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Abstract
Introduction—This study compared the effects of downhill or horizontal treadmill running on
the magnetic resonance imaging (MRI) transverse relaxation time constant (T2) in mdx mice.

Methods—Mice underwent either downhill (n=11 mdx, n=6 controls) or horizontal running (n=9,
mdx only) on a treadmill. MRI was conducted prior to exercise, immediately afterwards (~20
min), 24, and 48 hours following exercise.

Results—A higher percentage of pixels with elevated T2 in the lower hindlimb muscles was
observed in the mdx mice compared to controls both pre-exercise (p < 0.001) and at each time
point following downhill running (p < 0.05), but not with horizontal running. The medial
compartment muscles appeared to be the most susceptible to increased T2.

Discussion—Downhill running provides a stimulus for inducing acute changes in muscle T2 in
mdx mice. MRI is a non-invasive approach for examining acute muscle damage and recovery in
multiple muscle groups simultaneously.
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INTRODUCTION
The muscular dystrophies are a collection of degenerative neuromuscular diseases.
Duchenne muscular dystrophy (DMD) is the most common and devastating form of
muscular dystrophy, which affects one in every 3,500 male births.1 DMD is a hereditary
disease caused by a mutation on the X chromosome and is characterized by the absence of
functional dystrophin. Dystrophin is a 427kD cytoskeletal protein, which anchors F-actin to
laminin in the extracellular matrix through the dystrophin-associated glycoprotein complex.
2,3 When dystrophin is missing or nonfunctional, the entire complex is compromised,
leading to increased vulnerability to muscle damage during contractions.4 Exercise-induced
muscle damage occurs following high-force, unaccustomed exercise, particularly following
eccentric (i.e. lengthening) muscle contractions.5–7 Although the mechanisms are not fully
understood, the initial mechanical damage is followed by an inflammatory response and
subsequent reparative and regenerative process within the muscle.8,9 The muscles of the
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mdx mouse, a model of DMD in which the dystrophin protein is absent, are known to be
more susceptible to muscle damage from eccentric loading than wild-type mice.10–12 Even
with normal cage activity, the skeletal muscles of the mdx mouse exhibit signs of muscle
damage, degeneration and necrosis as early as two to four weeks in the postnatal period, and
these muscle abnormalities persist throughout the lifespan despite low activity levels.13

Models of eccentric loading commonly employed in animal models, such as direct electrical
stimulation of an excised muscle under passive stretch11,12 or electrical stimulation of intact
muscles under lengthening conditions14,15 can be used to produce marked damage to
individual muscles. However, these models are invasive and require sacrifice of the animal
to examine muscle structure; therefore, they cannot be used for longitudinal studies.16,17 In
contrast, downhill treadmill running has been used as a physiologically relevant model of
eccentric loading in mdx mice,16–19 other rodent models,20–22 and humans.23,8 Downhill
running has several advantages over eccentric contractions produced from electrical
stimulation of muscles. First, it incorporates a physiological load and voluntary muscle
contractions, which may translate into more relevant findings for studies involving human
subjects. Second, downhill running has been used to accelerate muscle weakness and
fibrosis in the limb muscles of the mdx mouse to more closely mirror the muscle pathology
seen in patients with DMD.24,25 Finally, this method can be used for repeated bouts of
muscle damage in the same animal, allowing for longitudinal studies of muscle damage and
repair.22

Downhill treadmill running has previously been shown to produce muscle damage in the
gastrocnemius and soleus muscles, as well as the tibialis anterior and extensor digitorum
longus (EDL) of mdx mice.17 A limitation of this previous work was that the change in
muscle damage following downhill running was compared between mdx mice that
underwent downhill running to a group of mdx mice that did not run. This comparison has
inherent limitations, since mdx mice have damaged muscle fibers even under conditions of
normal cage activity, and there is high variability in muscle degeneration between animals.25

Ideally, the response of dystrophic muscle to downhill running should be examined in the
same animal both pre- and post-exercise. This can be achieved using a non-invasive
approach such as magnetic resonance imaging (MRI). The transverse relaxation time
constant (T2) is a quantitative measure of a basic biophysical property that leads to signal
contrast on MRI. Changes in the T2 of skeletal muscle have been observed during both acute
physiological responses in healthy muscle and under pathophysiological conditions. For
example, acute and transient increases in muscle T2 lasting approximately one hour have
been observed in activated muscles following a bout of exercise.26,27 Although the exact
mechanisms which account for these changes have not been fully elucidated, T2 changes
have been attributed to a redistribution of water molecules in the muscle cells.28

Furthermore, following bouts of eccentric exercise, a later phase of increased muscle T2
occurs following the initial increase, and it peaks approximately 2 to 7 days after the initial
exercise bout.29,27 Chronic changes in muscle T2 have also been detected in resting muscles
of people with incomplete spinal cord injury,30 stroke, 31 DMD,32 and dermatomyositis,33

which are all conditions associated with muscle damage and inflammation.

Changes in muscle T2 have previously been used to monitor muscle damage and repair in
animal models of cast immobilization,34 downhill running,22 tissue strain35 and muscular
dystrophy.36–38 The results of these studies demonstrate that this fundamental MR property
can be used to visualize muscle damage. Since MRI is non-invasive, it can be applied
repeatedly in the same subject for longitudinal examination of muscle damage. MRI also has
the added advantage of providing information on multiple muscles simultaneously; therefore
differential responses to downhill running can be compared among different muscles of the
same animal.
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The objectives of this study were: 1) to compare the response of muscle T2 over a time
course of 48 hours following a single bout of downhill running in mdx mice to wild-type
(control) mice, 2) to compare the effects of horizontal versus downhill running on muscle
damage in mdx mice, and 3) to compare the effects of downhill running among the lower
hindlimb muscles of mdx mice. Muscle T2 and the percent of pixels with elevated T2
obtained from MRI were used as the main outcomes of interest. Histological confirmation of
damaged muscle fibers was performed using Evans Blue Dye.

MATERIALS & METHODS
Animals

Both C57BL/10ScSn-DMDmdx (mdx; n=25) and wild type, C57BL/10ScSn (controls, n=6)
adult male mice (aged 5–15 months) were included in the study. Wild type mice and
breeding pairs from the mdx colony were obtained from Jackson Laboratories (Bar Harbor,
ME) and thereafter maintained in-house. Animals were housed in an AAALAC approved
facility with a 12 hour light: dark cycle (72°F, 42% humidity) and free access to food and
water. The University of Florida Institutional Animal Care and Use Committee approved the
experimental protocol.

Experimental Protocol
MRI was conducted prior to treadmill running in both mdx and control mice to determine
baseline muscle T2 values of the lower hindlimb muscles. The methods of the MRI protocol
and T2 analysis are outlined below. Following the initial MRI, each mouse underwent one of
two treadmill running protocols: a bout of downhill running (n=11 mdx, n=6 controls) or a
bout of horizontal grade running (n=9 mdx only). Specifically, mice were run either on a
downhill sloped (14 degree decline) or a horizontal (0% grade) motorized treadmill at a
speed of 8 to 10m/min, for 45 minutes. To ensure the mice ran for the entire duration of the
protocol, they were continually observed. If necessary, a short burst of compressed air or the
use of a brush at the base of the tail was used to encourage running. From a total of 18 mdx
mice screened, 11 were able to complete the downhill running protocol with some
encouragement needed during the first five to ten minutes of running and near the end of the
45 minute period. All control mice (6 out of 6) were able to complete the downhill running
protocol without encouragement. All mdx mice (9 out of 9) were able to complete the
horizontal running protocol without external stimulation. MRI of the lower hindlimbs was
conducted immediately post-exercise (approximately 20 minutes following the exercise
bout), and at 24 and 48 hours post-exercise. In five of the mdx mice who ran downhill, a 10
day post-exercise follow-up MRI scan was also conducted. Lower hindlimb muscles were
extracted in a subset of mdx (n=8) and control mice (n=5) at the end of the study for
histological confirmation of muscle damage.

Magnetic Resonance Imaging
MRI was performed in a 4.7 T, horizontal bore magnet (Bruker Avance; ParaVision 3.02).
The animal was anesthetized using an oxygen and isoflurane mixture (3% isoflurane) and
maintained under 0.5–1% isoflurane for the duration of the MR procedure. The respiratory
rate of the mouse was monitored for the duration of the scan (SA Instruments Inc., Stony
Brook NY). The lower hindlimbs of the mouse were inserted up to the knee into a custom-
built 2.0 cm internal diameter, solenoid 1H-coil (200 MHz). Multiple slice, diffusion
controlled single spin-echo images were acquired with the following parameters: repetition
time (TR) =2,000 ms, echo time (TE) = 14 ms and 40 ms, FOV 10–20 mm, slice thickness =
1 mm, acquisition matrix = 128 × 256 and two signal averages as previously described.34

Diffusion weighting was fixed at both TEs (diffusion weighting 3 mm2/s at both 14 and 40
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ms). Hahn-spin echoes were implemented to avoid the contribution of stimulated echoes in
the T2 measurement. Signal to noise ratios were 25:1 at TE = 14ms and 9:1 at TE = 40ms.

Muscle T2 Analysis from MRI
Muscle T2 values of the entire lower hindlimb (excluding bone) as well as of individual
muscle compartments (anterior, posterior and medial; Figure 1) were computed from a T2
map, created from two echo times (TEs; 14 and 40ms) using in-house software as previously
described.34,38 T2 relaxation time was calculated using single exponential decay with the
following equation: T2 = (26 ms) / ln (SI14 / SI40), where SI14 and SI40 are the pixel
intensities at 14 and 40 ms, respectively.39 The percent of muscle damage detected by MRI
was defined as the percentage of pixels in a region of interest which had T2 values over two
standard deviations above the mean muscle T2 found in control mice (> 29 ms) up to a
maximum value of 100 ms.

Histological confirmation of muscle damage
Histological confirmation of muscle damage was conducted in a subset of mdx and control
mice, from each of the protocols: downhill running (n=4 mdx, n=5 control) and horizontal
grade running (n=4 mdx only). Twenty-four hours following the exercise bout, mice were
injected with Evans Blue Dye (EBD) (0.10 mL/10 g of body weight), via intraperitoneal
injection.40 Forty-eight hours following exercise (i.e. 24 hours post-injection), the following
muscles of the lower hindlimb were harvested: tibialis anterior (TA), extensor digitorum
longus (EDL), flexor digitorum longus (FDL), soleus and gastrocnemius. Muscles were
coated with OCT, frozen in isopentane cooled with liquid nitrogen and stored at −80°C.
Each muscle was sectioned at the mid-belly region, at 10μm thickness and mounted on
slides using a fluorescence-mounting medium with DAPI (Vectashield, Vector Labs). Slides
were viewed using fluorescence microscopy, optimized for EBD (Texas Red filter). Images
of the entire muscle cross-section were captured at 10x magnification using a light
microscope (Leica Microsystems, Bannockburn IL) attached to a digital camera with
slightly overlapping fields to obtain images from the entire muscle. The cross-section of the
muscle was reconstructed in Adobe Photoshop from the digital images. EBD positive fibers
were outlined using NIH Image J (available from http://rsbweb.nih.gov/ij/), and the total
area occupied by EBD positive fibers was calculated as a percentage of the total muscle
area.

Statistical Analysis
Data were analyzed using the Statistical Package for Social Sciences (SPSS), version 11.0
(SPSS Inc., Chicago IL). The descriptive data are presented using means and standard error
of the mean (SEM). To compare the differences in muscle T2 and percent muscle damage
between mdx and control mice following a single bout of downhill running (study objective
1), independent samples t-tests were used to make comparisons at each time point between
groups (α= 0.05, adjusted for multiple comparisons using a modified Bonferroni correction).
41 Paired t-tests were used to compare differences in muscle T2 and percent damage from
pre-exercise values to post-exercise time points (immediately post-exercise, 24 and 48 hours
post-exercise), in each of the mdx and control groups (α= 0.05, adjusted for multiple
comparisons). A comparison of the response of muscle T2 and percent damage in mdx mice
between downhill running and horizontal running (study objective 2) was conducted using
independent samples t-tests at each timepoint (p < 0.05). To examine study objective 3, the
response of each muscle compartment to one bout of downhill treadmill running in mdx
mice was compared using a two-way, repeated measures ANOVA and the Tukey post-hoc
tests (main – factors timepoint and muscle, p < 0.05). Lastly, a Spearman rank correlation
was used to examine the relationship between the percent of muscle cross-sectional area
positive for EBD and the percent of pixels with elevated T2.
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RESULTS
Downhill running in mdx compared to control mice

Muscle T2 and the percent of pixels with elevated T2 in the lower hindlimb muscles was
compared between mdx and control mice following a single bout of downhill running over a
period of 48 hours. As shown in Figure 2A, mdx mice had a higher muscle T2 compared
with control mice both pre-exercise and at each timepoint following downhill running (p <
0.001). A twofold increase in the number of pixels with elevated T2 was detected
immediately post-exercise in mdx mice (14.5 ± 2.9% of pixels with elevated T2 post-
exercise compared to 7.1 ± 1.5%, pre-exercise) and remained elevated compared to baseline
values at 24 and 48 hours post-exercise (p < 0.001; Figure 2B). Muscle T2 was higher
immediately post-exercise in the mdx mice (p < 0.05, Figure 2A), but not at 24 or 48 hours.
The percent of pixels with elevated T2 consistently returned to baseline values ten days after
downhill running in mdx mice (Fig 3A). Immediately following downhill running and 24
and 48 hours later, the control mice did not show any difference in their muscle T2 or
percent of elevated pixels compared to their pre-exercise values. An example of transaxial
T2-weighted images from an mdx mouse following downhill running is shown in Figure 3B,
with follow-up MRI taken ten days after the exercise bout. A distinct hyperintense region is
observed on the T2-weighted images of the medial muscle compartment. Figure 3C shows a
projection from a three-dimensional rendering of the medial compartment with elevated
muscle T2 following downhill running.

Downhill versus horizontal running in mdx mice
The response of muscle T2 and percent of muscle damage was compared in two independent
groups of mdx mice that underwent either a bout of downhill or horizontal treadmill running.
As shown in Figure 4, muscle T2 only increased in the group of mdx mice immediately
following downhill running whereas no change in T2 was observed in those that underwent
horizontal treadmill running. The percent of pixels with elevated T2 showed an increase in
the horizontal running mice immediately post-exercise (5.0 ±1.0% at baseline versus 6.8
±1.5% immediately post-exercise, p < 0.05), but only remained elevated in the downhill
running group at 24 and 48 hours following the exercise bout.

Comparison between muscle compartments in mdx mice following downhill running
As mdx mice showed an increase in muscle damage of their lower hindlimb muscles
following downhill running, a further examination of response in the three muscle
compartments (anterior, medial and posterior) was conducted. As shown in Figure 5, the
medial muscle compartment had a significantly higher percentage of pixels with elevated T2
at baseline compared to the anterior and posterior muscle groups. Furthermore, the medial
compartment showed a significant increase in the percent of elevated pixels at each time
point following exercise compared to pre-exercise values (p < 0.05). However, a significant
change was not observed in the anterior and posterior muscle compartments.

Histological Confirmation of Muscle Damage using Evans Blue Dye
Individual muscles from the lower hindlimb of mdx and control mice were extracted
following the 48 hour MRI scan and examined for EBD uptake, as an indicator of muscle
damage. The percent of the total muscle cross-sectional area positive for EBD fibers was
compared to the percent of pixels with elevated T2 from the corresponding muscle
compartment (i.e. tibialis anterior and extensor digitorum longus muscles were compared to
the anterior muscle compartment; gastrocnemius and soleus muscles to the posterior muscle
compartment and flexor digitorum muscle to the medial muscle compartment). Bivariate
correlational analysis demonstrated a strong relationship between the percent of muscle
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cross-sectional area that was EBD positive and the percent of pixels with elevated T2 (r =
0.79, p < 0.001; see Figure 6).

DISCUSSION
The findings of our study demonstrate that increases in muscle T2 can be visualized using
MRI following downhill running in mdx mice. Furthermore, T2 elevation was evident in mdx
following downhill running but not control mice after downhill running or mdx mice after
horizontal (flat) treadmill running, who did not experience muscle damage. A relationship
between histological evidence of muscle damage (Evans Blue Dye positive fibers) and T2
elevation was found. Furthermore, MRI allowed for individual muscle compartments to be
examined simultaneously in the same animal. The medial muscle compartment had greater
changes in muscle T2 following downhill running in mdx mice and therefore may be more
prone to muscle damage than the anterior and posterior muscle compartments.

The effects of two standardized, exercise-based perturbations resulted in different responses
in mdx mice. Downhill treadmill running consistently caused muscle T2 elevation above
baseline in mdx mice (measured as the percent of pixels with elevated T2), whereas
horizontal running resulted in no change in muscle T2 in mdx mice. These physiologically
relevant protocols may prove useful in pre-clinical testing of the effects of therapeutic
interventions, which are aimed at improving the integrity of dystrophic muscle.42,43

Activity-based outcomes such as treadmill running have been identified as relevant
endpoints for translational research as they parallel the outcome measures used in clinical
trials. The addition of MRI assessment following a known exercise perturbation would allow
for the direct visualization of tissue damage and inflammation.25

Muscle T2 was higher in the mdx mice compared to controls at baseline, and is likely due to
regions of muscle degeneration and damage in the dystrophic mice.44,45,38 Elevated
muscle T2 has been observed in the pelvic and thigh muscles, particularly the gluteus
maximus, of boys with DMD.32 However, the high T2 values in the muscles of boys with
DMD were attributed to fatty infiltration, which does not occur in young mdx mice.46 In
other animal models of DMD that are characterized by large amounts of fatty tissue
replacement similar to the human condition (e.g. golden retriever dog model), changes in
muscle T2 have been used to visualize both the corrective43 and the inflammatory42 aspects
of therapeutic intervention.

In our study, we found that mdx mice showed an additional increase in the percent of pixels
with elevated T2 from baseline values following a bout of downhill running, which remained
elevated up to 48 hours. On the other hand, following the same exercise protocol in control
mice, the percent of elevated pixels did not show an immediate (20 min post) or prolonged
increase. An acute elevation of muscle T2 observed immediately after exercise has been
attributed to changes in intra- and extramyocellular water content47,48 and the redistribution
of water molecules within muscle49,28 which typically dissipates within one hour post-
exercise.29 T2 elevation that lasts longer than 24 hours post-exercise is most likely due to the
inflammatory response combined with increased membrane permeability, resulting from the
initial muscle damage.34,22 In our study, the control mice did not show an acute increase in
muscle T2, which may indicate that their level of exercise was not sufficiently intense to
cause a prolonged shift in water compartmentalization.50 This is consistent with previous
findings of Kobyashi et al.37 who reported that mdx mice have an accumulation of muscle
water content in their hindlimbs following mild treadmill exercise, which is not seen in wild-
type mice. Vilquin et al.18 also showed that wild type mice that ran downhill for 5 minutes
did not experience muscle damage as measured by an increase in plasma creatine kinase
(CK), whereas mdx mice did. However using a more intense protocol, Lynch et al.21
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reported histological signs of muscle damage in the soleus and EDL muscles in wild type
mice (60 min at 16% decline). Similarly, Carter et al.51 reported a large increase in plasma
CK in wild type mice that ran downhill until exhaustion. Therefore, the amount of muscle
damage that occurs in controls is likely dependent on the intensity of the running protocol,
and this was not achieved with our protocol.

We found that the percent of pixels with elevated T2 48 hours after downhill running in mdx
mice was associated with a histological measurement of increased uptake of Evans Blue
Dye, which is indicative of increased permeability of the sarcolemma from membrane
damage.40 Muscle T2 elevation occurring 48 hours following exercise is likely due to
multiple causes, including fiber damage, inflammatory responses, and subsequent edema.
Marqueste et al.22 reported that increased plasma markers of muscle damage (creatine
kinase and lactate dehydrogenase) were correlated with increased muscle T2, 3 to 17 days
after downhill running in rabbits. However the authors also noted an increase in muscle
edema, which could also contribute to elevated T2.22 The process of muscle damage is
associated with an inflammatory response as well as edema within the muscle,22 both of
which can independently result in increased T2.52,33 Future studies using other imaging
methods, such as those that enable multiexponential analysis,48 along with histological
analysis of inflammation and edema may further elucidate the mechanisms accounting for
increases in muscle T2.

In comparison to downhill running, mdx mice that ran on a horizontal grade treadmill only
demonstrated an acute increase in the percentage of pixels with an elevated T2, which then
returned to baseline levels by 24 hours post-exercise. This indicates that although horizontal
running caused significant muscle activation in mdx mice, it did not result in muscle damage
to the same extent as downhill running. This result is consistent with the well established
finding that downhill running, an eccentrically-biased activity,53 is more damaging than
horizontal running, which is predominately concentric. The comparison between horizontal
and downhill running in mdx mice is an interesting model with which to compare the effects
of dystrophin replacement or other therapeutic interventions, as it provides an option for an
exercised “control” that does not cause muscle damage in untreated mdx mice.

Previous studies on downhill running in mice and rats have shown that the tibialis anterior
muscle is damaged to a lesser extent than the gastrocnemius and soleus muscles,17,22 which
was attributed to the plantarflexor muscles undergoing a longer period of eccentric work
than the dorsiflexors during downhill running.53 We found no difference between the
anterior and posterior muscle compartments in T2 elevation following downhill running in
mdx mice. However muscles of the medial compartment of the lower hindlimb showed a
higher muscle T2 at baseline than both the anterior or posterior compartment muscles. There
was also an increase in muscle T2 in the medial compartment following downhill running,
which was not observed in the other two muscle compartments. These findings imply that
the medial compartment muscles may be more susceptible to contraction-induced muscle
damage both during regular cage activity (i.e. baseline) and during exercise. The medial
compartment muscles consist of the long toe flexors located between the tibia and fibula
(flexor digitorum longus and flexor hallucis longus), tibialis posterior and the peroneals. We
have not identified other studies that have examined the response of these muscles to
downhill running in rodents. It is plausible that one or more of these muscles undergoes
greater strain or eccentric activity during downhill running than the others, resulting in
greater muscle damage and T2 elevation. Furthermore, these muscles are primarily
composed of fast-twitch fibers in rodents54 which also increases their susceptibility to
muscle damage. The functional role of these muscles during downhill running and their
susceptibility to muscle damage in mdx mice warrants further investigation.
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We utilized two measures from T2-weighted imaging to examine changes in signal intensity
after exercise: mean T2 relaxation time (ms) from a region of interest and the percentage of
pixels that exceeded a pre-defined threshold. We found that the threshold method used in
this study (% of pixels between 30 and 100 ms) was more sensitive for detecting differences
in T2 between mdx and control mice after downhill running than the mean T2 of the ROI.
Threshold methods for pixel intensity from MRI have previously been used to examine
dystrophic muscle38 and muscle activation following exercise.55 This method differs from
the calculation of the mean T2 from a specified region, as it identifies the proportion of
pixels that exceed a given threshold. In our study the threshold was set two standard
deviations above the mean T2 of uninjured control muscle, therefore it was used to identify
muscle which had a particularly high signal intensity on T2-weighted imaging.

About 60% of mdx mice in our study were able to complete the downhill running protocol
with encouragement, and 100% of control mice were able to run downhill and did not
require any external encouragement. Previous reports have indicated that mdx mice have a
greater fatigue response to treadmill or free wheel running than wild type mice.56,37. Vilquin
et al.18 reported that mdx mice aged 9 to14 months were unable to run for more than 5
minutes without external stimulation on a more intense downhill running protocol than used
in our study (−16 degree decline at 10m/min). They also found that although there were a
few “natural runners” in their group (5 out of 15), two of the mice died one hour post-
exercise. We did not have any fatalities from running in our study, although the protocol was
much longer (45 minutes) and the mice were of a similar age. We also found that all of the
mdx mice were able to complete the horizontal running protocol, even though downhill
running is less energy consuming than horizontal or uphill activity. Therefore, this
difference may not have only to do with muscle fatigue but also a protective response to
muscle damage. The tolerance of mdx mice to downhill running has important implications
when planning studies to examine the response to intervention. Depending on the age of the
animal and the intensity of the protocol a proportion of mice may not be able to complete the
protocol, therefore a “drop-out” rate must be established and accounted for in sample size
estimations.

The limitations of this study must also be considered when interpreting the results. First, we
did not include a group of control mice in the horizontal running protocol to compare with
the mdx group. However, since there was no prolonged T2 elevation observed in the mdx
mice following horizontal running, the comparison to controls may not have provided any
additional information regarding susceptibility to muscle damage. Second, the T2
measurements were made using single exponential analysis from two echo times, which has
previously been employed by our group34,52 and others.55 Although the experiment may
have benefitted from multi-exponential analysis in order to further differentiate muscle
damage from inflammation, it is challenging to obtain images at multiple TEs during in-vivo
experiments without the contribution of stimulated echoes. Therefore this approach was
beyond the scope of this study. Finally, the correlation between Evans Blue Dye positive
fibers and percent of pixels with elevated T2 is limited by the fact that perfect registration
between the histological cross-section and trans-axial MR image was not obtained, although
the mid-belly of the muscle was sampled for both measures. However, we observed
macroscopically that bundles of damaged muscle fibers, positive for EBD, ran continuously
along the entire length of a muscle and were therefore captured on multiple cross-sections.
This has also been shown using longitudinal muscle sections of EBD positive fibers in mdx
mice by Straub et al.3 Similarly, areas of elevated muscle T2 were observed in the same
spatial location on multiple trans-axial images of the muscle. Although the cross-sections
were not exactly registered, the correlation between histology and MRI findings of muscle
damage based on using the mid-belly region of the muscle seems acceptable based on the
distribution of damaged fibers along the entire length of a muscle.
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Conclusion
The protocol for downhill running used in this study provides a stimulus to induce muscle
damage in the lower hindlimbs of mdx mice, which can be noninvasively visualized using
T2-weighted MRI. Using MRI to examine T2 changes following exercise allows for repeated
and longitudinal measurements to be made from multiple muscles in a single animal. The
ability to examine several muscles simultaneously is particularly important, since not all
muscles respond in the same way to downhill running. Therefore MRI may be used to
complement histological studies by determining which muscles experience the most damage
and should be examined further. An important aspect of the downhill running protocol used
in this study was its ability to differentiate mdx mice who experience muscle T2 changes
from downhill run wild type mice and mdx mice run on a horizontal grade treadmill, who do
not experience elevated T2 after running. In addition, this protocol allowed for the
examination of acute muscle damage following a known and timed event. This can be often
be difficult in dystrophic mice due to the background presence of asynchronous bouts
muscle damage and recovery.
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CK creatine kinase

DMD Duchenne muscular dystrophy
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MRI magnetic resonance imaging

T2 muscle transverse relaxation time
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Figure 1.
Trans-axial MR image of the right lower hindlimb showing regions of interest (ROIs) for
muscle T2 analysis (TR = 2000ms, TE = 14ms). Muscles in each region include: tibialis
anterior and extensor digitorum longus in the anterior compartment, flexor hallucis and
flexor digitorum in the medial compartment and gastrocnemius, soleus and plantaris in the
posterior compartment.
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Figure 2.
Panel A. Muscle T2 of the lower hindlimb muscles of mdx and control mice before and after
a single bout of downhill running (mean ± SEM). The mdx mice had higher T2 values than
controls at all time points (pre and post-exercise) (p < 0.001; denoted by *). The mdx mice
showed a significant increase in muscle T2 immediately post-exercise (p < 0.05, denoted by
†). No significant difference was observed in T2 values of control mice following a bout of
downhill running. Panel B. Percentage of pixels with elevated T2 (% damaged muscle;
mean ± SEM) in the lower hindlimb muscles of mdx and control mice before and after
downhill running. The mdx mice had higher % damage at all time points (pre and post-
exercise) than controls (p < 0.001; denoted by *). Also, mdx mice showed a significant
increase in % damaged muscle immediately following the downhill running bout (post-ex),
as well as 24 hr and 48 hrs later, compared to pre-exercise values (p < 0.05, denoted by †).
The control mice did not show a significant change in % damaged muscle following
downhill running.
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Figure 3.
Panel A. Percent of pixels with elevated muscle T2 recovered to baseline values ten days
after downhill running (* denotes significant difference from baseline, p < 0.05). Panel B.
Transaxial, T2-weighted images from the lower hindlimb of an mdx mouse before and after a
single bout of downhill running for 45 min (−14 degrees, 8–10 m/min). Note specific area of
hyperintensity in the medial region, between the tibia and fibula, which is recovered after 10
days. Panel C. Three-dimensional rendering of a single mouse hindlimb showing region of
muscle damage in the medial compartment.
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Figure 4.
Muscle T2 values in mdx mice following a single bout of downhill running compared to
horizontal running. Muscle T2 showed a significant increase immediately following
downhill running (compared to pre-exercise, p < 0.05, denoted by *) but not following
horizontal grade running.

Mathur et al. Page 16

Muscle Nerve. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Change in % muscle damage in individual muscle compartments of mdx mice following a
bout of downhill running. The medial muscle compartment (flexor hallucis/digitorum longus
muscles) had a higher % of damaged muscle at baseline than the anterior and posterior
muscle compartments (p < 0.05; denoted by *) and also showed significant increases in %
damage from pre-exercise values, immediately post-exercise and at 24 and 48 hours (p <
0.05, denoted by †).
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Figure 6.
Panel A. Correlation between % of pixels with elevated T2 and % of area showing damaged
fibers using Evans Blue Dye (r = 0.79, p < 0.001, n = 23). Panel B. Trans-axial MRI of the
lower hindlimb and corresponding histological section of the flexor digitorum longus muscle
from the medial compartment showing damaged muscle fibers, positive for Evans Blue Dye.
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