Diffusion-tensor MRI-lbased skeletal
muscle fiber fracking

A skeletal muscle’s function is strongly influenced by the internal organization and geometric properties
of its fibers, a property known as muscle architecture. Diffusion-tensor MRI-based fiber tracking provides
a powerful tool for noninvasive muscle architecture studies, has 3D sensitivity and uses a fixed frame of
reference. Significant advances have been made in muscle fiber tracking technology, including defining
seed points for fiber tracking, quantitatively characterizing muscle architecture, implementing denoising
procedures, and testing validity and repeatability. Some examples exist of how these data can be integrated
with those from other advanced MRI and computational methods to provide novel insights into muscle
function. Perspectives are offered regarding future directions in muscle diffusion-tensor imaging, including
needs to develop an improved understanding for the microstructural basis for reduced and anisotropic
diffusion, establish the best practices for data acquisition and analysis, and integrate fiber tracking with

other physiological data.
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Background

The principal mechanical functions of muscle
are generating force and actuating movement.
A muscle’s ability to perform and sustain these
functions is influenced by structural properties
spanning spatial scales ranging more than eight
orders of magnitude. The aim of this article is
to describe an MRI-based approach for study-
ing skeletal muscle structure at intermediate
spatial scales based on measurements of water
diffusion (diffusion-tensor [DT] MRI muscle
fiber tracking). In the remainder of the first sec-
tion, we discuss the importance of muscle struc-
ture to muscle function. In the sections titled
‘DT-MRTI’, ‘DT-MRI of skeletal muscle’ and
‘Future perspective’, we discuss the structural
influences on water self-diffusion in muscle;
describe DT-MRI and its application to muscle;
and show examples of how these data can be
related to muscle function.

B Skeletal muscle structure

& its importance to function

For this review, we will consider three levels of
biological organization: molecular—cellular, tis-
sue—organ and in vive. The in vivo scale is the
top level of the muscle structural hierarchy and
is characterized by a muscle’s placement within
the body. A muscle extends from a point or
region of origin to a point of insertion; in most
cases, either the muscle or its tendon crosses a
joint. The origin and insertion define the muscle
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force’s line of action. Muscles that cross joints
will generate a torque about that joint and cause
a rotation of body segments; the nature of this
rotation (flexion, extension, etc.) depends on
the anatomical relationship between the origin,
insertion and skeleton.

At the other extreme of the hierarchy lies
the molecular—cellular level of organization. It
is structural properties at this scale that allow
inferences about cell geometry to be made from
measurements of water diffusion. Human skel-
etal muscle fibers range from approximately 4
to 40 cm long (1] and are oblate polygons in
cross-section [2], ranging from approximately
20 to 90 pm across (mean: 55 pm [3]). They
are bounded by a plasma membrane; notably,
the membrane has a finite permeability to water
(estimated at 13 x 10 cm/s in [4]). Around the
fibers is the extracellular matrix.

Most of a fiber’s volume is occupied by the
contractile protein filaments (myofibrils) and the
water internal to and around them. Myofibrils
consist of serially arranged microscopic struc-
tures termed sarcomeres, which are the small-
est functional units of muscle contraction. The
myofibrils are aligned parallel to the long axis
of the fiber and are surrounded by an organelle
termed the sarcoplasmic reticulum (SR). Each
sarcomere is 2-3 pm long and consists of inter-
digitating protein filaments, referred to as the
thick and thin filaments. In cross-section, the
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protein filaments are spaced tens of nm apart.
A molecular interaction between actin on the
thin filament and myosin of the thick filament
— triggered by the release of Ca?* from the SR
— results in force production. Protein connec-
tions between the myofibrils and the extracel-
lular matrix provide structural integrity and a
mechanism for force transmission.

Between the individual fibers and the whole
muscle, intermediate levels of structural organi-
zation exist. Groups of 100-200 fibers are con-
tained with connective tissue structures termed
fascicles. In some muscles, fascicles often have a
somewhat oblate profile [5]. Like the fibers and
the whole muscle, fascicles are surrounded by a
connective tissue matrix.

Muscle architecture is the term used to
describe the internal arrangement and geometric
properties of a muscle’s fibers. Muscle architec-
ture varies among muscles and has been reviewed
elsewhere [67]; only some highlights are provided
here. A basic distinction in muscle architecture
is between fusiform and pennate muscles. In a
fusiform muscle, the fibers” longitudinal axes are
generally parallel to the muscle’s line of action;
per unit volume, this architecture results in more
sarcomeres in series. When sarcomeres in series
contract, their displacements add; thus, fusiform
architectures favor high length excursions (8] and
shortening velocities [9]. In pennate muscles, the
fibers run obliquely to the muscle’s line of action;
this places more sarcomeres in parallel. When
sarcomeres in parallel contract, their forces add;
so pennate architectures favor high force produc-
tion. The effect of muscle architecture on force
production is quantified using the physiological
cross-sectional area (PCSA):

PCSA=%'COS(9) m

f

where V| is the muscle volume, L, is the fiber
length, and 6 (the pennation angle) is the angle
formed by the local tangents to the muscle fib-
er’s longitudinal axis and the tendon of inser-
tion. The PCSA is better correlated with peak
isometric force production than anatomical
cross-sectional area [10].

Muscle volume, fiber length and pennation
thus influence a muscle’s ability to generate force
and actuate movement. In addition, properties
such as muscle fiber curvature, architectural
heterogeneity and connective tissue distribu-
tion influence other aspects of muscle contrac-
tion. For example, several theoretical works have
illustrated the potential for fiber curvature to
generate fluid pressure gradients between the
concave and convex surfaces of the fiber and for
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these gradients to summate across muscle lay-
ers [11-13]. Since intramuscular fluid pressures
during isometric contractions can be quite high
(14,15], these gradients may affect intramuscular
perfusion patterns. Miura et a/. have provided
empirical evidence consistent with this predic-
tion [16]. Also, many studies have observed intra-
muscular heterogeneity in strain development
during contraction [17-21] due, perhaps, to intra-
muscular heterogeneity in architectural patterns
[22,23] and connective tissue distribution and/or
material properties [24-26).

B Traditional approaches to studying
skeletal muscle architecture

We first consider two traditional approaches to
studying muscle architecture. The first, cadaver
dissection, allows V, , muscle mass, 0, and fiber
and/or fascicle length to be measured. This
approach allows for the development of compre-
hensive databases [1.27] and allows parameters,
such as fascicle length, to be related to structural
parameters, such as sarcomere length (1], which
is a critical determinant of the force potential of
a muscle 28]. To measure muscle architectural
parameters 772 vivo and observe dynamic changes
in these parameters during contractions, imaging
approaches are used. Brightness-mode (B-mode)
ultrasound (US) imaging has been used for
approximately 20 years for this purpose [29].
There have been hundreds of implementations
of US imaging for muscle architecture measure-
ments; most have used 2D imaging methods,
with just a few studies of which we are aware that
have used 3D imaging [30-32]. US has been used
to make fascicle length, curvature and penna-
tion measurements in the resting and contracting
states (e.g., [33-36]), and to measure aponeurosis
tendon, and muscle fiber strains during contrac-
tion (e.g., [37.38]); it is well suited for high tem-
poral resolution measurements of muscle—tendon
dynamics. The MRI methods that we describe
below require more time to implement than US,
but they also offer several advantages over US.
These include the use of a fixed frame of refer-
ence, 3D sensitivity and the ability to integrate
the architectural data with a wide range of other
physiological measurements. A limitation of all
noninvasive iz vivo imaging methods is their
inability to measure sarcomere length.

DT-MRI

B Diffusion-weighted & DT-MRI
Diffusion-weighted (DW) MRI and DT-MRI
are important methods for studying tissue
structure, and have been reviewed extensively
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elsewhere [39-41]. This section of the review
highlights the most fundamental issues and
their relationship to skeletal muscle. DW-MRI
was envisioned in Lauterbur’s paper introducing
MRI (42] and first implemented in 1985 [43.44].
It detects the Brownian motion of water mol-
ecules. Most implementations of DW-MRI use
the Stejskal-Tanner pulsed-gradient spin-echo
sequence [45], which uses a pair of magnetic field
gradients to encode diffusion as a reduction in
spin-echo amplitude. The first gradient creates
phase dispersion among the protons’ magnetic
moments, and the second gradient restores phase
coherence. Ignoring relaxation processes, the res-
toration of phase is complete for stationary water
molecules and incomplete for diffusing water
molecules. The latter effect causes the MRI sig-
nal, S, to decay exponentially with a scalar diffu-
sion coefficient D and characteristic parameters
of diffusion gradient pulses that include timing,
amplitude and geometry (collectively expressed
as the b-factor):

b
S= Sn te D (2)

where S is the baseline MR signal measured
without diffusion-sensitizing gradients.

Water diffusion in tissues such as brain white
matter and striated muscles exhibits directional
dependence, also known as diffusion anisot-
ropy, because of greater hindrances to water
diffusion perpendicular to the fiber axis than
along it. Diffusion anisotropy can be detected by
DT-MRI, proposed around the mid-1990s by
Basser ez al. (46]. With DT-MRI, MR signals are
measured by applying diffusion-sensitizing gra-
dients along at least six noncollinear directions,

s(n) _ So'erbn’m (3)

where D is a diffusion tensor, n is the direction
of a diffusion-sensitizing gradient, and T denotes
matrix transposition. A measurement of S is
also obtained, and D is solved using ordinary
least squares regression, weighted least squares
regression or curve-fitting methods.
Mathematically, D isa 3 x 3, positive-definite
symmetric matrix containing diffusion coeffi-
cients in the X, Y, Z and off-diagonal directions:

DXX DXY DX7

D =|Dx Dw Dy (4)
DXL DYZ DZZ

Diagonalization of D yields a 3 x 3 diagonal
matrix, L:

A0 O

L=|0 4 0 (5)
00 A
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where A is an eigenvalue and the subscripts
specify the eigenvalues in order of descending
magnitude. The eigenvalues are the diffusion
coefficients along the fiber (largest eigenvalue)
and perpendicular to the fiber (second and third
eigenvalues). Diagonalization of D also yields a
3 x 3 matrix, V:
Vix Vax Vix
V= [V Vi Vi ©)
Viz Vaz Viz

where v is an eigenvector, the subscripted num-
bers indicate correspondence to an eigenvalue
in L, and the subscripted letters indicate the X,
Y and Z components of the (unit length) eigen-
vector. The first eigenvector indicates the direc-
tion of greatest diffusion (i.e., it corresponds
to the largest eigenvalue); likewise, the second
and third eigenvectors specify the directions
associated with the second and third eigenval-
ues, respectively. Together, the eigenvalue and
eigenvector matrices characterize the profile
of water diffusion that includes the dominant
direction and diffusion anisotropy. As the diffu-
sion profile is intimately coupled with local tissue
structure, DT-MRI can be used to probe tissue
microstructure and architecture noninvasively
in vivo [40].

B DT-MRI -based fiber tracking

The unique capability of DT-MRI to character-
ize tissue microstructure and architecture has
allowed it to gain rapid and widespread appli-
cations in basic science and clinical research
(47]. One of the most interesting and important
applications of DT-MRI is the connectivity
mapping of fibrous tissue, often referred to as
DT-MRI-based fiber tractography [48]. In the
simplest form, this technique tracks fibers by
integrating v, at each voxel location, leading to
3D descriptions of the fiber trajectories [49.50].
Typically, fiber tracking is launched from pre-
selected seed points, and proceeds sequentially
along the direction of v, until certain termina-
tion criteria, such as maximum curvature or
minimum diffusion anisotropy, are met. Since
these provocative works, a variety of novel fiber
tracking techniques have been advocated, with
the primary aim to ameliorate the confound-
ing effects of imaging artifacts, especially imag-
ing noise [51-53] and partial volume averaging
(54]. These techniques can be categorized into
deterministic [41,55-57) and probabilistic (58-62]
approaches. While deterministic fiber tractog-
raphy provides a binary answer to the problem
of whether or not two points in tissue are con-
nected, probabilistic tractography defines the
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probability of connections by computing con-
nection density maps. More recently, several
tractography techniques based on the notion of
global optimization have been proposed [63-67].
These techniques essentially find fiber pathways
between two points in tissue that are smooth in
trajectory and consistent with the tensor data
acquired.

Although these tractography developments
were made for white matter applications, noise
and partial volume averaging are problems in
skeletal muscle tractography as well. Thus,
these algorithms may have some applicability
in skeletal muscle, and indeed, a few prelimi-
nary results comparing tracking algorithms have
been presented that suggest improvements can
be made over simple integrations of v, [68,69].
A systematic investigation of the benefits and
drawbacks of these algorithms, with validation
based on a quantitative comparison of DT-MRI
fiber tract and actual muscle fascicle positions, is
a necessary step in skeletal muscle tractography
methods development.

DT-MRI of skeletal muscle

B Reduced & anisotropic diffusion in
skeletal muscle

For at least 40 years, it has been known that
the self-diffusion coefficient of water in skeletal
muscle fibers is lower than the value for free
water [70]. The hypotheses proposed for this
reduction have included an action of the myo-
fibrils and other intracellular solid phase pro-
teins as physical barriers to water translation;
the finite permeability of the cell membrane to
water; and the binding of water to solid-phase
macromolecules, dissolved macromolecules and
ions with smaller diffusion coefficients than that
for free water [70-73]. As noted, the typical sarco-
mere longitudinal dimension (2-3 pm) is much
greater than the interfilament spacing in the
transverse direction (~30 nm), and the overall
cell geometry is also highly elongated. Therefore,
if membranous and intracellular protein struc-
tures present significant barriers to water dif-
fusion, then their greater spatial frequency in
the transverse direction than in the longitudinal
direction should cause the diffusion of water to
be anisotropic [71.72].

Although the study by Finch ez 4/. did not find
evidence for substantially anisotropic diffusion
(70], a later study by Cleveland et al. reported
that the diffusion coefficient parallel to a skeletal
muscle fiber’s long axis is approximately 40%
greater than the diffusion coefficient perpendic-
ular to the fiber’s long axis (D) [74]. Anisotropic
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water diffusion in skeletal muscle was subse-
quently confirmed using the tensor model [46].
Importantly, in a model of muscle inflamma-
tion, Fan and Does [75] observed greater diffu-
sion anisotropy in a more slowly diffusing, short
transverse relaxation time (T,) water compo-
nent (the presumptive intracellular component)
than in a more rapidly diffusing, long T, water
component (the presumptive interstitial water
compartment).

When extending the Cleveland ez a/. result
to the tensor model, one would predict that the
direction indicated by v, should coincide with
the long axis of the fiber. Van Donkelaar et al.
and Napadow ez al. observed correspondences
between v, and the histology-determined fiber
direction in skeletal muscle [76.77]. In cardiac
muscle, which has myofibrils similar in structure
to those of skeletal muscle, Hsu ez 2/. and Scollan
et al. each observed a quantitative correspon-
dence between v, and the histology-observed
fiber orientation [78,79]. Collectively, the above
points support the conclusion that the self-diffu-
sion of intramyocellular water is anisotropic and
its tensor’s first eigenvector is coincident with the
long axis of the muscle fiber. It is these properties
that allow DT-MRI fiber tracking to be used to
represent skeletal muscle architecture.

Analyzing transverse water diffusivity reveals
additional insight into the causes of reduced and
anisotropic diffusion in skeletal muscle and may
have applications in studies of muscle injury, dis-
ease, microstructure and mechanics. Tanner [80]
measured apparent D values as a function of
diffusion times (#)) ranging from 0.3 ms t0 2.4 s
and found that D| decreased monotonically from
approximately 1.6 x 10 cm?/s to an asymptote
of approximately 1 x 10> cm?/s. In calf tongue,
Kim et al. observed a similar dispersion in A, and
A, across ¢, values ranging from 32 to 800 ms [s1].
It is likely that the initial reduction in A, and
A, at short £, values results from interactions of
water with the myofibrillar proteins, with addi-
tional reductions at longer #, values caused by an
increasing number of interactions between water
and the plasma membrane.

There are data to suggest that A, A, and
their eigenvectors have distinct microstructural
bases in skeletal muscle: some [82.83] (although
not all [84]) studies have observed differential
behavior of A, and A, with muscle elongation,
and Heemskerk e al. observed different time
courses for A, and A, changes following femoral
artery ligation injury to murine muscle [85]. Also,
several studies have reported an ordered distri-
bution of v, and v, within individual muscles
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(86-88]. However, a definitive structural basis for
A Iv,and A /v, has yet to be concluded. Possible
explanations include an oblate fiber cross-section
producing different intracellular diffusion coef-
ficients [85,89], intermediate scale structural fea-
tures, such as oblate fascicle cross-sections [s],
and intra- versus extra- cellular diffusion coef-
ficients, the latter occurring in a sheet-wise direc-
tion [90,91]. Resolving questions about the extent
and nature of transverse diffusion anisotropy is
important because transverse diffusivities are
altered in response to muscle damage (85,9293,
because of the relationships among transverse
diffusivities and cell size [81,94], and because of
the correspondence between certain mechanical
properties of muscle contraction and v, of the
diffusion tensor [87], as discussed further below.

B Technical challenges & special

considerations in muscle DT-MRI

Fiber tracking in skeletal muscle suffers many
of the difficulties associated with fiber tracking
in other organs, and is also subject to unique
challenges. Addressing the challenges that arise
in each step of the process from acquisition to
fiber tract analysis increases the likelihood of
generating useful, unbiased data. In the follow-
ing sections, we discuss these challenges and
some strategies for optimizing fiber tract qual-
ity, focusing on problems that are particularly
relevant to muscle fiber tractography; however,
general DT-MRI is fraught with difficulties,
and for an overview of these, we recommend the
informative article by Jones and Cercignani [95].

Data acquisition
Motion artifacts are potentially a source of
error in DT-MRI, and pulse sequence selec-
tion, good subject positioning and restricting
subject motion mitigate these effects. Rapid
imaging sequences, such as single-shot echo-
planar imaging (EPI), are typically used, as the
images are essentially bulk motion-insensitive.
To minimize scan time further, parallel imaging
methods, such as sensitivity encoding [(96], allow
faster acquisitions. When imaging the lower
leg, we use an MRI-compatible foot restraint/
force measurement system to provide consis-
tent, motion-limited positioning and control
plantarflexion/dorsiflexion angle [97]. To achieve
a similar result, Sinha ez a/. and Froeling et al.
have described scaffold systems for the leg and
forearm, respectively [86.98].

Diffusion is encoded as a reduction in sig-
nal magnitude, and the amount of this signal
attenuation depends in part on the b-value.
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Consequently, the signal-to-noise ratio (SNR)
and b-value have interactive effects on the esti-
mation of D. Low SNR values result in particu-
larly erroneous estimation of A, A,, fractional
anisotropy and v, [51-s53]. In muscle, the SNR
requirements for accurate tensor estimation
(enumerated below) are lowest in the range of
b = 435-725 s/mm?. Outside this range, for a
given SNR level, tensor estimation becomes less
accurate and less precise [53]. The b-values were
optimized experimentally for human subjects at
1.5 T [99] with results generally consistent with
these simulation predictions. Although obtaining
sufficient SNR is a challenge in all DT-MRI, the
short T, of muscle exacerbates these problems.
Using larger voxels will increase SNR; however,
in areas of partial volume artifact, this becomes
problematic in fiber tracking. Another approach
to increasing SNR is to increase the number of
diffusion-encoding directions or excitations for
signal averaging purposes, but subject motion
and/or discomfort may make this less feasible
when imaging large muscles or when studying
patient populations. Additionally, Levin ez al.
(100) and Sinha ez 4/. (101] have reported favorable
results using denoising approaches for muscle
DT-MRI. It is important to note, however, that
Damon’s simulations [53] demonstrated that for
fiber-tracking purposes, obtaining SNR greater
than 60 for b = 435 s/mm? or greater than 80
for other values of b = 290—1015 s/mm? does not
significantly reduce error in estimating v,, and
the higher SNR can be exploited for other pur-
poses (e.g., reducing voxel dimensions or reduc-
ing gradient strength requirements; the former
reducing partial volume averaging and the latter
reducing eddy current-induced distortions in the
images).

Another key image quality parameter is the
homogeneity of the static magnetic field, B,.
One consequence of B inhomogeneity is spa-
tial distortions in single-shot EPI data. In addi-
tion, adipose tissue results in severe chemical
shift artifacts in single-shot EPI data, primarily
from the methyl and olefinic resonances. Several
methods (saturation and adiabatic inversion
recovery radio frequency pulses, water-selective
radio frequency pulses, and slice-selection gradi-
ent reversal [102]) are available to reduce the arti-
fact from the methyl resonance, and Hernando
et al. presented an echo-shifted approach for
reducing the olefinic fat signal [103]. The effi-
cacy of any fat suppression method is negatively
affected by B, inhomogeneity. As a general
approach to optimizing B homogeneity, we
typically acquire several ‘packets’ of 10-12 slices,
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allowing each packet to be shimmed separately
using second order shim terms; this is helpful
because the musculoskeletal system often pres-
ents with irregular geometries that are difficult
to shim. In addition, Froeling ez a/. have recently
implemented B inhomogeneity-induced distor-
tions correction based on field mapping [104].

Postprocessing & fiber tracking
approaches

Owing to the subject motion between scans and
eddy current- and B, inhomogeneity-induced
distortions in the EPI data, registration is neces-
sary within the data set. Typically, DW images
are registered to the b = 0 image of the diffu-
sion data set using an affine transformation or
other nonrigid registration method, and the
diffusion data are registered to the anatomical
images. When transforming the diffusion data,
it is crucial that the underlying b-value matrix
also be transformed; otherwise, fiber orientation
and quantitative diffusion parameter estimates
are affected [105).

Since DT-MRI data generally have course spa-
tial resolution, anatomical images are acquired
as part of the scan protocol and used to define
boundary conditions for fiber tracking. A prob-
lem that we [DAMON ET 4L. UNPUBLISHED OBSERVATIONS]
and others [106] have noted is that when using
planar regions of interest to define seed points,
it may not be possible to track all of a muscle’s
fibers (because not all the fibers pass through that
plane). However, the aponeurosis (the muscle’s
internal tendon and the structure into which
the fibers insert and through which most of
their force is transmitted) of the muscle can be
digitized, meshed and used to define the fiber
tracking seed points (Ficure 1) [97]. As noted, most
currently published muscle fiber tracking stud-
ies have used v, integration to determine fiber
tract direction. Tract propagation then proceeds
until the muscle boundaries are reached or some
property of the data (such as excessive curvature
or very low or high diffusion anisotropy) sug-
gests that the indicated directions cannot be
trusted. This process continues for every point
in the mesh; a typical result is shown in Ficure 2.
Heemskerk et al. presented a framework for
evaluating stop criteria in fiber tracking and for
quantifying fiber tract outcomes [107].

The tracts and the aponeurosis mesh are each
described at high spatial resolution. Consequently,
these data can be used to determine muscle archi-
tectural information. Fiber tract length (L ﬁ) mea-
surements, analogous to fascicle length measure-
ments in US imaging, are made by summing the
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Figure 1. Sample reconstruction of the
aponeurosis mesh, showed at reduced
sampling density for illustrative purposes.
The reconstruction is based on manual
digitization of the aponeurosis’ position in
high-resolution structural images. Points of
intersection along the mesh are used as the
seed points for fiber tracts.

Reproduced with permission from [97].

distances between tract points over the entire
tract [107). Pennation angle can be measured by
extending the methods used in 2D US imaging
to the 3D space in MRI [97]; the plane tangent
to the seed point and its normal unit vector are
calculated. (To calculate the plane tangent to the
seed point, tangent lines to the seed point are
first defined in the row and column directions
of the mesh. Two lines that intersect at a point
define a plane. The Cartesian equations for the
lines can thus be used to define the Cartesian
equation for the plane, and from this the normal
unit vector.) Then, position vectors are drawn
between the seed point and points along the fiber
tract. Pennation angle is defined as the comple-
ment to the angle formed by the normal unit
vector and each position vector. To reduce errors
due to image noise, the values from the first five
fiber tract points are averaged [107]. Damon et al.
demonstrated the validity of DT-MRI-based
0 measurements by comparing them with the
values obtained by direct anatomical inspection
(108]. Heemskerk ez a/. analyzed the repeatability
of L, and 6 measurements and the underlying
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diffusion data [109]. They observed generally high
reliability coefficients for architectural measure-
ments in regions of the muscle with relatively
large axial cross-sections (and thus few partial
volume artifacts); also, there were no intersession
significant differences in the mean values of the
diffusivities, L, and 0. From these data, they
concluded that the data are sufficiently repeatable
for measuring practically significant alterations
in muscle architecture [109]. Other groups have
presented the repeatability of their imaging/ana-
lysis protocols [98.110]. Froeling ez al. [98] reported
generally higher intraclass correlation coefficient’s
for the diffusion data than Heemskerk ez 2/. did
(109], most likely because Froeling ez /. pooled the
data from two muscles that evidently have dif-
ferent diffusion characteristics. Recently, Damon
et al. described methods for measuring fiber tract
curvature accurately, after fitting fiber tract posi-
tions to quadratic functions [111].

B Applications of DT-MRI to studies of
skeletal muscle structure & function
Since the initial demonstration of the feasibility
of using DT-MRI fiber tracking as a basis for
the noninvasive, 77 vivo measurement of muscle
architecture [108], the applications of this method
have expanded. The approach has been used to
describe the structure of a variety of muscles and
to investigate muscle mechanics in the active
state.

Diffusion MRI-based fiber tracking has been
used to assess muscle structure in animal mus-
cles, including the rat gastrocnemius [108], the
mouse hindlimb [106], and the bovine tongue
(112]. In their study of the mouse hindlimb,
Heemskerk ez al. also calculated the PCSA as the
dot product of a measured anatomical cross-sec-
tional area and the fiber direction [106] (it should
be noted that, like other iz vivo imaging-based
assessments, this calculation did not normal-
ize fiber lengths based on sarcomere length).
DT-MRI-based fiber tracking has also been per-
formed in a variety of human muscles, including
the plantarflexor [86,101,110,113], tibialis anterior
(97.107.109], forearm [100], thigh [114-116] and female
pelvic floor [117] muscles. Fiber tracking has been
used to study structural alterations to the genio-
glossus muscle due to an oral appliance [118] and
to investigate the effects of chronic lateral patella
dislocation, the latter study demonstrating larger
lateral force vectors in patients than in controls
(115]. Each of these locations within the body
presents unique challenges with regard to shim-
ming, subject positioning, radiofrequency coil
type and placement.
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Odur studies of the tibialis anterior muscle pro-
vide one example of the potential for DT-MRI
to produce new insights into muscle structure.
Lansdown ez al. observed a heterogeneous spatial
distribution of 0, with larger values in the superior
part of the muscle than in the inferior part [97].
This finding had not been previously reported
in the 2D US literature [36,119], although a 3D
US study had observed such heterogeneity [30].
Analyzing muscle and aponeurosis orientations
within the laboratory’s frame of reference revealed
the source of the heterogeneity: while the entire
muscle’s fibers were consistently oriented, the
aponeurosis’s orientation within the axial plane
changed [97]. An important point is that by using
imaging methods with 3D sensitivity and a fixed
frame of reference, pennation heterogeneity was
observed and explained [97]. These observations
concerning 0 have been repeated and extended
to demonstrate also the existence of heterogeneity
inL . 109.120]. In preliminary reports, Heemskerk
et al. also observed 0 and curvature to decrease
and L to increase upon muscle elongation [120,121).

/i
Schwenzer et al. [84] and Sinha ez 4/ [101] have

Figure 2. Sample fiber tracking result. The
blue structure represents the aponeurosis, now
reconstructed at high resolution; the green
lines are fiber tracts of the superficial muscle
compartment; and the gold lines are fiber tracts
in the deep muscle compartment.

Reproduced with permission from [109].
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reported changes in v, orientations in the labora-
tory frame of reference due to muscle lengthening
that were consistent with changes in 0. Together,
these data support the conclusions that DT-MRI
and DT-MRI-based fiber tracking can detect pre-
dictable changes in muscle architecture and can
provide new insights into muscle architecture not
obtainable via 2D imaging methods or via meth-
ods that do not use a fixed frame of reference.
While the studies so far have focused heavily on
methods development and basic studies of skeletal
muscle structure, there have been a few instances
of using DT-MRI-based fiber tracking in con-
cert with other methods to predict and investi-
gate muscle mechanics in the active state. Muscle
deforms as it contracts and this deformation can
be characterized by a strain tensor. Felton ez al.
used DT-MRI to assess the lingual architecture
and phase contrast MRI (PC-MRI) to measure
strain rates within the tongue during swallow-
ing, allowing them to correlate the architecture
of the intrinsic and extrinsic lingual muscles with
the tongue’s deformation during swallowing [122].
Also, Englund ez al. used spatial tagging images
to form a 3D strain tensor associated with iso-
metric contraction of the tibialis anterior muscle
(87). Diagonalizing the strain tensor resulted in
one negative strain (denoted €_) and one posi-
tive strain (g,). The direction corresponding to g
was closely associated with, but differed from, the
fiber direction (as represented by v,). Interestingly,
the direction corresponding to &, was associated
with, but differed from, v,; this finding makes it
important to identify the structural bases of A, /v,
and A, /v, in skeletal muscle. Finally, Levin ez al.
presented a method for building musculoskeletal
models from DT-MRI data based on the genera-
tion of a fixed number of fiber tracts per muscle
(123]. These initial efforts illustrate the potential
for obtaining new insights into muscle function
by combining functional MRI or other compu-
tational methods and the muscle architectural
information obtainable via DT-MRI.

Future perspective

In the next 10 years, we expect that progress
will have been made in: resolving issues concern-
ing the conduct and interpretation of diffusion
measurements in muscle, and answering impor-
tant questions in muscle biology by integrating

DT-MRI and other methods.

B Remaining issues in skeletal muscle
diffusion MRI

We anticipate significant advances with regard
to understanding the structural basis of reduced

Imaging Med. (2011) 3(6)

and anisotropic water diffusion in skeletal
muscle. Some specific questions to be answered
concern the quantitative contributions of the
myofibrils, SR, plasma membrane and other
structures the tensor’s eigenvalues, and how
these contributions depend on diffusion time,
gradient strength, echo time and other pulse
sequence parameters. We expect that clear
microstructural bases for A, and A, will have
been established. One approach that may be
fruicful in resolving these issues is structure-
based, Monte Carlo-type simulation of water
diffusion in muscle, similar to those previously
performed for phosphocreatine [124] and Ca**
(125] diffusion, in order to make predictions
and conduct sensitivity analyses. In addition,
the use of genetic models or other experimen-
tal procedures to manipulate putative diffu-
sion-restricting structures will be important
methods for model testing. The importance
of resolving these questions is evident in the
alteration to transverse diffusivities that result
from muscle damage [85.92.93] and in the cor-
respondence between €, and v, of the diffusion
tensor [87].

Also, we anticipate that a full understand-
ing of the best practices with regard to data
acquisition and analysis will have been devel-
oped. Some of the specific issues to be resolved
include optimal acquisition protocols across a
variety of muscles, ideal denoising protocols,
fiber tracking algorithms (including histology-
based validation), and practices for analyzing
data from voxels in which there is more than
one principal axis of diffusion. This last point
is pertinent when voxels cross muscle boundar-
ies or in voxels occupied by both muscle and
fat. In this case, more robust methods based
on high-angular resolution diffusion imaging
(126,127] reconstructions may need to be used.
Recently, Parker ez al. have implemented high-
angular resolution diffusion imaging in skeletal
muscle and have shown that it can serve as the
basis of automated fiber tracking in the facial
muscles [128], illustrating both the feasibility and
promise of this approach.

B Future applications to muscle
biology

The successful resolution of these issues,
along with continued advances in integrating
DT-MRI fiber tracking data with the informa-
tion available from other MR methods (such as
arterial spin labeling, blood-oxygenation level-
dependent contrast, mechanical strain ana-
lysis and MR spectroscopy), will permit new

future science group



questions to be asked and answered in skeletal
muscle physiology. Muscle structural, physi-
ological and mechanical alterations have been
demonstrated in a variety of human conditions,
such as aging [129-133]. The integrative approach
afforded by combining muscle architectural,
physiological, mechanical and metabolic infor-
mation from a variety of MR modalities will be
very informative in addressing multifactorial
problems such as this. Challenges will exist in
controlling for the many structural and physi-
ological properties that influence muscle func-
tion, in acquiring data with sufficient precision
S0 as to prevent excessive error propagation, and
in analyzing the large datasets that will result
from combining the data from several imaging
modalities. However, we predict that the com-
prehensive and integrative approach will yield
important new insights into the physiology and
mechanics of skeletal muscle.

Skeletal muscle architecture

The internal arrangement and geometric properties of a muscle’s fibers, a property known as muscle architecture, varies between
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muscles and significantly influences their ability to generate force and actuate movement.

Diffusion-tensor MRI

MRI can be used to measure the diffusion coefficient of water in vivo, in a spatially dependent sense.
The diffusion tensor is a mathematical representation of diffusion in 3D and is commonly used to reflect diffusion anisotropy in tissues
such as muscle and white matter. It requires directionally specific diffusion measurements in six or more directions.
Diffusion-tensor MRI-based fiber tracking is a method for mapping the connectivity between points within a biological structure of
interest.

Diffusion-tensor MRI of skeletal muscle
The diffusion of intramyocellular water is anisotropic, with a preferential direction collinear to the fiber direction. These properties make
it possible to use diffusion-tensor MRI-based fiber tracking to represent a muscle’s architecture.
Many key muscle architectural properties, including pennation angle, fiber tract length and curvature, can be determined from diffusion-
tensor MRI fiber tracking data. Validity and repeatability analyses for diffusion-tensor MRI fiber tracking data have been performed.
Although technically challenging, this technique has been implemented in a variety of human and animal muscles.
These data, alone and in concert with those obtained from other imaging and computational methods, have provided unique insights
into muscle structure and function.

Future perspective
Further research needs to be performed to improve understanding of better the structural basis of reduced and anisotropic diffusion in
muscle and to define best practices for data acquisition and analysis across a variety of human muscles.
Additional insights into the integrative function of muscles will be possible by combining the structural data from diffusion-tensor MRI

fiber tracking with those from other physiological imaging modalities.
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