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. Introduction

This work describes the use of MRI to characterize skeletal muscle damage and repair
processes in pre-clinical animal models. We begin with a description of the rationale for these
studies. We then move on to a brief description of healthy skeletal muscle structure, followed by
an overview of the processes of muscle damage and repair. We then describe selected small
animals of muscle damage and repair, followed by a survey of MRI studies using these models.
We focus on two specific MRI methods, transverse relaxometry and diffusion imaging. We
conclude with some brief remarks.

1. Rationale for Pre-Clinical MRI Studies of Muscle Disease

Pre-clinical MRI studies of muscle disease are used for several reasons. One application
is the development of image-based biomarkers for muscle damage and repair, under the
hypothesis that they will provide additional, more specific, and/or less invasive markers of
disease than existing approaches such as muscle biopsy or measuring the serum concentrations
of enzymes such as creatine kinase (CK). The difficulties with these measurements are that CK
levels are not well correlated with muscle damage (1) and biopsies induce additional muscle
damage and are subject to sampling errors. Another application for pre-clinical MRI in muscle
disease is to develop an improved understanding of disease pathology and/or mechanism. MRI
offers a large range of structural and functional measurement possibilities; also, MRI data can be
integrated with those from other imaging modalities, providing for a broad characterization of
disease processes. Finally, MRI is applicable in studies of candidate drug efficacy, the
mechanism of drug action, or in monitoring therapeutic response to other interventions. With
regard to these last two applications, it is noteworthy that the non-invasive, non-destructive
nature of MRI makes it a good choice for repeated studies in the same animal; the benefits of this
approach include reduced animal use, reduced biological variability, and the addition of new
insights into disease mechanisms and/or therapeutic effect that comes from the use of a
longitudinal design.

I1l.  Structural, Physiological, and Biochemical Features of Healthy Muscle

We begin with an abbreviated description of skeletal muscle structure. The cells of
skeletal muscles are referred to as fibers, which have an elongated, generally cylindrical shape
and multiple, peripherally located nuclei. Skeletal muscle cells are up to tens of cm long and
have diameters of 30-80 um. Most of a fiber’s volume is occupied by the contractile protein
filaments (myofibrils) and surrounding water. The myofibrils are arranged parallel to the
longitudinal axis of the fiber and contain contractile proteins (actin and myosin), regulatory
proteins (such as troponin and tropomyosin), and structural proteins (such as titin, nebulin, and C
protein). The smallest functional unit of contraction is the sarcomere; myofibrils consist of a
large number of sarcomeres in series. The structure at the junction between two serially arranged
sarcomeres is called the Z-disc. The myofibrils are linked to membrane-associated protein
complexes by the intermediate filaments, containing the proton desmin. Extracellular linkages
then occur to the basal lamina and the endomysium, a connective tissue structure that envelops
the fibers. Outside of the plasma membrane, but inside of the basal lamina, lie satellite cells
(skeletal muscle stem cells).
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Muscle fibers also contain the sarcoplasmic reticulum (SR). The SR has a predominantly
longitudinal orientation, contains the cell’s intracellular Ca* store, and plays a crucial role in
muscle’s activation and relaxation processes. At rest, the intracellular [Ca®*] is maintained at
<0.1 uM by Ca** exchangers and pumps located in the plasma and mitochondrial membranes.
Muscle contraction results from a transient, ~100-fold elevation in the intracellular [Ca?"],
causing the actin and myosin filaments to bind and slide with respect to each other. Release of
the actomysosin complex and the restoration of the intracellular ionic environment require ATP
hydrolysis. During contractions, the ATP concentration is maintained by increased flux through
the creatine kinase, glycolytic and oxidative phosphorylation reactions; these metabolic activities
are, in turn, supported by increased blood flow.

Between the individual fibers and the whole muscle, intermediate levels of structural
organization also exist. Structurally, groups of 100-200 fibers are contained with connective
tissue structures called fascicles; fascicles are surrounded by perimysium and have an area of
~0.25 mm?. The whole muscle itself is surrounded by a connective tissue structure called the
epimysium.

IV.  Overview of Muscle Damage and Repair Processes

Muscle damage and repair processes are generally seen to occur in four phases. The first
phase is the damaging event itself, such as ischemia-reperfusion injury, infection, or lengthening
under load (a so-called eccentric contraction). Many aspects of the initial damage to muscles and
a muscle’s responses to this damage are similar, regardless of the mechanism of injury. The
remainder of this section includes a general description of those responses, presuming that the
responses follow a single damaging event.

The second phase is an autogenic phase, lasting for several hours following injury. A key
process during this time is a local loss of Ca** homeostasis, caused by direct injury to cell
membranes, local anoxia and ATP depletion, and/or opening of stretch-sensitive Ca®* channels in
the cell membrane (2-5). One consequence of increased intracellular [Ca®'] is that the enzyme
phospholipase A; (PLA;), which digests lipid membranes, is activated (6-8). This reduces
membrane integrity and forms hydroxyl radicals, a type of reactive oxygen species (ROS) (9).
Second, the proteases calpain 1-3 are activated (10-13). Calpains act on desmin and titin (14-
16). This disrupts sarcomere alignment (so-called "Z-disk streaming™). Other consequences of
the loss of Ca?* homeostasis are ROS-mediated reductions in the SR Ca**-ATPase activity (9),
further raising intracellular [Ca**]; stimulation of mitochondrial ROS production by PLA,
activation (17,18); and increased mitochondrial uptake of Ca**. Mitochondrial Ca** uptake is a
normal event that links increased metabolic demand to increased oxidative ATP production
during contraction. In the case of muscle damage, however, excessive mitochondrial stimulation
can result in ROS-mediated inner mitochondrial membrane damage and decreased ATP
production (19-21). The potential exists for a vicious cycle to occur unless repair processes are
activated.

The third phase of muscle damage is the phagocytic phase, beginning hours after the
induction of damage and persisting for up to 4-6 days afterwards. This is a typical inflammatory
response triggered by some of the digestive products of the autogenic phase (22), cytokines from
damaged muscle cells (23,24), and complement components (25). Shortly after damage occurs,
neutrophils are recruited to sites of muscle damage and release proteases that degrade damaged
cell components (26,27); the neutrophils may also phagocytose these cell components (28). A
consequence of the neutrophils’ action on cellular debris is that healthy cell membranes may also
be affected. Neutrophils also attract macrophages, which enter the damaged cells. The
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macrophages secrete digestive enzymes and other molecules and then ingest the breakdown
products. It is during this phase, 2-5 days following damage, that peak levels of subject-reported
soreness and swelling occur (29). Also, plasma membrane damage allows normally intracellular
enzymes such as CK, lactate dehydrogenase, and aldolase to enter the circulation. This forms the
rationale for using serum CK levels as an indicator of muscle damage.

The severity of the above events may vary: either reparable local cellular damage or
severe, irreparable damage to the fiber may occur. In the former case, the processes that are
activated comprise the fourth phase of muscle damage and repair. The damaged portion of the
fiber is sealed off by completing the plasma membrane in the two healthy bordering regions.
Nearby satellite cells become activated, proliferate, differentiate into myoblasts, and fuse to form
a myotube. The myotube reconnects the two healthy fiber fragments and the muscle fiber is
repaired. Morphologically, muscle cells undergoing or just having undergone repair can be
identified by the central, rather than peripheral, location of nuclei. In the case, of severe,
irreparable muscle damage, there will be complete cellular digestion and phagocytosis; these
fibers are replaced by adipose tissue, and fibrosis occurs (30).

V. Selected Small Animal Models for Human Muscle Damage and Repair

The above discussion provided a short overview of the processes of muscle damage and
repair and reveals a rather complex response. It should not be surprising, however, that the
pathology in in vivo muscle diseases occurs in a more complicated fashion still. In part, this is
because damage is being induced repeatedly, and so there is an asynchronous incidence of these
processes across the many fibers within a muscle. Also, interactions among body systems occur,
leading to the more complex presentation and mechanism of pathology.

Animal models of human muscle disease have been developed or occur naturally in many
species. For convenience, we classify these as “full” models of the human disease (intended to
model all or most aspects of the disease and often sharing a similar or identical pathogenetic
mechanism) and “reduced” models (intended to model a limited number of disease components,
often by using a single event to induce damage to otherwise healthy muscle(s)). The advantages
of the full models are that they allow studies of disease pathogenesis, therapeutic response, and
biomarker utility in the most externally valid manner. The advantages of using reduced models
is that in addition to simplifying the pathology, the synchronous nature of the damaging event
across many fibers also provides a larger dynamic range of responses. This may allow for more
robust and quantitative comparisons of MRI data with other forms of data, such as histology or
laboratory findings.

There are many examples of full and reduced animal models of muscle disease. Full
animal muscle disease models exist for polymyositis (31-35), Duchenne muscular dystrophy
(DMD; reviewed fully in (36)), limb girdle muscular dystrophy (37,38), and other diseases. Of
these, it is the genotypic model of DMD, the mdx mouse, that has been most studied. As
reviewed by Willman et al. (36), the mdx mouse models a large number of aspects of human
DMD well, including impaired muscle function, elevated CK, elevated intracellular [Ca®*],
central nucleated muscle fibers, and variations in cell size (with some fibers being severely
atrophied and others being swollen and vacuolated). The mdx mouse, like DMD patients (39),
also has perfusion deficits owing to the mislocalization of the neuronal form of nitric oxide
synthase within the muscle fiber (40). Aspects of DMD pathology are not well modeled by the
mdx mouse; these include fat infiltration and fibrosis, the latter of which occurs extensively only
in the diaphragm of mdx mice. Examples of reduced models of muscle damage include
lengthening contractions (41), ischemia-reperfusion injury (e.g., (42,43)), or the local injection of
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a toxin such as notexin (44,45) or cardiotoxin (46) or an inflammatory agent such as A-
carrageenan (47,48).

VI.  MRI Studies of Small Animal Models for Human Muscle Damage and Repair

The above discussions have described the pathology associated with muscle damage and
repair in general terms, and in several small animal models of human muscle disease more
specifically. From this discussion, several potential targets for imaging muscle damage emerge.
These include the inflammatory response and the corresponding expansion of the interstitial
space, fat infiltration, damage to the cell membrane, and fibrosis. The principal techniques that
have been used to study these processes in pre-clinical models include transverse relaxometry
and diffusion imaging. This section describes the biophysical rationale for these measurements
and presents the results of some illustrative implementations of each technique.

VI.A. Transverse Relaxometry Studies of Muscle Damage and Repair

Biophysical Basis There is a long history of using transverse relaxometry to characterize
muscle tissue, both in vivo and ex vivo. Dating back to studies in the early 1970’s by Belton and
colleagues (49-51) and Hazlewood (52), it has been recognized that there is a multiexponential
(or at least, non-monoexponential) character to transverse relaxation in ex vivo samples. The
observations initially made were that there is a bound water pool with a T, <10 ms plus two free
water pools: a rapidly relaxation major fraction (T, ~35 ms; ~90% of total tissue water proton
signal) and a more slowly relaxing minor fraction (T, ~140 ms; ~10% of total tissue water proton
signal). These free water fractions were proposed to correspond, respectively, to intracellular
and interstitial water. While some debate existed initially with regard to this explanation (53), a
study by Cole et al. (54) using tissue mimetic chemical phantoms and macerated muscle tissue
definitively established that water compartmentation in ex vivo muscle tissue has this
multiexponential character, with the structural basis just described.

Whether or not this multiexponential character exists in vivo has been the subject of
greater debate. The fundamental issue is the rate of trans-sarcolemma water exchange and
whether or not it is fast enough, given the difference in transverse relaxation rates between the
intracellular and interstitial spaces, to create a single effective free water pool or two pools
exchanging at a slow or intermediate rate. Several studies (48,55) have provided evidence for
monoexponential relaxation in healthy mammalian muscle in vivo that transitions to
biexponential relaxation in the presence of edema. Other authors have suggested that there are
two (47) or even as many as five distinct relaxation components (56-59), the latter observations
made using extremely high signal-to-noise ratio data. The exact nature of water
compartmentalization in muscle tissue in vivo and the rates of exchange between them are issues
that need to be resolved in order to understand fully the mechanisms of transverse relaxation in
skeletal muscle in vivo. For the present discussion, however, the most salient point is that
damage processes such as the loss of membrane integrity and the expansion of the interstitial
space by edema will increase the T, of muscle water protons.

In Vivo Implementations Many reduced muscle disease models have been studied, which
have helped to establish a sound basis for using T, measurements to localize and reflect the
degree of muscle damage and to establish the pathological correlates of T, changes. For example,
injection of A-carrageenan into the paw (47) or muscle ((48); Figure 1) of a rodent induces a
local inflammatory response that includes edema and inflammatory cell infiltration (60).
Significantly elevated T, values in response to notexin injection have also been reported (44,46).
T, changes, spatially correlated with histological observations, have also been observed in
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response to ischemia-reperfusion injury (43); these
authors observed larger T, responses when ischemia
and electrical muscle stimulation were combined,
indicating that T, responds in a graded fashion to
damage. T elevations have also been reported in mice
with genetic models of muscular dystrophy, including
the mdx mouse (61) and y-sarcoglycan knockout mice
(62). Moreover, the T, changes appear to be
responsive to clinical interventions, such as sildenafil
treatment of mdx mice (63) or gene replacement of y-
sarcoglycan knockout mice (62).

VI.A. Diffusion MRI Studies of Muscle Damage
Biophysical Basis A classic study by Cleveland

and colleagues revealed two important characteristics

of water dif_fusion in muscle_: first, th_at the diffusion revealing contrast change following

coefficient is redu_ced from its \_/a_lue in free water and injection of A-carrageenan to the right

second, that the diffusion coefficient is greater parallel | 4nterior thigh compartment of a

to the long axis of muscle fibers than perpendicularto | c57/B136 mouse reveals signal

the fibers’ long axis (64). Because of this, changes in the vastus lateralis (VL)
characterizing water diffusion in muscle using a and rectus femoris (RF) muscles.

Figure 1. T,-weighted image

simple scalar quantity is inappropriate; a more

complex mathematical model is required. Almost exclusively, this has been done using a three-
dimensional (3D) tensor model, as described by Basser et al. (65). Qualitatively, the tensor
model envisions diffusion as a 3D ellipsoid, with the long axis of the ellipsoid being coincident
with the long axis of the muscle fiber. To form the diffusion tensor, measurements of water
diffusion in six non-collinear directions must be made; the tensor can then be formed using
ordinary least squares, weighted least squares, or curve fitting techniques; the relative merits of
these approaches are described in Ref. (66). The tensor is then diagonalized, resulting in a
diagonal matrix of eigenvalues (describing the dimensions of the ellipsoid) and three
eigenvectors (describing the orientation of the ellipsoid in 3D space; stated mathematically, the
eigenvector matrix describes the rotation of the muscle fibers away from the laboratory frame of
reference). The largest, or first, eigenvalue (1;) is the diffusion coefficient along the long axis of
the cell and its eigenvector (g1) describes the local fiber direction. The second and third
eigenvalues (1, and A3, respectively) and their eigenvectors (g, and &3, respectively) represent
diffusion perpendicular to the long axis of the cell; the three eigenvectors are constrained to be
mutually orthogonal. Other values that can be derived from the diffusion tensor are the mean
diffusivity and fractional anisotropy (FA). The mean diffusivity is calculated as the mean of

A1, A2 and A3. The FA ranges between 0 and 1 and is used to describe how different A1, A, and A3
are: an FA value of 0 indicates completely random and isotropic diffusion, while a value of 1
indicates diffusion in a single direction only.

The potential value of these measurements for characterizing muscle damage lies in the
structural basis for the reduced and anisotropic diffusion in skeletal muscle. One fundamental
source of diffusion hindrance in the transverse direction is the cell membrane itself, which has a
finite permeability to water. Because of the large diameter of muscle fibers, there is a long
diffusion time (up to hundreds of ms) that is required for a typical water molecule to encounter
the cell membrane. For this reason, it is unlikely that the greater reduction of A, and A3 from the
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value for free water (compared to that for ;) is primarily due to finite membrane water
permeability, at least at the short diffusion times (20-50 ms) used in most in vivo diffusion tensor
MRI experiments (67-69). Some clues can be found, however, in the additional, monotonic
reduction of transverse diffusivities as a function of increasing diffusion time (70,71). It may be
that the initial reduction in transverse diffusion coefficients results from the diffusion-restricting
effects of the actin- and myosin-containing filaments, which are spaced tens of nm apart in the
transverse direction; the additional reduction would then result from an increasing number of
encounter of water molecules with the cell membrane. The quantitative contribution of the
intracellular proteins and cell membrane is an issue that needs still to be resolved. For the
purposes of the present discussion, the most important point is that pathologic processes such as
Z-disc streaming and membrane damage will tend to increase the transverse diffusion
coefficients and decrease diffusion anisotropy. Though not discussed above, edema would be
expected to produce similar changes, as the increase in interstitial water content would tend to
increase the distances between cells and among the proteins of the extracellular connective tissue
network.

In Vivo Implementations Diffusion imaging has been used in several muscle damage
models to provide a quantitative measurement associated with muscle damage. For example,
Heemskerk et al. (43) observed that during the reperfusion phase of ischemia-reperfusion injury,
the mean diffusivity is increased, along with the T,. When more severe damage is created by
simultaneous electrical stimulation during the ischemic phase, the FA also decreased. The
changes in mean diffusivity were due mainly to increases in A, and A3, and A3 in particular. A
subsequent study from these authors (42), using a femoral artery ligation model, further revealed
different temporal and spatial patterns to the diffusion and T, changes, suggesting that these
parameters may reflect different aspects of muscle damage and regeneration. Both of these
studies provided histological data that supported the MRI observations. The A-carrageenan
injection used by Fan and Does (48) to induce edema and cause the appearance of the second T,
component also resulted in the appearance of a second diffusion component. The second
diffusion component was associated with the long T, component and was characterized by
greater, and more isotropic, diffusion than the diffusion component associated with the short T,
component. While diffusion in the brain of mdx mice has been studied (72), to date there exist
only preliminary observations of water diffusion changes in full muscle disease models, such as
the mdx mouse (73).

VIl. Concluding Points

At the intracellular, cellular, and tissue/organ levels of biological complexity, skeletal
muscles are highly organized and regularly structured tissues. When this order is disrupted by
damage due to disease or injury, changes in MRI-observed transverse relaxation and water
diffusion properties occur. While issues pertinent to the specific biological bases for T, and
diffusion changes need to be resolved, T, and diffusion data have each been shown to indicate
muscle damage robustly and quantitatively and to correspond to histological indices of muscle
damage. As a final point, it is noted that space and time limitations preclude a full discussion of
other potential MRI measures for characterizing muscle damage, such as magnetization transfer
imaging (44) and/or contrast-enhanced imaging (74).
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