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Background. Duchenne muscular dystrophy (DMD), an inherited recessive X
chromosome-linked disease, is the most severe childhood form of muscular dystro-
phy. Boys with DMD experience muscle loss, with infiltration of intramuscular fat
into muscles.

Objectives. This case series describes the progression of DMD in boys using
magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS).
Magnetic resonance results are then compared with an established functional timed
test.

Methods. Four boys with DMD and 4 healthy age-matched controls were chosen
from a larger cohort. Boys with DMD were assessed at 4 time points over 2 years, with
controls assessed at baseline only. Progression of the disease was documented by
assessing the plantar flexors using MRI and MRS techniques and by assessing ambu-
lation using the 30-Foot Fast Walk Test.

Results. Transverse relaxation time (T2) values were elevated in all boys with DMD
at baseline. The lipid ratio increased rapidly as the disease progressed in 2 boys.
Discrete changes in T2 in the other 2 boys with DMD indicated a slower disease
progression. Magnetic resonance imaging and MRS allowed monitoring of the disease
over all time periods regardless of ambulation status.

Limitations. The magnetic resonance data were collected with 2 different mag-
nets at 2 different field strengths (1.5 and 3.0 T). Although we corrected for this
difference, care must be taken in interpreting data when different image collection
systems are used. This was a case series of 4 boys with DMD taken from a larger
cohort study.

Conclusions. Magnetic resonance imaging and MRS are objective, noninvasive
techniques for measuring muscle pathology and can be used to detect discrete
changes in both people who are ambulatory and those who are nonambulatory.
These techniques should be considered when monitoring DMD progression and
assessing efficacy of therapeutic interventions.
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Duchenne muscular dystrophy
(DMD) is the most common
and most severe childhood

form of muscular dystrophy.1 It is an
inherited recessive X chromosome-
linked disease that occurs primarily
in boys. In this disease, the absence
of dystrophin, a large sarcolemmal
protein, leads to an increased sus-
ceptibility to contraction-induced
muscle damage. As boys with DMD
become older, they experience pro-
gressive muscle loss, and muscles
becomes progressively infiltrated
with intramuscular fat.2 The clinical
manifestation of DMD includes mus-
cular weakness, activity restrictions,
and loss of ambulation between the
ages of 10 and 15 years. Males with
DMD typically die in their early
twenties as a result of cardiopulmo-
nary complications. There is cur-
rently no known cure for DMD.
However, many clinical trials to
modify disease progression are
under way.3–5

As new therapeutic strategies for
DMD are developed, there is a need
for new objective, sensitive measure-
ment techniques that can be used to
monitor disease progression and to
assess the efficacy of these treat-
ments. Although various types of
clinical measurements are currently
used, there are some drawbacks
associated with each of them. Histor-
ically, clinical observations, timed
functional measures, and manual
muscle testing have been used to
monitor DMD. However, these mea-
sures provide little information
about the underlying muscle patho-
physiology.6–11 Although serum cre-
atine kinase, a marker of muscle
damage, has been used as an end-
point measure in some clinical trials,
this method lacks sensitivity, espe-
cially when there is a significant
decrease in muscle mass.12–14 Muscle
biopsies are commonly used to con-
firm a diagnosis of DMD and to pro-
vide information during clinical tri-
als. However, this is an invasive

technique that allows for the exami-
nation of only relatively small
amounts of muscle tissue from
selected portions of a muscle and
may not be representative of the
entire muscle.15 Therefore, finding a
reliable, objective noninvasive mea-
sure to document disease progres-
sion has become essential as clinical
trials move forward.

A recent development is the use of
magnetic resonance imaging (MRI)
and magnetic resonance spectros-
copy (MRS) techniques to examine
skeletal muscles during disease pro-
gression in DMD. Magnetic reso-
nance imaging creates images using
a series of successive pulse
sequences with varying lengths of
echo time (TE) and repetition time
(TR), resulting in changes of contrast
and brightness of the acquired
images. Longitudinal relaxation time
(T1)-weighted MRI, which uses a
short TE and short TR, has been used
to monitor changes in muscle cross-
sectional area. Transverse relaxation
time (T2)-weighted MRI, which uses
a longer TE and TR, has been imple-
mented as a marker of muscle dam-
age and inflammation. Although MRI
creates images, MRS yields an assay
of the elements that make up a sam-
ple by placing the sample in a strong,
very uniform magnetic field and
exposing it to electromagnetic
energy that is in the radio frequency
range. The different elements in the
sample each resonate at a particular
known frequency. In DMD research,
MRS is used to measure intramuscu-
lar fat, a key pathophysiological fea-
ture of disease progression.16–19

Another advantage of MRI and MRS
is that these techniques are noninva-
sive and can be used to examine mul-
tiple muscle groups simultaneously.

Together, MRI and MRS provide
detailed information relevant to the
examination of skeletal muscle in
DMD. However, few studies have
been published in which these tech-

niques have been used in concert to
examine disease progression in boys
with DMD.12

The objective of this investigation
was to describe the progression of
DMD in humans using a combination
of MRI and MRS measurement
techniques. A secondary goal was to
compare the results from MRI and
MRS of the participants’ perfor-
mance of the 30-Foot Fast Walk Test,
a standardized timed test of func-
tional ambulation. To this end, 4
boys with DMD were assessed over a
2-year period using T1- and T2-
weighted MRI and 1H-spectroscopy
MRS.

Method
Consent for participation in the
study was given by a parent or guard-
ian of each boy at the initial visit.
Participants were chosen from a
larger cohort study illustrating the
heterogeneity of this population and
varying degrees of progression in
similar age groups. Each boy with
DMD was age matched with a
healthy control. Magnetic resonance
screening was performed to ensure
safety prior to entering the magnet.
The total time to conduct a com-
bined MRI and MRS was 1.5 to 2
hours. Our examination specifically
targeted the ankle plantar flexors, as
they play a primary role in ambula-
tion. After the MRI and MRS were
completed, participants were
assessed using the 30-Foot Fast Walk
Test. In addition, qualitative muscle
analyses of lower leg compartments
were described.

Available With
This Article at
ptjournal.apta.org

• eTable: Participant
Demographics
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Participants
The study participants were 4 boys
with DMD and 4 healthy age-
matched controls. The boys with
DMD were tested at baseline and at
6, 12, and 24 months. The controls
were tested once at baseline. Each
participant was given an identifier,
which denoted either DMD (Duch-
enne muscular dystrophy) or C (con-
trol) and the boy’s age. Because 2
boys with DMD and their controls
were the same age, a letter (A or B)
was appended to the participant
identifier.

All 4 boys with DMD were taking
corticosteroids as part of their med-
ical care at the time of the study;
however, the dose and age of initia-
tion of steroids varied across partic-
ipants. Demographic information for
the 4 boys with DMD and their aged-
matched controls is presented in the
eTable (available at ptjournal.
apta.org).

Participant DMD 8A was 8.1 years
old at baseline. He was diagnosed
with DMD at 6 years of age. He
ambulated with increased lumbar
lordosis, toe walking, and waddling
side to side with a wide base of sup-
port to shift his weight over his feet.
He frequently stopped to rest due to
fatigue, holding on to the wall for
balance when ambulating short dis-
tances. The Brooke Lower Extremity
Functional Rating Scale (Brooke
score) scores functional ability in
the lower extremities (LEs) in people
with neuromuscular disease.20 The
participant’s Brooke score was 4,
representing that he could walk
unassisted and rise from a chair but
could not climb stairs. The combina-
tion of gait deviations seen in this
individual is characteristic of this dis-
ease.21–23 Participant DMD 8A was
the only participant who had muscle
contractures of the heel cords, ham-
strings, hip abductors, and hip flex-
ors at the start of the study.

Participant DMD 8B was 8.9 years
old at baseline, ambulated without
difficulty, and was capable of com-
pleting the timed 30-Foot Fast Walk
Test. His walking pattern did not
demonstrate any apparent gait devi-
ations at the initial time point, and
his Brooke score was 1, indicating he
could walk and climb stairs without
assistance. He was diagnosed at age
4 years after the family noted he was
having difficulty keeping up with his
peers. His range of motion for the
lower extremities was within normal
limits.

Participant DMD 11 was 11. 9 years
of age at baseline. He was diagnosed
at 6 years of age after the family
noticed he had difficulty keeping up
with his peers. On the Brooke scale,
he had a score of 1, indicating his
ability to walk and ascend 4 stairs
without assistance. His gait pattern
by observation demonstrated a nor-
mal heel-toe pattern of progression
across the floor without any gait
deviations. He had no contractures
at the time of entry into the study.

Participant DMD 13 was 13.9 years
of age at baseline and ambulating,
although slowly and cautiously,
without an assistive device. He was
diagnosed at 8 years of age after sev-
eral years of treatment for coordina-
tion problems. His gait pattern dem-
onstrated increased lumbar lordosis,
in-toeing, and side-to-side waddling;
however, no toe walking was
observed. On the Brooke scale, par-
ticipant DMD 13 had an initial score
of 4, indicating he could walk unas-
sisted and rise from a chair but could
not climb stairs. He was without
muscle contractures at the beginning
of the study.

MRI and MRS
Magnetic resonance imaging of the
lower leg muscles was performed on
the right lower extremity with a
Signa 1.5-T scanner (GE Healthcare,
Waukesha, Wisconsin) for partici-

pants DMD 13 and DMD 8B. Partici-
pants DMD 8A and DMD 11 and all 4
control participants were tested
with a 3-T Achieva Quasar dual imag-
ing unit (Philips, Best, the Nether-
lands). All participants were placed
supine in the scanner with their
lower leg positioned in a lower
extremity quadrature coil (1.5 T) or
an 8-channel SENSE receive-only
knee coil (3.0 T) (Invivo, Gainesville,
Florida) during collection of data.
For the imaging scans, the fields of
view were optimized (calf: 12–14
cm2), and 3-dimensional gradient-
echo imaging was performed to
obtain transaxial, fat-suppressed, T1-
weighted images (1.5-T system:
TR�18 milliseconds, TE�3.5 milli-
seconds, flip angle�10°; 3T system:
TR�24 milliseconds, TE�1.8 milli-
seconds, and flip angle�20°). Spin
echo images were acquired to mea-
sure T2 (11–18 axial slices, slice
thickness�7 mm; 1.5-T system:
TR�2 seconds, 4 echoes, TE�26,
52, 78, and 104 milliseconds; 3-T sys-
tem: TR�3 seconds, 5 echoes,
TE�20, 40, 60, 80, and 100 millisec-
onds). For 1H-MRS measurements, a
voxel (volume of �5,800 mm3) was
selected using the transaxial, fat-
suppressed T1-weighted images of
the lower leg. The voxel was placed
inside the soleus muscle, with care
to avoid visible vasculature, subcuta-
neous fat, and myofascial divisions.
Spectra were acquired using MRS
with the following parameters:
TR�3,000 milliseconds, TE�108
milliseconds, 64 scans, 2,084 data
points, and spectral width�2,500
Hz.

MRI/MRS Data Analysis
The MRI and MRS analyses were car-
ried out using methods and mea-
sures, described below, that have
been shown to have excellent inter-
rater reliability and day-to-day repro-
ducibility.24 Individuals carrying out
the analyses were appropriately
trained and experienced. Further-
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more, similar methods have been
used by other groups.12,18

First, individual muscles (soleus,
medial, and lateral gastrocnemius)
were manually participant’s outlined
on all of each participant’s fat-
suppressed T1-weighted images
using OsiriX software (version 3.8.1,
http://www.osirix-viewer.com). The
slice with the greatest cross-sectional
area (CSA) was then identified for
the soleus and medial and lateral gas-
trocnemius muscles.

Maximum CSA (CSAmax) was calcu-
lated for each muscle as the mean
CSA from 3 consecutive slices (the
greatest CSA, the slice proximal to
the greatest CSA, and the slice distal
to the greatest CSA). The CSAmax of
the triceps surae muscle group in the
posterior compartment of the lower
leg was calculated by summing the
CSAmax values of the soleus and
medial and lateral gastrocnemius
muscles. In addition to measuring
muscle size, T2 has been shown to be
sensitive to changes in muscle com-
position and involvement in people
with DMD.25 Mean T2 values of the
triceps surae muscles were calcu-
lated. Three axial slices of the lower
leg were chosen in the region in
which the most proximal slice of the
flexor digitorum longus was visually
present. T2 MRI maps were then
developed using echoes 2 to 4 (1.5
T) or 2 to 5 (3.0 T) and fitting the
signal intensity with a mono-
exponential equation. Due to differ-
ences in T2 field strengths, a correc-
tion factor was applied. For this
purpose, T2 measurements were
acquired from a volunteer using the
1.5- and 3.0-T systems. The correc-
tion factor allowed for direct com-
parisons of both systems. Relative
concentrations of water and lipid
were determined from fitting the
1H-MRS data in the time domain
using jMRUI software (developed by
European Communities Project IMR/
Networks ERB-FMRX-CT970160)

and a lipid fraction (lipid/
[lipid�water]) was then calculated.
Water and lipid signals were cor-
rected for partial saturation using T2

of 1H2O measured for each partici-
pant using stimulated echo acquisi-
tion mode and literature values for
T1 and T2 of lipid and T1 of 1H2O.26,27

Timed Functional Tests
Boys with DMD and control partici-
pants were asked to perform the
30-Foot Fast Walk Test, which is a

standard clinical measure of func-
tional ability.8 The participants were
asked to perform the task 3 times, as
fast as they could without running.
Participants were timed using a stop-
watch. The best time from the 3 tri-
als was used for analysis and compar-
ison purposes.

Results
Participant DMD 8A
As illustrated in Figure 1A at base-
line, the MRI T2 value in the plantar

Figure 1.
Participant DMD 8A: (A) T2 (transverse relaxation time), a marker of muscle damage and
inflammation; (B) CSAmax (maximal cross-sectional area); (C) lipid fraction presented
as total percentage of muscle infiltrated with lipid; and (D) 30-Foot Fast Walk Test.
These measurements are represented with different patterned columns for the base-
line measure of the healthy age-matched control and participant with Duchenne
muscular dystrophy (DMD) for baseline, 6, 12, and 24 months (except for the 30-Foot
Fast Walk Test, which had only the baseline measure prior to becoming nonambula-
tory). This participant demonstrated a rapid disease progression over time across all
measurements.
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flexors for participant DMD 8A was
greater than that of his age-matched
control (participant C 8A), and these
T2 values progressively increased
over the 2-year period. Participant
DMD 8A’s CSAmax, as measured on
T1-weighted images, was greater
than that of participant C 8A at all
time points. This value progressively
increased approximately 1.25-fold
between baseline and 24 months
(Fig. 1B). At baseline, in the soleus
muscle, intramuscular fat infiltration
was greater than that of participant C
8A. Furthermore, the lipid fraction
increased progressively and dramati-

cally over the course of the study. As
shown in Figure 1C, there was a 6.4-
fold increase of total muscle infiltrate
(70% at 24 months versus 11% at
baseline) over 2 years. Figure 2 dem-
onstrates the muscle composition of
the lipid fraction using MR spectros-
copy. Note the replacement of mus-
cle by fat in the soleus muscle. This
participant was able to complete the
30-Foot Fast Walk Test initially at a
time that was considerably slower
than that of the age-matched control
(Fig. 1D). Shortly after the baseline
assessment, this individual became
nonambulatory and was unable to

complete the walk on any of the sub-
sequent assessments.

Participant DMD 8B
As illustrated in Figure 3A, the base-
line T2 values from MRI of the plan-
tar flexors for participant DMD 8B
were modestly different from those
of participant C 9B. However, the T2

values remained relatively stable
over the 2-year period. The CSAmax
of the plantar flexors initially was
2.85-fold higher than that of the con-
trol participant (44 cm2 compared
with 16 cm2) and gradually increased
during the subsequent 2 years
(Fig. 3B). The baseline lipid fraction
of the soleus muscle for this partici-
pant was essentially the same as that
of participant C 9B, as demonstrated
in Figure 3C. Although the lipid frac-
tion increased over the 2-year
period, the final level only slightly
exceeded that of the control partici-
pant (4% of total muscle infiltrate).
The time required by participant
DMD 8B initially to complete the
30-Foot Fast Walk Test was slightly
longer than that for the age-matched
control participant (6.5 seconds ver-
sus 4.8 seconds); however, this time
remained relatively constant over
the 2-year period (Fig. 3D). In gen-
eral, with the exception of an
increase in CSAmax, these results
indicate a rather mild progression of
DMD in this participant relative to
the control over 24 months (8–10
years old).

Participant DMD 11
As illustrated in Figure 4A, baseline
T2 values for the plantar flexors of
participant DMD 11 were elevated
over those of participant C 11 (49.1
milliseconds versus 44.2 millisec-
onds), with minimal change in this
level during the following 24
months. The CSAmax for the plantar
flexors was initially greater than that
of the age-matched control partici-
pant, and muscle size continued to
increase progressively over the sub-
sequent 2 years (Fig. 4B). The lipid

Figure 2.
Example of lipid changes over 2 years in the soleus muscle of participant DMD 8A
compared with age-matched control at baseline. T1 fat-suppressed images with voxel
placement and associated magnetic resonance spectroscopy for corresponding time
points were used to demonstrate changes. Note the water peak decreased and the lipid
peak increased over time in this individual, demonstrating the replacement of muscle
by fat. The y-axis units of the spectra represent arbitrary units, and the values were
quantified as a ratio lipid/(lipid�water) for comparisons. DMD�Duchenne muscular
dystrophy.
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values of the soleus muscle at base-
line were similar to those of the con-
trol participant (5% versus 3% of
total muscle infiltrate), with values
essentially unchanged over the
2-year period (Fig. 4C). Participant
DMD 11 initially was able to com-
plete the 30-Foot Fast Walk Test,
comparable to participant C 11 (5.2
seconds versus 4.8 seconds); this
time remained relatively constant
over the 24 months (Fig. 4D). These
results indicate that, except for the
increase in muscle size, the disease
in this participant remained reason-
ably stable.

Participant DMD 13
As illustrated in Figure 5A, the base-
line T2 values of the plantar flexors
for participant DMD 13 was greater
than that of participant C 12 by 38%
(61.1 milliseconds versus 44.2 milli-
seconds). These values did not
change significantly over 24 months.
The CSAmax of the plantar flexors
for participant DMD 13 initially was
1.7-fold greater than that of the age-
matched control participant, and
muscle size remained relatively con-
stant over the next 2 years (Fig. 5B).
At baseline, in the soleus muscle,
intramuscular fat infiltration was
greater than that of participant C 12.
As shown in Figure 5C, the baseline
lipid fraction for the soleus muscle of
this boy was greater than that of the
control participant (28% versus 1%
of total muscle infiltrate). These val-
ues continued to progressively
increase in participant DMD 13 over
the 2-year test period (46% versus
28% of total muscle infiltrate), as
demonstrated in Figure 5C. The base-
line time for this boy to complete the
30-Foot Fast Walk Test was 2.23-fold
longer than that of the control par-
ticipant (11.3 seconds versus 5.1 sec-
onds). Furthermore, this time contin-
ued to steadily increase over the first
year until the participant became
nonambulatory and was unable to
participate at the 2-year time point.
These results suggest that there was

a moderate amount of progression in
participant DMD 13 over the 2-year
period (13–15 years of age) com-
pared with the other participants
with DMD in this study.

Qualitative Analysis of Lower Leg
MR Images
The T1-weighted MR images
obtained at the 24-month assess-
ment, showing fat suppression of all
muscles of the lower leg, are pre-

sented for each boy with DMD in
Figure 6. The image in Figure 6 for
the control participant was obtained
at baseline. In the figure, fat appears
as an area of hypointensity, repre-
sented by dark streaks within the
soleus muscle and dark speckled
marbling in the gastrocnemius and
fibularis muscle bellies (fibularis lon-
gus and brevis), with the exception
of the fascial divides between indi-
vidual muscles in these images. This

Figure 3.
Participant DMD 8B: (A) T2 (transverse relaxation time), a marker of muscle damage and
inflammation; (B) CSAmax (maximal cross-sectional area); (C) lipid fraction presented
as total percentage of muscle infiltrated with lipid; and (D) 30-Foot Fast Walk Test.
These measurements are represented with different patterned columns for the baseline
measure of the healthy matched control and participant with Duchenne muscular
dystrophy (DMD) for baseline, 6, 12, and 24 months. Note that the lipid fraction and
CSAmax demonstrated a gradual increase over the 2-year time period. However, the T2
values and 30-Foot Fast Walk Test remain fairly stable over this same time period.
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hypointensity was noted in all
images analyzed regardless of the
field strength of the magnet used to
acquire the images. This finding is
indicative of disease progression as
fat enters the muscle in this
population.

Visual inspection indicated that
there was more fat infiltration in the
lower leg muscles of participants
DMD 8A and DMD 13 relative to the
muscles of participants DMD 8B and
DMD 11. This qualitative finding is

confirmed by the quantitative results
from MRS and presented above.
More specifically, lipid fractions
(percentage of lipid in the muscle) in
the soleus muscle were 70% for par-
ticipant DMD 8A, 46% for participant
DMD 13, 4% for participant DMD 8B,
and 1% for participant DMD 11.
Although we observed qualitative
differences between some muscles,
we did not observe a difference
between the soleus and gastrocne-
mius muscles in quantitative T2 (eg,
at the 2-year time point in DMD,

soleus muscle: X�63.6 milliseconds,
SD�11.8; medial gastrocnemius
muscle: X�62.5 milliseconds,
SD�12.3; and lateral gastrocnemius
muscle: X�66.9 milliseconds,
SD�11.3). Therefore, we combined
these muscles and reported the com-
bined triceps surae muscle values for
the T2 analysis.

Discussion
Previous studies have used MRI to
investigate fat infiltration and pat-
terns of muscle involvement across
dystrophies and myopathies.28–31

Recent DMD studies have investi-
gated the utility of MRI measures,
such as fat fraction of the thigh and
pelvic muscles, as markers of disease
severity and as predictors of future
loss of function.32–34 Magnetic reso-
nance imaging has not been used
routinely as a clinical measure in this
population due, in part, to the high
cost of imaging, the lack of data doc-
umenting longitudinal disease pro-
gression, and data showing a strong
correlation of MRI and MRS mea-
sures with concurrent functional
measures and future disease progres-
sion. In this study, we addressed this
gap in the literature by describing
the progression of DMD over a
24-month period in 4 boys who had
different presenting DMD pheno-
types and different ages. Assess-
ments were performed over a 24-
month period using noninvasive MRI
and MRS techniques to gather data.

The results support our hypothesis
that imaging is a useful tool for
assessing the current DMD disease
status and progression of the DMD
disease process over time. The T2

values were elevated in all of the
boys with DMD at baseline. The lipid
ratio increased rapidly as the disease
progressed in participants DMD 8A
and DMD 13. In addition, the lipid
ratio measure was able to detect dis-
crete changes in participants DMD
8B and DMD 11, although the dis-
ease remained relatively stable in

Figure 4.
Participant DMD 11: (A) T2 (transverse relaxation time), a marker of muscle damage and
inflammation; (B) CSAmax (maximal cross-sectional area), (C) lipid fraction presented
as total percentage of muscle infiltrated with lipid; and (D) 30-Foot Fast Walk Test.
These measurements are represented with different patterned columns for the baseline
measure of the healthy matched control and participant with Duchenne muscular
dystrophy (DMD) for baseline, 6, 12, and 24 months. Note that this individual remained
stable across time periods except for an increase in CSAmax, demonstrating a slower
progression of this disease.
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these 2 boys. When qualitative anal-
yses of fat infiltration from MR
images of the lower leg were per-
formed, it appeared as though mus-
cles lying close to the tibia and
interosseous membrane were less
affected in the boys with DMD.
Taken together, these results suggest
that MRI and MRS techniques may be
useful in following the progression
of DMD and that further studies are
warranted.

Participants DMD 8A and DMD 13
demonstrated a progressive increase
in lipid values, peaking at 70% and
46% of the total muscle, respectively,
at the last time point, and both boys
were nonambulatory at that time.
Increasing fat infiltration likely con-
tributed to the loss of ambulation in
these boys. Akima et al35 reported a
strong inverse relationship between
noncontractile area and ambulatory
function in boys with DMD. In con-
trast, in participants DMD 8B and
DMD 11, the maximal lipid values
were 1% and 4% of the total muscle,
respectively, demonstrating a more
stable disease process. Detecting
variations in the pathophysiology of
the muscles in this disease process
affords a unique view of the disease
progression that has not been avail-
able by other techniques.36,37 Over-
all, these results indicate that intra-
muscular fat deposition assessed
using MRS is a highly sensitive way
to follow the progression of DMD,
even when changes are relatively
small, and may provide an important
predictive biomarker.16,36,37

In addition, as expected, higher T2

MRI values were seen in boys with
DMD compared with matched con-
trols. All boys with DMD demon-
strated elevated T2 values at baseline,
including those with a slower pro-
gression, compared with the con-
trols. T2 maps, which are sensitive to
muscle inflammation, damage, and
intramuscular fat, varied among boys
with differing rates of DMD progres-

sion.38 In boys with more rapidly
developing disease, the T2 levels
reached maximal values at the 2-year
period of 60 to 98 milliseconds. This
finding represents a 2-fold increase
in participant DMD 8A over that of
his age-matched control. Conversely,
the T2 values in boys with more
slowly progressing disease demon-
strated a relatively constant T2,
although elevated in comparison
with controls at all time points.12,34

All boys with DMD were compared
with age-matched controls and
found to have higher CSAmax values
independent of disease progression.
One of the well-known clinical hall-
marks of DMD is enlarged calf mus-
cles. These results suggest that
although calf muscle size increases
with age in individuals with DMD as
expected from growth, measure-
ments of CSAmax may not be one of
the more sensitive methods to track

Figure 5.
Participant DMD 13: (A) T2 (transverse relaxation time), a marker of muscle damage and
inflammation; (B) CSAmax (maximal cross-sectional area); (C) lipid fraction presented
as total percentage of muscle infiltrated with lipid; and (D) 30-Foot Fast Walk Test.
These measurements are represented with different patterned columns for the baseline
measure of the healthy matched control and participant with Duchenne muscular
dystrophy (DMD) for baseline, 6, 12, and 24 months (except for the 30-Foot Fast Walk
Test; 24 months, the participant was nonambulatory). Note the progressive nature of
the lipid fraction and increase in time to perform the 30-Foot Fast Walk Test over the
2-year period. T2 and CSAmax remained relatively stable across time periods.
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the advancement of DMD. Further-
more, it is important to note that this
increase in CSAmax does not rou-
tinely translate to infiltration of fat in
the muscle, as evidenced by the 2
slower progressing participants
(DMD 8B and DMD 11) shown in
Figures 1 and 3.

Another factor to consider when
examining the results is the use of
steroids. Participants DMD 8A and
DMD 13 both began steroids at age 7
years, which was later than the other
boys in the study (eTable). Although

there is not a clear consensus on the
age of initiation of corticosteroids or
on the frequency of dosing, we note
that changes in dosing and variations
in frequency, which may have been
related to side effects, were not doc-
umented in this case series. A recom-
mended dose for prednisone of 0.75
mg per kilogram of body weight per
day, or 0.9 mg per kilogram per day
for deflazacort, has been published
by Manzur et al39 and subsequently
supported in recent literature.5,40,41

The boys in this case series were

generally within those parameters,
as noted in the eTable.

Qualitative analysis using visual
inspection revealed that there was
individual variability in the degree of
fat deposition across all lower leg
muscles and among boys. However,
general patterns were observed in all
boys. In lower leg muscles, the fibu-
laris muscles (fibularis longus and
fibularis brevis) appeared to be most
affected. The soleus and intermedi-
ate gastrocnemius muscles and mus-
cles lying close to the tibia and

Figure 6.
T1–weighted magnetic resonance images with fat suppression at the 2-year time point for all participants with Duchenne muscular
dystrophy (DMD) were used for visual inspection, and the control image was taken at baseline. The individual muscles of the lower
leg are indicated in the control image: F�fibularis muscles (fibularis longus and brevis), TA�tibialis anterior muscle, TP�tibialis
posterior muscle, LG�lateral gastrocnemius muscle, and MG�medial gastrocnemius muscle. Note the general pattern of hypo-
intensity with fibularis muscles most affected, soleus and gastrocnemius muscles intermediate, and tibialis posterior and tibialis
anterior muscles least affected. These findings are indicative of the disease progression.
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interosseous membrane (ie, tibialis
posterior, long toe flexors, exten-
sors, and tibialis anterior) appeared
to be least affected. Torriani et al,18

using MRI and MRS, found that boys
with DMD had the highest fat infil-
tration in the fibularis muscles. More
recently, Lott et al42 demonstrated
lipid to be greatest in the fibularis
muscles for the lower leg using MRS.
Further substantiating this finding,
Willcocks et al38 demonstrated that
T2 values were elevated significantly
in the fibularis and soleus muscles.

A measured, timed walk test is typi-
cally used as an outcome measure in
the DMD population. In this study,
the 30-Foot Fast Walk Test was used
for all boys. Two participants (DMD
8A and DMD 13) lost ambulation by
the 6- and 24-month time points.
With the loss of ambulation, the
30-Foot Fast Walk Test can no longer
be utilized to follow disease progres-
sion or be predictive of pathology in
these individuals. Magnetic reso-
nance imaging and MRS allowed for
the disease to be monitored over all
time periods and for all participants
(Figs, 1, 3, 4, and 5). Our results
indicate that, regardless of the rate of
disease progression, MRS and MRI
may be especially valuable to follow
progression of DMD in these
instances, documenting subtle, dis-
crete changes in the muscle
pathophysiology.18,43,44

There were at least 3 limitations to
our study. First, this was a case series
with a limited number of partici-
pants taken from a larger cohort
study. Second, the magnetic reso-
nance data were collected with 2
different magnets at 2 different field
strengths (1.5 and 3.0 T). Although
we corrected for this difference, care
should be taken in the interpretation
of data when different image collec-
tion systems are used. Third, the con-
trols in this study were imaged only
at baseline. However, Mathur et al45

demonstrated there was a steady

increase in CSAmax of the lower leg
muscles across controls aged 5 to 14
years compared with individuals
with DMD. Recently, Forbes et al24

demonstrated no change in lipid
fraction or T2 in controls among age
groups 5 to 7 years up to 11 to 14
years.24 Both studies support the use
of a single baseline measure in con-
trols. Despite these limitations, the
results of this study provide unique
longitudinal findings in children
with DMD and should be of utility
for future investigations.

Magnetic resonance imaging and
spectroscopy may play a critical role
in future clinical trials in their capa-
bility to assess muscular contractile
tissue as an inclusion criterion for
drug trials. Clinically, these measures
may assist in determining the appro-
priate medication paired with the
stage of disease progression estab-
lished from imaging. Data gleaned
from these measures may prove to
be predictive of loss of ambulation
and other functional skills. This
information may benefit health care
providers in preparing the family for
loss of function and subsequent
assessment of medical and equip-
ment needs for the care of young
men with this disease.

Taken together, our results show
that MRS and MRI techniques may be
beneficial in the study of DMD. In
particular, measurements of lipid
fractions with MRS and T2-weighted
images from MRI may provide sensi-
tive ways to monitor progression of
the disease in all boys with DMD at
all time points regardless of the stage
of ambulation. Both techniques are
capable of assessing multiple mus-
cles at one time and can provide
information about the progression of
muscle pathophysiology when stan-
dard clinical assessments, such as the
30-Foot Fast Walk Test, are self-
limited by narrow age ranges due to
loss of function. Magnetic resonance
measures were able to detect the dif-

fuse and discrete disease progression
of boys that lost ambulation early
versus late. Although further studies
are needed, these results suggest that
MRS and MRI are objective, noninva-
sive measures of muscle pathology
that should be considered for moni-
toring progression of DMD, treat-
ment planning, and assessing the effi-
cacy of any therapeutic intervention.
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