tractography was performed using the vIST/e toolbox [3]. Tractography was performed
with an allowed FA range of 0.1 to 0.7, a maximal allowed angle change per step-size of 20° and
a minimal fiber length of 0.2 cm. Seed points from which tracts continued bidirectionally were
evenly spaced throughout the whole leg volume (seed distance = 1 mm) and a deterministic
algorithm was used for tractography. This initial whole volume tractography was subsequently
used to determine tract density maps, as explained in the next section.

Tract density and fascicle length
Tract density
The automatic segmentation of tendinous tissue is based on the notion that most muscle fibers
have a well-defined origin and insertion and have a relatively constant density in the muscle
body. Consequently, the tract density (TD) of reconstructed muscle fascicles – from DT-MRI –
should remain constant within the muscle volume (Fig. 1A). However, muscle fascicle tracts
reconstructed from DT-MRI data may artificially extend along tendons, aponeuroses, and fasciae,
due to partial volume effects and diffusion anisotropy in these tendinous tissues (Fig. 1B).
Consequently, the fascicle TD in voxels containing tendinous tissue is higher than those in the
muscle belly (Fig. 1C). Thus, voxels containing tendinous tissue can be segmented based on their
higher TD value as compared to muscle tissue.

Tractography based on tract density
TD maps were made by volume seeding of tracts in the whole leg with a seeding distance of
1x1x1 mm3. TD was defined as the number of tracts crossing each voxel. The TD values were
normalized to the mean TD of the entire volume, which contains mostly muscles, consequently
TD ≈ 1 for muscle tissue. After the construction of the TD maps, a second tractography step is
performed for each individual muscle, with step length = 0.2 max angle/step = 10°, and

minimum fiber length = 20 mm, using the TD value as stopping criterion. If the TD value exceeds
1.5 tractography is halted, because this indicates the presence of a tendon, aponeurosis, fascia,
or artifacts. Seed points for tractography based on TD values were equally spaced within a
volume obtained by eroding the segmented volume for each muscle to about 90% of its original
size.

Fascicle length measurements
The mean fascicle length for each muscle was derived from a fit of a skewed Gaussian
distribution to the fascicle length distribution of all tracts of that muscle. Reconstructed fascicle
tracts that terminated proximally or distally at the edges of the FOV were excluded from analysis,
since these do not represent the full muscle fascicle length. As a comparison, our new method
using TD maps was compared to two conventional tractography methods for determining fascicle
lengths in the TA muscle. The first method used FA as a tracking stopping criterion with an
allowed range of FA = 0.15 to 0.65 (61, 137, 182). The second one involved an accurate manual
segmentation of the TA muscle and halting tractography at segmented boundaries of the TA
muscle (48, 103, 183).
In-depth analysis of fascicle lengths and changes therein upon passive plantar- and dorsiflexion
was restricted to the Soleus (SOL), Fibularis Longus (FL), Extensor Digitorum (EDL), and the
Tibialis Anterior (TA). Results for all muscles are reported in the supplemental material.

Statistical analysis
Repeatability of fascicle length measurements of the SOL, FL, EDL, and TA was investigated
using Bland-Altman plots and reported as the coefficient of variation (CV). CV is defined as
100%*SD/Mean, where SD is the standard deviation of the paired difference and Mean is the
mean value calculated for the two repeated datasets. The CV is reported per muscle and position
as well as for the 4 muscles combined. The minimal detectable difference (MDD) is calculated for
each of the 4 muscles. The MDD is equal to 1.96 times the SD of the paired differences and

represents the smallest difference in fascicle length that, with a 95% confidence interval, can be
attributed to a true change in fascicle length rather than to a measurement error.
Significance (P < 0.05) of changes in parameter values between the three ankle positions and
repeated measurements were tested with a multivariate analysis of variance (MANOVA) (SPSS v.
22; IBM, Armonk, NY) with a Bonferroni post hoc test. For each variable, the assumption of
sphericity was tested with the Mauchly test. If the sphericity assumption was violated, one of
three corrections was used based on the Mauchly test output: the Greenhouse-Geisser, the
Huynh-Feldt, or the lower-bound correction.

Results
The five healthy males which were included in this study had a mean age of 27 years (range 2429 years), a weight of 78 kg (range 62-89 kg), a length of 181 cm (range 171-189 cm), and a
tibia length of 42 cm (range 37-47 cm). All DT-MRI scans were completed successfully (see Fig.
2A-D) and were of sufficient quality to allow accurate tensor calculation. For all scans, the
average signal-to-noise (SNR) of muscle in the non-weighted images was at least 30 (range 3070). For all subjects, the muscle segmentation using the down-sampled out-of-phase mDixon
images could be well aligned with the up-scaled diffusion data (see Figs. 2E-H).
Fig. 3A is a representative TD map of the lower leg in axial orientation. The image shows that
muscle tissue has constant TD values (red; TD ≈ 1 by normalization). Boundaries between
muscles are characterized by pixels with considerably higher TD values (white; TD > 1.5). Fig. 3B
is the mDixon water image of the same slice, in which tendons and fasciae are hypo-intense. The
overlay of TD on the mDixon water image (Fig. 3C) shows that high TD pixels spatially
correspond to mDixon water hypointense pixels. High TD pixels can thus generally be ascribed to
tendons and fasciae, apart from artifacts or low SNR regions.

Comparisons of tractography methods with different stopping criteria, including TD, are shown in
Fig. 4. When comparing the conventional tractography methods, which are based on FA or using
the muscle boundary as stopping criteria, it can be seen that non-Gaussian distributions of
muscle fascicle lengths are obtained. When using FA as the sole stopping criteria, fascicles tend
to extend into adjacent muscles and tendons (Fig. 4B). Consequently, the mean value of fascicle
length is shifted towards artificially larger values (Fig. 4A). When using muscle boundaries as a
cutoff, the reconstructed fascicle lengths near the muscle boundary terminate prematurely (Fig.
4F), resulting in a skewed distribution towards short fascicle lengths (Fig. 4E). Using the TD
based method, both long and short fascicles are avoided (Fig. 4D) and a normal distribution can
be appreciated for all investigated muscles (Fig. 4C).
Bland-Altman plots for fascicle length for SOL, FL, EDL, TA, and for all muscle together are
shown in Fig. 5. The graphs show that the differences between the two repeated measurements
are distributed around a mean value of zero, indicating the absence of any systemic differences
between sessions. Different limits of agreement were observed for different muscles, with the
SOL showing overall the best reproducibility and TA showing the worst (see also Bland-Altman
plots of all muscles in supplemental material). The CVs were 8.3%, 16.7%, 11.2%, 10.43% in
the neutral position, for the SOL, FL, EDL, and TA respectively (see Table 1). The CVs and MDDs
per muscle and position are listed in Table I, showing a broad range for CVs (5.3 – 18.7%) with
the repeatability being worst in dorsiflexion.
Fig 6. shows the fascicles of the SOL and TA color-coded for fascicle length in the three positions.
In this figure, the fascicle length changes can be appreciated. Furthermore, none to very little
artificially elongated or shortened fascicles are seen. The values of average fascicle lengths for
SOL, FL, EDL, and TA and different positions are presented in Table I. Fig. 7 shows the fascicle
length as a function of ankle position for SOL, FL, EDL, and TA per subject; the black line
indicates the mean calculated over the 10 measurements. For the graphs of all muscles see
supplemental material. Significant (P < 0.05) change of the fascicle length was observed from

dorsiflexion to neutral for SOL and EDL, from neutral to dorsiflexion for SOL, FL and EDL. From
dorsiflexion to plantarflexion the change was significant for SOL, FL, EDL and TA (Fig. 7).

Discussion
In this work, we introduced a novel method for automatic segmentation of tendinous structures
directly from DT-MRI data, facilitating accurate and repeatable quantification of muscle fascicle
lengths. The resulting fascicle lengths, obtained by excluding tendinous structures from
tractography, are in agreement with previously reported muscle fascicle lengths in cadaveric
specimens(3). Furthermore, fascicle length measurements showed good to moderate
repeatability (CV of 5.3 – 18 %) and quantification of changes in fascicle length due to changes
in ankle position proved possible.
The proposed method effectively avoids the reconstruction of artificially long and short fascicles,
and the overall normalized counts of fascicle length within a muscle approached a Gaussian
distribution, which is agreement with findings in cadaveric material (103). The problem of
artificially long fascicles along the aponeurosis and tendons, which bias the mean fascicle length
towards higher values, was already addressed in a previous study by manual editing of fascicles
(137). While manually editing results in correct fascicle lengths, it is a very time-consuming
process. Furthermore, it requires accurate tendon segmentation from high resolution anatomical
scans and/or careful visual inspection of all reconstructed fascicles. The strength of our method is
that it facilitates automatic and user independent segmentation of tendons and estimations of
muscle fascicle lengths.
The presented fascicle lengths are in agreement with literature (3, 16, 184). Ward et al. (3)
reported fascicle length values for SOL, FL, EDL, and TA of cadaveric specimens in neutral
position of 4.7 ± 1 cm, 5.1 ± 0.6 cm and 7.0 ± 1.1 cm and 6.8 ± 0.8 cm, respectively. We found
average values of 5.7 ± 0.3 cm, 5.9 ± 0.6 cm, 6.8 ± 0.8 cm and 6.6 ± 0.7 cm, respectively, in

neutral position. Our results are also in agreement with ultrasound values of TA fascicle length in
neutral position, which range from 5.5 - 8 cm (185–187). However, most ultrasound studies have
studied active contractions and small parts of the muscle only.
We found a wide range of reproducibility indices between muscles (see supplemental material) as
well as between foot positions. In particular, an overall increased CV is observed for the
dorsiflexed position, most likely caused by the fact that the position was not well tolerated by a
few subjects resulting in some active involuntary muscle contraction. However, the repeatability
of fascicle length measurements in our study is better compared to previous DT-MRI studies
(121, 188) in which only the neutral position for a single muscle was measured.
The changes in fascicle length with respect to neutral foot position obtained in this study agree
with the known antagonistic function of muscles. In fact, the TA and the EDL, that play a role in
dorsiflexing the foot, present a reduced fascicle length in the dorsiflexed foot position, when
compared to the plantar flexed position, with the biggest change between dorsiflexion and the
neutral position, being significant for the EDL. On the other hand, the SOL and the FL muscles,
which are plantarflexor muscles, present the opposite behavior, with significant shorter fascicles
in the plantarflexed position compared to the dorsiflexed position, with the biggest change
between the plantarflexed and neutral position and which was significant for both SOL and FL.
With the new method, we measure realistic fascicle lengths for all muscles (see supplemental
material). For some muscles, specifically for GCM and GCL, fascicle lengths changes from dorsito plantarflexion were small and not significant. We believe this is because for these muscles the
change of length in the total muscle-tendon complex is partially attributed to stretch of the
tendon during passive motion. As shown by Herbert et al. the contribution of tendon stretch in
the total variation in length of the muscle-tendon complex is much larger for the GCM and GCL
than for the TA (189). In individual cases, shortening of a muscle was observed where a
lengthening was expected. We believe that this is in part due to tendon compliance, but most

due to active contraction of these muscles in dorsiflexed position which was perceived as
uncomfortable by some of the volunteers.
Nevertheless, our study shows that the new method can be used to obtain reliable patient
specific fascicle lengths, which ultimately might be used as geometrical input for biomechanical
models (17, 66, 190, 191). More important, our study shows fascicle length measurements can
be applied to monitor disease, therapy or training. As an example, previous studies reported that
90 days of bed rest caused a 10% decrease in fascicle length of the GCM and GCL (192),
opposing to an 11% increase of the fascicle length of the Vastus Lateralis muscles (VL) of the
upper leg in elderly people after training (170). Moreover, in competitive sprinting, fascicle length
was found to be the main determinant of the performance (169). The reported changes of
fascicle length observed in those studies were all in the range of the MDDs found in all the
muscles in our study, and therefore could also be determined using our new method.
Our method also opens the possibility to do longitudinal studies of the response in fascicle
lengths to therapies or diseases. Furthermore, the automated tendon segmentation fascicle
tractography could be extended with quantifications of pennation angles and muscle volumes.
This should be possible in an automated fashion as we identified the voxels belonging to
tendinous structures as well as the voxels which consist purely of muscle tissue.

Limitations
This study has a few limitations. First, the number of subjects was limited to 5. However, for
proof-of-concept and assessing repeatability of fascicle length quantification in various muscles in
the lower leg, this proved sufficient. A second limitation was that the 15° dorsiflexion position
was not always well tolerated and may have caused compensatory muscle contractions in some
of the subjects. In general, complete passive stretch might be hard to achieve. Although our
fascicle length estimates were in good agreement with cadaveric and ultrasound studies, we did
not validate in vivo fascicle length measurement directly on the same muscles. This could be

done in animal studies, where after in vivo measurements the muscle could be dissected for ex
vivo validation.
Another potential limitation is the positioning of the subject with the calf resting on the coil,
rather than being suspended. While this set-up is favorable for maximizing SNR in the posterior
compartment, it also leads to deformation and compression of the gastrocnemius muscles. If
interested in these muscles, a set-up with the calf suspended would be preferable (143, 193).

Conclusions
In conclusion, we presented a novel in vivo approach for skeletal muscle fascicle length
measurement using DT-MRI. This method showed good to moderate repeatability and enabled
quantification of changes in muscle fascicle lengths with passive stretch of lower leg muscles.
Ultimately, validation of fascicle length estimations could be obtained by comparing post mortem
DTI with anatomical dissection.
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Tables
Table 1

Dorsiflexion

Neutral

Plantar flexion

SOL

FL

EDL

TA

6.4±0.7

5.9±0.7

5.8±0.9

5.7±0.7

CV (%)

10.6

10.5

16.3

18.7

MDD (cm)

1.3

0.8

1.7

2.3

5.7±0.3

5.9±0.6

6.8±0.8

6.6±0.7

CV (%)

8.3

16.7

11.2

10.4

MDD (cm)

0.4

0.8

0.9

0.6

4.9±0.4

5.2±0.9

6.3±0.7

6.8±0.6

CV (%)

5.3

11.8

11.2

11.1

MDD (cm)

0.6

0.6

1.7

0.7

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Table 1: Mean values of fascicle length and intersession repeatability. Mean and
standard deviation (SD) of the fascicle length, coefficient of variation (CV) and minimal
detectable difference (MDD) per position indicated for 4 different muscles: Soleus (SOL), Fibularis
Longus (FL), Extensor Digitorum Longus (EDL) and Tibialis Anterior (TA).

Figures
Figure 1

Fig. 1: Schematic explanation of partial volume at muscle/tendon intersection.
Schematic drawings of muscle and tendon in a pennate muscle with the artificial elongation. (A)
The in vivo situation in which the muscle fascicles (grey) attach to the tendon (black). (B) When
the voxel contains both tendon and muscle the average direction for tracking is along the tendon.
(C) Therefore, tractography will continue along the tendon, leading to artificially long fascicles.

Figure 2

Fig. 2: Transverse slice in a volunteer: raw MRI data and muscle segmentation. (A)
DT-MRI image obtained with b=0 s/mm2; (B) DT-MRI image obtained with b=400 s/mm2; (C)
Water image from the mDixon scan; (D) Fat image from the mDixon scan; (E) Muscle
segmentation overlaid to the out-of-phase mDixon image; (F, G, H) Muscle segmentation
obtained using the down-sampled out-of-phase mDixon images overlaid to the up-scaled
diffusion data. (F) 15° dorsiflexion; (G) Neutral position; (H) 30° plantarflexion.

Figure 3

Fig. 3: Tract density (TD) map and corresponding anatomical image. (A) Axial tract
density map of the lower leg of one subject in neutral position. High values of normalized tract
density are represented in white and indicate tendons, while low values in red can be assigned to
muscle tissue. (B) Water image determined from the mDixon scan and (C) the previous two
images overlaid. There is good anatomical agreement for the tendons between the two images.

Figure 4

Fig. 4: Comparison between tractography based on Tract Density, on FA and on
muscle boundary. (A, C, E) Histograms of fascicle length in 4 muscles (Extensor Digitorum
Longus (EDL), Fibularis Longus (FL), Soleus (SOL) and Tibialis Anterior (TA)) in one volunteer
with the foot in neutral position, using tracking stopping criteria based on FA, TD, and muscle
segmentation volume respectively. The dotted lines represent the histogram of fascicle count,
and the solid line indicates the fitted distribution. Values of fascicle count are normalized so that
the total area under the curve is equal to 1. (B, D, F) Tractography in the Tibialis Anterior
colorcoded by fascicle length (in mm) in the same volunteer in neutral position.

Figure 5

Fig. 5: Bland-Altman of fascicle length measured in two different sessions. (A-D) BlandAltman plots for the Soleus (SOL), Fibularis Longus (FL), Extensor Digitorum Longus (EDL), and
Tibialis Anterior (TA). (E) Combined Bland-Altman plot for the four muscles. The dashed lines
represent the mean difference, and the solid lines indicate 1.96 times the standard deviation.

Figure 6

Fig. 6: Fascicle tracts in Soleus and Tibialis Anterior muscle color-coded by fascicle
length. Tractography in (A and D) dorsiflexion, (B and E) neutral, and (C and F) plantarflexion
for the (A-C) Soleus and (D-F) for the Tibialis Anterior of one subject. No to very little artificially
long and short fascicles were reconstructed. Differences in fascicle lengths are visible from the
different color of the fascicles in the 3 positions.

Figure 7

Fig. 7: Mean muscle fascicle length in dorsiflexed, neutral, and plantarflexed foot
position. Length (cm) plotted as a function of foot position for all separate scans for the Soleus
(SOL), Fibularis Longus (FL), Extensor Digitorum Longus (EDL), and the Tibialis Anterior (TA).
The mean value per muscle is indicated with the thick black line and the dotted lines indicate the
mean and standard deviation found in literature (3). Furthermore, significance (P < 0.05) is
shown by the thick straight dotted lines above the data.

Supplemental Material

Bland-Altman of fascicle length measured in two different sessions for all muscles of
the calf. Bland-Altman plots for the Tibialis Posterior (TP), Fibularis Brevis (FB), Extensor
Hallucis Longus (EHL), Lateral Gastrocnemius (GCL), Flexor Hallucis Longus (FHL), Medial
Gastrocnemius (GCM), Flexor Digitorum Longus (FDL). The dashed lines represent the mean
difference, and the solid lines indicate 1.96 times the standard deviation.

Mean muscle fascicle length in dorsiflexed, neutral and plantarflexed foot position for
all muscles of the calf. Length (cm) plotted as a function of foot position for all separate scans
for the Tibialis Posterior (TP), Fibularis Brevis (FB), Extensor Hallucis Longus (EHL), Lateral
Gastrocnemius (GCL), Flexor Hallucis Longus (FHL), Medial Gastrocnemius (GCM), Flexor
Digitorum Longus (FDL). The mean value per muscle is indicated with the thick black line and the
dotted lines indicate the mean and standard deviation found in literature (49). Furthermore,
significance (P < 0.05) is shown by the thick straight dotted lines above the data.

TP

FB

EHL

GCL

FHL

GCM

FDL

Dorsiflexion

Neutral

Plantarflexion

4.6±0.6

4.5±0.4

4.5±0.5

CV (%)

12.5

11.8

8

MDD (cm)

0.8

0.3

0.4

5.4±0.5

5.6±0.6

5.2±1.4

CV (%)

9.7

27.6

10.8

MDD (cm)

0.5

1.3

1.3

5.7±1.5

7.4±1.2

7.5±0.8

CV (%)

25.8

10.6

16.9

MDD (cm)

2.9

1.5

1.3

6.2±0.5

6.7±1.2

6.0±0.5

CV (%)

8.5

8.7

18.1

MDD (cm)

0.5

0.7

1.3

6.0±0.5

5.9±0.9

5.3±0.7

CV (%)

15.6

12.4

14.4

MDD (cm)

2.6

0.8

0.9

6.4±0.6

6.9±0.5

6.2±0.6

CV (%)

9.0

9.7

7.9

MDD (cm)

1.5

1.2

1.2

5.4±0.5

6.3±1.1

5.9±0.8

CV (%)

10.0

13.6

18.0

MDD (cm)

0.7

1.4

2.3

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Mean±SD (cm)

Supplemental table 1: Mean fascicle length and standard deviation (SD), coefficient of
variation (CV) and minimal detectable difference (MDD) as a function of foot position for the
Tibialis Posterior (TP), Fibularis Brevis (FB), Extensor Hallucis Longus (EHL), Lateral
Gastrocnemius (GCL), Flexor Hallucis Longus (FHL), Medial Gastrocnemius (GCM) and Flexor
Digitorum Longus (FDL).
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Abstract:
In this study, we investigated the changes in fiber length and diffusion parameters as a
consequence of passive lengthening and stretching of the calf muscles. We hypothesized that
changes in Radial Diffusivity (RD) are caused by changes in the muscle fiber cross sectional area
(CSA) as a consequence of lengthening and shortening of the muscle. Diffusion tensor MRI (DTMRI) measurements were performed twice in 5 healthy volunteers, with the foot in three
different positions (30° plantarflexion, neutral position and 15° dorsiflexion). The muscles of the
calf were manually segmented on co-registered high resolution anatomical scans, and maps of
radial (RD) and axial diffusivities (AD) were reconstructed from the DT-MRI data. Fiber
tractography was performed and mean fiber length was calculated for each muscle group.
Significant negative correlations were found between the changes in RD and changes in fiber
length in the dorsiflexed and plantarflexed positions, compared to the neutral foot position.
Changes in AD did not correlate with changes in fiber length. Assuming a simple cylindrical model
with constant volume for the muscle fiber, the changes in the muscle fiber CSA was calculated
from the changes in fiber length. In line with our hypothesis, we observed a significant positive
correlation of the CSA with the measured changes in radial diffusivity. In conclusion, we showed
that changes in diffusion coefficients induced by passive muscle stretching and lengthening can
be explained by changes in muscle CSA, advancing the physiological interpretation of parameters
derived from skeletal muscle DT-MRI.

Introduction
DT-MRI (Diffusion Tensor MRI) is a MRI-based technique which allows measuring the diffusion
anisotropy of water molecules in biological tissues. DT-MRI can non-invasively provide in-vivo
information on tissue architecture, either normal or in a diseased state. Using DT-MRI, the
muscle fiber orientation can be quantified in each imaging voxel and used in combination with
fiber tractography to reconstruct whole-muscle fiber architecture in 3D. In short, diffusion along
multiple directions is probed with diffusion encoding gradients. The signal attenuation as a result
of diffusion encoding can be geometrically described by a rank-2 tensor. When the tensor is
diagonalized, its diagonal terms (λ1, λ2, λ3, where λ1≥ λ2≥ λ3) represent the diffusion coefficients
along the principal directions of diffusion. Diffusion in skeletal muscles is shown to be highest
along the axis of the fibers (Axial Diffusivity (AD) or λ1) and lowest perpendicular to the axis of
the fibers (λ2, λ3 and Radial diffusivity (RD) = (λ2+ λ3)/2).
Since the first measurements and applications of skeletal muscle DT-MRI, several papers have
addressed the physiological interpretation of the diffusion tensor eigenvalues and eigenvectors.
Although DT-MRI in skeletal muscles has found to be feasible and reproducible, the physiological
correlation between muscle tissue properties and the derived parameters remain unclear (85).
Generally, it is agreed upon that diffusion perpendicular to the muscle fiber axis is lower since
diffusion in this direction is hindered by cell membranes and intra- and extracellular tissue
constituents. Simulation studies have shown that λ2 and λ3 in skeletal muscles are extremely
sensitive to the SNR of the measurements and may be affected by sorting bias if the SNR is
below a threshold value (69, 70). However previous studies performed at SNR>100 (121) have
shown that the difference in the secondary and third eigenvalues in skeletal muscles are
maintained even at very high SNR, suggesting that the difference has a physiological origin
rather than a methodological origin. This was also confirmed by studies demonstrating that the
second and third eigenvectors can be tracked independently and consistently (123). Galban et al.
(54) hypothesized that λ2 relates to the cross sectional area (CSA) of the endomysium, while λ3

correlates with CSA of the single fiber unit. This hypothesis has partly been confirmed by
histological studies (126, 130). Furthermore, the relation of λ2 and λ3 with CSA is thought to be
the basis for the sensitivity of DT-MRI to histo-pathological changes, but also to transient
changes such as the relative stretch of the muscle fibers. It is known that passive stretch causes
a decrease in diffusion in the muscle fiber (60) and several studies showed a dependency of the
RD with stretch. Scheel et al. (129) measured maximal mechanical power in the soleus muscles
during isokinetic plantarflexion and observed a positive correlation between RD and maximum
muscle power, which was partially explained with an increased ratio of type 2 fibers, which have
a bigger diameter when compared to type 1 fibers. This would suggest that also in vivo the RD
may (partially) reflect muscle fiber radius. Schwenzer et al. (57) measured the lower leg of
healthy volunteers with their foot in 40° plantarflexion, neutral position and 10° dorsiflexion.
They observed a significant increase in λ2 and λ3 in the soleus and gastrocnemius muscles during
plantarflexion, and a significant increase in the same parameters in the tibialis anterior (TA)
muscle in the dorsiflexed position. Similar findings were reported by Sinha et al. (60). The
observed increased RD in the shortened muscle groups was empirically explained with an
increased CSA of the muscle fibers, while the decrease observed in the RD in the non-shortened
muscle state would be explained with a decrease in CSA because of fiber lengthening. Although
this effect was hypothesized by several authors, no further evidence has been provided.
To further explore the physiological framework presented by Schwenzer et al. we utilize a
recently described method for extracting fiber lengths from DT-MRI data (A novel diffusion-tensor
MRI approach for skeletal muscle fascicle length measurements, Under Review). The aim of this
work is to measure changes in fiber lengths for different foot positions using DT-MRI and
correlate these with changes in diffusion parameters in the lower leg. We hypothesized that
diffusion in the radial direction of the fibers would decrease with increasing fiber length, since it
reflects a decrease in cell diameter or CSA. Furthermore, we interpret the changes in diffusivity
using a cylindrical model of muscle fibers with constant volume, where the changes in radius
caused by fiber stretching/lengthening can be inferred from the changes in RD.

Methods
Study population
Five healthy male subjects were included in the study. The subjects had a mean age of 27 years
(range 24-29 years), a mean weight of 78 kg (range 62-89 kg) and a mean length of 181 cm
(range 171-189 cm). None of the subject had any history of muscle diseases or injury. The study
was approved by our local IRB and all subjects provided informed consent prior to the study.

MRI protocol
All MRI scans were performed on a 3T Achieva MRI scanner (Philips) using a cardiac coil,
composed of 3 posterior and 3 anterior elements. A custom device was used to immobilize the
foot in 3 positions: 15° dorsiflexion, neutral (0°) position, and 30° plantarflexion (see Figure 1).
MRI measurements of the calf were performed twice for each position. Both measurement
sessions were carried out on the same day, with at least 30 minutes in between the different
sessions. The MRI protocol included an mDixon scan for anatomical reference and a DT-MRI
protocol. For the 3-point mDixon scan the following parameters were used: sequence = FFE, FOV
= 192x156 mm2, TR = 7.7 ms, TE1/ΔTE = 2.1/1.7 ms, matrix size = 192x192, number of slices
= 100, voxel size = 1x1x2.5 mm3. For the DT-MRI scan the scan parameters were: sequence =
SE-EPI, FOV = 192x156 mm2; TR = 11191 ms, TE = 51.63 ms, matrix size = 64x52, number of
slices = 50, voxel size = 3x3x5 mm3, Parallel imaging acceleration factor = 1.5, 12 gradient
directions, diffusion b-value = 400 s/mm2; fat-suppression = spectrally adiabatic inversion
recovery (SPAIR) and slice-selection gradient reversal (SSGR) for suppression on the aliphatic fat
peak and spectrally selective suppression (SPIR) of the olefinic fat peak. The scan time was 8.5
minutes for DT-MRI, 1.5 minutes for mDixon and 1 minute for the noise scan. In addition to the
DT-MRI scan and the Dixon scan, a noise scan was performed by repeating the DT-MRI scan
with a single volume and setting the power of the RF to zero. The DT-MRI scan, the mDixon scan
and the noise scan were acquired with exactly the same FOV and orientation. The total scan time

for each position (mDixon, DT-MRI and noise scan) was 11 minutes, resulting in a total scan time
of 33 minutes per session.

Data analysis
The DT-MRI data was analyzed using DTITools for Mathematica 10.3 (86). First, to assess data
quality, SNR maps were calculated. SNR was defined as the ratio of the mean signal in the DTMRI images acquired with b=0 s/mm 2 and the standard deviation of noise corrected for the
Rician distribution, calculated from the noise scan.
Prior to tensor fitting, the data was preprocessed using a Rician noise suppression algorithm and
registered to the corresponding anatomical scan.
The registration pipeline consisted of three separate steps: first, all diffusion scans were
registered to the corresponding non-weighted image using affine registration, in order to correct
for eddy currents-induced deformations and motion. As a second step, we rescaled the mDixon
data to a voxel size of 1.5x1.5x3 mm3. Finally, we performed b-spline registration of all DT-MRI
data to the water image obtained from the mDixon scan. This last step was performed to correct
for deformations arising from the single-shot EPI acquisition. All registration steps have been
performed using Elastix (181). For the b-spline registration we used the b-spline algorithm of
Elastix with the metric AdvancedMattesMutualInformation and a b-spline interpolation order of 3.
As an optimizer, we have used an AdaptiveStochasticGradientDescent method. For more
information, we would like to refer to the Elastix manual.
After image registration, the DT-MRI data was fitted to a tensor model using a Weighed Linear
Least Square (WLLS) algorithm, from which λ2, λ3, AD and RD were determined. These
parameters were calculated for each muscle group individually, and indicated as mean over the
full muscle volume. Subsequently, muscle fiber tractography was performed using the vIST/e
toolbox.

All the muscle groups in the calf (Extensor Digitorum Longus (EDL), Extensor Hallucis Longus
(EHL), Flexor Digitorum Longus (FDL), Flexor Hallucis Longus (FHL), Gastrocnemius Medialis
(GCM), Gastrocnemius Lateralis (GCL), Soleus (SOL), Tibialis Anterior (TA), Tibialis Posterior (TP),
Fibularis Brevis (FB) and Fibularis Longus (FL)) were manually segmented on the out-of-phase
mDixon images using ITK-SNAP. Slice-wise segmentation of the entire muscle was performed for
the dataset scanned with the foot in neutral position. First, the mDixon out-of-phase images were
down-sampled to a resolution of 1x1x10 mm3. Delineation of the muscles was done in the
resulting 25 slices. The segmentations were then transformed to all 6 datasets (3 positions, 2
measurements) by registering the down-sampled mDixon images to full resolution out-of-phase
mDixon images using rigid registration followed by non-linear b-spline registration.
Fiber length was calculated after automatic tendon segmentation, using a method previously
described (A novel diffusion-tensor MRI approach for skeletal muscle fascicle length
measurements., Under Review). In short, the method relies on the notion that due to partial
volume effects, reconstructed fiber tracts are observed to continue along tendons, rather than
stopping at the tendon insertion. This leads to an increased number of reconstructed tracts in
voxels containing tendons, when compared to voxels containing muscle fibers only.
Consequently, the tract density (TD) allows segmentation of the non-muscle voxels and provides
a stopping criterion for tractography. Fiber tractography was performed on the full leg volume to
obtain tract density maps. Seed points were equally spaced within the leg volume, with a
distance of 1 mm. Fiber tractography was performed in two steps. The first step consisted of
whole-volume tractography to determine the tract density maps. For this initial step, the
maximum allowed angle change per step was 20° and the minimum fiber length was set to 2 cm.
Tract density was defined as the number of reconstructed tracts crossing each voxel, normalized
to TD=1 for muscle tissue. Subsequently, tractography was performed a second time using
TD>1.5 as the primary stopping criterion, with maximum angle step size 100, and minimum fiber
length 2 cm. Seed points were placed equally spaced in the muscle belly. This second
tractography step resulted in fibers that run the full distance from origin to insertion. For each

muscle, a single value of fiber length was derived by performing a skewed Gaussian fit of the
fiber length distribution of all tracts reconstructed in that muscle.

Correlations between fiber length and diffusion parameters
Relative changes in fiber length were calculated for the dorsiflexed and plantarflexed position
with respect to the neutral foot position according to:
Δldorsiflexion=ldorsiflexion-lneutral
Δlplantrflexion=lplantarflexio-lneutral
where l represents the mean value of fiber length for a given muscle group.
RD was calculated as the average of λ2 and λ3. The relative change in diffusion parameters from
dorsiflexion and plantarflexion was calculated in the same way as for changes in fiber length:
ΔXdorsiflexion=Xdorsiflexion-Xneutral
ΔXplantrflexion=Xplantarflexio-Xneutral
where X represents RD or AD.
Pearson’s correlation was used to determine the relation between changes in fiber length and
changes in RD and AD respectively for each individual muscle. Post-hoc Bonferroni correction was
used to correct for multiple comparisons. An adjusted p-value p<0.05 was considered statistically
significant.

Cylindrical model
Next, muscle fibers were modeled as cylinders with constant volume, hence a Poisson ration of
0.5 was assumed (see Figure 2). To test this model, the relative changes in fiber length in the
dorsiflexed and plantarflexed foot positions were calculated as:

%𝛥𝑙𝑑𝑜𝑟𝑠𝑖𝑓𝑙𝑒𝑥𝑖𝑜𝑛 =

%𝛥𝑙𝑝𝑙𝑎𝑛𝑡𝑎𝑟𝑓𝑙𝑒𝑥𝑖𝑜𝑛 =

𝑙𝑑𝑜𝑟𝑠𝑖𝑓𝑙𝑒𝑥𝑖𝑜𝑛 − 𝑙𝑛𝑒𝑢𝑡𝑟𝑎𝑙
∗ 100
𝑙𝑛𝑒𝑢𝑡𝑟𝑎𝑙
𝑙𝑝𝑙𝑎𝑛𝑡𝑎𝑟𝑓𝑙𝑒𝑥𝑖𝑜𝑛 − 𝑙𝑛𝑒𝑢𝑡𝑟𝑎𝑙
∗ 100
𝑙𝑛𝑒𝑢𝑡𝑟𝑎𝑙

The calculated percentage changes in fiber length were subsequently used to calculate the
expected percentage change in r2 (square of the radius) assuming the muscles to be described
by a cylinder with constant volume (V = π r2l = constant).
According to Einstein’s equation of diffusion:
< r 2 >= 2Dt
where D is the diffusion coefficient, t the experimental diffusion time and <r2> is the mean
squared displacement of the water molecules. Although Einstein’s equation is only strictly valid in
the condition of free diffusion, we can assume that the lower diffusion coefficient measured
experimentally in muscle tissue when compared to free diffusion of water in water would reflect
the presence of membranes or barriers that hinder water displacement. Under this assumption,
the mean squared displacement in the direction perpendicular to the axis of the fiber can be
considered as a surrogate measure of the fiber radius. If the cylindrical model is suitable for
describing muscle fibers, the calculated percentage changes in r 2 are then expected to be linearly
related to the changes in diffusion in the radial direction (%ΔRD). This correlation was tested
with Pearson’s regression in each muscle individually. Post-hoc Bonferroni correction was used to
correct for multiple comparisons. An adjusted p-value p<0.05 was considered statistically
significant.

Results
All DT-MRI scans were successfully completed, and visual inspection did not show the presence
of artifacts in the raw DT-MRI data preventing data processing and analysis. All datasets were of
sufficient quality to allow accurate tensor calculation.
For all scans, average SNR of the non-weighted images was at least 30 (range 30-70). For all
muscles in all subjects, automatic tendon segmentation based on TD threshold was successful. A
typical transverse DT-MRI image of the lower leg with and without diffusion encoding is shown in
Figure 3, together with muscle segmentation in the same slice, a typical SNR map, as well as
fiber tractography of the Soleus, Tibialis Anterior and Gastrocnemius Lateralis. The coronal
reconstruction (Figure 3 h and i) shows that the SNR was constant along the entire lower leg
muscle volume.
Image registration could be successfully performed for all datasets. Typical registration results
are presented in Figure 4. Almost perfect alignment between the anatomical mDixon scan and
the DT-MRI dataset was observed after image registration, and little to none EPI distortions were
present in the final images.
A representative RD map for the same volunteer with his foot in 3 different positions is shown in
Figure 5. In general, an elevated RD value was observed in the anterior compartment in the
dorsiflexed foot position, while lower RD values were present in the neutral and plantarflexed
foot position.
Figure 6 illustrates typical histograms of fiber tract length, used for determination of mean fiber
length values, for the TA and SOL muscle. As can be observed, the peak of the distribution in the
TA (Figure 6a) is shifted towards shorter values in the dorsiflexed position, while for the SOL
(Figure 6b) a shift towards shorted fiber length is observed as the foot is moved from dorsiflexed
to neutral and plantarflexed foot position. Dashed lines represent the data, while solid lines
represent the fit with a skewed Gaussian distribution.

The mean fiber lengths and diffusion parameters (λ1, λ2, λ3, RD and FA) for each muscle volume
and position are reported in Table 1. Results are indicated as mean ± standard deviation (SD).

Correlations between fiber length and diffusion parameters
The mean λ2, λ3, RDs and fiber lengths averaged over all measurements are shown in Figure 7.
For all investigated muscles an opposite behavior is observed for the parameters indicating radial
diffusion (λ2, λ3 and RD) and fiber length, suggesting an inverse correlation between changes in
fiber length and changes in diffusion in the radial direction. In particular, in the EDL, EHL and TA
muscles an increase in λ2, λ3 and RD and a decrease in fiber length were observed for the
dorsiflexed foot position with respect to the plantarflexed position. On the other hand, for the FB,
FHL, FL, GCL, GCM, SOL and TP an opposite trend was seen, with an increase in RD and a
decrease in fiber length in the plantarflexed foot position with respect to the dorsiflexed food
position. No clear trend was measured for the FDL muscle. Figure 7 shows no remarkable

differences in the trend of change in λ2 and λ3 with foot position. For the current
research, we therefore chose to analyze RD rather than λ2 and λ3 separately.
The correlations between fiber length and diffusion parameters (AD and RD) for each individual
measurement are shown in Figures 8 and 9. Figure 8 shows the relative changes in length and
AD in dorsiflexion and plantarflexion position, with respect to neutral foot position and Figure 9
shows the relative changes in length and RD. For both figures, the line that best fits the data is
indicated in red. The Pearson’s correlation coefficients r and the p-values for correlation with
changes in AD and RD are presented in Table 2 for all 11 muscle groups.
No significant correlation was observed between the changes in AD and the changes in fiber
length in the different foot positions for all the investigated muscles (see Table 2). On the other
hand, strong negative correlations between changes in RD and changes in fiber length were
observed for EDL, FB, FL, SOL and TA muscles. The opposite behavior in antagonist muscles can
be appreciated in Figure 8. The EDL and the TA, which are dorsiflexor muscles, display a

negative change in fiber length in the dorsiflexed position with respect to neutral position, which
is associated with a positive change in RD. On the other hand, the FL and the SOL, which are
involved in plantarlexion of the foot, present a decrease in fiber length associated with increased
RD when the foot is in the plantarflexed position. The strongest correlation was observed for the
TA muscle, accompanied with the biggest change in length.

Cylindrical model
The relative changes in r2 derived from the cylindrical model to describe muscle fibers as a
function of relative changes of muscle RD is shown Figure 10. The Pearson’s correlation
coefficients and the p-values are summarized in Table 2 and 3. Red lines indicate the best fit to
the data. A significant and strong correlation was found for the changes in r 2 (derived from the
changes in fiber length assuming muscles fibers to be cylinders with constant volume) and
changes in RD for the EDL, FB, FL, SOL and TA. Correlations of relative changes in RD vs. relative
changes in r2 were stronger than the corresponding correlations between absolute changes in
fiber length and absolute changes in RD.

Discussion
In this work, we showed that changes in fiber lengths have a negative correlation with changes
in RD in the lower leg as a result of different foot positioning. We showed that changes in RD
induced by passive stretching are connected to changes in cross sectional area derived from the
fiber length changes using a cylindrical model with constant volume to describe the muscle fibers.
Previous studies have shown that fiber tractography may artificially continue at muscle origin,
insertion, and along tendons and aponeurosis due to partial volume effects leading to overestimations of fiber length (103). Manual editing of the reconstructed tracts in order to remove
fibers that are too long has been suggested (137). However, this is time consuming and prone to

errors. In this study, we have therefore used the concept of TD as a stopping criterion, which has
been shown to result in accurate fiber reconstructions with fibers running from origin to insertion
(A novel diffusion-tensor MRI approach for skeletal muscle fascicle length measurements, Under
review). Furthermore, since TD is determined directly from the DT-MRI data, fiber length
measurements do not critically rely on accurate registration to high-resolution anatomical scans,
which makes the approach more robust to potential geometrical distortions and partial volume
effects in low-resolution EPI data.
Shin et al. (194) used water saturated 2D images to detect changes in fascicle length of the
gastrocnemius muscle during dorsiflexion/plantarflexion of the foot. Due to the high contrast
between the saturated muscle tissue and the hyperintense fatty layers running parallel to muscle
fascicles, tracking of fascicles endpoints proved to be possible. While this analysis was not in the
scope of this study, it could be an interesting validation of the TD method for future studies.
However, while 2D images are inherently less affected by distortions and provide higher
resolution when compared to DT-MRI data, they are also only suitable for describing planar
muscle motion and deformation, since they lack 3D information.
Previous studies have reported significant changes in diffusion parameters in the calf muscles as
a function of the foot position. Sinha et al. (60) investigated the plantarflexed position (26° to
30°) with respect to the neutral foot position and found no significant difference in RD in the GCL
and GCM and an average 8.3% decrease in RD from neutral position to dorsiflexion for the TA,
which agrees with the change reported in this study (4.9%). The relative changes in RD reported
by Schwenzer et al. (57) in the plantarflexed position compared to the dorsiflexed position are 11.4, +8.1%, +12.7 % and +10.8% for the TA, GCM, GCL and SOL respectively, which are in
agreement with the values of -5.2%, +5.9%, +5.7% and +6.9% presented in this study for the
same muscles.
We found no significant changes in AD nor did we find a strong correlation with changes in fiber
length. These findings indicate that diffusion along the axis of the fiber is mostly unaffected by

lengthening or shortening. This is in agreement with the results previously reported by
Schwenzer et al. (57) and can be explained by the fact that the fiber length and sarcomere
length is too long to change the hindered diffusion of water molecules in the axial direction. On
the other hand, Hatakenaka et al. (149) reported significant changes in AD in the TA muscle in
different foot positions while no changes were observed in RD. This was interpreted as a change
in sarcomere length due to contraction.
In our correlation analysis only the RD values of the muscles were investigated, rather than λ 2
and λ3 separately. The first order approximation of cylindrical symmetry was assumed to simplify
the model, and to avoid the risk of sorting bias between the two eigenvalues. Furthermore, in our
preliminary study, although a slightly stronger correlation was observed for λ3 when compared to
λ2, we did not observe significant differences in the rate of change of λ 2 and λ3 for different foot
positions, and this could justify a joint analysis for the two eigenvalues. In a previous study
Galban et al. (110) hypothesized that λ2 relates to the CSA of the endomysium, while λ3 correlates
with the CSA of the single fiber unit. Karampinos et al. (124) used a cylindrical model with infinite
length and elliptical cross sectional area to describe muscle fibers, thus taking into account
differences between λ2 and λ3. However, it is worth mentioning that in Karampinos’ study a
diffusion time of 40 ms was used, in comparison with 20 ms in our study. Since differences
between the eigenvalues are expected to increase for increasing diffusion times, it could be of
interest to assess λ2 and λ3 separately in future studies using longer diffusion times during data
acquisition (85).
In general, our results support the hypothesis that diffusion along the radial direction in skeletal
muscles relates to the CSA of the fibers. In particular, we observed that the changes in average
CSA of fibers in a voxel might predict changes in the diffusion measured in the radial direction.
These results are obtained under the assumption that muscle fiber volume would stay constant in
conditions of passive stretch. Within the diffusion framework this would mean that cellular
membranes and other structures that hinder water diffusion in the radial direction can be

modeled as impermeable or in slow exchange with the extracellular space. In previous studies
(54, 123) muscle fibers were modeled using a bi-compartment model, in which intracellular
diffusion was considered as anisotropic and the diffusion in the extracellular space was modeled
as isotropic, similarly to the ball-and-stick model used in brain DT-MR (195). A singlecompartment model was used for interpretation of changes in RD upon muscle stretching, thus
neglecting the extracellular space and the exchange of magnetization between intracellular and
extracellular space. We believe this is justified since in muscle the extracellular volume fraction is
small, typically around 5-10% (196). Such a small contribution would be hard to detect with our
DT-MRI experiment with a single short mixing time. Nevertheless, previous histological studies
have shown that the volume of extracellular space decreases with increasing axial strain (197). It
would therefore be interesting to study the role of the extracellular space using DT-MRI
sequences with multiple mixing-times and b-values.
The diffusion time used in our study was 20 ms, which would result in a displacement of water
molecules in the order of 10 μm. Considering that this size is much smaller than the typical
cellular size (~60 μm), we can infer that the changes in RD are not determined by the cellular
membrane alone, but are also affected by intra- and extracellular structures, as already
suggested in previous ex vivo studies (198). A regime of restricted diffusion, which can be
probed at long diffusion times, has been shown to be beneficial for quantitative and modeling of
structural properties in ex-vivo experiments on tongue and cardiac muscles (199). Sigmund et al.
(85) showed that in vivo RD of skeletal muscles is strongly time dependent, with a reduced RD
measured for prolonged diffusion times, for both control subjects and compartment syndrome
patients. In a follow-up study (76) significant differences were observed in terms of RD pre and
post exercise when comparing long (1.02 s) and short (30 ms) diffusion times, suggesting the
increased ability of longer diffusion times to probe transient effects such as exercise and muscle
contraction. We believe that increasing the diffusion time in DT-MRI of skeletal muscles at
different contraction status could provide a better understanding of changes in diffusion

properties and geometrical characteristics and could potentially highlight the role of cellular
membrane in the measured changes in RD (76).
In our study, we observed small changes in λ2, λ3 in the gastrocnemius group (GCL and GCM)
which resulted in low or no correlation between changes in fiber length and changes in diffusion
parameters, while previous studies have shown significant changes in these muscles as a
function of different foot positions. However, unlike in the previously mentioned studies, in our
experimental setup the lower leg was not suspended, but rather compressed between the
anterior and posterior element of the cardiac coil. We believe this compression might have
caused deformation of muscle, especially in the most posteriorly located muscle groups, as
suggested by Hata et al. (145), who reported significant changes in RD and fractional anisotropy
(FA) in the lower leg between different externally applied pressure forces.
Accurate DT-MRI tensor fitting and tractography requires an SNR of the non-weighted image of
at least 25. In fact lower SNR could lead to more tortuous paths of tracked fibers, thus artificially
increasing fiber length, or could cause an overestimation of FA and underestimation of λ 2 and λ3,
However, for SNR values above 25, the measured λ 2 and λ3 have been seen to deviate from the
real value by only 5%, while the fiber length was only overestimated by 1% (70). Since our
reported changes in RD and fiber length in different foot positions exceed these values, we
believe that our results and conclusions unlikely to be biased by SNR effects.
The repeated measures for all muscles were analyzed as independent measurements. This
enabled a repeatability analysis of diffusion coefficients and fiber length (data not shown) in
which a moderate repeatability was observed for both. The errors in calculation of diffusion
coefficients and the errors in the calculation of fiber length can be assumed to be independent,
therefore the strong correlations we found between fiber length and diffusion coefficients
suggests that poor repeatability reflects a difference in contraction status being measured, rather
than a measurement error. This might be explained by the fact that some subjects experienced

slight discomfort during the scan session -especially in the dorsiflexed position- and might have
compensatively contracted their muscles in one of the repeated measures.
We therefore would like to emphasize the importance of consistent patient positioning for DTMRI studies of the lower leg, in terms of foot angulation and active contraction needed to keep
the position, especially when differences in diffusion parameters will be used as a diagnostic tool
or in longitudinal studies.
This study has a number of limitations. First, the number of subjects was small (n=5). A bigger
number of subjects in future studies could increase the statistical value of the correlation.
However, for this merely explorative study, we believe the number of experiments is sufficient.
Another limitation is the fact that perfusion effects were not considered. Previous studies showed
that diffusion-based methods as IVIM are sensitive enough to show differences in skeletal muscle
with exercise (200) . However, in our study movement was passive and therefore the effect of
perfusion on RD would likely be negligible.
Despite the limitations of this study, we have shown that RD is sensitive to small changes in
cellular geometry. This suggests that in a controlled experiment, such as the one we performed,
changes in RD can be used to infer changes in fiber length. Furthermore, RD could potentially be
a useful biomarker for cellular size, in longitudinal studies of muscle disease progression or
healing.

Conclusions
In conclusion, we showed that changes in fiber length induced in skeletal muscles by passive
stretching significantly negatively correlated with changes in RD. The rate of change in diffusivity
perpendicular to the fiber is in agreement with expected changes in the square of the radius,
indicating that in first approximation muscle fibers can be adequately described by a simple
cylindrical model. Taken together, our data show that changes in RD induced by passive muscle

stretching/lengthening can be explained with a change in muscle CSA, therefore advancing the
physiological interpretation of parameters derived using a diffusion tensor model.
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(0.03)
(0.01)
(0.04)
(0.02)
(0.04)
(0.01)
Plantar
Fiber
6.45
7.66
5.09
5.90
5.41
5.28
6.46
5.94
4.87
flexion
Length
(0.49)
(0.71)
(1.56)
(0.70)
(0.50)
(0.71)
(1.10)
(0.46)
(0.37)
λ1
2.53
2.68
2.37
2.59
2.50
2.41
2.40
2.59
2.28
(0.15)
(0.28)
(0.11)
(0.33)
(0.17)
(0.08)
(0.12)
(0.22)
(0.09)
λ2
1.61
1.75
1.64
1.65
1.74
1.63
1.57
1.61
1.66
(0.09)
(0.23)
(0.14)
(0.10)
(0.09)
(0.10)
(0.04)
(0.07)
(0.07)
λ3
1.43
1.53
1.44
1.42
1.48
1.43
1.34
1.36
1.46
(0.06)
(0.17)
(0.09)
(0.08)
(0.06)
(0.08)
(0.01)
(0.05)
(0.05)
RD
1.52
1.64
1.54
1.54
1.61
1.53
1.46
1.49
1.56
(0.07)
(0.20)
(0.12)
(0.09)
(0.07)
(0.09)
(0.02)
(0.06)
(0.06)
FA
0.30
0.30
0.26
0.31
0.27
0.28
0.30
0.32
0.23
(0.02)
(0.02)
(0.05)
(0.05)
(0.02)
(0.03)
(0.02)
(0.04)
(0.01)
Table 1: Diffusion parameters (λ1, λ1, λ1, radial diffusivity (RD) and fractional anisotropy (FA)) and fiber length
muscles in the lower leg in different foot positions. Results are expressed as mean (SD).

TA
6.00
(1.19)
2.64
(0.36)
1.75
(0.17)
1.49
(0.13)
1.62
(0.14)
0.29
(0.06)
6.65
(0.67)
2.64
(0.27)
1.66
(0.07)
1.44
(0.07)
1.55
(0.06
0.31
(0.05)
6.80
(0.61)
2.58
(0.19)
1.63
(0.08)
1.44
(0.06)
1.53
(0.07)
0.31
(0.03)
for the 11

TP
4.58
(0.58)
2.33
(0.07)
1.61
(0.06)
1.39
(0.04)
1.50
(0.05)
0.28
(0.02)
4.47
(0.31)
2.40
(0.06)
1.65
(0.05)
1.43
(0.05)
1.54
(0.05)
0.27
(0.02)
4.46
(0.48)
2.48
(0.08)
1.71
(0.05)
1.48
(0.05)
1.59
(0.05)
0.27
(0.01)

Table 1: Diffusion parameters (λ1, λ1, λ1, radial diffusivity (RD) and fractional anisotropy (FA))
and fiber lengths for the 11 muscles in the lower leg in different foot positions. Results are
expressed as mean (SD).

Table 2
AD

RD

Muscle

Pearson r

P value

Pearson r

P value

EDL

-0.31

0.8930

-0.62

0.0398

EHL

0.41

0.5457

-0.46

0.3488

FB

0.04

1

-0.64

0.0219

FDL

0.07

1

-0.11

0.9999

FHL

-0.45

0.3900

-0.47

0.3140

FL

0.31

0.8916

-0.62

0.0386

GCL

0.01

1

-0.22

0. 9921

GCM

0.28

0.9498

0.03

1

SOL

0.44

0. 8166

-0.62

0.0364

TA

-0.04

1

-0.77

0.0006

TP

0.15

0.9997

0.03

1

Table 2: Pearson correlation coefficient (r) and p-value (p) calculated between the relative
change in fiber length and axial diffusivity (AD), and radial diffusivity (RD) respectively. All pvalues are Bonferroni-corrected. Underlined values indicate a significant correlation (p<0.05)
between the relative change in fiber length and the relative change in diffusion parameters.

Table 3

%Radius2 vs %RD
Muscle

Pearson r

P value

EDL

0.70

0.0057

EHL

0.5

0.2708

FB

0.78

0.0006

FDL

0.10

0.9999

FHL

0.52

0.1887

FL

0.60

0.0434

GCL

0.22

0.9897

GCM

-0.04

1

SOL

0.70

0.0078

TA

0.78

0.0006

TP

-0.04

1

Table 3: Pearson correlation coefficient (r) and p-value (p) calculated between the relative
changes in 𝑟 2 (derived from the measured fiber length) and the measured relative changes in
radial diffusivity (RD). All values are calculated with respect to the neutral foot position.
Underlined values indicate a significant correlation (p<0.05). Significant correlation is observed
for 5 of the 11 investigated muscles.

Figures
Figure 1

Figure 1: Schematic representation of the experimental setup. The right lower leg of the
volunteers was scanned twice with the foot fixed in neutral, dorsiflexed and plantar position.

Figure 2

Figure 2: Schematic drawing of a muscle fiber. In the hypothesis that muscle fibers can be
described as cylinders with constant volume, an increase in fiber length as a consequence of
passive stretch would result in a decrease in radius (r) and cross-sectional area (CSA).

Figure 3

Figure 3: Raw (unregistered) data and SNR in a volunteer with his foot in dorsiflexed position.
a) and f) Images acquired without diffusion encoding in transverse orientation and reformatted
in coronal orientation, respectively. b) and g) Images acquired with diffusion encoding in
transverse orientation and reformatted coronal orientation, respectively. c) and h) SNR map for
images acquired without diffusion encoding. d) and i) SNR map for images acquired with
diffusion encoding. e) Example of muscle segmentation overlaid to the mDixon anatomical scan.
j) muscle fiber tracking for Soleus, Tibialis Anterior and Gastrocnemius Lateralis

Figure 4

Figure 4: Registration results for a volunteer with his foot in dorsiflexed position. a), b), c) and
d) transverse slice. E), f), g and h) Reformatted coronal slice. a) and e) Non-weighted images, b)
diffusion-weighted scans, c) and g) water image reconstructed from the mDixon scan, d) and h)
overlay between the non-weighted scan, plotted in red, and the mDixon water image. The
alignment between the two scans is almost perfect and no obvious residual EPI distortions are
observed.

Figure 5

Figure 5: Radial Diffusivity (RD) maps at different ankle joint position (a) dorsiflexion, b) neutral
position, c) plantarflexion). Increased RD is observed in the anterior compartment in the
dorsiflexed foot position.

Figure 6

Figure 6: Distribution of fiber tract length as a function of foot position in Tibialis anterior (a)
and Soleus (b) in the same volunteer. The dotted lines indicate the histogram of fiber length for
each muscle in the different foot positions, while the solid lines indicate the fitted distribution. A
clear shift of the distributions can be observed as a function of foot position.

Figure 7

Figure 7: Diffusion parameters (red) and fiber length (black) for the 11 muscle groups of the
lower leg as a function of foot position. Values are averaged across 10 measurements (5 subjects
measured twice). Competing behavior is observed between radial diffusivity (RD) and fiber
length. Dashed lines indicate λ2, dotted lines indicate λ3 and continuous lines indicate RD.

Figure 8

Figure 8: Relative changes in axial diffusivity (AD) plotted against relative change in fiber length.
Differences are calculated with respect to the neutral foot position. The line that best fits the data
is indicated in red. Correlations between the variables are summarized in Table 2.

Figure 9

Figure 9: Relative changes in axial diffusivity (RD) plotted against relative change in fiber length.
Differences are calculated with respect to the neutral foot position. The line that best fits the data
is indicated in red. Correlations between the variables are summarized in Table 2.

Figure 10

Figure 10: Relative percentage changes in radial diffusivity (RD) plotted against relative change
in 𝑟 2 in the different muscle groups. Changes in 𝑟 2 are calculated from the measured changes in
fiber length, assuming the muscle fibers to be cylinders with constant volume. The line that best
fits the data is indicated in red. Correlations between the variables are summarized in Table 3.
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Abstract
Purpose: The purpose of this study was to develop a protocol for Diffusion Tensor Imaging
(DTI) of the complete upper legs. Secondly demonstrate the feasibility of detecting subclinical
sports related muscle changes in athletes after strenuous exercise, beyond the scope of T 2weighed MRI.
Materials and methods: Five male amateur long-distance runners had an MRI examination
(DTI, T1-weighted MRI and T2-weighted MRI with fat suppression) of both upper legs one week
before, and 2 days and 3 weeks after they participated in a marathon. From the DTI data the
tensor eigenvalues (λ1, λ2 and λ3), the mean diffusivity (MD) and the fractional anisotropy (FA).
The research was approved by the institutional Ethics Committee Review Board and the
volunteers provided written consent prior to the study.
Results: The DTI protocol allowed to scan both complete upper legs with adequate SNR and
within 20 min scanning time. Post marathon, T2-weighted MRI revealed grade 1 muscle strains in
9 of the 180 investigated muscles. For the biceps femoris muscle, the three eigenvalues, MD and
FA were significantly increased (p<0.05) to two days after running. For the semitendinosus and
gracilis muscles, λ1, λ2, and MD were significantly (p<0.05) increased 2 days after the marathon.
These changes were not revealed with T2-weighed MRI with fat suppression.
Conclusions: We developed a feasible method for DTI measurements from hip to knee in one
single scan session. In addition, our study revealed changes in DTI parameters over time, which
were not revealed by qualitative T2w MRI with fat suppression.

Introduction
Skeletal muscle injuries, hamstring injuries in particular, are among the most common sports
injuries for long distance runners (9, 201, 202). Muscle injuries are painful, lead to loss of
function and have a high recurrence rate (9, 201, 202). Diagnosing muscle injury is done
clinically and is preferably supported with high resolution T 2-weighed MRI with fat suppression
(T2w) (9, 11, 203). Even though a clinician has a variety of tests and imaging techniques
available, it is challenging to make an accurate diagnosis (9, 11, 13), which is vital to prevent
recurrence of muscle injury. T2w imaging with fat suppression is sensitive to abnormalities such
as fiber disruption, muscle edema and hemorrhage, whereas minor tears and muscle fatigue
induced disorders remain undetected (11). Therefore, new methods, sensitive to subclinical signs
of muscle injury are needed to improve diagnosis, which allows for designing personalized
rehabilitation programs and eventually lower the recurrence rates.
We hypothesized that diffusion tensor imaging (DTI) is a sensitive MRI technique to assess
subclinical signs of muscle injury. DTI allows for noninvasive quantification of water diffusion and
its directional anisotropy in tissues (62–64). The DTI derived parameters — the eigenvalues (λ1,
λ2 and λ3), mean diffusivity (MD) and fractional anisotropy (FA) — are sensitive to changes in the
tissue microstructure. Previous studies showed significant increase of MD and decrease of FA
within skeletal muscle tissue after mechanical injury and exercise-induced trauma (56, 142, 204).
However, these studies measured the diffusion in small parts of muscles with known
abnormalities. In case of measuring subclinical muscle injury of athletes, both condition and
location of the injury are unknown and therefore whole muscle coverage becomes essential. DTI
of large volumes is challenging because of the MRI scanner’s finite homogeneous magnetic field
and examination time restrictions.
The aim of our study was therefore twofold. Firstly, to develop a protocol for DTI of the complete
upper legs. Secondly, to demonstrate the feasibility for detecting subclinical sports related muscle

changes in athletes after strenuous exercise, which remain undetected using conventional T 2w
MRI with fat suppression.
To this end, we performed a feasibility study with 5 healthy amateur marathon runners consisting
of medical examinations, conventional MRI and DTI of the upper legs at 3 time points; one week
before, 72 hours after and three weeks after running a marathon. We chose a longitudinal
approach to detect changes in muscles over time per subject rather than using controls since
inter-subject variance is high (34, 53, 106). T2w MRI with fat suppression was graded per
muscle. DTI derived parameters were calculated and significant differences per muscle and in the
whole muscle volume before and after running the marathon were statistically analyzed.

Methods
Study Subjects
The research was approved by the local institutional Ethics Committee Review Board. The
volunteers had to provide written consent prior to the study. Both upper legs of 5 male healthy
amateur long-distance runners underwent an MRI examination one week before (time point A),
and 3 days (time point B) and 3 weeks (time point C) after a marathon. The runners were
experienced marathon runners (> 6 marathons) and trained at least four times a week.

Clinical evaluation and MRI assessment
Subjects were screened for MRI contraindications and underwent a Sport Medical Evaluation on
each of the three time points. An experienced musculoskeletal radiologist (over 20 years
experience) graded the T2w images with fat suppression. Using a standardized score sheet in
which signs of muscle injury were graded with 0, 1, 2 or 3. The grades were defined as: 0, no
abnormalities; 1, mild swelling and edema with no discontinuities of the muscle tissue; 2, partially

ruptured muscle tissue, and; 3, complete disruption of the muscle tissue (11). Furthermore, the
location, specific muscle, cranio-caudal and axial length of the edema/hemorrhage was recorded.

MRI protocol
Measurements were done with a 3T Philips Intera scanner (Philips Healthcare, Best, The
Netherlands) using a 16-channel receiver coil as depicted in Figure 1 A. The study subjects were
placed feet first in a supine position. Four acquisitions were performed: T1-weighted imaging
(T1w) for anatomical reference, T2-weighted imaging with fat suppression (T2w) to assess muscle
damage, dual-echo gradient echo (GE) imaging to derive a B0-field inhomogeneity map and
diffusion-tensor imaging (DTI).
The data was acquired in three 40-slice stacks with a 5-slice overlap using a moving table
approach without repositioning of the coil (Figure 1 B). The slice thickness for all the acquisitions
was 4 mm covering a total of 440 mm with a FOV of 400 x 400 mm 2. Total scan time was
approximately 45 min. Further imaging parameters are given in Table 1. For the DTI acquisition a
b-value of 400 s/mm2 in 15 unique gradient directions was used. Signal to noise ratios (SNR) for
the DTI data were calculated using the background image noise (205).

Data preprocessing
The DTI data was processed using a custom-built toolbox in Mathematica 9 (86). First the data
was filtered using a Rician noise suppression algorithm after which the diffusion-weighted data
was registered to the non-weighted images using an affine transformation and corresponding bmatrix rotation. Next the diffusion tensor was calculated and corrected for in plane deformations
induced by field inhomogeneities (86). Finally, the three individual slice stacks were fused
together to create one set of 110 slices. An automated tensor based algorithm was used to
create a mask containing only the muscle tissue volume (206). Six muscles in both upper legs,

i.e. semitendinosus muscle, biceps femoris muscle long head, gracilis muscle, adductor longus

muscle, sartorius muscle, rectus femoris muscle, were manually segmented based on the T 1w
and T2w images.

Diffusion parameters and fiber tractography
The diffusion tensor and its deriver parameters, λ1, λ2, λ3 MD and FA were calculated voxel wise
(207). Fiber tractography of the segmented muscles was done using the vIST/e software
(http://bmia.bmt.tue.nl/software/viste). Seeding for tractography was done within the selected
muscle volumes with 2 mm spacing. Tracts continued bi-directionally with 0.2 mm steps and
were terminated when the angle-change per step was larger than 10 degrees or the FA was
smaller than 0.1 or larger than 0.5.

Statistical analysis
Mean values of λ1, λ2, λ3, MD and FA in the entire muscle tissue volume and the segmented
muscles were calculated by fitting the parameter distribution of each volume with a skew normal
distribution. Data per muscle from time points A, B and C and the right and left leg were
compared using a two-way mixed-design ANOVA (IBM SPSS statistics 19, IBM, Armonk, NY). If
an overall time effect was observed (p<0.05) a Bonferroni post-hoc test with adjustment for
multiple comparisons was performed to identify which time points significantly differed from each
other (p<0.05).

Results
Volunteers were on average 51 ± 3 years of age, 1.85 ± 0.05 m tall and weighed 86 ± 11 kg.
Sport medical examination revealed slightly shortened hamstring muscles in 4 of 5 volunteers at
time point A. The average marathon finishing time was 4 h 11 min ± 27 min. At time point B, 3
of 5 volunteers experienced stiffness of the hamstring muscles resulting in slightly restricted
movement. All 5 volunteers indicated feeling some form of muscle soreness at time point B.

Radiological examination revealed 9 cases of grade 1 muscle strain, which are listed in
supplemental digital content Table SD1.
For the raw DTI data, which is shown in Figure 2 columns 1 and 2, the average SNR of the nonweighted images was 26.8 ± 2.4 and of diffusion weighted images was 14.3 ± 3.1. The
preprocessing strongly reduced image noise and artifacts due to patient motion, eddy currents
and field inhomogeneities, which show up as noisy shaded areas around the legs, as shown in
Figure 2 column 3 and 4. (86).
T1w and T2w images of time point A of one representative subject are presented in Figure 3,
overlaid with colored ROIs of the 6 muscles in both legs. Column 3 and 4 of Figure 3 shows the
same ROIs on top images of the Dxx tensor component and the non-weighted diffusion images,
respectively, illustrating that ROIs were registered to the DTI data.
Whole-volume fiber tractography of the upper legs next to an illustration (Figure 4 A) is displayed
in Figure 4 B. Three-dimensional ROI-based muscle segmentations are presented in Figure 4 C.
Fiber tractography of individual muscles is shown in Figure 4 D. Mean values and standard
deviations of the DTI derived parameters for all the runners for time points A, B and C are given
in the supplemental digital content Table SD2. The percentage change of each of the parameters
between the time points is shown in Table 2. For the entire muscle tissue volume, there were no
significant differences for any of the diffusion-tensor parameters between time points A, B and C.
For the biceps femoris muscle, the three eigenvalues, MD and FA significantly increased at time
point B. For the semitendinosus and gracilis muscles, λ1, λ2, and MD significantly increased at
time point B. For the biceps femoris muscle, eigenvalues and MD were still significantly elevated
at time point C versus time point A. Temporal changes in the DTI parameters of the muscle
tissue volume, biceps femoris muscle and semitendinosus muscle of individual runners are
presented in more detail in Figure 5. The change of the diffusion parameters projected on the 3D
fiber tractography results of biceps femoris muscle of one runner is shown in Figure 6, illustrating
elevated MD in the middle of the muscle for time-point B.

Since focal changes in T2w signal intensities in 9 of the 180 muscles were observed, we
performed statistical analysis of DTI parameters with exclusion of these affected muscles. This
did not change the statistical outcome, except for the biceps femoris for which the difference in
FA from time point A to B changed from significant (p<0.05) to a trend (p=0.055). Exclusion of
the asymptomatic volunteer without slightly shortened hamstring resulted in additional significant
changes in diffusion parameters for the whole muscle volume, the gracilis muscle, the sartorius
muscle and the rectus femoris muscle as is shown in the supplemental digital content SD3.

Discussion
We developed a feasible method to perform DTI of the full upper legs. Although the 20 min
duration of the DTI measurement is lengthy, it is feasible in combination with conventional T2
and T1 weighted MRI within 45 min of total scan time.
Our method revealed subtle changes in DTI derived parameters of muscle between pre and post
marathon, which were still measurable after 3 weeks, and were not detected with conventional
T2w imaging with fat suppression.
Previous research has established DTI as a reproducible and valid technique (60, 121, 122) to
evaluate muscle status (33, 103, 140, 142, 204). We extended the clinical applicability of this
technique by developing a protocol covering both upper legs from hip to knee in one single
examination. Although the 20 min duration of the DTI measurement is lengthy, it is feasible in
combination with conventional T2 and T1 weighted MRI within 45 min of total scan time.
The increase of MD and decrease of FA post-marathon indicate water diffusion is less restricted,
which may be related to interstitial edema, cell swelling or the disruption of diffusivity barriers
because of muscle injury. Yanagisawa et al. (142) have evaluated muscle DTI parameter changes
over multiple days after ankle plantar flexion exercise under controlled conditions and found the
FA decreased 2 to 5 days after the exercise. Also, λ2, λ3 and MD were still increased 3 days after

the exercise, which is in agreement with our results. However, muscle damage was apparent on
T2w imaging with fat suppression indicating that at least edema was visible. In addition
Zaraiskaya et al. (142) reported an increase in eigenvalues and a decrease in FA in 4 patients
with muscle tears. Establishing muscle tears however, can be done with T 2w imaging. More
importantly, DTI results in these studies should be interpreted with care as increased T 2w signal
intensity can lead to increased SNR which can lead to an apparent decrease of λ1 and FA, and
increase of λ3, without actual changes in the underlying diffusion parameters (70). Therefore, our
study focused on genuine sports related changes in DTI parameters of skeletal muscle after
exercise in muscles that remained undetected in T 2w MRI with fat suppression, rather than on
acute changes immediately after exercise that stressed isolated muscles under controlled
conditions.
Tensor eigenvalues for the biceps femoris and semitendinosus muscles were increased from one
week before to two days after running a marathon. For the biceps femoris, eigenvalues and MD
were still significantly elevated 3 weeks after the marathon. These findings might be related with
a high risk for injury in biceps femoris and semitendinosus muscles during long-distance running
(9, 11, 201, 202).The elevated MD and decreased FA still present after 3 weeks, might be related
to the natural disease course of fatigue induced muscle disorders. Fatigue induced muscle
disorders can give symptoms of muscle stiffness for up to three weeks, and are suggested to be
a risk factor for muscle injuries (9). Figure 6 shows reconstructed fiber tracts of the biceps
femoris and superimposed color scale shows the exact location of elevated MD in biceps femoris,
which corresponds with the location known to be often affected by muscle injury (11).

Limitations
The DTI data quality was sufficient to reveal subtle changes in muscle DTI parameters. However,
the protocol might be further improved by allowing for more averaging or increased number of
diffusion-gradient directions leading to increased SNR (69, 70). Although our method is feasible
in a clinical setting, translation of our results directly to clinical practice is not possible yet due to

the small number of subjects, group heterogeneity and the absence of controls. To do so, studies
with more power and designs specifically for this question are needed. Furthermore, the timeconsuming manual segmentation of muscles is a limitation for its applicability.

Conclusions
We developed a feasible method for DTI measurements from hip to knee in one single scan
session. Secondly our study revealed changes in DTI parameters over time, which were not
revealed by qualitative T2w MRI with fat suppression. The diffusivity only increased significantly
in the muscles that are known to have a high risk of injury after long distance running. We have
shown that DTI parameters may become diagnostically relevant for prognosis and treatment of
sports related muscle injury. However, for DTI to become a routine clinical tool for assessment of
muscle injuries, reference values, and prospective studies are needed.
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Tables
Table 1

Sequence
Voxel size
[mm2]
Matrix size
TR [ms]
TE [ms]
NSA
Turbo factor /
EPI train length
Fat suppression
SENSE factor
Partial Fourier

T1w

T2w

GE

DTI

Turbo spin echo
(TSE)

Turbo spin echo
(TSE)

Dual echo
Gradient echo
(GE)

Spin-echo echoplanar-imaging
(SE-EPI)

0.83 x 0.83

0.83 x 0.83

3.125 x 3.125

3.125 x 3.125

480 x 480
760
16
2

480 x 480
5500
70
2

128 x 128
12
4.6 / 9.6
1

128 x 128
7500
36
2

7

16

-

40

2
-

SPIR
2
-

-

SPAIR
2
0.625

Table 1: MRI acquisition parameters

Table 2

MTV

BF

ST

GR

AL

SA

RF

TP
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC

λ1
1.5
-1.1
0.4
3.9 **
-1.3
2.5 *
3.9 **
-1.9
2.0
2.3
-3.1
-0.8
0.8
-0.8
0.0
1.2
-1.7
-0.5
-0.6
-0.6
-1.2

λ2
0.8
-1.7
-0.9
5.2 **
-1.9
3.3 *
4.3 **
-1.7
2.6
2.9
-2.2
0.7
0.1
-1.1
-1.0
2.6
-3.0
-0.4
-1.1
-2.4
-3.4

λ3
1.7
-1.6
0.1
6.8 **
-2.8
4.0 **
5.0 **
-1.6
3.5
2.9
-2.2
0.7
0.6
-0.7
-0.2
1.7
-2.8
-1.0
-0.6
-3.0
-3.6

MD
1.5
-1.5
0.0
5.6 **
-2.2
3.4 **
4.8 **
-1.8
3.0
2.7 **
-2.9
-0.2
0.5
-0.8
-0.2
1.6
-2.6
-1.0
-0.5
-2.1
-2.6

FA
-0.5
1.8
1.4
-5.5 *
2.2
-3.2
-0.1
-1.0
-1.1
-0.6
-1.6
-2.2
1.8
1.1
2.9
0.1
2.2
2.2
0.7
5.1
5.7

Table 2: Percent change in diffusion-tensor parameters over time for the entire muscle tissue
volume (MTV), biceps femoris (BF), semitendinosus (ST), gracilis (GR), adductor longus (AL),
sartorius (SA), and rectus femoris (RF). Bonferroni post hoc test revealed a significant change (*
p<0.005; **p<0.0005)

Figures
Figure 1

Figure 1: Experimental setup. A) Schematic top and side views. Dashed red lines indicate
position of the RF coils. B) Three 40-slice stacks with 5 slices overlap were positioned to cover
the full upper legs, as schematically indicated by the three colored surfaces.

Figure 2

Figure 2: Diffusion-weighted MRI (SE-EPI with TR/TE: 7500/36 ms) and diffusion tensor Dxx
component for four axial slices through the legs of one representative subject at time point A.
Column 1: Non-weighted image (b = 0 s/mm2). Column 2: Diffusion-weighted image
(b = 400 s/mm2). Column 3: Dxx tensor component calculated without preprocessing. Column 4:
Dxx tensor component calculated after preprocessing.

Figure 3

Figure 3: ROI definition in four axial slices through the legs of one representative subject at
time point A. Column 1: T1w images (TSE with TR/TE: 760/16 ms) with colored ROIs. Column 2:
T2w images with fat suppression (TSE with TR/TE: 5500/70 ms) with colored ROIs. Column 3:
Dxx tensor component with colored ROIs. Column 4: Non-weighted diffusion image (SE-EPI with
TR/TE: 7500/36 ms and b = 0 s/mm2) with colored the entire muscle tissue volume.

Figure 4

Figure 4: Posterior view of segmented muscles and fiber tractography. A) Illustration of upper
leg muscles. B) Whole muscle volume fiber tractography. C) ROI based muscle segmentation. D)
Tractography of individual muscles.

Figure 5

Figure 5: Diffusion-tensor parameters for individual subjects at time points A, B and C.
Significant differences are denoted by * (p<0.05) and ** (p<0.005). Measurements of the two
legs of the five subjects are plotted as colored lines. The group mean and standard deviation are
indicated by the thick black lines and error bars.

Figure 6

Figure 6: Fiber tractography of the biceps femoris muscle at the three different time points for
subject 1. The fiber tracts are color coded for the mean diffusivity.
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Figure SD1: Axial T2w images with fat suppression (TSE with TR/TE: 5500/70 ms/ms) of the
five subjects. Slice position was 16 cm below the center of the femoral head. Column 1: Time
point A (one week before the marathon). Column 2: Time point B (two days after). Column 3:
Time point C (three weeks after).

Runner

Time
point

A

Leg

right

left

1

B
right

C

4

B

right

right

left
5

C
right

Muscle and
Location
biceps femoris
muscle - proximal
muscle belly
biceps femoris
muscle - distal
muscle belly
adductor longus –
mid muscle belly
biceps femoris
muscle - distal
muscle tendinous
junction
adductor longus
muscle - distal
muscle belly
biceps femoris
muscle - distal
muscle belly
biceps femoris
muscle - proximal
tendon
rectus femoris
muscle - proximal
muscle tendinous
junction
adductor longus
muscle - epimisial

112 mm

55 mm2

Crosssectional
area/total
muscle
(%)
4%

784 mm

28 mm2

1,8%

300 mm

260 mm2

13,8%

128 mm

85 mm2

14,5%

240 mm

26mm2

12,6%

96 mm

78 mm2

2,9 %

140 mm

78 mm2

13 %

60 mm

14,5 mm2

21 %

172 mm

53,1 mm2

24 %

Longitudinal
length

Cross Sectional
Area (mm)

Table SD1: Location of the grade 1 (mild swelling and edema with no discontinuities of the muscle
tissue) muscle lesions as found on the T2w images with fat suppression.
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MTV

BF

ST

GR

AL

SA

RF

TP

λ1 [mm2/s]

λ2 [mm2/s]

λ3 [mm2/s]

MD [mm2/s]

FA [-]

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

2.02 ± 0.06
2.05 ± 0.06
2.03 ± 0.06
2.05 ± 0.07
2.12 ± 0.07
2.1 ± 0.08
2.04 ± 0.06
2.12 ± 0.08
2.08 ± 0.08
1.79 ± 0.05
1.83 ± 0.05
1.78 ± 0.10
1.93 ± 0.07
1.94 ± 0.06
1.93 ± 0.08
2.02 ± 0.12
2.04 ± 0.09
2.00 ± 0.09
2.18 ± 0.08
2.16 ± 0.09
2.15 ± 0.05

1.62 ± 0.05
1.63 ± 0.06
1.60 ± 0.05
1.66 ± 0.06
1.75 ± 0.07
1.71 ± 0.06
1.51 ± 0.03
1.57 ± 0.04
1.55 ± 0.04
1.30 ± 0.06
1.33 ± 0.05
1.31 ± 0.09
1.57 ± 0.05
1.57 ± 0.06
1.55 ± 0.07
1.52 ± 0.10
1.56 ± 0.08
1.51 ± 0.07
1.81 ± 0.06
1.79 ± 0.08
1.75 ± 0.05

1.30 ± 0.05
1.32 ± 0.05
1.30 ± 0.06
1.35 ± 0.08
1.44 ± 0.07
1.40 ± 0.08
1.28 ± 0.03
1.34 ± 0.04
1.32 ± 0.06
1.10 ± 0.06
1.13 ± 0.05
1.11 ± 0.09
1.30 ± 0.05
1.31 ± 0.07
1.30 ± 0.06
1.20 ± 0.08
1.22 ± 0.06
1.19 ± 0.08
1.39 ± 0.05
1.38 ± 0.07
1.34 ± 0.07

1.64 ± 0.05
1.67 ± 0.05
1.64 ± 0.05
1.68 ± 0.06
1.77 ± 0.06
1.74 ± 0.05
1.60 ± 0.03
1.68 ± 0.06
1.65 ± 0.05
1.39 ± 0.04
1.43 ± 0.05
1.39 ± 0.09
1.59 ± 0.05
1.60 ± 0.06
1.59 ± 0.07
1.59 ± 0.11
1.61 ± 0.09
1.57 ± 0.07
1.79 ± 0.06
1.78 ± 0.07
1.75 ± 0.05

0.22 ± 0.02
0.22 ± 0.01
0.22 ± 0.02
0.20 ± 0.03
0.19 ± 0.02
0.20 ± 0.03
0.24 ± 0.02
0.24 ± 0.02
0.24 ± 0.02
0.25 ± 0.03
0.25 ± 0.02
0.24 ± 0.02
0.19 ± 0.02
0.20 ± 0.02
0.20 ± 0.01
0.25 ± 0.01
0.25 ± 0.01
0.26 ± 0.02
0.22 ± 0.02
0.22 ± 0.02
0.23 ± 0.03

Table SD2: Mean diffusion-tensor parameters of the entire muscle tissue volume (MTV), biceps
femoris (BF), semitendinosus (ST), gracilis (GR), adductor longus (AL), sartorius (SA), and rectus
femoris (RF).
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Figure SD3: Diffusion-tensor parameters, with exclusion of lesions and the asymptomatic
volunteer for individual subjects at time points A, B and C. Significant differences are denoted by
* (p<0.05) and ** (p<0.005). Measurements of the two legs of the five subjects are plotted as
colored lines. The group mean and standard deviation are indicated by the thick black lines and
error bars.

MTV

BF

ST

GR

AL

SA

RF

TP

λ1 [mm2/s]

λ2 [mm2/s]

λ3 [mm2/s]

MD [mm2/s]

FA [-]

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

2.02 ± 0.05
2.06 ± 0.05
2.01 ± 0.03
2.05 ± 0.05
2.13 ± 0.04
2.08 ± 0.06
2.06 ± 0.06
2.14 ± 0.08
2.07 ± 0.08
1.79 ± 0.05
1.83 ± 0.05
1.74 ± 0.06
1.91 ± 0.07
1.94 ± 0.05
1.90 ± 0.04
2.02 ± 0.13
2.04 ± 0.09
1.97 ± 0.07
2.20 ± 0.06
2.18 ± 0.09
2.14 ± 0.05

1.62 ± 0.05
1.63 ± 0.05
1.59 ± 0.04
1.67 ± 0.03
1.75 ± 0.04
1.71 ± 0.03
1.51 ± 0.02
1.58 ± 0.04
1.53 ± 0.03
1.28 ± 0.05
1.32 ± 0.05
1.27 ± 0.05
1.56 ± 0.04
1.57 ± 0.06
1.53 ± 0.06
1.52 ± 0.10
1.56 ± 0.09
1.49 ± 0.06
1.83 ± 0.04
1.81 ± 0.08
1.75 ± 0.06

1.29 ± 0.05
1.31 ± 0.06
1.28 ± 0.05
1.34 ± 0.09
1.44 ± 0.07
1.39 ± 0.09
1.28 ± 0.03
1.35 ± 0.05
1.31 ± 0.05
1.08 ± 0.04
1.13 ± 0.06
1.07 ± 0.04
1.29 ± 0.04
1.30 ± 0.07
1.28 ± 0.06
1.20 ± 0.09
1.22 ± 0.07
1.16 ± 0.05
1.39 ± 0.05
1.38 ± 0.08
1.32 ± 0.08

1.64 ± 0.05
1.67 ± 0.05
1.62 ± 0.04
1.68 ± 0.06
1.78 ± 0.05
1.72 ± 0.04
1.61 ± 0.03
1.69 ± 0.06
1.63 ± 0.04
1.38 ± 0.04
1.42 ± 0.05
1.35 ± 0.04
1.58 ± 0.04
1.60 ± 0.05
1.57 ± 0.05
1.59 ± 0.12
1.61 ± 0.09
1.54 ± 0.06
1.81 ± 0.04
1.79 ± 0.08
1.74 ± 0.06

0.22 ± 0.02
0.22 ± 0.02
0.23 ± 0.02
0.21 ± 0.03
0.19 ± 0.03
0.20 ± 0.03
0.24 ± 0.02
0.24 ± 0.02
0.24 ± 0.02
0.26 ± 0.03
0.25 ± 0.02
0.25 ± 0.02
0.19 ± 0.02
0.20 ± 0.02
0.20 ± 0.02
0.25 ± 0.01
0.26 ± 0.01
0.26 ± 0.01
0.22 ± 0.02
0.23 ± 0.02
0.23 ± 0.03

Table SD3-1: Mean diffusion-tensor parameters, with exclusion of lesions and the asymptomatic
volunteer, of the entire muscle tissue volume (MTV), biceps femoris (BF), semitendinosus (ST),
gracilis (GR), adductor longus (AL), sartorius (SA), and rectus femoris (RF).

MTV

BF

ST

GR

AL

SA

RF

TP

λ1

λ2

λ3

MD

FA

AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC
AB
BC
AC

1.8 *
-2.6 **
-0.8
3.9 **
-2.2 *
1.6
3.9 **
-3.3 **
0.5
2.1
-5.0 **
-2.9 *
1.5
-2.3
-0.7
1.0
-3.1
-2.0
-0.8
-1.8
-2.5

1.0
-2.9 *
-1.9
5.1 **
-2.7 *
2.4
4.6 **
-3.2 *
1.4
3.4 **
-4.2 *
-0.8
1.0
-2.4
-1.5
2.4
-4.5 *
-2.1
-1.2
-3.2
-4.4 *

1.8 *
-2.7
-1.0
7.0 **
-3.4
3.6 *
5.3 *
-3.3
2.0
4.0 *
-4.9 *
-0.9 **
0.7
-1.4
-0.6
1.4
-4.6 *
-3.2
-1.3
-3.8
-5.1

1.8 *
-2.8 *
-1.0
5.8 **
-3.1 **
2.7 **
4.8 **
-3.4 **
1.4
3.2 **
-5.0 **
-1.8
1.2
-2.0
-0.8
1.3
-4.0 *
-2.7
-0.8
-3.1
-3.9 *

-0.3
1.6
1.4
-5.1
1.4
-3.7
-0.9
-0.2
-1.2
-2.8
0.0
-2.8
3.0
0.3
3.3
0.9
2.8
3.8
2.2
3.9
6.1

Table SD3-2: Percent change in diffusion-tensor parameters over time, with exclusion of lesions
and the asymptomatic volunteer, for the entire muscle tissue volume (MTV), biceps femoris (BF),
semitendinosus (ST), gracilis (GR), adductor longus (AL), sartorius (SA), and rectus femoris (RF).
Bonferroni post hoc test revealed a significant change (* p<0.005; **p<0.0005)
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Abstract
Purpose: In this study, diffusion-prepared neurography was optimized for a large field-of-view
(FOV) to include the neck and both shoulders. In a large FOV poor homogeneity of the magnetic
field (B0) often leads to poor image quality and possibly to poor diagnostic accuracy. The aim was
therefore to find an optimal (combination of) shimming method(s) for diffusion-prepared
neurography in a large FOV.
Materials and methods: A 3D diffusion prepared sequence with a large FOV was tested with
and without the use of a susceptibility-matched pillow combined with image-based (IB) or
standard shimming in six healthy volunteers. B0, B1, signal to noise ratio (SNR), and contrast to
noise ratio (CNR) were compared between all protocols. Additionally, nerve visibility, fatsuppression, artifacts, and overall image quality were ordinally (5-point scale) assessed by two
readers. Furthermore, correlations between B0 and B1 (offset and variation) and SNR, CNR and
image quality were explored.
Results: The use of the susceptibility-matched pillow led to a 43% reduction of B0 variation over
the brachial plexus compared to the situation without a pillow (P < 0.05). The combination of the
pillow with IB-shimming and the optimized diffusion-prepared sequence resulted in good nerve
visibility, good fat-suppression, no artifacts which would hinder clinical diagnosis, and a good
overall quality (median scores ≥ 4). Reducing B0 variation was associated with SNR, CNR, and
the above mentioned scored features (P < 0.05).
Conclusion: The use of a susceptibility-matched pillow in combination with IB-shimming enables
robust and high quality neurography of the complete brachial plexus.

Introduction
Diagnosis of immune-mediated diseases, affecting peripheral nerves, such as multifocal motor
neuropathy and chronic inflammatory demyelinating polyradiculopathy, relies on the detection of
specific abnormalities in the nerves using electrical nerve conduction studies (26, 27). However,
nerve conduction studies cannot properly assess the nerve roots and the most proximal parts of
the brachial plexus, so that conduction abnormalities may be missed (22). In addition, in patients
suffering from trauma or tumors which affect the brachial plexus, assessing the structural
integrity of the nerves is of vital importance (31). New diffusion-prepared and fat-suppressed 3D
Turbo Spin Echo (TSE) sequences with long echo times (TE) performed on 3T scanners – also
known as MR neurography – provide excellent contrast of the peripheral nerves. Application of
these sequences may aid diagnosis and facilitate monitoring of diseases and injuries affecting the
nerves of the brachial plexus (31, 208–211).
A large FOV is clinically important to detect abnormalities in the shoulder region and to compare
contralateral morphology as interpersonal variation of the brachial plexus can be high (36, 212).
In this study, the 3D diffusion-prepared sequence suggested by Yoneyama et al. (210) is
optimized for a large field-of-view (FOV) to include the full brachial plexus covering the neck and
both shoulders. The sequence provides excellent contrast of the nerves by suppressing muscle
signal using a long echo time (TE). Blood is suppressed with the use of the diffusion pre-pulse (bvalue of 10 mm2/s) and fat with Spectral Adiabatic Inversion Recovery Pulse (SPAIR). The scan
time is reduced by applying a high parallel imaging acceleration factor and Rapid Acquisition with
Relaxation Enhancement (RARE) readout in conjunction with an appropriate flip angle sweep
(213).
Although the sequence facilitates excellent visibility of the nerves, image quality is often
compromised by poor fat-suppression and regionally low signal to noise ratio (SNR) when using a
large FOV (210). The origin of these artifacts can be found in poor homogeneity of the magnetic
field (B0), which is mainly caused by susceptibility differences between air and tissue around the

neck. Although B0 shimming can be applied, this still results in suboptimal homogeneity using
standard shimming routines only.
For improved shimming a susceptibility-matched pillow (referred to from here on as Pillow)
around the neck to cope with air-tissue transitions (38, 214–216) was tested. Additionally, a
relatively new and easy to use image-based (IB) shimming method (217–219) was used to
homogenize B0 and this was compared to standard shimming in a boxed volume (referred to
from here on as Standard).
The aim of this work was therefore to find an optimal (combination of) shimming method(s) for
performing robust and high quality diffusion-prepared neurography of the brachial plexus with a
large FOV. Besides the enlarged FOV the focus was on improving image quality, SNR and CNR,
and solving problems with artifacts and poor fat-suppression.

Methods
The research was approved by the institutional ethics committee review board, and the
volunteers provided written consent at the start of the study. We included 6 healthy volunteers
(3 male, 3 female, age 22-31 years). Subjects were positioned supine and scanned with 4
different protocols to test the Pillow and IB-shimming both combined and separately.
First, the subjects were scanned with the pillow placed anteriorly around the neck and with both
IB shimming (Pillow-IB) and standard shimming (Pillow-Standard) (see figure 1A). Subsequently
the pillow was removed and the scan was repeated with IB shimming (IB-Only) and with
standard shimming (Standard-Only).
To make a susceptibility-matching pillow we filled a commercially available neck pillow with
pineapple juice. Pineapple juice is used in pancreatic MRI as a negative contrast on T 2-weighted
images due to its high content of manganese (38, 220). Standard shimming was performed
within a user-defined volume (see green box in figure 1B) by selecting linear shim gradients

along three directions that remove the shift of the echo peak in a double echo readout. IBshimming is a software package implemented by the vendor and is primarily used for improved
shimming of the breasts. It requires a fast (30 s) low resolution fast-field echo sequence to
calculate first and second order shim settings that maximize the B0-homogeneity in a Region Of
Interest (ROI) that is segmented following the contours of the anatomy (217–219).

MRI protocol
The study was performed with a 3T Phillips Ingenia MRI-scanner (Philips Healthcare, Best, The
Netherlands). The neck and shoulder area was covered with 8 elements of the anterior receive
coil array, 4 elements of the posterior receive coil array and 4 elements of the posterior part of
the head receive coil array (16 elements in total). FOV, shim settings and parallel imaging
acceleration factor were kept identical for each protocol during neurography, B0, B1, and noise
measurements.
Diffusion-prepared neurography: coronal TSE acquisition with RARE readout; FOV: 300×400
mm2; TEeff/TR: 61/2000 ms; TSE factor: 100; echo spacing: 4.0 ms; voxel size: 1.1×1.1×1.1
mm3; fat suppression: SPAIR; Number of excitations (NEX): 2; Parallel Imaging Factor: 4 in rightleft (RL) direction and 1.5 in the anterior-posterior (AP) direction; scan time: 5 min 32 s.
B0-mapping: 3D FFE; TR/TE1/TE2: 3.6/1.23/2.3 ms; voxel size: 2×2×2 mm3; flip angle: 10o; scan
time: 15 s. B0-field maps were calculated from the phase-difference of the dual-echo images. B1mapping: 3D FFE; TR1/TR2: 20/2.2 ms; voxel size: 4×4×4 mm 3; scan time: 2 min 27 s. B1-field
maps were calculated from the ratio of the signals in TR1 and TR2, according to the method
developed by Yarnykh et al. (221). To obtain noise images and to perform CNR and SNR
calculations, the diffusion-prepared neurography sequence was run at low resolution and with the
RF power switched off (voxel size: 4×4×4 mm 3; scan time: 23 s).

Post-processing
For measurements of the whole FOV, pixels in the lungs and outside the subject were excluded
using thresholds. From every dataset the nerves were semi-automatically segmented (222) (see
figure 1B) and a mask was created (Mnerve). To assess signal intensities in the neck and shoulder
in a wider area around the nerves Mnerve was dilated 15 pixels and the pixels in the lungs and
outside the subject (Mdilated; figure 1D) were excluded. In addition, the mask was resampled to
match the resolution of the B0- and B1-field maps. The offset and variation of B 0 and B1 was
measured for Mdilated and for the whole FOV. The offset determined as a measure for the
deviation from the central frequency (B0) or nominal flip angle (B1). For variation, the standard
deviation (SD) was used. B0 was measured in Hertz (Hz) and B1 as percentage of deviation of the
nominal flip angle (%).
SNR was calculated from the ratio of the mean signal (S) in Mnerve in the diffusion prepared
neurography images and the standard deviation of the noise (N) in the same area in the lowresolution noise images. To quantify signal intensity surrounding the nerves and assess contrast
to noise (CNR) an extra mask was created (Msur; figure 1B) by subtraction of Mnerve of a - 5 pixels
- dilated Mnerve. CNR was calculated from the difference in mean signal intensities in Mnerve and
Msur (C) divided by N.
Two experienced imaging scientists were blinded and scored the images (GS and VM with >10
and 3 years of experience, respectively). The following categories were scored: nerve visibility,
quality of fat-suppression, presence of artifacts, and overall image quality. All categories were
scored on an ordinal 5-point scale as follows. For nerve visibility: 1 = nerves not visible; 2 =
visible, but not suitable for analysis; 3 = visible and suitable for analysis (however contrast and
sharpness is poor); 4 = good visibility with mostly sharp edges; 5 = excellent visibility. For fatsuppression: 1 = almost no fat-suppression present; 2 = poor fat-suppression however nerves
are mostly clear; 3 = incomplete fat-suppression but nerves are clear; 4 = incomplete but overall
good fat-suppression (some parts of the back or breast are not suppressed); 5 = excellent fat-

suppression, fat is completely suppressed. For artifacts: 1 = poor image quality due to artifacts, 2
= artifacts in area of interest and hindering analysis; 3 = artifacts in area of interest but not
hindering analysis; 4 = artifacts are present but outside area of interest and not hindering
analysis; 5 = no artifacts. Additionally, overall quality of the image was scored: 1 = poor; 2 =
image quality improved but not suitable for clinical evaluation; 3 = clinical evaluation is possible
of the nerves, but large areas of poor fat-suppression or artifacts remain; 4 = good result, clinical
evaluation of the nerves possible although some artifacts or areas with incomplete fatsuppression remain; 5 = excellent quality for clinical evaluation.

Statistics
Data was analyzed using IBM SPSS Statistics version 21. For assessing significant differences
between the protocols, we used a related samples Friedman’s Two-Way Analysis of Variance by
Ranks, both in the whole FOV and in Mdilated. Subsequently, in case of reaching statistical
significance, a related-samples Wilcoxon Signed Rank Test was used to test for significance
between pairs. We applied non-parametric tests as the number of subjects was small and a
normal distribution of the measured data could not be guaranteed. For testing the agreement
between the readers, the intraclass correlation coefficient (ICC) was used. Here, ICC < 0.4 was
considered poor, 0.4 - 0.59 fair, 0.6 - 0.74 good, and > 0.74 excellent. We used a Spearman´s
rank test for exploring correlations of B0 (offset, variation and offset + variation) with the scored
quality features (visibility, fat-suppression, artifacts, and overall score), SNR, and CNR, both in
Mdilated and over the complete FOV. The combined measure (B0 offset + variation) was introduced
as both (offset and variation) influence the B 0-field and possible exhibit a stronger correlation.
Significant correlations are reported with the correlation coefficient (R s) and P-value, in which a

P-value < 0.05 is considered significant.

Results
B0 and B1
The B0 offsets for the whole FOV were 100 ± 59 Hz for Pillow-IB, 73 ± 58 Hz for Pillow-Standard,
122 ± 61 Hz for IB-Only, and 69 ± 51 Hz for Standard-Only. B0 variation was 143 ± 29 Hz for IBOnly, 145 ± 28 Hz for Pillow-IB, 146 ± 17 Hz for Pillow-Standard, and 160 ± 35 Hz for StandardOnly. Differences were small and did not reach statistical significance (see figure 2A). The B0
offsets in Mdilated were 66 ± 59 Hz for Pillow-IB, 74 ± 40 Hz for Pillow-Standard, 138 ± 64 Hz for
IB-Only, and 81 ± 67 Hz Standard-Only. B0 variation in Mdilated, was lowest for Pillow-IB (82 ± 30
Hz), followed by Pillow-Standard (91 ± 23 Hz), IB-Only (128 ± 29 Hz), and the highest variation
was measured for Standard-Only (145 ± 29 Hz). For Mdilated, differences in B0 offset did not reach
significance, whereas differences in B0 variation between shimming methods were significant (P =
0.001). Significant differences were found between Pillow-IB and IB-Only (P = 0.028); between
Pillow-IB and Standard-Only (P = 0.028); between Pillow-Standard and IB-Only (P = 0.028) and
between Pillow-Standard and Standard-Only (P = 0.028) (see figure 2B). B0 variations in Mdilated
for all the Pillow-protocols were significantly lower compared to all the non-Pillow protocols (P =
0.028). However, no statistical differences were found for the combined protocols using standard
shimming compared to all the protocols using IB-shimming.
The B1 offsets in the whole FOV for Pillow-IB (9 ± 8 %), Pillow-Standard (6 ± 7 %), IB-Only (6 ±
4 %), and Standard-Only (6 ± 4 %) showed no statistical significant differences. Also, B1
variation was nearly equal for all protocols (27 ± 4 % for Pillow-IB, 27 ± 4 % for PillowStandard, 27 ± 5 % for IB-Only and 27 ± 5 % for Standard-Only) (see figure 2C). The B1 offsets
for Mdilated were 10 ± 9 % for Pillow-IB, 11 ± 6 % for Pillow-Standard, 9 ± 11 % for IB-Only and
9 ± 13 % for Standard-Only. The B1 variation over Mdilated, were 22 ± 6 % for Pillow-IB, 22 ± 6 %
for Pillow-Standard, 20 ± 7 % for IB-Only, 20 ± 7 % for Standard-Only. No significant
differences were found for B1 offset and variation over Mdilated (see figure 2D).

SNR and CNR
For SNR and CNR analysis one subject was excluded due to the failure of the scanner software to
export the acquired noise maps. SNR was 48 ± 12 for Pillow-IB, 47 ± 10 for Pillow-Standard, 41
± 9 for IB-Only, and 31 ± 11 for Standard-Only. Differences were not significant. CNR was best
for Pillow-IB (36 ± 14) followed by Pillow-Standard (34 ± 9), IB-only (22 ± 8) and Standard-Only
(16 ± 7). Significance was reached between Pillow-IB and Standard-Only (P = 0.043), Pillow-IB
and IB-Only (P = 0.043), Pillow-Standard and Standard-Only (P = 0.042), and Pillow-Standard
and IB-Only (P = 0.042) (see figure 3). There was a significant difference in SNR and CNR
between all the Pillow-protocols compared to the non-Pillow-protocols (P < 0.028). No statistical
differences between the combined protocols with Standard and IB-shimming were found.

Quality assessment
Agreement between the readers was good for scoring artifacts (ICC = 0.70) and excellent for all
other scores (ICC > 0.82). In summary, the Pillow-IB protocol had the best scores; followed in
decreasing order by Pillow-Standard, IB-Only, and Standard-Only (see figures 4A, 4C and 4D). An
exception to this was the scoring for fat-suppression where Standard-Only scored second best
(see figure 4B). Differences between the protocols were statistically significant for all scores ( P <
0.01). Scores for all quality measures were significantly higher for all the Pillow-protocols
compared to the non-Pillow-protocols (P < 0.028). No statistical differences were found between
the standard shimming protocols and to all the protocols using IB-shimming. The top panel of
figure 5 displays a representative coronal maximum intensity projection (MIP) image acquired
using the Pillow-IB protocol. In the lower panels of figure 5 typical problems with fat-suppression
and artifacts are shown. Images are from the same subject and acquired using the different
protocols. In particular, the area proximal to the lungs and parallel to the shoulders is prone to
artifacts. These locations of poor fat-suppression and artifacts mostly coincide with
inhomogeneities in the corresponding B0-field maps shown below.

Correlations
Significant correlations were found for B0 offset and variation with SNR, CNR and the quality
scores for both the whole FOV as for Mdilated. The combined measure of offset with variation over
Mdilated correlated significantly with all of them (see table 1).
For B1 (offset, variation, and offset + variation combined) there were no statistical correlations
found neither for the whole FOV nor for Mdilated, except for the B1 offset in Mdilated with artifacts (RS
= -0.48, P = 0.017).

Discussion
The aim of this work was to find an optimal (combination of) shimming method(s) for performing
diffusion-prepared neurography of the brachial plexus with a large FOV. Our results show that
the use of a susceptibility-matched pillow and IB-shimming enables neurography of the brachial
plexus with good visibility of the nerves, adequate fat-suppression, and no artifacts that would
hamper a diagnostic reading of the images and a good overall image quality. Negative
correlations of image quality scores with B0 offset and variation further emphasize that reducing
the B0 offset and variation is crucial for high quality imaging.
The influence of B0 offset relative to the central frequency and B0 variation on image quality can
be explained by the fact that both these factors shift the spectral location of water and fat with
respect to the scanner-determined central frequency. This spectral shift leads to less effective
excitation of water and fat, resulting in lower signal, as well as less effective fat-suppression. B0
homogeneity was mainly improved using the susceptibility-matched pillow rather than using IBshimming. This improvement was significant along the nerves (M dilated), but was not seen in the
whole FOV, which was probably caused by the strong B0 inhomogeneities in the shoulders and
arms near the edge of the bore. This finding is supported by the absence of correlations for B 0

variation in the whole FOV with most of the quality aspects. The B1 offset and variation showed
not to be influenced by the different protocols.
The positive influence of pads filled with fluids or other materials to create a susceptibilitymatched volume around the neck has already been reported previously (38, 214–216, 223–225).
However, no quantitative assessment was done previously and to the best of our knowledge pads
were never applied for improved neurography. In our study pineapple juice was used because it
has a low intensity on T2-weighted images (220), is widely available, cheap, and non-toxic. The
pineapple juice provided susceptibility matching while at the same time its low intensity with
respect to the nerves did not hinder the creation of neurography MIPs. The MIP facilitates a
diagnostic readout of the complete course of the brachial plexus from roots to the shoulders in
one view (212).
Next to the pillow, we tested the use of image-based shimming (IB-shimming). This has been
implemented primarily for breast imaging where air-tissue transitions often result in poor fatsuppression. For breast imaging, IB-shimming helps to significantly improve image quality
compared to standard shimming methods (219). In our study, IB-shimming did not significantly
improve image quality nor reduce B0 variation compared to the standard shimming method. This
could be related to the relatively low number of subjects studied here or to the difficulties of
shimming in the neck-shoulder region that could not be circumvented by IB-shimming.
Nevertheless, IB-shimming did score best compared to the other protocols for most measures (B 0
and B1 variation, SNR, CNR, nerve visibility, presence of artifacts, and overall image quality). The
use of IB-shimming was easy and fast, and it required no detailed planning of a shim volume.
This makes IB-shimming less operator dependent and potentially more robust than the manual
placement of a box to define a standard shim volume. In this light, we consider IB-shimming
superior when compared to standard-shimming.
Our optimization of the diffusion prepared sequence, initially introduced by Yoneyama et al. [4],
was aimed at enlarging the FOV, optimizing fat-suppression, and reducing artifacts. The enlarged

FOV (from RL×AP×FH = 310×220×110 mm3 for Yoneyama et al. to 400×300×190 mm3 in the
current study) enabled a contralateral comparison of the brachial plexus from the root all the way
down into the arms. This will aid in clinical readings of abnormal nerve morphology, course and
signal intensities in patients (212). Key to this enlarged FOV was the coil set up with the receive
coil array placed anteriorly and as proximally as possible. This provides coverage over the full
width of the shoulders by multiple coil elements enabling high parallel imaging factors (SENSE
factor of 4) in the LR direction to reduce scan time. Additionally, the TR was shortened (from
2500 ms for Yoneyama et al. to 2000 ms in the current study) to further reduce scan time
without introducing T1-weighting of muscle, fat or blood in the images (67, 226, 227).
Furthermore, the RARE readout (called VISTA, SPACE and CUBE for Phillips, Siemens, and GE,
respectively) enhances SNR and contrast without extending scan time (213). Despite these clear
advantages, the RARE readout may be prone to FID striping artifacts, seen as striping in edges
containing fat-tissue. This was dealt with by adding an extra signal average to the protocol (213).
In the future partial averages and FID crusher pulses – as offered by several vendors – might be
applied as well to overcome these artifacts. Despite increases in FOV and signal averages, the
use of parallel imaging resulted in no additional scan time when compared to the original
sequence of Yoneyama et al. (from 5 min 47 s for Yoneyama et al. to 5 min 32 s in the current
study).
Our results should also be evaluated in the context of diffusion-weighted imaging (DWI) and
diffusion tensor imaging (DTI), which could play a decisive role in quantifying disease activity or
healing processes in the peripheral nerves (37, 228–230). Diffusion sequences typically employ
an echo planar imaging (EPI) readout, which is particularly susceptible to distortions caused by B 0
inhomogeneities (231). These sequences will therefore benefit from our shimming approach that
resulted in a significantly improved B0 homogeneity (216). Furthermore, the reliability of the DTI
derived parameters such as the apparent diffusion coefficient (ADC) and fractional anisotropy
(FA) heavily depends on SNR (69, 70) and quality of fat-suppression (89).

Limitations
Our study has some limitations. The sample size was small, consisted out of relatively young
adults and no subjects with known nerve pathology were included. Therefore, we could not
evaluate diagnostic reliability or accuracy. This study was aimed rather at the technical
developments for obtaining a robust and high quality diffusion-prepared neurography sequence
of the brachial plexus. However, patient studies will be performed in future work.
Another limitation is a lack of comparison to other sequences often used for neurography, such
as the Short Tau Inversion Recovery (STIR) sequence. This sequence is now also available as 3D
STIR SPACE (211), which would provide an alternative as it provides good contrast for the nerves
and good fat-suppression being relatively insensitive to B0 inhomogeneities (211, 216, 232).
However the use of an IR preparation is known to decrease SNR (216, 233), making it a less
favorable choice for our application. Another fat-suppression technique which can be used in
combination with our sequence is mDixon TSE, which enables robust separation of water and fat
(36). However, mDixon TSE would significantly lengthen the scan time (to more than 10 min),
since at least two separate echoes are needed, which we consider not acceptable for routine
clinical use. Nevertheless, a comparison between the different sequences used for neurography
would be valuable.
The pineapple juice in the pillow is beneficial for B0 homogeneity and has low signal intensity on
T2-weighted imaging. However, signal is still visible and is even relatively high in T 1-weighted
images with very short TE. Therefore, other fluids or materials such as deuterated water or
fluorinated oils, which provide equally good susceptibility matching with no signal might be
preferred (214–216, 225, 234).

Conclusion
The use of a susceptibility-matched pillow in combination with IB-shimming enables robust and
high quality neurography of the complete brachial plexus.
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Tables
Table 1

Nerve Area (Mdilated)

Whole Field of View

Table 1: Correlations between B0 offset and variation on quality scores, SNR and CNR.

B0 offset

visibility

Fatsuppression

artifacts

Overall
Quality

SNR

CNR

Rs

0.08

-0.41*

0.25

0.06

0.11

-0.03

P

0.708

0.046

0.240

0.783

0.640

0.895

Rs

-0.31

0.10

-0.35

-0.42*

-0.43

-0.53*

P

0.143

0.647

0.091

0.041

0.059

0.016

Rs

-0.06

-0.32

0.06

-0.12

-0.04

-0.22

P

0.788

0.123

0.784

0.584

0.855

0.353

Rs

-0.27

-0.66**

-0.18

-0.41*

-0.01

-0.22

P

0.197

0.000

0.405

0.046

0.955

0.342

Rs

-0.78**

-0.35

-0.59**

-0.75**

-0.43

-0.70**

P

0.000

0.091

0.002

0.000

0.059

0.001

Rs

-0.72**

-0.44*

-0.55**

-0.72**

-0.49*

-0.69**

P

0.000

0.034

0.002

0.000

0.029

0.001

B0 variation

B0 offset+variation

B0 offset

B0 variation

B0 offset+variation

Correlations coeficients (Rs) with p-values (P) for B0 offset, B0 variation, and B0 offset + variation with
visibility, fat-suprression, artifacts, overall image quality, SNR and CNR for the whole FOV and
Mdilated. Significant correlations are printed bold and * indicates P < 0.05 and ** indicates P < 0.01.

Figures
Figure 1

Figure 1: (A) 3D surface rendering of the subject with the susceptibility-matched pillow placed
around the neck. (B) 3D surface rendering of the segmented nerves for M nerve. (C) MIP of a
representative diffusion-prepared neurography scan, with an overlay of Mnerve (white) and Msur
(orange) regions of interest. The green box indicates placement of the shimming volume. (D)
Same MIP with Mdilated region of interest overlayed in blue. Mid coronal B 0 (E) and B1 (F) image
with the pillow placed around the neck in the Pillow-IB protocol. The dashed lines indicate the
contours of the neck and shoulders.

Figure 2

Figure 2: Absolute offset and variation of B0 (A-B) in Hertz (Hz) and B1 (C-D) in percentage
deviation of nominal flip angle (%), for the whole FOV (A-C) and for the area in Mdilated (B-D).
Significant differences (P < 0.05) are indicated with brackets.

Figure 3

Figure 3: SNR and CNR of the nerves of the brachial plexus. Significant differences (P < 0.05)
are marked with a bracket.

Figure 4

Figure 4: Boxplots for scores of (A) nerve visibility, (B) quality of fat-suppression, (C) presence
of artifacts, and (D) overall image quality. Whiskers indicate the 95% confidence interval and the
solid line is the median value. Brackets mark significant differences (P < 0.05).

Figure 5

Figure 5: (Top) Representative maximum intensity projection (MIP) of the brachial plexus.
(Bottom) Magnifications of the red inset for the various protocols, showing both neurography
images and B0 maps. For Pillow-Standard and IB-only fat supression is poor or fails near the top
of the lungs where B0 homogeneity is poor. In Standard-Only fat suppression is unreliable and
often a significant drop in SNR is observed as exemplified by the red arrow.

Figure 6

Figure 6: B0 offset and variation combined in Mdilated correlated to scores of (A) nerve visibility,
(B) quality of fat-suppression, (C) presence of artifacts and (D) overall image quality, as well as
to (E) SNR, and (F) CNR. Correlation coeficient (Rs) and p-value (P) are shown in each panel.
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Abstract
Objectives: To introduce a fast and robust diffusion-tensor MRI (DT-MRI) approach for
measuring the brachial plexus, evaluate its repeatability and describe its diffusion characteristics
and possible correlations of the measurements with demographics.
Materials and methods: Thirty healthy volunteers within three age groups (18-35, 36-55, and
>56) received DT-MRI of the brachial plexus twice. Tractography was initiated from one seed
region per nerve root. Means of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD) for the individual left and right roots and trunks were evaluated.
A mixed model repeated measures ANOVA combined with a stepwise forward approach was
applied to test for differences between the roots within subjects and to identify correlations with
age, sex, body mass index (BMI), body surface, height, and bodyweight. Furthermore, withinsubject, intra-rater, and inter-rater repeatability were assessed using Bland-Altman analysis,
coefficient of variation (CV), intraclass correlation (ICC), and minimal detectable difference
(MDD).
Results: The protocol facilitated nerve segmentation and tractography in all subjects using
single seed regions for roots C5 to C8 in 5-10 min per subject. No differences between sides and
root levels were found. MD, AD, and RD correlated (P<0.05) with bodyweight. DT-MRI withinsubject quantification proved repeatable with CVs for FA, MD, AD, and RD of 16%, 12%, 11%,
and 14%, respectively and intra- and inter-rater ICC were considered good to excellent for all
measures.
Conclusions: The DT-MRI protocol enabled fast and repeatable quantification of brachial plexus
diffusion values. MD, AD, and RD correlated with bodyweight, which should be considered in
future studies of brachial plexus pathology.

Introduction
Injuries and diseases affecting the peripheral nerves are conventionally assessed using nerve
conduction studies. Assessing injury or diseases at proximal locations, such as the brachial plexus
is however more difficult. The roots and trunks of the plexus are located deep in the body,
surrounded by other anatomical structures, hampering reliable nerve conduction studies (22).
Next to nerve conduction studies, bright mode ultrasound (US) is gaining popularity for imaging
nerves. However, its use for imaging the brachial plexus is hampered by a limited penetration
depth and poor contrast (235, 236). Compared to US, Magnetic resonance imaging (MRI) of the
brachial plexus does not suffer from above mentioned limitations and with several new MRI
neurography (MR-neurography) sequences the brachial plexus can be imaged with sufficient
resolution and excellent contrast (31, 237). However, MR-neurography thus far has remained
limited to imaging the nerve anatomy and subtle changes in nerve signal intensities (238). For
example, in immune-mediated neuropathies the presence of hypertrophy and hyper intensity are
the hallmark of the disease. However, sensitivity to detection of hypertrophy is low and hyper
intensity remains difficult to assess, especially in early disease phase and atypical cases (238,
239).
Diffusion-tensor MRI (DT-MRI) is a specialized MRI technique which enables quantification of the
self-diffusion of water in biological tissue (64). The technique has been particularly successful
and finds widespread application in the characterization of white matter tracts in the brain. The
diffusion tensor values, such as the mean diffusivity (MD) and the fractional anisotropy (FA),
which reflect the average water diffusion value and its directional anisotropy have proven
sensitive to pathological alterations in the brain tissue due to pathology, as can be found in
stroke, tumors, and diseases that cause changes in the axonal or myelin integrity, including
multiple sclerosis and other forms of neurodegeneration (240–242).

Likewise, DT-MRI can be used to characterize the peripheral nerves. The fibrous structure of the
peripheral nerves can be reconstructed in 3D by fiber tractography of the principal diffusion
direction (29, 48, 243). Alterations in the structural integrity of the nerves due to disease lead to
changes in the diffusion values. Such changes were already utilized to differentiate between
healthy and diseased tissue, aid in diagnosis, and monitor regeneration after nerve injury (32,
229, 230, 240–242). DT-MRI therefore provides a unique, in-vivo, and non-invasive insight in the
status of the peripheral nerves.
However, DT-MRI of the brachial plexus remains challenging as the acquisition and quantitative
interpretation of the diffusion characteristics of the individual roots and trunks is difficult. Before
useful routine application of DT-MRI of the brachial plexus, several technical and methodological
aspects should be addressed. First of all, air-tissue transitions in the head and neck region may
introduce magnetic field inhomogeneities, which result in deformations and poor fat-suppression
(216, 225, 244). Moreover, it is essential to achieve sufficient signal to noise (SNR) levels for
accurate and reproducible quantification (69, 70), which comes at the cost of either low
resolution or long scan times, hampering routine clinical implementation. The accuracy of DT-MRI
measurements in the brachial plexus relies heavily on proper segmentation. As the roots and
trunks are small, segmentation is often done on a single slice using anatomical scans. This
approach remains difficult and time-consuming and as DT-MRI may suffer from deformations,
accurate co-registration to the non-deformed anatomical scans is needed (179). Moreover, body
side as well as the level of the roots might have an influence on measurements and may
complicate clinical interpretation(37). Furthermore, brain diffusion values are known to correlate
with sex and age (53, 54, 245) and peripheral nerve physiology and morphology differ between
sexes and correlate with age, height, and bodyweight (246–248). All together this stresses the
importance to assess the dependence of brachial plexus diffusion values to these factors.
The aim of this study was therefore to introduce and evaluate a novel DT-MRI approach for the
brachial plexus, which requires minimal manual user input for registrations, segmentation and

analysis, and thus facilitates a repeatable quantification of the diffusion characteristics.
Furthermore, we investigated body side, root level differences and studied correlations of the DTMRI measurements with age, sex, body surface area, height, body mass index (BMI), and
bodyweight

Methods
Study design
We obtained written informed consent from all volunteers prior to the study. This study was
waived by the local IRB as no patients were enrolled and no medical questions were answered.
The subject exclusion criteria were a known injury or disease affecting the arms or neck at
present or in the past and inability to undergo a MRI exam. To further exclude gross pathology
affecting the roots such as disc herniation, anatomical scans were obtained and scored by a
musculoskeletal radiologist with over 20 years of experience (MM). A total of 30 healthy controls
were recruited of three different age groups (18-35, 36-55, and 56 and older). Each group
consisted of 5 males and 5 females. Subjects were scanned twice with at least 1 hour and
maximal 1 week between scan sessions.

MRI protocol
MRI scanning was performed with a Philips Ingenia 3.0 Tesla scanner (Philips Healthcare, Best,
the Netherlands). The subjects were positioned supine and the brachial plexus was covered with
16 coil elements by combining 8 elements of a 16-element body-array coil, 4 elements of the
posterior part of a 16-element head array coil and 4 elements of a spine array coil.
To reduce susceptibility artefacts caused by the air tissue transitions in the neck, a tissue
susceptibility matching pillow was used in conjunction with an image-based shimming method

(244). For anatomical reference and assessing gross-pathology by the radiologist a T2-weighted,
fat-suppressed diffusion-prepared neurography sequence was used (210, 244).
The following imaging settings were used. Anatomical scan: fat-suppressed diffusion prepared
3D-VISTA, FOV = 300x393x150 mm3, TE(effective) = 61 ms, TR = 2500 ms, TSE factor = 100,
echo spacing = 4.0 ms, voxel size = 1.1×1.1×1.1 mm 3, receiver bandwidth = 567 Hz/pixel, fat
suppression = SPAIR, scan duration = 5min10s. DT-MRI: axial diffusion-weighted spin-echo EPI,
FOV = 288x192 mm2, matrix 96x62, TE = 77 ms, TR = 5969 ms, number of slices = 43, voxel
size = 3x3x3 mm3, receiver bandwidth = 33 Hz/pixel, number of averages = 6, gradient
directions = 16, b-value = 800 s/mm2, fat suppression = SPIR and Slice Selective Gradient
Reversal, scan duration = 8min33s. For 10 subjects the DT-MRI experiment was repeated with
the RF pulses switched off to assess image noise for Signal to Noise Ratio (SNR) calculations
(244).

Post-processing
DT-MRI data were processed off-line using DTItools for Mathematica 11.3 (86). In this toolbox
the data was corrected for motion and eddy-current induced distortions, after which the b-value
matrix was corrected accordingly (88). The tensor was calculated using a Weighted Least Linear
Squares model. No registration to the anatomical scans was needed.

Tractography
Fiber tractography was performed using the VIST/e software (249). Tractography was initiated
from single regions of interest (ROI) in the 4 cervical roots and single thoracic root (C5-C8, Th1)
per body-side, resulting in a total of 10 ROIs per subject (Figure 1). Each ROI was placed distally
close to the ganglion in the sagittal plane as this area could be well distinguished on the mean
diffusivity (MD) maps and the non-weighted (b-value = 0) diffusion images. A deterministic fiber
tractography algorithm with a step size of 0.15 voxel initiated from the ROI with a seed density
of 1 per mm-2. Stopping criteria for the tractography included a minimal Fractional Anisotropy

(FA) of 0.1 and maximum of 0.8, as well as a maximum angle change of 14 degrees per step.
Furthermore, only fibers with a minimum length of 3 cm were reconstructed. To assess inter- and
intra-observer agreement all ROIs were placed twice by the same observer and once by a second
observer (JO and ME).

Tract analysis
Next, the diffusion values along the reconstructed fibers were quantified using a custom-built
toolbox for MATLAB [4]. This step further decreases measurement errors by selecting only fibers
belonging to the roots and trunks, this is done by taking samples along the complete length of
the average path of all reconstructed fibers thereby avoiding the inclusion of mainly shorter fibers
close to the seed and this also excludes any aberrant fibers not following the direction of the
roots and trunks. Fibers were cut just distally from the ganglia and proximally to Erb’s point
(Figure 2). Because of inconsistent fiber tractography, the fibers in Th1 were not considered
further.
The roots and trunks were automatically divided in equally sized nerve sections and sampled
accordingly (8 samples for C5 and C6, 6 for C7, and 4 for C8). In each sample, the mean of the
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD)
were calculated. From the 10 datasets intended for this purpose, SNR of the non-weighted (bvalue=0) acquisition was calculated over the roots and trunks using the same methods.

Statistics
Patient characteristics are presented as the median with range per age category. DT-MRI values
(FA, MD, AD, and RD) of the first and second scan were averaged and presented as mean with
standard deviation (SD). Right-left differences and differences between the roots of C5 to C8
were assessed using a repeated measures mixed model ANOVA with the side and level of the
root within one subject being the repeated measure. Within this model we used a stepwise
forward approach, to identify one by one the possible covariates being age (years), sex, BMI

(kg/m2), body surface (m2), height (m), and bodyweight (kg) (P<0.05). This approach enables to
test dependent covariates (being BMI, body surface, height, and bodyweight) separately and
identifies the highest likely contributor of a covariate or a dependent part of it, which can be
added to the model. Mauchly’s test for sphericity was performed and in case the sphericity
assumption was violated a Greenhouse-Geisser correction was applied.
For assessing repeatability, the within-subject (comparisons of the first scan session for the first
observer who analyzed the data twice), intra-rater (comparisons of the first scan session for the
first observer who analyzed the data twice), inter-rater (comparisons of the first scan session
between the first and second observer) variability of the mean per root and right-left differences
was determined using Bland-Altman analysis. In the Bland-Altman plots the mean difference and
the 95% confidence interval (1.96*SD) are shown. Within-subject coefficients of variation (CV)
were calculated for each nerve separately. The CV is calculated as CV = 100% * SD

paired difference

Mean.
The minimal detectable difference (MDD) was estimated as a measure for the responsiveness of
DT-MRI (250). Responsiveness is defined here as the ability of the outcome measure to detect
clinically relevant changes within an individual patient. The MDD is calculated as MDD =
1.96*SDpaired difference (250).
Inter- and intra-observer agreement were assessed using the Intra Class Coefficients (ICC) for
absolute agreement and single measures, with ICC<0.40 considered poor, 0.40-0.59 considered
fair, 0.60-0.74 considered good, and >0.74 considered excellent agreement. In case of a
significance of one or more covariates found using the repeated measures ANOVA this was
further explored using linear regression.

/

Results
All but one subjects were scanned twice. One subject (male, group 36 55 years old) did not
undergo the second scan and is therefore left out of the reproducibility analysis. Subject
characteristics can be found in Table 1 for the subjects in the 3 age groups. There was a large
range for height, bodyweight, and BMI, but there were no statistical differences between groups
for any of these characteristics. Furthermore, radiological assessment revealed no pathology
potentially affecting the brachial plexus.
All MR images were successfully acquired and visually checked for artifacts potentially hindering
analysis. No data needed to be discarded because of artifacts. Figure 1 shows a representative
dataset with non-weighted (b-value=0) (Figure 1A), and diffusion-weighted (b-value=800
s/mm2) (Figure 1B) axial images. Figure 1C shows a sagittal reconstruction of the non-weighted
(b-value=0) images with the positions of the tractography seeding ROIs for the roots. In Figure
1D-F a coronal MR-Neurography image (Figure 1D) is shown above non-weighted (b-value=0)
(Figure 1E) and diffusion-weighted (b-value=800 s/mm2) (Figure 1F) coronal reconstructions, in
which the anatomical correspondence can be appreciated.
Tractography was successful for all C5-C8 nerves. However, in 30 datasets (52%) the fibers for
Th1 were not reconstructed all the way to Erb’s point. Therefore, measurements of Th1 were not
considered for further analysis. Figure 2 shows representative results of the fiber tractography in
which the fibers were color coded for FA, MD, AD, RD, and SNR. The bottom right panel in Figure
2 is a maximum intensity projection (MIP) of the MR neurography dataset with fibers
superimposed, demonstrating excellent co-registration of both types of nerve depictions. This
also shows the total lengths of the trunk of the nerves which were considered and it contains the
sample points (8 sample points for C5 and C6, 6 for C7, and 4 for C8) used for quantitative
analysis. The tractography-based segmentation took about 5-10 minutes per dataset. The total
time for the post-processing, including importing and exporting of the data in the DTItools,

VIST/e and MATLAB-toolboxes amounted up to 1 hour per dataset. From this whole process, user
interaction was needed for segmentation and defining were to cut the fibers to exclude the
ganglia and myelum.
The average SNR of the non-weighted images for all C5 to C8 nerves was 21±8. Mean values for
FA, MD, AD and RD are given in Table 2. Significant correlations for MD ( P = 0.005), AD (P =
0.002) and RD (P = 0.013) with bodyweight were found. Although the diffusion parameters also
correlated significant with BMI, these were less strong (P < 0.04). No correlations with height
and body surface area were found. Therefore, only bodyweight was added to the model as a
covariate. After correction for bodyweight no statistical right-left differences or differences
between the levels of the roots were found.
Bland-Altman analysis for within-subject, intra-observer and inter-observer variability are shown
in Figure 3 for FA, MD, AD, and RD. Furthermore, CVs ranged between 10.7% to 23.8% for FA,
8.0% to 15.5% for MD, 8.0% to 17.1% for AD, and 9.1% to 19.3% for RD. Values per nerve can
be found in Table 2. The root and trunk of C6 had the best and the one of C8 had the worst
within-subject reproducibility. The MDD was 0.10 for FA, 0.32 x 10-6 mm2/s for MD, 0.41 x 10-6
mm2/s for AD and 0.30 x 10-6 mm2/s for RD. ICC values for intra-observer were all excellent with
0.753 for FA, 0.790 for MD, 0.740 for AD and 0.816 for RD. Inter-observer ICCs were all good
being 0.732 for FA, 0.650 for MD, 0.644 for AD and 0.666 for RD.
Since the nerve FA, MD, AD and RD values of C5-C8 were not statistically different, we averaged
values over all roots per subject to perform linear regression with bodyweight. As mentioned
above we did not find associations of diffusion values with age, sex, body surface, or height and
therefore did not perform additional linear regression for these characteristics. Although BMI
seemed correlated, it was the bodyweight which defined this correlation and therefore also BMI
was not considered. The correlation with bodyweight was significant for MD (P = 0.005), AD (P =
0.002), and RD (P = 0.013) but not for FA, as shown in Figure 4. Linear regression resulted in a
slope in MD of -3.49 x 10-6 mm2/s per kg bodyweight with an intercept of 1.62 x 10-3 mm2/s and

R2 = 0.26. For AD, the slope was -4.40 x 10-6 mm2/s per kg bodyweight with an intercept of 2.17
x 10-3 mm2/s and R2 = 0.31. Finally, for RD regression resulted in a slope of -3.03 x 10-6 mm2/s
per kg bodyweight with an intercept of 1.34 x 10-3 mm2/s and R2 = 0.17.

Discussion
In this paper, we have presented a DT-MRI scanning protocol and post-processing approach for
the brachial plexus. The post-processing of the data, which included diffusion registration and
segmentation of the roots C5-C8 and Th1, was semi-automatic and could be done in less than 10
minutes of user interaction. We tested repeatability of the acquisition and processing methods in
a cohort of healthy subjects. This resulted in an adequate within-subject, intra-rater, and interrater variation. The cohort had a large spread in age, BMI, height, and weight, which enabled us
to assess correlations of the DT-MRI parameters with these subject characteristics.
The scan duration of the DT-MRI sequence was below 10 min. This scan time was well tolerated
by the healthy volunteers and from previous experience we anticipate that this scan time will also
be acceptable for patients with brachial plexus pathology, although this needs to be confirmed. A
relatively large and isotropic voxel-size was chosen to avoid anisotropy bias (251) and guarantee
sufficient SNR (typically >15 is required), which is needed for accurate diffusion parameter
estimations and tractography (69, 70). This voxel-size facilitated an adequate bandwidth, limiting
geometrical distortions in the EPI readout. Additionally, we used a low-cost susceptibility
matching pillow for improved field homogeneity (244). Taken together, this enabled accurate DTMRI reconstructions of the nerves that matched the MNR images all the way up to Erb’s point
except for Th1. For Th1 we believe the location close to the apex of the lungs introduced
movements as well as susceptibility artifacts resulting in poor SNR, poor fat-suppression, and
consequently poor fiber tractography.

Our approach allows for segmentation of the nerves using the DT-MRI tractography instead of a
challenging segmentation based on image contrast between the nerves and its surrounding
tissue. Furthermore, no challenging registration between the DT-MRI data and anatomical scans
is needed. We used the MD maps and non-weighted (b-value = 0) images for drawing the seed
ROIs as the roots could be easily depicted in the sagittal planes. Subsequently, automatic fiber
tractography was sufficient for segmentation of the nerves. This ensured that only nerve tissue
was included in the quantitative diffusion parameter analysis and that partial volume with
neighboring muscle and fat tissues was avoided as much as possible. Subsequently, we used a
clustering method for tracts as described by Caan et al. (252) in which measured clusters are
spread evenly along the arc length and the mean is evenly weighted over the root and trunk as a
whole. By doing so, outlier fibers were excluded from the averaged diffusion parameters over the
tract.
Our approach to segmentation and analysis is fast compared to other protocols in the literature
which try to assess the full extent of the roots and trunks. For example, in a study by Tagliaflico
et al. on average 47 manually drawn ROIs per root were needed for analysis (37), which takes
much longer than drawing a single ROI per root for our method. Still, we found that the
repeatability of our protocol was almost identical compared to the study by Tagliafico et al. (37)
with CVs ranging from 11 - 24 % for FA and 8 - 17% for MD, compared to 6 - 20% for FA and 6
- 18% for the MD in our study. Importantly, our method proved equally rater dependent for MD
and less for FA.
The DT-MRI values found in our study compare well with other studies of the brachial and sacral
plexus (37, 229, 243, 253). However, FA was slightly lower compared to Tagliafico et al. (37).
This difference in FA might be caused by differences in SNR values as FA is most prone to
overestimation by low SNR. MD on the contrary is relatively independent of SNR (69, 70). In
another study by Ho et al. values for both FA and MD are slightly higher, but these authors

sample solely the most proximal part of the roots which make comparing the results
difficult(254).
For clinical application, identification of injured or diseased roots or trunks comparison with the
contralateral healthy root or trunk has been suggested (37, 226). Our results suggest this
approach can be useful as we found no significant difference between right and left. However, it
should also be used with care as we observed relatively high right-left differences in individual
subjects which amounted up to 19% for FA, 19% for MD, 20% for AD, and 21% for RD (95%
CI). Interestingly these variations are similar to the intra-rater variability suggesting that the
observed right-left differences are within the measurement repeatability rather than originating
from actual physiological differences, such as left or right handedness.
Whether the observed variability is sufficiently low to detect subtle pathological changes in
individuals remains to be seen. For example, in a study by Chen et al. compressed nerves were
compared to unaffected contralateral ones (226). Mean differences of 15% for FA, 13% for MD,
8% for AD, and 16% for RD were found, which lie within measurement variability and therefore
would lead to a significant number of false negatives. Two studies reported differences between
healthy nerves and those affected by CIDP of 19 - 30% for FA and 0 - 12% for MD (230, 242),
indicating that diagnosis of individual patients may still be hampered by the CI of within-subject
variation. However, studies on diffusion parameters of peripheral nerves are still scarce and more
research of various pathological cases in the context of additional clinical data is needed to
establish benefit for the individual patient. In any case, DT-MRI might be a powerful tool to study
pathophysiology of immune-mediated diseases, for follow up in case of injury, in treatment
studies, and studies of the natural course of disease (32, 230, 240, 255, 256).
In the current literature, tractography is presented as a valuable tool for assessing morphological
abnormalities, i.e. nerve continuity, by some investigators (228, 229, 253). However, we believe
that DT-MRI and tractography provide suitable methods to investigate diffusional changes in the
tissue caused by pathology, but other high-resolution MRI sequences are more suitable to assess

morphological abnormalities. For example, the MR neurography sequence used in this study is a
3D T2-weighted fat-suppressed sequences with a much higher spatial (isotropic) resolution than
the SE-EPI used for DT-MRI (30, 210). Furthermore, these MR-neurography sequences provide
excellent contrast of the nerves with the surrounding tissues and do not suffer from geometrical
distortions. It also allows reconstruction of MIPs (31, 244) and can provide clinicians with
reformatted images in all desired orientations (212, 257).
Interestingly, we found a significant correlation of bodyweight with MD, AD, and RD, but not with
FA. A possible cause could be residual and inadequately suppressed fat (89, 177). Residual fat
would indeed lead to a decrease of MD, AD, and RD but one would expect a stronger correlation
with BMI in this case and also an increase in FA with bodyweight or BMI is expected(89, 177).
Significant correlations of cross-sectional areas (CSA) and conduction velocities with bodyweight
and height were reported based on US and NCS measurements (248, 258), but no explanations
were provided. We are not aware of other MRI studies correlating bodyweight to the
characteristics of brachial plexus roots and trunks. The origin of this correlation therefore remains
unknown and more research is warranted. Importantly, this correlation needs to be considered as
a confounder in clinical studies in the brachial plexus using DTI parameters as readout.

Conclusions
In this study, we evaluated a DT-MRI protocol for quantification of brachial plexus diffusion
values. The DT-MRI protocol enabled repeatable quantification of brachial plexus diffusion values
in a clinical feasible scan time and only limited manual input. We found a strong and significant
correlation of bodyweight with MD, AD, and RD. This correlation needs to be considered as a
confounder in clinical studies in the brachial plexus using DT-MRI parameters as readout.
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Tables
Table 1

Group 1 (5M, 5F)
Group 2 (5M, 5F)
Group 3 (5M, 5F)
Age (years)
27
(24 – 33)
42
(35 – 55)
63
(57 – 83)
Height (m)
1.76
(1.68 – 1.96)
1.76
(1.59 – 1.83)
1.72
(1.56 – 1.92)
Weight (kg)
71
(60 – 80)
74
(47 – 95)
75
(53 – 103)
BMI (kg/m2)
22.4
(20.5 – 25.9)
25.5
(16.7 – 32.1)
24.0
(20.2 – 32.0)
Table 1: Group characteristics reported as the median and the range (minimum - maximum). M=male,
F=female.

Table 1: Group characteristics reported as the median and the range (minimum - maximum).
M=male, F=female.

Table 2

Table 2: Mean values and standard deviation (SD) of fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD) per nerve, per side (right-left) and
combined. Furthermore, the coefficient of variation (CV) and minimal detectable difference
(MDD) are shown. Right-left differences are presented as a percentile difference (RL diff).

Figures
Figure 1

Figure 1: (A) DT-MRI with b-value=0 in axial orientation. (B) DT-MRI with b-value=800 s/mm2
in axial orientation. (C) Sagittal view of DT-MRI with b-value = 0 in which the red circles indicate
the region of interest (ROI) placements per root. (D) Coronal MR neurography image with
visualization of the roots and trunks. (E) DT-MRI with b-value=0 reconstructed in coronal
orientation. (F) DT-MRI with b-value=800 s/mm2 reconstructed in coronal orientation.

Figure 2

Figure 2: Representative example of a DT-MRI tractography dataset (64 years old male),
including tractography color coded for fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), radial diffusivity (RD) and signal to noise (SNR). The bottom right image is a
maximum intensity projection (MIP) of the brachial plexus neurography image (MR-Neurography)
with superimposed fiber tracts of the postganglionic tissue only. The circles along the tracts
indicate the sample sections which are color-coded for sample number.

Figure 3

Figure 3: Bland-Altman analysis of DT-MRI derived diffusion values FA, MD, AD, and RD.
(Column 1) Within-subject variability. Comparisons between the first and second scan session for
the first observer. (Column 2) Intra-rater variability. Comparisons of the first scan session for the
first observer who analyzed the data twice. (Column 3) Inter-rater variability. Comparisons of the
first scan session between the first and second observer. (Column 4) Data of the first scan
session analyzed for right-left differences. The top and bottom orange lines are the 95%
confidence interval (CI) of the measurements. The middle orange line indicates the mean
difference between the measurements.

Figure 4

Figure 4: Scatterplots of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD),
and radial diffusivity (RD) as function of bodyweight. Regression lines are linear fits for MD (P =
0.005), AD (P=0.002), and RD (P=0.013).
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Abstract
Distinguishing chronic immune-mediated neuropathies from mimics such as segmental spinal
muscular atrophy (SMA) is of utmost importance but can be challenging. MRI and ultrasound
(US) techniques might be a valuable addition to the diagnostic work-up for an accurate diagnosis.
The aim of our study was to explore the diagnostic value of conventional as well as nerve-specific
and quantitative MRI and US for distinguishing immune-mediated neuropathies from segmental
SMA.
We included recently diagnosed patients with multifocal motor neuropathy (MMN; n=10), chronic
inflammatory demyelinating neuropathy (CIDP; n=13), segmental SMA (n=12) and healthy
volunteers (n=30). Conventional and nerve-specific T2-weighted MRI-sequences in addition to a
quantitative diffusion tensor imaging (DTI) sequence of the brachial plexus were acquired.
Images were scored by two independent radiologists for the presence of hypertrophy (mild,
intermediate and severe) and increased signal intensity and intra- and inter-observer agreement
was evaluated. Subsequently, the diameters of the roots were measured. The cross-sectional
nerve areas of the large nerves, including the brachial plexus, were assessed with US. For the
(semi-)quantitative modalities, group differences and receiver operator characteristics were
assessed.
Roots with severe hypertrophy were only seen in CIDP, but mild and intermediate hypertrophy as
well as increased signal intensity were found in all groups including healthy controls. Intraobserver agreements for hypertrophy and increased signal intensity varied largely (ICC: 0.00 0.811) and inter-observer agreements were classified as slight (ICC: 0.030 - 0.189). Nerve
diameters showed no significant differences between groups. DTI showed significant differences
between MMN, SMA, CIDP and controls for fractional anisotropy at the C5 (P=0.012) and C6 level
(P<0.001), for axial diffusivity at the C7 level (P=0.011) and radial diffusivity at the C6 level
(P=0.002). Ultrasound showed significant differences between MMN, SMA, and CIDP for the

median nerve in the upper arm (P=0.001) and axilla (P=0.020), for the ulnar nerve near the
epicondyle (P=0.016) and axilla (P=0.001), the radial nerve (P<0.001), for roots of C5
(P=0.012), C6 (P<0.001) and C7 (P<0.001), and for the fibular nerve at the level of the knee
(P<0.001).
For distinction between MMN and segmental SMA, the combination of ultrasound and fractional
anisotropy yielded the highest area under the curve (0.878) and for distinguishing immunemediated neuropathies as a group from segmental SMA the combination of US and radial
diffusivity yielded the highest area under the curve (0.909).
In conclusion, US and DTI could distinguish multifocal motor neuropathy and/or chronic
inflammatory demyelinating neuropathy from segmental spinal muscular atrophy. Additionally,
we showed limitations of qualitatively scoring of hypertrophy and increased signal intensities.

Introduction
Diagnosis of chronic inflammatory demyelinating neuropathy (CIDP) and multifocal motor
neuropathy (MMN) currently relies on clinical presentation and extensive nerve conduction
studies (NCS) (27, 26, 23). Both CIDP and MMN are amenable to treatment in contrast to lower
motor neuron disorders such as segmental spinal muscular atrophy (segmental SMA), which can
mimic the presentation of MMN (259–261). In CIDP and MMN, NCS show abnormalities
consistent with demyelination and/or conduction block, while this is not the case in lower motor
neuron disorders. However, NCS cannot always be evaluated reliably in the more proximal parts
of the brachial plexus and can fail to detect these characteristic abnormalities. This can pose a
diagnostic challenge (22) which may potentially lead to underdiagnosing of MMN and pure motor
CIDP, and thus lead to suboptimal treatment. This is corroborated by reports on MMN patients
without conduction blocks using conventional NCS being successfully treated with intravenous
immunoglobulin (IVIG) (262–264).
EFNS/PNS guidelines on inflammatory neuropathies suggest that hypertrophy and increased
signal intensity of the nerves on a MRI of the brachial plexus may be supportive of a diagnosis of
CIDP and MMN (27, 26). Conventionally, these features are scored on a coronal plane of a T2weighted and fat-suppressed sequence using short tau inversion recovery (STIR) (265–267).
Newer MRI sequences with higher resolutions and specific contrasts for nerves - also known as
MR-neurography (MRN) - might prove to be more useful, especially as they allow measurement
of peripheral nerve sizes and thus may provide the clinician with more objective cut-offs (
Chhabra et al., 2013; Tanaka et al., 2013; Shibuya et al., 2015; Hiwatashi et al., 2017).
Another MRI-based technique which can provide quantitative measures is Diffusion Tensor
Imaging (DTI). DTI enables quantification of water diffusion within tissues. If diffusion is
measured in at least six independent directions it can be described by a tensor. Diffusion within
tissues is restricted by intra- and extracellular components, and alterations of these components

can therefore be reflected in the diffusion parameters measured with DTI. In peripheral nerves
diffusion is mainly restricted orthogonally to the axonal direction (referred to as radial diffusivity
(RD)) and is almost unrestricted along the axons (referred to as axial diffusion (AD)). This nonuniform pattern of diffusion is called anisotropic diffusion whereas isotropic diffusion is uniform in
all directions. Anisotropy is quantified by calculating the fractional anisotropy (FA) and is
expressed as a number ranging from one to zero, one encompassing pure anisotropic and zero
pure isotropic diffusion. The mean of the diffusion in all directions is described as mean diffusivity
(MD). Changes in these DTI parameters were observed to be altered in patients with immunemediated neuropathies compared to healthy and disease controls (32, 232, 255, 230).
Besides MRI, ultrasound (US) can be used to visualize and objectify peripheral nerve
enlargements. Compared to MRI, US has a very high resolution with the additional advantage
that nerves can be traced along their course. The use of US seems promising as distinction
between immune-mediated neuropathies and healthy and/or disease controls -being ALS
patients- could be made with high sensitivity and specificity (Grimm et al., 2015; Kerasnoudis et

al., 2015; Goedee et al., 2017). Although all the above-mentioned techniques and modalities look
promising for distinguishing CIDP and MMN from their mimics, few studies have explored their
use in clinically relevant cohorts.
The aim of our study was therefore, to explore and compare the diagnostic performance of
(semi)quantitative image modalities in the diagnosis of CIDP, MMN and its differentiation from
lower motor neuron disorder, and in particular segmental distal and proximal SMA.

Materials and methods
Recruitment of patients and controls
Patients with a diagnosis of CIDP, MMN and segmental SMA were characterized by muscle
weakness of at least one of the upper extremities. CIDP and MMN patients had to fulfil the
EFNS/PNS criteria (26, 27). Segmental SMA was diagnosed based on the clinical presentation
with asymmetrical muscular atrophy and weakness limited to the hand(s) and forearm(s)
(segmental distal SMA) or asymmetrical proximal atrophy and weakness in the arm(s) (segmental
proximal SMA), without sensory signs, pyramidal features, or NCS abnormalities compatible with
MMN. Furthermore, segmental SMA patients were either recently diagnosed or demonstrated no
or only minor progression over a follow-up period. In all SMA patients MRI of the cervical spinal
cord did not show abnormalities indicative of an alternative diagnosis.
NCS was repeated if the last examination was done more than six months prior to enrollment.
Immune-mediated neuropathy patients were preferably treatment-naïve, or with short treatment
duration (<1 year). MRI, US and clinical data were assessed independently from the clinical
work-up. All investigations were done at the Academic Medical Center, Amsterdam. Local
institutional review board (IRB) approval was obtained and written informed consent was given
by all patients who were enrolled. Control MRI data were included from a different study in which
healthy subjects were scanned with an identical protocol. This study was not considered subject
to the Helsinki statement by our local institutional review board. However, all healthy controls
gave written informed consent prior to the study.

Clinical data
From all patients, demographic data was obtained. Impairment and disability scores were
assessed, i.e., the MRC sum score to measure muscle strength (the abductors of the shoulder,
elbow flexors, wrist extensors, hip flexors, knee extensors and foot dorsi-flexors), disease specific

Rasch Overall Disability Scores (CIDP-RODS and MMN-RODS) to measure disability, and the
Inflammatory Neuropathy Cause and Treatment (INCAT) Sensory Sum Score (ISS) to measure
sensory involvement. Maximum scores were 60 for the MRC, 48 for the CIDP- and MMN-RODS
and 13 for ISS, respectively.

MRI
Acquisition
All subjects were scanned with a Philips Ingenia 3.0T scanner (Best, The Netherlands). The
patients were positioned supine and the brachial plexus was covered with the body-array coil, the
posterior part of a head array coil and the spine array coil. The conventional T 2-weighted
sequence with STIR fat-suppression - from now on referred to as STIR - and MRN sequences
were acquired for scoring. Additionally, DTI scans were acquired. To reduce susceptibility
artifacts in the neck for both the MRN and DTI sequence a tissue susceptibility matching pillow
was used (244).
The following imaging settings were used.
STIR: coronal multislice turbospin echo with inversion recovery, FOV = 400x400x150 mm 3, voxel
size = 0.7×1×4 mm3, Matrix = 640, TE = 60 ms, TR = 5717 ms, TSE factor = 21, echo spacing
= 8.0 ms, receiver bandwidth = 1610 Hz/pixel, number of averages = 1, fat suppression = STIR,
TI = 210 ms, scan duration = 8 min 35 s.
MRN: coronal fat-suppressed diffusion prepared 3D-VISTA, FOV = 300x393x150 mm3, voxel size
= 1.1×1.1×1.1 mm3, matrix = 560, TE = 61 ms, TR = 2500 ms, TSE factor = 100, echo spacing
= 4.0 ms, receiver bandwidth = 567 Hz/pixel, number of averages = 1.5, fat suppression =
SPAIR, scan duration = 5 min 10 s (244).
DTI: axial diffusion-weighted spin-echo EPI, FOV = 288x192x192 mm 3, voxel size = 3x3x3 mm3,
matrix 96x62, TE = 77 ms, TR = 5969 ms, receiver bandwidth = 33 Hz/pixel, number of

averages = 6, gradient directions = 16, b-value = 800 s/mm2, fat suppression = SPIR and Slice
Selective Gradient Reversal, scan duration = 8 min 33 s.

Scoring and diameter assessment
Two experienced radiologists (MM, first reader, JS, second reader) reviewed all MRI data of
patients and healthy controls and scored presence or absence of hypertrophy on a four-point
Likert scale (normal = 0, mild hypertrophy = 1, moderate hypertrophy = 2 and severe
hypertrophy = 3) on STIR and MRN sequences separately (239). In addition, the presence or
absence of increased signal intensity was assessed. Radiologists were blinded for diagnosis and
the clinical data. Scoring was performed on a randomized and anonymized set of all patients and
controls. Twelve randomly selected patients (four MMN, four SMA and four CIDP) and five
randomly selected controls were included twice in this set to assess intra-observer reliability. For
assessing the inter-rater agreement all scans were used. From the MRN, maximum intensity
projections (MIP) were reconstructed online on the scanner. From these MIPs the maximum
postganglionic diameter was measured just distal to the ganglia for roots C5-C8 using ImageJ
software (273) and was measured in mm as reported previously (208, 268, 274).

DTI-processing and analysis
DTI data were post-processed off-line using DTItools for Mathematica (Mathematica, Version
11.1, Champaign, IL, Wolfram Research, Inc.) (86) and comprised the following steps, visual
inspection of image quality, Rician noise suppression and correction for subject motion and eddy
current distortions with correction of the B-matrix (275, 35, 88). Fiber tractography was used to
segment the constituents of the brachial plexus and the adjacent nerve roots and was performed
using vIST/e freeware (vIST/e, Version 1.0.3, Eindhoven, Brabant, Technical University of
Eindhoven). One “seed” region of interest per root per side was placed just outside the spinal
cord in the sagittal plane, from which tracking of the fibers was initiated. Stop criteria for the

tractography were a minimal FA of 0.1, a maximum FA of 0.8, a maximum angle change of 10
degrees per step, a step size of 1.6 mm and a minimum fiber length of 3 cm.
Subsequently, fibers were exported and analyzed using a custom-built toolbox for MATLAB
(MATLAB, Version 11, Natick, MA, The MathWorks Inc.) (252). The postganglial nerve tissue was
selected from the reconstructed fibers and a predefined number of sample points per root level
were automatically and evenly placed along the full course of the root and trunk (8 sample points
for C5 and C6, 6 for C7 and 4 for C8). From these sample points the mean FA, MD, AD and RD
values were calculated for the complete root and trunk combined (276).

Ultrasound
US measurements were performed on an Esaote MyLabTwice ultrasound machine by one of the
authors (CV) (Esaote, Genova, Italy). The cross-sectional area (US-CSA) was assessed using the
continuous tracing tool, as previous described (277). The nerves were assessed on both sides.
The ulnar and median nerve were assessed at the wrist, one third of the forearm, one third of
the upper arm, and in the axilla. Furthermore, the ulnar nerve was measured at Guyon, 2.5 cm
proximal, at and 2.5 cm distal of the epicondyle, the radial nerve at the radial groove and the
roots of C5, C6 and C7 between the anterior and medial scalene muscles. The lower extremities
were included for comparison with previous literature (271, 235, 247). The fibular nerve was
assessed near the fibular head and at the knee, the tibial nerve was measured at the level of the
knee and the medial malleolus and the sural nerve 14 cm proximal to the lateral malleolus.

Statistics
Statistics were performed using SPSS software (IBM SPSS Statistics for Windows, Version 23.0.
Armonk, NY: IBM Corp). Patient characteristics were explored using descriptive statistics. Due to
the limited number of subjects per group, normality could not be assumed and non-parametric
tests (Kruskal-Wallis for group comparisons and Mann-Whitney U for pairwise comparisons) were
used.

Intra-class correlation coefficients (ICCs) for absolute agreement and single measures were used
to assess the intra- and inter-observer agreement on the scoring of hypertrophy and increased
signal intensity for both the STIR and MRN. ICCs smaller than 0 reflects ‘poor’, 0 to 0.20 ‘slight’,
0.21 to 0.4 ‘fair’, 0.41 to 0.60 ‘moderate’, 0.61 to 0.8 ‘substantial’, and above 0.81 ‘almost
perfect’ agreement (278). Correlations were explored using Spearman’s rank test.
To explore the properties of MR-diameters, DTI parameters, and US-CSA measurements to
discriminate segmental SMA patients from immune-mediated neuropathy patients (CIDP and
MMN together) and MMN as a separate group, Receiver Operator Characteristics (ROC) curves
and their area under the curve (AUC) were reported. Using linear logistic regression, the
combined AUCs were given for the DTI parameters in combination with MR-diameter and US-CSA
measurements of the brachial plexus.
For all tests a significance with a p<0.05 was considered significant and Benjamini-Hochberg
correction was applied in case of multiple testing (279).

Results
Recruitment of patients and controls
We enrolled 35 patients (10 MMN, 12 segmental SMA and 13 CIDP) and 30 healthy controls.
Fifteen out of 23 immune-mediated patients were treatment-naïve, five received treatment for
less than one year and three received treatment for more than one year.

Clinical Data
Patient characteristics are summarized in table 1. There were no significant differences between
groups for sex, weight, height and MRC-score. The CIDP patients were older than the healthy
controls and they had a higher ISS score than MMN patients. Furthermore, seven out of 13 CIDP

patients showed asymmetry or solely motor dysfunction, and therefore can be regarded as
multifocal or atypical according to the EFNS/PNS criteria (27).

MRI
Acquisition
All patients underwent MRI examination without problems. From all patients DTI was obtained,
however due to technical or logistical delays and strict time constraints the MRI protocol could
not be completed in four patients. Therefore, STIR sequences were missing in two patients (one
MMN and one CIDP) and in three patients the MRN sequence was missing (one MMN, one SMA
and one CIDP). Additionally, in one segmental SMA patient both the STIR and MRN sequence
were missing. In total 62 STIR and 61 MRN scans were left for scoring.

Scoring of hypertrophy and increased signal intensity and diameter
assessment
Fig. 1 shows maximum intensity projections (MIP) of the STIR and MRN sequences ranging from
severe hypertrophy to normal in a CIDP patient, MMN patient, healthy control and a segmental
SMA patient, respectively. The difference in contrasts between the two sequences is obvious with
the MRN sequence providing clear contrast of the roots and trunks. Moreover, the subtleties in
differences can be appreciated.
Both readers discarded 5% of the STIR (3/62) scans and for the MRN scans reader 1 discarded
25% (15/61) and reader 2 discarded 2% (1/61). These scans were scored as being of inadequate
quality for scoring hypertrophy or increased signal intensity. Reader 1 discarded most of the
scans due to poor fat-suppression near the borders of the field of view and apex of the lungs.
Discarded scans were omitted from further scoring and intra- and inter-observer analysis. Roots
with severe hypertrophy were only seen in CIDP patients on both STIR and MRN. Both readers
found mild hypertrophy in all groups including healthy controls, both on STIR and MRN.
Additionally, reader 2 also found intermediate hypertrophy in all groups including healthy

controls. Furthermore, increased signal intensity was found in MMN (0-33%) and in CIDP patients
(15-58%) on STIR. Reader 2 also found increased signal intensity in 17% of the healthy controls
on STIR. For MRN in all groups including healthy controls (14-90.9%) increased signal intensity
was scored. Complete scoring outcomes including intra- and inter-observer ICCs for scoring
hypertrophy and increased signal intensity can be found in table 2.
Intra-observer ICCs ranged from poor (0.00 intra-observer ICC reader 1 for signal intensity on
STIR) to almost perfect (0.811 intra-observer ICC reader 2 for hypertrophy on MRN). Interobserver ICCs were classified as slight (0.030 for signal intensity on MRN to 0.189 for signal
intensity on STIR). The MR-diameter measurements of roots C5-C8 revealed no significant
differences in diameters between groups after post-hoc correction (Table 3).

DTI processing and analysis
After visual inspection, all datasets were judged to be of adequate quality except one, in which
the DTI data had to be discarded (movement artifact in a CIDP patient). Fig. 2 shows
tractography of the brachial plexus color-coded for FA, for a MMN, segmental SMA, CIDP patient
and control. The CIDP patient exhibits a visually apparent lower FA compared to the other
groups. Median FA, MD, AD and RD values with their range, including group statistics can be
found in table 3 for C5-C8. Significant group differences were found for FA at the C5 (H(3) =
10.292, P=0.012) and C6 level (H(3) = 25.092, P<0.001), for the C5 and C6 level significant
differences were found between CIDP (P<0.05) and controls whereas for C6 there were also
significant differences between MMN and CIDP (P<0.05). Significant group differences were also
found for AD at the C7 level (H(3) =11.158, P=0.011) with a significant difference between
segmental SMA and CIDP (P<0.05). RD showed significant differences at the C6 level (H(3) =
14.843, P=0.002) and revealed significant differences between CIDP and controls ( P<0.05).

Ultrasound
All patients underwent US examination without problems. In table 4 the median, range and group
statistics of all sites can be found for MMN, segmental SMA and CIDP, respectively. Fig. 3 shows
higher US-CSAs in CIDP patients at almost all locations compared to segmental SMA, but
distinction between MMN and segmental SMA is only visible in the median nerve at the level of
the upper arm, the radial nerve and the roots of the brachial plexus.

Correlations of the CSA measurements with the MRdiameters and DTI-parameters
The diameters of the roots measured with MRI correlated significantly ( P<0.000, R=0.607) with
the CSA measured with US. There were no significant correlations between CSA and DTI
measurements for FA (P=0.991 R=-0.080), MD (P=0.635 R=-0.000), AD (P=0.951, R=-0.060)
and RD (P=0.584, R=0.026)).

Diagnostic performance of MRI-diameters, DTI, and US.
The diagnostic performance of the MR-diameters, DTI and US-CSA for distinguishing segmental
SMA from CIDP and MMN together and from MMN separately expressed as the area under the
curves (AUC) of the individual nerve/sites were can be found in table 3 and 4.
Receiver operator characteristic curves (ROC) and AUC of the combined use of DTI parameters
and MR-diameters or US-CSA measurements within the brachial plexus can be found in Fig. 4.
Distinguishing MMN from segmental SMA, the combination of US-CSA and FA yielded the highest
AUC of 0.878, which is an increase of 29% in AUC compared to FA alone (0.687) and a 15%
increase in AUC compared to US-CSA alone (0.762).
For distinguishing immune-mediated neuropathies as a group from segmental SMA the
combination of US-CSA and RD yielded the highest AUC (0.909), which is a 39% increase in AUC
compared to RD alone (0.655) and a 5% increase compared to US-CSA alone (0.870).

Discussion
Our results show that quantitative imaging parameters of DTI and US may be an adjunct for the
clinician to distinguish between immune-mediated neuropathies and its mimics, and in particular
segmental SMA. Our data also show that conventional scoring of hypertrophy and increased
signal intensity on T2-weighted MRI as well as diameter measurements of the roots have limited
value for confirming or discarding a diagnosis of immune-mediated neuropathy.
The existence of MMN without conduction blocks using conventional NCS is still under discussion
as there seem to be patients without a conduction block responding to treatment (263, 280).
Nevertheless, the distinction between chronic demyelinating immune-mediated neuropathies and
mimics such as segmental SMA and early phase progressive muscular atrophy or amyotrophic
lateral sclerosis is of paramount importance. Starting adequate treatment in the former should be
done as soon as possible and in the latter the patients need proper counseling about the
accurate diagnosis and the absence of curative treatment (27, 23). Providing IVIG to all uncertain
cases is currently not feasible and is unpractical due to high costs and potential severe sideeffects, such as thromboembolic events and renal tubular necrosis (280, 281). For optimal
treatment and avoiding risks and costs, identifying those individuals susceptible to treatment is of
utmost importance.
Conventional and “state of the art” MRI and US techniques have been suggested or have been
indicated as promising for this purpose in the literature (Joint Task Force of the EFNS and the
PNS, 2010; Van den Bergh et al., 2010; Chhabra et al., 2011; Grimm et al., 2015). Therefore, the
exploration of the diagnostic performance of several imaging techniques for the purpose of
discriminating segmental SMA from immune-mediated neuropathies (MMN and CIDP) and
specifically MMN, as was done in this study, is highly relevant and has never been done. The
majority of our CIDP and MMN patients were treatment-naïve or treated for a relatively short
period of time. Patients had clinically similar presentations with predominantly unilateral muscle

weakness in the upper extremities. During the course of the study, all treatment-naïve immunemediated patients responded favorably to IVIG, and one newly diagnosed segmental SMA patient
developed amyotrophic lateral sclerosis (ALS) while the other segmental SMA patients showed no
or minimal progression over a median period of 26 months.
We performed the scoring on the conventional STIR sequence (27, 26, 266, 239, 28), as well as
on a recently developed MRN sequence with specific nerve contrast and a higher resolution
(244). Scoring outcomes revealed comparable frequencies in hypertrophy for STIR and MRN, but
the presence of increased signal intensity was more often scored on MRN compared to STIR.
In our study, the percentage of patients with severe hypertrophy (around 25%) was relatively
low compared to the literature (22-100%) but not uncommon (257, 232, 239, 283, 284). In
literature, absence of severe hypertrophy was especially found in MMN, atypical cases of CIDP
and patients with short disease/treatment durations (232, 239, 28), which is in agreement with
our findings in our specific cohort.
The inclusion of a large control group revealed a distressing lack of specificity for the scoring of
mild and intermediate hypertrophy, as it was scored as present in healthy controls in 21-53% on
STIR and 48-57% on MRN. The same holds true for the assessment of increased signal intensity
which was observed in 0-17% on STIR and in 33-77% of the controls on MRN. Interestingly, in
the limited number of studies including healthy (232) or disease controls -being amyotrophic
lateral sclerosis patients- (28) it was found that some of the nerves in healthy and disease
controls were also classified as hypertrophic and/or with increased signal intensities.
Furthermore, we found a high variability of intra-observer agreement and a poor inter-observer
agreement for scoring hypertrophy and increased signal intensity on both STIR and MRN, thus
potentially limiting the value of the qualitatively assessed hypertrophy and increased signal
intensity on both STIR and on MRN. Translated to the clinical situation this means that in case
multiple radiologists are involved in the assessment, calibration sessions are needed too.

Although the MRN sequence provided relative high resolution and nerve specific
contrast it also proved to be susceptible to poor fat-suppression. This was mostly
seen in the apex of the lungs and near the edges of the field of view hindering
analysis in 25% of the scans for reader 1. This has been described in previous
studies and is caused by magnetic field inhomogeneities due to the complicated
anatomy of the neck with multiple air-tissue transitions (Chhabra et al., 2013;
Tomura et al., 2015; Hiwatashi et al., 2017). Although we mitigated magnetic
field inhomogeneities to some extent by the application of a susceptibility
matching pillow and an image based shimming method (244), more robust fatsuppression techniques such as mDixon or the application of STIR in a 3D
fashion (Chhabra et al., 2013; Tomura et al., 2015) are necessary. Nevertheless,
we believe that MRN sequences have advantages over the conventional STIR
sequences as they provide a higher signal to noise ratio, higher resolution,
higher contrast and have the option to suppress signal from blood.
The limited sensitivity and specificity together with the limited inter-observer and
variable intra-rater agreement indicate that qualitative assessment of (mild and
intermediate) hypertrophy and increased signal intensity on STIR and MRN
imaging for the diagnosis of chronic immune-mediated neuropathies has limited
value. Thus, routinely requesting an MRI of the brachial plexus to discriminate
between MMN and segmental SMA does not seem useful. Proper assessment
requires an expert radiologist who is aware of the limitations. Further evaluation
of the applicability of this technique in the differential diagnosis of the above

diseases seems valuable. However, in our cohort severe hypertrophy was only
present in immune-mediated patients, in particular those with CIDP, and can
therefore still be considered a highly specific supportive criterion independent
from which MRI sequence is used.
The measurement of the diameter of the postganglial roots on MRI being a
quantitative approach, did show no significant differences between the groups.
Therefore, the discriminatory properties are questionable as another study also
showed no difference between treatment-naïve patients and healthy controls
(208), whereas other studies reported significant differences between longer
treated CIDP patients and healthy controls (232, 274). The one-dimensional
diameter measurements on the coronal plane have less discriminative capabilities
compared to -two-dimensional- US-CSA measures. Something probably caused
by the fact that the roots are not completely circular shaped. Therefore, future
work should focus on assessing the cross-sectional area (CSA) of the roots
and/or trunks with MRI, which should be well feasible with the use of MRN
sequences with isotropic voxels. Then, the acquired image data can subsequently
be reformatted in any desired plane and when this plane is chosen perpendicular
to the root it should be possible to obtain accurate CSA measurements (286).
Although this would be possible with our presented MRN sequence it is beyond
the scope of this manuscript as this application needs to be developed and
validated.

Using DTI, we found small, but significant differences between groups (MMN,
segmental SMA, CIDP and healthy controls). The application of DTI for
distinguishing MMN from segmental SMA showed to be feasible as ROC curves
revealed relatively high AUCs when the roots were combined (>0.700 for MD and
RD). The DTI-protocol and procedure of processing and segmentation of the
roots were optimized for clinical applicability by keeping the MR-protocol
relatively short (below 10 minutes) and simple with limited gradient directions
(15) and a single b-value to be applicable on most MRI-systems available (276).
In this protocol, the resolution was limited (3x3x3 mm3) to reach the necessary
signal to noise (SNR) ratios of 15 and higher within clinical feasible acquisition
times (69). A disadvantage of this larger resolution might be the introduction of
partial volume effects in which surrounding tissues would influence the nerve
tissue measurements (251). This would imply that if the size decreases, the
influence of the partial volume effects would increase. Therefore, to test whether
changes found with DTI represent (patho-)physiological changes of the nerves
and not originate from partial volume artifacts we tested for correlations between
the CSA measured with US and the individual DTI values. The observed absence
of these correlations shows that the influence of partial volume artifacts is limited
and indicates that the information provided with DTI is complementary to the
US-CSA measurements.
Several DTI studies showed that the loss of myelin integrity was associated with
a decrease in FA and an increase in RD values (287, 288). Furthermore, it was

found that a decrease in axonal integrity was associated with a decrease in AD
(288, 289), implying that DTI analysis of the peripheral nerves has potential to
be an imaging marker of axonal and myelin sheath integrity, offering added
value over conventional imaging techniques. Studies implementing DTI in CIDP
patients seem to support this assumption as they all found decreased FA and
elevated MD, AD and RD values in the nerves of the brachial plexus, upper arm
and tibial nerve, compared to healthy controls (255, 230, 290). Surprisingly,
another study found a decrease in diffusion along the peripheral nerves (AD)
instead of lower FA values in MMN patients compared to ALS patients and
healthy controls (32). The authors explain this difference in diffusivity between
MMN and CIDP patients by the axonal damage occurring in MMN patients (32).
Our results also showed lower FA and elevated RD values in CIDP, but we could
not find decreased AD in MMN patients. However, as our cohort has a high
number of patients being treatment-naïve or had received treatment only for a
relatively short time compared to the previous study it may well be that in our
patients, axonal loss has not yet occurred and thus was not detectable with DTI
at an early stage.
Ultrasound was able to discriminate between MMN/CIDP and segmental SMA. We
found that assessment of the median nerve in the upper arm and the
assessment of the roots of the brachial plexus provided a high AUC (0.792 for
MMN/segmental SMA and 0.883 for immune-mediated/segmental SMA)
indicating that the US protocol can be considerably shortened. These results

compare well with recent US studies on the distinction between treatment-naïve
patients with MMN and ALS patients in which high sensitivities (68-100) and
specificities (92-100%) where found (Grimm et al., 2015; Loewenbrück et al.,
2016; Goedee et al., 2017). Interestingly, all authors found that the brachial
plexus and upper arm were highly relevant for diagnosis. Although relevant,
assessing the nerve roots and the brachial plexus with US remains challenging
since these structures are located deeply within the tissue and are closely
disheveled with other anatomical structures. Distinction between roots and
trunks is therefore not easily made, especially as the structure of C5 and the
adjacent fascicular appearance of C6 can be easily be mistaken for the three
separate trunks (271, 235, 236). This could explain the large variations between
cut-off values found in above mentioned studies (8-23 mm2 for the superior
trunk) (271, 291). Therefore, we advocate to measure the ventral roots, as was
discussed previously (235). In this study, we found that the MR-diameters
correlated well with US-CSA, providing evidence that at least with MRI and US
the same structures were measured. Moreover, our measured US-CSA values of
the roots were comparable with those reported on MMN previously (291). As US
of the plexus brachialis remains challenging further research in determining
cross-sectional area measurements of the roots with MRN is warranted.
The main strength of our study is that we included MMN and CIDP patients in
which a high number of patients was treatment-naïve or had received treatment
only for a relatively short time. Furthermore, the inclusion of patients with

segmental SMA makes our cohort unique and our study highly relevant for the
clinic as all patient groups can present in an identical fashion with unilateral or
asymmetrical muscle weakness and can pose the clinician with diagnostic
challenges (21). Furthermore, the inclusion of a large healthy cohort in addition
to the relevant disease groups provided essential and relevant insights on the
presence of mild and intermediate hypertrophy as well as increased signal
intensity in the healthy brachial plexus. By applying qualitative and several
quantitative MRI techniques in addition to US enabled not only direct comparison
of discriminative properties, but also showed that DTI and US are commentary.
This study’s main limitation is that all the patient groups are relatively small.
MMN, segmental SMA and CIDP are rare diseases and the availability of
treatment-naïve or shortly treated patients is limited. The inclusion of 35 patients
and 30 healthy volunteers was sufficient to provide evidence of the discriminative
properties of US and DTI. However, the groups are too small to provide reliable
cut-off values with corresponding sensitivities and specificities. We have not
performed a training/calibration session with the two radiologists in a single
session, which probably contributed to the high inter-observer variability for
scoring hypertrophy and increased signal intensity. However, it is important to
note that there is a high intra-observer variability and that the lack of a
calibration session likely resembles the clinical situation where separate
radiologists report on the brachial scans performed in their institution. We

refrained from a consensus reading for the qualitative scoring since the high
inter-rater variability is important to address (292).
We have not explored the use of contrast-enhanced MRI in our cohort. Although
this is advocated in the CIDP guidelines (27), its value seems limited (267, 28)
and due to potential renal toxicity and neuronal deposition of gadolinium-based
contrasts we did not incorporate this in our study (293).
In conclusion US and DTI can contribute to improvement of the diagnosis of, or
aid in distinguishing between CIDP, MMN and segmental SMA. DTI and
specifically US showed discriminating properties and within the brachial plexus
they showed to be complementary, yielding high AUCs.

Tables
Table 1

MMN

SMA

CIDP

Control

P

(df)H

N

10

12

13

30

Sex, Male, n (%)

8 (80%)

8 (x%)

9 (69.2%)

Age, years, median (min-max)

49.0 (40-59)

56 (26-70)

63 (22-80)

15 (50%)

0.317

(3)3.531

41.5 (24-66)

0.022c

(3)9.604

Weight, kg, median (min-max)

78.0 (55-98)

79 (63-107)

Height, cm, median (min-max)

181 (160-198)

Treatment-naïve, n (%)

181.5 (164191)
4 (40%)

78 (58-106

71 (47-103)

0.207

(3)4.558

180 (155-195)

174.5 (156-196)

0.180

(3)4.892

12 (100%)

11 (84.6%)

0.003a

11.454

< 12 months treated, n (%)

3 (30%)

0 (0%)

2 (15.4%)

0.141

(2)3.914

Therapy duration, months, median
(min - max)

4.5 (0-197)

0 (0-0)

0 (0-10)

0.003a

(2)11.483

Symptoms duration, months, median
(min-max)

94.5 (12- 317)

40 (10-180)

26 (1-83)

0.071

(2)5.291

MRC sum score, median (min-max)

59 (56-60)

59 (52-60)

53 (34-60)

0.232

(2)2.924

ISS, median (min-max) (

0 (0-0)

0 (0-5)

4 (0-13)

0.005b

(2)10.523

RODS-CIDP, median (min-max)
RODS-MMN, median (min-max)

35 (0-48)
42.5 (34-47)

Table 1: Patient characteristics per group. MMN: multifocal motor neuropathy; SMA: segmental spinal muscular atrophy; CIDP: chronic
inflammatory demyelinating polyneuropathy; IM: immune-mediated diseases; Control: healthy controls; Min: minimal value; Max: maximum value;
MRC: Medical Research Council Scale Sum Score (Range 0-60); ISS: Inflammatory Neuropathy Cause and Treatment (INCAT) Sensory Sum
Score (Range 0-13); RODS: Rasch Overall Disability Scores (Range 0-48) Group statistics were performed with Kruskal-Wallis and for pairwise
comparisons Mann-Whitney-U was used. Significant values are underlined and bold. Degrees of freedom and test statistics are indicated as
(df)H.
a
indicates significant differences for pairwise comparisons between MMN and segmental SMA at P=0.05
b
indicates significant differences for pairwise comparisons between MMN and CIDP at P=0.05
c
indicates significant differences for pairwise comparisons between CIDP and Control at P=0.05.

Table 1: Patient characteristics.

Table 2

Scoring
MMN

SMA

CIDP

Control

Reader
STIR

Intra-observer
ICC

Interobserver
ICC

1
2
1
2
1
2
1
idem2
1
2
Severe
0%
0%
0%
0%
15.4%
16.7%
0%
0%
Hypertrophy %
(0/9)
(0/9)
(0/9)
(0/9)
(2/13)
(2/12)
(0/29)
(0/30)
(n/N)
Intermediate
0%
11.1%
0%
33.3%
0%
25%
0%
26.7%
Hypertrophy %
0.466 (0.789
0.175 ((0/9)
(1/9)
(0/9)
(3/9)
(0/13)
(3/12)
(0/29)
(8/30)
(n/N)
0.062 (0.505 0.052 –
0.785)
0.920)
0.396)
Mild
0%
22.2%
11.1%
55.6%
15.4%
33.3%
20.7%
26.7%
Hypertrophy %
(0/9)
(2/9)
(1/9)
(5/9)
(2/13)
(4/12)
(6/29)
(8/30)
(n/N)
Normal size %
100%
66.7
89.9%
11.1%
69.2%
25%
79%
46%
(n/N)
(0/9)
(3/9)
(8/9)
(1/9)
(9/13
(3/12)
(23/29)
(14/30)
Increased
0.00 (0.604
0.189 (0%
33.3%
0%
0%
15.4%
58.3%
0%
16.7%
signal intensity
0.418 (0.1750.037 –
(0/9)
(3/9)
(0/9)
(0/9)
(2/13)
(7/12)
(0/29)
(5/30)
% (n/N)
0.467)
0.845)
0.407)
MRN
Severe
0%
0%
0%
0%
14.3%
18.2%
0%
0%
Hypertrophy %
(0/8)
(0/9)
(0/7)
(0/10)
(1/7)
(2/11)
(0/24)
(0/30)
(n/N)
Intermediate
0%
11.1%
14.3%
20%
14.3%
45.5%
0%
23.3%
Hypertrophy %
0.514
0.8311
(0/8)
(1/9)
(1/7)
(2/10)
(1/7)
(5/11)
(0/24)
(7/30)
0.185 ((n/N)
(0.088(0.5400.64-0.427)
0.810)
940)
Mild
25%
55.6%
28.6%
50%
14.3%
27.3%
37.5%
33.3%
Hypertrophy %
(2/8)
(5/9)
(2/7)
(5/10)
(1/7)
(3/11)
(10/24)
(10/30)
(n/N)
Normal size %
75%
33.3%
57.1%
30%
57.1%
9%
58%
56%
(n/N)
(6/8)
(3/9)
(4/7)
(3/10)
(4/7)
(1/11)
(14/24)
(17/30)
Increased
0.451 (0.402 (0.031 (25%
88.9%
42.9%
70%
14.3%
90.9%
33.3%
76.7%
signal intensity
0.0350.125 0.122 –
(2/8)
(8/9)
(2/7)
(7/10)
(1/7)
(10/11)
(8/24)
(24/30)
% (n/N)
0.766)
0.744)
0.222)
Table 2: MRI scoring outcomes described in percentage; N: total number of included n: number of scans. STIR: two dimensional T2-weighted sequence
with short tau inversion recovery (STIR) fat-suppression; MRN: MR-neurography. MMN: multifocal motor neuropathy; SMA: segmental spinal muscular
atrophy; CIDP: chronic inflammatory demyelinating polyneuropathy; Control: healthy controls.
Scans were scored for quality and scans of inadequate quality were excluded from analysis, for the first reader this was 5% with STIR and 25% with MRN,
for the second reader this was 5% for STIR and 2% for MRN. The intra- and inter-observer agreements for scoring hypertrophy or increased signal
intensity were tested using the Intra class correlations (ICC) and can be found in right column for both readers and sequences.

Table 2: MRI scoring of hypertrophy and increased signal intensity

0.401
0.632

0.464
0.425

0.521
0.415

(3)9.075
(3)3.751
(3)8.908

0.028d
0.290
0.031

0.34 (0.30 - 0.40)
0.33 (0.20 - 0.45)
1.38 (1.02 - 1.64)

0.32 (0.23 - 0.38)
0.31 (0.18 - 0.42)
1.46 (1.08 - 1.70)

0.33 (0.25 - 0.40)
0.32 (0.23 - 0.41)
1.47 (1.17 - 1.88)

0.33 (0.27 - 0.42)
0.32 (0.24 - 0.44)
1.42 (1.27 - 1.81)

C7
C8
C5

2

0.359
0.509
0.577

(3)25.092

0.000c,d

0.33 (0.28 - 0.42)

0.28 (0.22 - 0.39)

0.30 (0.20 - 0.39)

0.33 (0.27 - 0.39)

C6

(-)

0.614

0.491

0.407

0.376

0.415

0.448

(3)7.595
(3)4.12
(3)11.158

0.055
0.249
0.011b

1.81 (1.37 - 2.15)
1.88 (1.67 - 2.16)
1.86 (1.53 - 2.16)

1.86 (1.41 - 2.20)
1.86 (1.56 - 2.18)
1.77 (1.52 - 2.18)

1.95 (1.52 - 2.41)
1.96 (1.09 - 2.36)
1.95 (1.36 - 2.54)

1.85 (1.69 - 2.41)
1.97 (1.66 - 2.20)
1.93 (1.58 - 2.31)

C5
C6
C7

AD

(10-3mm2/s)

Table 3: MR-diameter and DTI measurements.
0.637
0.682
0.597
0.606

0.428
0.458
0.423
0.522

0.412
0.392
0.427
0.529

(3)9.438
(3)14.843
(3)6.834
(3)3.273

0.024
0.002d
0.077
0.351

1.16 (0.84 - 1.42)
1.12 (0.95 - 1.34)
1.08 (0.92 - 1.35)
1.07 (0.78 - 1.70)

1.24 (0.91 - 1.51)
1.23 (0.95 - 1.46)
1.13 (0.89 - 1.45)
1.14 (0.73 - 1.85)

1.25 (0.96- 1.64)
1.19 (0.71 - 1.58)
1.19 (0.83 - 1.74)
1.12 (0.63 - 1.62)

1.18 (1.03 - 1.50)
1.17 (0.96 - 1.32)
1.12 (0.99 - 1.43)
1.20 (0.79 - 1.51)

C5
C6
C7
C8

(10-3mm2/s)

Table 3: MMN: multifocal motor neuropathy; SMA: segmental spinal muscular atrophy; CIDP: chronic inflammatory demyelinating polyneuropathy; IM: immune-mediated neuropathies
(CIDP and MMN); Control: healthy controls; Min: minimal value; Max: maximum value; FA: fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; RD: radial diffusivity; C5-C8
indicating the level of the root. Group statistics were performed with Kruskal-Wallis and for pairwise comparisons Mann-Whitney-U was used. Significant values after correction using
Benjamini-Hochberg with an alpha level of 0.05 are underlined and bold. Degrees of freedom and test statistics are indicated as (df)H.
a
indicates significant differences for pairwise comparisons between MMN and segmental SMA at P<0.05
b
indicates significant differences for pairwise comparisons between segmental SMA and CIDP at P<0.05.
c
indicates significant differences for pairwise comparisons between MMN and CIDP at P<0.05.
d
indicates significant differences for pairwise comparisons between CIDP and Control at P<0.05.
Area under the curve as obtained using receiver operator statistics

0.546
0.493
0.546
(3)2.808
0.422

1.76 (1.40 - 2.46)

1.75 (1.25 - 2.44)

1.84 (0.99 - 2.42)

1.91 (1.38 - 2.30)

C8

RD

0.551

0.587
0.514
0.546
(3)2.947

0.400

1.31 (0.99 - 1.95)

1.36 (0.90 - 2.05)

1.36 (0.75 - 1.89)

1.42 (0.99 - 1.77)

C8

0.414

0.559
0.395
0.425
(3)8.054

0.045

1.34 (1.15 - 1.62)

1.34 (1.10 - 1.68)

1.44 (1.01 - 2.01)

1.37 (1.19 - 1.70)

0.438

0.638
0.444
0.402

(3)9.024

0.029

1.37 (1.20 - 1.58)

1.43 (1.15 - 1.66)

1.45 (0.84 - 1.84)

1.43 (1.21 - 1.61)

C7

(10 mm /s)

C6

-3

MD

0.336
0.518

0.687

(3)10.892

0.012d

0.30 (0.26 -0.39)

0.28 (0.22 - 0.35)

0.28 (0.21 - 0.38)

0.30 (0.24 - 0.36)

C5

FA

0.364

0.571

0.474

0.556

(3)2.891

0.409

4.2 (2.9 - 6.7)

4.6 (2.8 - 9.0)

4.3 (3.2 - 6.3)

4.1 (2.5 - 6.3)

C8

0.526

0.525

0.564

0.712

(3)8.991

0.290

4.7 (3.2 - 7.2)

5.2 (3.6 - 8.6)

4.9 (3.8 - 7.7)

4.4 (2.9 - 6.2)

C7

0.608

0.524

0.496

0.621

(3)5.886

0.117

4.6 (2.1 - 6.0)

4.7 (3.2 - 8.4)

4.6 (3.0 - 6.6)

4.1 (1.9 - 5.6)

C6

(mm)

DTI

0.628

0.550

0.614

(3)7.922

0.048

2.8 (2.0 - 4.6)

3.3 (2.3 - 5.6)

3.3 (2.0 - 4.4)

IM vs control

2.9 (1.4 - 4.2)

SMA

C5

IM vs

SMA

Area under the curve (AUC)
MMN vs

MR-diameters

(df)H

P-value

Control
Median (Min –
Max)

CIDP
Median (Min –
Max)

SMA
Median (Min –
Max)

MMN
Median (Min –
Max)

Table 3

Table 4
Nerve

Site

Median

Ulnar

Radial
Plexus

Tibial

Wrist
Forearm
Upper arm
Axilla
Guyon
Wrist
Forearm
2,5 cm distal
Epicondyle
2,5 cm prox
Upper arm
Axilla
Groove
C5
C6
C7

MMN
Median (Min
– Max)
10 (5 – 13)
7 (4 – 16)
13 (7 – 23)
11 (7 – 29)
5 (4 – 7)
5 (3 – 7)
6 (4 – 9)
8 (5 – 11)
8 (5 – 13)
7 (5 – 10)
7 (5 – 13)
7 (5 – 11)
6 (4 – 11)
9 (4 – 18)
13 (8 – 29)
18 (7 – 27)

SMA
Median (Min
– Max)
10 (7 – 14)
7 (5 – 10)
10 (6 – 15)
10 (7 – 16)
6 (3 – 8)
5 (3 – 11)
6 (4 – 9)
8 (3 – 12)
10 (4 – 18)
8 (5 – 15)
7 (4 – 10)
7 (4 – 10)
7 (4 – 9)
7 (4 – 12)
10 (5 – 16)
13 (9 – 26)

Knee

23 (14 – 55)

20 (15 – 28)

CIDP
Median (Min
– Max)
11 (7 – 33)
8 (5 – 93)
13 (8 – 64)
14 (8 – 60)
6 (4 – 20)
6 (4 – 37)
6 (4 – 36)
8 (5 – 23)
10 (7 – 35)
9 (5 – 53)
8 (5 – 42)
9 (6 – 33)
8 (4 – 33)
10 (5 – 62)
17 (11 – 95)
19 (13 – 77)
23 (16 –
112)
12 (8 – 52)
11 (7 – 33)
7 (5 – 49)

P-value

(df)H

0.063
0.037
0.001a,bb
0.020b
0.057
0.075
0.255
0.202
0.066
0.016c
0.049
0.001b,c
0.008b
0.012b
0.000bb,c
0.000a,bb

(2)5.534
(2)6.567
(2)13.821
(2)7.797
(2)5.712
(2)5.189
(2)2.717
(2)3.197
(2)5.442
(2)8.212
(2)6.031
(2)13.131
(2)9.573
(2)8.851
(2)31.276
(2)23.188

0.087

(2)4.890

AUC
MMN vs.
SMA
0.416
0.505
0.743
0.648
0.421
0.350
0.553
0.477
0.383
0.439
0.541
0.463
0.564
0.686
0.734
0.722
0.636

IM vs
SMA
0.516
0.614
0.770
0.689
0.560
0.519
0.598
0.554
0.542
0.561
0.620
0.619
0.662
0.720
0.854
0.839
0.664

Ankle
10 (5 – 15)
11 (8 – 15)
0.042
(2)6.348
0.393
0.516
Knee
8 (6 – 11)
9 (5 – 14)
0.000cc
(2)15.704
0.339
0.536
Ankle
6 (5 – 9)
7 (4 – 14)
0.044
(2)6.230
0.274
0.367
14 cm prox
Sural
2 (2 – 3)
3 (2 – 3)
3 (2 – 13)
0.415
(2)1.758
0.434
0.494
Ankle
2
Table 4: Cross sectional Area Ultrasound (CSA) measurements in mm . MMN: multifocal motor neuropathy; SMA: segmental
spinal muscular atrophy; CIDP: chronic inflammatory demyelinating polyneuropathy; IM: immune-mediated neuropathies (CIDP
and MMN); Min: minimal value; Max: maximum value; 2.5 cm distal and prox: 2.5 cm distal and proximal to the epicondyle. C5C7 indicating the level of the root. Group statistics were performed with Kruskal-Wallis and for pairwise comparisons MannWhitney-U was used. Significant values after correction using Benjamini-Hochberg with an alpha level of 0.05 are underlined and
bold. Degrees of freedom and test statistics are indicated as (df)H.
a
indicates significant differences for pairwise comparisons between MMN and segmental SMA at P<0.05.
b
indicates significant differences for pairwise comparisons between segmental SMA and CIDP at P<0.05 and bb at P<0.001.
c
indicates significant differences for pairwise comparisons between MMN and CIDP at P<0.05 and cc at P<0.001.
Area under the curve as obtained using receiver operator statistics
Fibular

Table 4: Cross sectional area measurements performed with ultrasound

Figures
Figure 1

Figure 1: Maximum intensity projections (MIP) of the MRN (A-D) and STIR sequences (E-F). A
and E are of a CIDP patient with severe hypertrophy. B and F of a MMN patient with intermediate
hypertrophy. C and G of a healthy control with mild hypertrophy and D and H of a SMA patient
with normal roots. The signal of the roots is more intense in the MRN sequence compared to the
STIR sequence.

Figure 2

Figure 2: A-C Tractographies color coded for FA of cases of MMN (A), SMA (B) and CIDP (C)
superimposed on their maximum intensity projections (MIP). Only in the CIDP (C) patient a
decrease in the FA value can be appreciated. Panel D shows the tractography superimposed on
the MIP of a healthy subject with the placement of the sample point over which measurements
are averaged.

Figure 3:

Figure 3: Cross sectional area measurements per nerve/site for multifocal motor neuropathy
(MMN), segmental spinal muscular atrophy (segmental SMA) and chronic demyelinating
inflammatory polyneuropathy (CIDP). The difference between MMN and SMA is largest for the
median nerve in the upper arm and the roots of the plexus. 2.5 cm Dist and prox are distal and
proximal to the epicondyles. Grey and Black dots represent outliers that are more than 1.5 and 3
times the interquartile range above the third quartile. For the median nerve measured in the
forearm and for the tibial nerve measured at the knee one outlier was above the limits of the
graph.
* indicates significant group differences at P<0.05 and ** at P<0.001.
a

indicates significant differences for pairwise comparisons between MMN and segmental SMA at

P<0.05 and
b

at P<0.001.

indicates significant differences for pairwise comparisons between segmental SMA and CIDP at

P<0.05 and
c

aa

bb

at P<0.001.

indicates significant differences for pairwise comparisons between MMN and CIDP at P<0.05

and cc at P<0.001.

Figure 4:

Figure 4: Receiver operator curves for the roots combined per individual and the discriminative
capabilities explored per modality separate and combined. The combined measure is based on
logistic regression. Discriminative capabilities were tested for distinguishing multifocal motor
neuropathy (MMN) from segmental spinal muscular atrophy (SMA) and was also tested to
distinguish patients with immune-mediated neuropathies (IM) from SMA patients and to
distinguish IM from healthy controls (con). IM included MMN and chronic inflammatory
demyelinating polyneuropathy (CIDP) patients. The left column presents the curves for the
modalities/measurements separately, cross sectional area (CSA) measured with ultrasound, the
diameter measured with MRI and the individual DTI parameters (fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD). The second column represents
the combination of diameter measurements with the DTI parameters. The third column shows
the curves for the combined use of CSA and the diameter parameters. The right panel shows the
values of the area under the curve.

Chapter 9

Summary and general discussion

Summary
This thesis describes the development and application of different MRI techniques which can be
used for diagnostic work-up in a broad spectrum of diseases or injuries affecting the
neuromuscular system. The largest portion of this thesis is aimed at one specific technique which
is called diffusion tensor imaging (DTI). This technique enables non-invasive and in-vivo
assessment of the diffusion characteristics of water molecules in living tissues such as skeletal
muscles and peripheral nerves. These diffusion properties strongly depend on the intra- and
extracellular constituents of muscle and nerve tissue, rendering it therefore highly sensitive to
(patho-)physiological changes of these constituents. The thesis is divided in two parts, of which
the first is aimed at the application of DTI in the skeletal muscles. The second part subsequently
utilizes lessons learned from the first part to apply DTI to the peripheral nerves located between
the neck and shoulder, the so called brachial plexus. Finally, the techniques developed in this
thesis are applied to patients with different neuropathies to explore the diagnostic properties of
these techniques.
In chapter 2, a comprehensive review on both the technique and applications of DTI in skeletal
muscles is provided. In general, DTI is a sensitive tool for assessing muscle (patho-)physiology.
Importantly, DTI parameters are influenced by acquisition settings, demographics, and other
factors such as exercise (muscle contraction) and rest (muscle relaxation), which should be
considered when designing new studies.
In chapter 3 a novel semi-automated approach for the measurement of fascicle lengths of the
calf muscles using DTI is presented. This method enables accurate fascicle length measurements
by automatically determining the beginning and ending of the muscle fascicles. This method
showed good to moderate repeatability and enabled quantification of changes in muscle fascicle
lengths induced by passive stretching of lower leg muscles.

In chapter 4 significant changes in muscle fascicle length induced by passive stretching were
found which negatively correlated with changes in Radial Diffusivity (RD). The rate of change in
diffusivity perpendicular to the fascicles agrees with expected changes in the square of the
radius, indicating that in first approximation muscle fascicles can be adequately modeled as
cylinders with a fixed volume which can be stretched. Taken together, the data showed that
changes in RD induced by passive muscle stretching/lengthening can be explained by a change in
muscle cross sectional area.
Chapter 5 addressed the application of DTI to assess sub-clinical muscle changes in long
distance runners. The study revealed changes in DTI parameters over time, which were apparent
on qualitative T2-weighted MRI with fat suppression. The diffusivity only increased significantly in
the muscles that are known to be susceptible to injury after long distance running. DTI may
become relevant for prognostication and treatment of sports-related muscle injury.
In chapter 6 an optimal (combination of) shimming method(s) for performing diffusion-prepared
neurography of the brachial plexus with a large field of view (FOV) was designed and
implemented. The use of a susceptibility-matching pillow and image based-shimming (IBshimming) enabled neurography of the brachial plexus, yielding good overall image quality and
high contrast of the nerves, provided adequate fat-suppression and was not associated with
artifacts that would hamper reading of the images. Poorer image quality scores were associated
with more magnetic field inhomogeneities, which emphasized that reducing magnetic field
inhomogeneities is crucial for high quality imaging.
In chapter 7 a DTI protocol for quantification of brachial plexus diffusion values was evaluated.
The DTI protocol enabled repeatable quantification of brachial plexus diffusion values in a
clinically feasible scan time and only limited manual input. We found a strong and significant
correlation of body weight with mean diffusivity, axial diffusivity and radial diffusivity. This needs
to be taken into account as a confounder in clinical studies on the brachial plexus using DTI
parameters as readout.

Finally, in chapter 8 all learned lessons and developed techniques were used in a clinical cohort
to explore the diagnostic performance. The cohort encompassed 10 patients with multifocal
motor neuropathy (MMN), 13 with chronic inflammatory demyelinating neuropathy (CIDP) and 12
with segmental spinal muscular atrophy (segmental SMA). The 30 volunteers from chapter 6
served as controls. Distinguishing segmental SMA from MMN/CIDP is of utmost importance as
segmental SMA can be a mimic of both neuropathies and cannot be treated in contrast to the
latter two diseases. We explored the following imaging techniques: conventional T 2-weighted MRI
scans, the MRI sequence developed in chapter 6, the DTI scan developed in chapter 7, and
ultrasound.
It was found that US and DTI can contribute to improvement of the diagnosis of, or aid in
distinguishing between CIDP, MMN and segmental SMA. DTI and specifically US showed good
discriminating properties. Furthermore within the brachial plexus DTI and US showed to be
complementary, yielding good diagnostic performance when modalities were combined.
However, due to the small differences found with DTI between groups, clinically relevant cut-off
values could not be provided. Furthermore, we demonstrated important limitations of
qualitatively scored hypertrophy and increased signal intensity on conventional as well as newer
T2-weighted MRI sequences. The scoring revealed limited specificity as well as poor inter-rater
variability, of which the latter might be overcome with the use of training sessions.

General discussion
This thesis contributes to the use of imaging and in particular DTI to study physiology, injury and
diseases of the skeletal muscles and peripheral nerves. In this section, some technical
considerations for future perspectives of the developed techniques will be described.
Furthermore, future research possibilities and clinical implications of studies presented in this
thesis will be discussed.

Technical considerations and future perspectives
Although this thesis is mainly dedicated to the development of DTI as a quantitative MRI
technique to measure diffusion, there are a multitude of MRI sequences which offer quantitative
assessment of physiological parameters. For these sequences, the same or comparable technical
issues should be addressed. Quantitative imaging techniques in general have relatively long
acquisition times and coarse spatial resolutions. In addition, imaging data are susceptible to
artifacts. Long acquisition times hinder applicability from a logistic and patient perspective. The
coarse spatial resolution and susceptibility to artifacts might be tolerated in a research setting but
when it comes to diagnosis, acquisition needs to be robust, reliable and the imaging data need to
contain sufficient anatomical detail.
While robust and high-quality acquisition is important for applicability, measurements obtained
with quantitative imaging are only of use when they can be easily interpreted. The easiest
manner is by selecting a tissue of interest and providing a mean value of the measured area. This
process requires segmentation of the tissue of interest, and forms another challenge for research
and clinical applicability. Not only is segmenting of muscles and nerves difficult, it is often
performed manually and is therefore time-consuming. Consequently, this is a hurdle which needs
to be taken in future research to automate the segmentation as far as possible to enable large
scale and clinical use.

Spatial resolution and acquisition time
With MRI imaging and specifically DTI there is a constant trade-off between spatial resolution,
signal to noise ratios (SNR) and acquisition time. How to deal with this, is highly dependent on
the goal of the experiment (35). For example, to be able to make images of the muscles of the
upper legs, which are large and relatively homogenous structures, large anisotropic voxels can be
used to achieve clinically reasonable scan times. However, for images of the peripheral nerves
this approach can hinder accurate measurements as the nerves are relatively small and large
voxels would include surrounding tissues obscuring the measurements (251). However, as stated

above shorter acquisition times together with higher resolutions are needed for advancing clinical
and research applicability.
To achieve shorter acquisition times, higher spatial resolutions or both, several existing or
promising techniques will be discussed. One of these techniques which successfully reduces
acquisition time is parallel imaging. This technique exploits the abundancy of data when multiple
coil elements are used and is implemented on all state-of-the-art scanners. Using a prescan,
locations with overlapping coverage of the coils are identified and used to drastically reduce the
necessary amount of data needed for reconstructing an image.
Another approach is compressed sensing. Instead of using multiple coils, compressed sensing
uses certain rules to reconstruct the images despite missing data. Although a detailed
explanation of this technology is beyond the scope of this thesis, its mechanisms can be
exemplified with a Sudoku. In a Sudoku, the rules state that each empty space is a number from
1 to 9. However, in each row and column the numbers 1 to 9 may only appear once. With this
rule, the empty spaces can be deduced and correctly filled out. In MRI data, the empty spaces
are the not-acquired or missing data, and advanced mathematical models can be used to fill the
missing data.
Another approach for speeding up acquisition is multi-band imaging, in which two instead of only
one slice are acquired at the same time (294).
All these strategies, separate or combined, can speed up acquisition drastically and facilitate its
use in daily clinical practice. In muscles, it can be used to study large anatomical areas, or enable
short acquisition protocols and combine other quantitative techniques in one scan session (295).
For application to the peripheral nerves the gain in acquisition time can be exchanged for
scanning at higher resolutions (296).

Artifacts
Diffusion weighted images are commonly acquired using spin echo sequences with an echo
planar imaging read-out (SE-EPI). These SE-EPI sequences are used because they are fast, and
have a relatively high SNR (174). They are however also highly susceptible to eddy-current
distortions and magnetic field inhomogeneities (39, 88). Both will cause distortion of the images
and require advanced post processing. The distortions due to the magnetic field inhomogeneities
are more difficult to correct. The static magnetic field of the MRI scanner is in principle
homogeneous, but when a body is placed in the magnetic field it interacts with the static
magnetic field and becomes slightly inhomogeneous. These body-induced inhomogeneities can
party be resolved with the use of additional magnetic fields countering the effects of the body on
the static magnetic field, a process called shimming. Perfect shimming is however difficult,
especially in areas of the body with a complex anatomy such as the neck (216). In this thesis, we
presented some shimming strategies including the use of a pillow filled with fluids, albeit this was
still found not to be optimal. Fortunately, there are more advanced methods available to reduce
distortions without the need of external applications. One of these methods applies a unique
shim for each separate slice instead of correcting for the whole volume (254). Another approach
is replacing the SE-EPI sequence as a whole for sequences less sensitive to these
inhomogeneities (297, 298) or measure the inhomogeneity of the magnetic field and correct the
image accordingly (122, 299).

Image segmentation
As stated above, segmentation is often performed manually, which is tedious, time consuming
and difficult when the structures are small, have a complex anatomy or are deeply seated. If time
is limited as is the case in a clinical environment or when large cohorts of subjects are included,
automated methods for segmentation of the desired tissues becomes compulsory. By automating
parts of the segmentation process, we refined our methods albeit some manual input is still
needed. In contrast to the muscles, automatic segmentation of the brain is quite common. These

automatic segmentation methods used for brain imaging exploit the small variations in brain
anatomy (300). However, in contrast to the brain the anatomy of muscles and nerves is quite
heterogeneous and these methods are not easily applicable to muscles and peripheral nerves.
The latter is especially true in muscle diseases affecting the structure of the muscle resulting in
atrophy and replacement of the muscle by fat (300, 301). Nevertheless, such an approach could
be feasible when the study population is homogenous in which the anatomical variation is only
minimal (301).

Confounders
DTI is shown to be sensitive to demographics and contraction (exercise) and relaxation (rest) of
muscles. For clinical applications, it is however essential to understand the origin of this
sensitivity of DTI parameters to physiological conditions as it may obscure changes due to
disease or injury. More advanced and stable models can be used to eliminate these confounders.
One of these models is the intravoxel incoherent motion (IVIM) model, which can eliminate the
effects of microvasculature on diffusion parameters, allowing for more robust measurements of
the muscle tissue itself (302).

Research and future perspectives
This thesis consists of multiple proof-of principle studies with novel approaches to assess muscle
architecture and to extract DTI parameters from muscles and nerves. Some of these studies
already propelled further research by providing convincing evidence of its potential clinical use.
Some future directions will be discussed in this section.
The chapters in part one, which showed the applicability of DTI in muscles and showed muscle
changes due to exercise has fueled interest from the sports medicine community. Within this
community there is a need for markers for muscle injuries as currently no modalities or tests
exist which can help sports physicians to provide an accurate prognosis. Prognostication is
however of utmost importance as there is a large risk of recurrence when athletes return to full

activity too rapidly after injury (42). As DTI was found to be highly sensitive to muscle alterations
due to exercise, damage and subsequent muscle regeneration it was hypothesized that DTI can
be an aid for prognosis in muscle injuries. The prognostic capabilities of DTI in muscle tears will
be investigated in a large prospective study.
DTI is gaining interest as a non-invasive and in-vivo tool to assess muscle inflammation and
damage due to myopathies or dystrophies (44). The non-invasive nature enables monitoring of
disease progression. DTI can then be used as a surrogate marker in clinical trials. At this moment
disease progression is often measured using clinical tests such as the 6-minute walking test, or
muscle strength tests which are dependent on patients’ motivation (303).
Monitoring of disease progression might also be feasible in neuropathies. However, the accuracy
of the methods described in the thesis may still be insufficient for this aim. Nevertheless,
technical improvements as described above might allow for more accurate measurements and
allow for measuring changes within the peripheral nerves (304).
Another future and exciting direction is the use of DTI for the development of biomechanical
models. These models can be used for tailoring interventions to meet the needs of individual
patients. For example, in orthopedics patient-specific biomechanical models are developed to
provide new insights in the onset of disorders affecting the musculoskeletal system and aid in the
choice of an appropriate treatment strategy (296, 305, 306). These models may be used for
surgical planning, for optimizing prosthesis design and optimizing rehabilitation plans (307–309).
Generally, the predictive power of biomechanical models critically relies on accurate input
information concerning anatomy and function (191, 310–312). Specifically, models of muscle
function need anatomical input on the muscle architecture, which is defined as the internal
muscle fiber arrangement (3).

Clinical implications
One of the main clinical contributions of this thesis is the development of the high contrast and
nerve specific MRI sequence for the brachial plexus, the so-called MR-neurography sequence
(244). By using a susceptibility-matching pillow in combination with a shimming technique
originally developed for breast imaging, we could perform high quality scans of the brachial
plexus within a clinically feasible acquisition time. With this work, we generated interest from the
vendors and with their feedback, the quality was even further improved. Interestingly, the
sequence has rapidly been optimized by the vendor and is now commercially available on MRIsystems world-wide. This success reveals that for rapid implementation and availability of new
techniques collaboration between the different stakeholders - being researchers, clinicians and
industry - is essential.
However, this thesis also showed that while available, these MR-neurography sequences are not
yet generally used and older sequences for assessing the nerves of the brachial plexus are still
widely used. To move forward, it takes effort from the radiological community to experiment with
and master these new sequences. The need for involving radiologists is highlighted as it was
found that scoring of hypertrophy and increased signal intensity showed limited diagnostic value
as hypertrophy and increased signal intensity was also seen in the healthy cohort. Furthermore,
high intra- and inter-rater variation was found limiting the reliability of these readings. These
confounders have to be taken into account by the referring clinician as the presence of
hypertrophy and increased signal intensity is considered one of the supportive diagnostic criteria
for immune-mediated neuropathies (26, 27).
These limitations of scoring do not only apply to the field of immune-mediated neuropathies. It
was for example shown that the assessment of fat-infiltration using the Goutallier score in
muscles affected by injuries or neuromuscular disorders, is also limited by high inter and intraobserver variability (313). Thus, there is a need for clinically available and objective markers that
can support the radiologist or referring specialist.
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Samenvatting
In dit proefschrift worden de ontwikkeling en de toepassing van verschillende MRI-technieken die
gebruikt kunnen worden bij het stellen van diagnoses in neuromusculaire aandoeningen
beschreven. Het grootste deel van het proefschrift gaat over “Diffusion Tensor Imaging” (DTI).
Deze techniek maakt het mogelijk om de diffusie-eigenschappen van watermoleculen in levend
weefsel te meten. Deze eigenschappen zijn in weefsels (zoals spieren en zenuwen) sterk
afhankelijk van de geometrie van de intra- en extracellulaire spiercompartimenten en daardoor
ook gevoelig voor fysiologische veranderingen in deze compartimenten. Dit proefschrift is
opgebouwd uit twee delen, waarbij de focus in het eerste deel gericht is op de toepassing van
DTI op skeletspieren. In het tweede deel wordt voortgebouwd op de inzichten opgedaan in het
eerste deel met als doel DTI toe te passen op zenuwvlechtwerk dat in de overgang van de nek
naar de bovenarm is gelegen, de zogenaamde plexus brachialis. Tenslotte wordt de diagnostische
waarde van DTI onderzocht in patiënten met verschillende zenuwaandoeningen.
In hoofdstuk 2 wordt de bestaande literatuur over de toepassing van DTI in skeletspieren
behandeld. Hieruit blijkt dat de metingen gedaan met DTI gevoelig zijn voor de gekozen MRIinstellingen, maar eveneens voor demografische en omgeving sfactoren. Zo is er bijvoorbeeld een
verschil in DTI-parameters tussen mannen en vrouwen. DTI-parameters veranderen ook wanneer
een spier passief opgerekt wordt en DTI is zeer gevoelig voor weefselschade en -herstel.
In hoofdstuk 3 wordt de ontwikkeling beschreven van een methode om met behulp van DTI de
lengte van spierbundels in kuitspieren te bepalen. De ontwikkelde methode bepaald automatisch
het begin- en eindpunt van de spierbundels waardoor de lengte nauwkeurig gemeten kan
worden. Deze methode bleek reproduceerbaar en bovendien gevoelig genoeg om de verlenging
en verkorting van de vezels als gevolg van passieve beweging te meten.

In hoofdstuk 4 wordt ingegaan op de fysiologische relatie van diffusiekarakteristieken met
spierweefseleigenschappen. In dit hoofdstuk is er een correlatie gevonden tussen de
diffusiekarakteristieken en de lengteverschillen met de in hoofdstuk 2 beschreven methode. De
diffusieveranderingen loodrecht op de spierbundels zijn negatief gecorreleerd met de lengte van
de spierbundel. Uit verdere analyse blijkt dat de spierbundels goed kunnen worden gemodelleerd
als cilinders met een vast volume die worden opgerekt. Met de bevindingen uit dit hoofdstuk
dragen we bij aan het begrip van de correlatie tussen fysiologische eigenschappen en
diffusiekarakteristieken.
In hoofdstuk 5 wordt DTI toegepast op de spieren van marathonlopers om de toepasbaarheid
en gevoeligheid van DTI voor veranderingen op spierweefselniveau te onderzoeken. De
marathonlopers werden gescand, voor, direct na en 3 weken na het lopen van een marathon.
Met behulp van DTI zagen we veranderingen in de diffusiekarakteristieken die kunnen duiden op
spierschade direct na het lopen van de marathon. Interessant is echter dat deze veranderingen
zichtbaar bleven tot 3 weken na het lopen van de marathon, terwijl deze veranderingen niet te
zien waren op conventionele MRI-beelden.
In deel II beginnend met hoofdstuk 6 ligt de focus op de ontwikkeling van een MRI-opname
die de perifere zenuwen optimaal afbeeldt. Om deze techniek toe te kunnen passen in de nek,
worden een met vloeistof gevuld kussen en een automatische techniek om het magneetveld te
corrigeren gebruikt. Met deze methode is het mogelijk om de zenuwen van de plexus brachialis
zonder artefacten en met helder contrast over een groot gebied af te beelden.
Hoofdstuk 7 laat de ontwikkeling en toepassing van DTI op de zenuwen van de nek (de plexus
brachialis) zien. De methode is ontwikkeld om de tijd die nodig is om de verschillende zenuwen
die deel uitmaken van de plexus brachialis te identificeren en te meten zo kort mogelijk te
houden. Daarnaast wordt de reproduceerbaarheid van deze techniek onderzocht, terwijl ook in
dit hoofdstuk wordt nagegaan of er net als bij spieren afhankelijkheid is van demografische
factoren zoals leeftijd, geslacht, lengte en gewicht. De techniek blijkt redelijk reproduceerbaar,

daarnaast blijkt dat de diffusie parallel, loodrecht en het gemiddelde daarvan afhankelijk zijn van
het gewicht van de proefpersoon.
In hoofdstuk 8 worden de ontwikkelde technieken en methodes toegepast om de diagnostische
waarde van beeldvorming bij immuungemedieerde neuropathieën te onderzoeken. De
diagnostische waarde van drie technieken wordt met elkaar vergeleken: conventionele MRI en de
ontwikkelde technieken van hoofdstuk 6 (specifiek contrast van de zenuwen van de plexus
brachialis) en hoofdstuk 7 (DTI van de plexus brachialis). Daarnaast wordt echografie van de
spier getest op zijn diagnostische waarde. In de studie zitten 35 patiënten met spierzwakte van
overwegend de armen: 10 patiënten met multifocale motor neuropathie (MMN), 12 met focale
spinale musculaire atrofie (SMA) en 13 met chronische inflammatoire demyeliniserende
polyneuropathie (CIDP) en 30 gezonde vrijwilligers, met als doel de patiënten met inflammatoire
ziekten (MMN en CIDP) van SMA te kunnen onderscheiden. Dit is van groot belang omdat SMA
sterk kan lijken op MMN en soms ook op CIDP. Die laatste twee ziekten zijn behandelbaar, maar
SMA niet.
Echografie lijkt de meeste diagnostische waarde te hebben. Ondanks dat DTI ook discriminerend
vermogen liet zien waren de verschillen te klein om duidelijke en klinisch relevante afkapwaarden
te bepalen in deze kleine groep. Daarnaast blijkt het scoren van zenuwverdikkingen en de
aanwezigheid van hoog signaal door twee ervaren radiologen lastig, wat momenteel een
belemmerende factor voor praktische toepassing is, maar wellicht kan worden voorkomen door
eerst een trainingssessie te houden.
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