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Multi-slice MRI reveals heterogeneity
in disease distribution along the length
of muscle in Duchenne muscular dystrophy
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Background. Duchenne muscular dystrophy (DMD) causes
progressive pathologic changes to muscle secondary to a cas-
cade of inflammation, lipid deposition, and fibrosis. Clinically,
this manifests as progressive weakness, functional loss, and pre-
mature mortality. Though insult to whole muscle groups is well
established, less is known about the relationship between intra-
muscular pathology and function.

Objective. Differences of intramuscular heterogeneity across
muscle length were assessed using an ordinal MRI grading scale
in lower leg muscles of boys with DMD and correlated to pa-
tient’s functional status.

Methods. Cross sectional T, weighted MRI images with fat sup-
pression were obtained from ambulatory boys with DMD. Six
muscles (tibialis anterior, extensor digitorum longus, peroneus,
soleus, medial and lateral gastrocnemii) were graded using an
ordinal grading scale over 5 slice sections along the lower leg
length. The scores from each slice were combined and results
were compared to global motor function and age.

Results. Statistically greater differences of involvement were ob-
served at the proximal ends of muscle compared to the midbel-
lies. Multi-slice assessment correlated significantly to age and
the Vignos functional scale, whereas single-slice assessment cor-
related to the Vignos functional scale only. Lastly, differential
disease involvement of whole muscle groups and intramuscular
heterogeneity were observed amongst similar age subjects.
Conclusion. A multi-slice ordinal MRI grading scale revealed
that muscles are not uniformly affected, with more advanced
disease visible near the tendons in a primarily ambulatory pop-
ulation with DMD. A geographically comprehensive evaluation
of the heterogeneously affected muscle in boys with DMD may
more accurately assess disease involvement.

Key words: Duchenne Muscular Dystrophy, magnetic resonance
imaging, myotendinous junction

Introduction

Duchenne muscular dystrophy (DMD), an X-linked
recessive genetic disorder with an incidence of 10.7 to
27.7 per 100,000, is caused by a mutation in the dys-
trophin gene, resulting in an absence or dysfunction of
the protein dystrophin (1, 2). Structurally, progressive
pathological changes in skeletal muscle resulting from
DMD are well described and include inflammation (3),
lipid infiltration (4), and fibrotic deposition (5), leading to
progressive muscle weakness, loss of functional abilities,
and premature mortality (6-8).

Magnetic resonance imaging (MRI) has developed to
be a safe, sensitive, non-invasive, and effective method to
investigate patterns of disease pathology within muscle in
DMD (9-16). To evaluate quality of muscle, Mercuri and
colleagues developed an ordinal scale to qualitatively as-
sess severity and disease distribution in congenital mus-
cular dystrophy using T, weighted MRI imaging (17).
This scale has been utilized and modified for a number of
studies of various muscular dystrophies and myopathies
(16, 18-27). Traditionally, most MRI protocols analyze
muscle data from either single or few consecutive slic-
es, selecting slices based on anatomical landmarks of a
muscle (14, 15). Such evaluation may have limitations as,
published by Vidt and collaborators, who demonstrated
that single-image assessment using T, weighted MRI are
not predictive of 3-D measurements of fatty infiltration in
patients with rotator cuff tears [28]. Additionally, using
water/fat separation MRI, Hooijmans et al. demonstrated
heterogeneous fat fractions throughout the length of mus-
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cle in DMD (26). In DMD, where muscle injury leads to
variable fatty deposition within and between muscles, a
3-D evaluation may provide greater insight into the un-
derstanding of the disease process (10, 14-16, 26).

To date, only one group has published data regard-
ing differences of disease involvement along the length
of muscles in DMD individuals as visible with MRI,
suggesting that the proximal and distal regions of mus-
cle may be preferentially affected when compared to the
muscle belly [26]. This phenomenon is in concordance
with pre-clinical studies that showed geographic vulner-
abilities to disease pathology, specifically an increased
susceptibility to disease at the muscle-tendon junction.
Furthermore, using a modified Mercuri scale, Polavarapu
et al. also reported differences in geographic involve-
ment of different muscles of the thigh, with preferential
involvement of the superficial posterior and lateral mus-
cles groups and sparing of the deep posterior and anterior
muscle groups in DMD patients (16). Importantly, they
also correlated their single-slice findings to the Muscu-
lar Dystrophy Functional Rating Scale, demonstrating a
relationship between function and MRI observations in
the thigh muscles (16). Such observation of heterogene-
ous disease distribution in axial and craniocaudal direc-
tions is critical for understanding the pathophysiology of
muscular dystrophies and the natural progression of such
diseases.

In this study, we confirm and expand upon the cur-
rent knowledge base of DMD pathophysiology and the
recently published work by Hooijmans and Polavarapu
by performing a multi-slice T, weighted ordinal evalua-
tion of individual lower leg muscles in a larger and pri-
marily ambulant DMD patient population. In addition,
we compare proximodistal disease distribution per MRI
with clinical functionality and age. The objectives of the
present study were (a) to utilize multi-slice MRI in lower
legs of boys with DMD to study tendon to muscle differ-
ences of disease involvement (fatty changes and fibrosis)
within and between individual lower leg muscles and (b)
to determine if evaluation in a multi-slice fashion reveals
stronger correlations to age and function than single-slice
analyses in boys with DMD.

Methods

Study design

In this cross sectional study, 30 boys (age, 9.9 =
2.7 years; range, 6.2-15.2; height, 1.27 + 0.3m; weight,
34.0 + 2.6 kg; ambulatory, 27/30; glucocorticoid positive,
30/30; Vignos median score, 25 IQR%, and 75 IQR% =
2, 1, 2.5) with DMD confirmed by molecular genetic test-
ing (PCR amplification, but specific genetic mutations

not available) and/or immunohistochemistry from biopsy.
In addition, 6 unaffected control males (age, 7.7 + 1.9
years; range, 6.3-13.9 height, 1.31 £ 0.11 m; weight, 26.2
+ 4.1 kg; ambulatory, 6/6; glucocorticoid positive, 0/6;
Vignos median score, 25 IQR%, and 75 IQR% =1, 1,
1) volunteered to participate in the study. All participants
were functionally scored on the Vignos lower extremity
functional scale (29). This study was HIPAA compliant
and approved by the Institutional Review Board at the
University of Florida. Upon thorough description of the
study, written consent was provided by a parent or legal
guardian and written assent was provided by the pediatric
subjects.

Magnetic resonance acquisition and measures

Subjects were asked to avoid any vigorous physical
activity for two days prior to the study and to use a wheel-
chair or equivalent mobility device when traveling to
avoid excessive walking. Acquisitions were performed on
a 3.0 Tesla whole body human system (Achieva, Philips
Medical Systems, Best, Netherlands) at the McKnight
Brain Institute at the University of Florida. With a parent
and study staff member accompanying the subjects in the
testing room, subjects were placed in a supine position
within the magnet without sedation. Each subjects’ right
lower leg was placed in an eight-channel SENSE receive-
only extremity coil (Invivo, Gainesville, FL, USA) with
the proximal end of the coil aligned with the fibular head
and tibial tuberosity. Padded weights were utilized to
maintain the leg in a fixed position for the duration of the
scan. Commercially available T, weighted 3D gradient
echo images were acquired (field of view, 12-24 x 12-14
cm?, voxel size = 0.75 x 0.75 x 2.8 mm?, 50 slices, flip
angle = 20°, TR/TE = 24/1.8, number of averages = 2).
Acquisitions were made with fat suppression using spec-
tral presaturation with inversion recovery (SPIR). Dur-
ing data collection, subjects were shown a movie of their
choice on an in-magnet video display system to facilitate
compliance and minimize movement artifacts during the
scanning.

MRI and function data evaluation

Six muscles (tibialis anterior [TA], extensor digito-
rum logus [EDL], peroneus [Per], soleus [Sol], medial
gastrocnemius [MG], and lateral gastrocnemius [LG])
were analyzed by two blinded reviewers, RW and CB,
with 5 and 10 years of experience assessing muscle on
MRI, respectively. When the two reviewers were not in
agreement (< 5% of slices), selected slices were reviewed
together with the principal investigator who served as a
tie breaker.

For each subject, 5 fat-saturated axial images were
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selected along the length of the leg for image analysis.
Slice selection was acquired based on the lower leg length
percentage distal from the tibial head to account for dif-
ferences in age and height between participants: proxi-
mal: 10 £ 2%, mid-proximal: 19 + 2%, middle: 26 + 2%,
mid-distal: 35 + 2% and distal: 43 + 2% from the tibial
plateau as shown in Figure 1. MRI assessment (Fig. 2)
of each muscle was obtained using the Mercuri grading
scale, previously used for a variety of muscular dystro-
phies (10, 11, 14-17, 30-32).

To demonstrate the distribution of disease within all
muscles, an ordinal scale MRI score was assigned to in-
dividual muscles, based on disease involvement (Figure
2). Note that in T -weighted fat suppressed images, hypo-
intense regions may be composed of either lipid infiltrate
or fibrosis though the major contributor responsible for
hypointense signal is fatty replacement. Further, MRI
scores were binned in the following categories for evalu-
ation purposes: not affected (MRI Score = 0), moderately
affected (MRI Score = 1-2), or severely affected (MRI
Score = 3-5). To assess the overall disease involvement
of the lower leg muscles, MRI scores for all 6 muscles
were summed to obtain both an overall leg MRI score
and a single middle slice leg MRI score. MRI scores were

Proximal
hid-Proximal
Middle
Mid-Dista
Dristal

Figure 1. Schematic representation of slice selections
along the length of the lower leg. Representation of the
slice positions based the percentage distance along the
tibia (starting at the tibial plateau) along the longitudinal
axis: proximal (P): ~10-12%, mid-proximal (MP): ~17-
21%, middle (M): 25-28%, mid-distal (MD): 33-37%, dis-
tal (D): 41-45% inferior of the tibial plateau.

MRI reveals intramuscular heterogeneity

then normalized to the total number of slices, accounting
for muscle data missing from slices, creating comparable
normalized multi-slice scores and slice scores. Similarly,
Vignos scores were binned into four categories: 1 (able to
walk and climb stairs without assistance), 2 (able to walk
and climb stairs with aid of railing), 3-4 (walks, climbs
stairs slowly, < 25s for 8 standard steps with railing or not
at all), and 5+ (unable to rise from chair, unable to walk
independently, or unable to walk at all). Furthermore,
subjects’ ages and functional ability were compared to
normalized multislice and single-slice scores.

Statistical evaluation

To compare the differences of ordinal MRI scores,
Wilcoxon matched-pairs signed rank tests were per-
formed, comparing the proximal to middle and distal to
middle slices of all muscles. To quantify the relationship
between age and MRI scores, Spearman’s rank correla-
tion was computed. A Kruskal-Wallis test with adjust-
ment for multiple comparisons was used to compare MRI
scores across Vignos score categories. Statistical analyses
were conducted using GraphPad Prism (version 6.0d; La
Jolla, CA, USA). Statistical significance was set at p <
0.05 (two-tailed).

Results

Non-uniform distribution of muscular involvement in
DMD

In order to assess spatial heterogeneity and pathology
within and between muscles, MR images were acquired
along the length of lower legs of boys with DMD (Fig. 1).
Representative cross sectional images (Fig. 3) showed
variability of disease involvement between muscles, with
the Per muscle being the most affected, and with different
degrees of involvement between proximal, midbelly, and
distal portions of muscles (Fig. 3). Furthermore, while
boys with DMD typically demonstrated worse pathology
at the myotendinous junctions, not all subjects revealed
identical patterns of disease affliction. The spectrum of
MRI scores and how different pathology manifests along
various spatial regions of the same muscle are shown in
two similarly aged representative subjects (aged 10.0 and
10.7 years) in Figure 4. When investigating pathology
along the length of muscles, variability was observed,
with greater evidence of disease at the most proximal
and distal ends of muscle as compared to the midbelly
(Fig. 5). Through presentation of each subjects’ muscle
MRI scores (Fig. 5), one can appreciate the differences
in severity of disease based on location within individual
muscles and between specific muscle groups for all sub-
jects. Furthermore, when proximal versus middle single
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Grade Description

Examples

Peroneus Soleus

No Invelvement: normal
appearance

Numerous discrete areas of

than 30% of the muscle area

Numerous discrete areas of
3  decreased signal, comprising
30-60% of muscle area

Washed-out fuzzy

60% muscle area

distinguishable

1 Minimal involvement: increase in
number and thickness of septate

2  decreased signal, comprising less

4 appearance comprising more than

Muscle replaced with connective
tissue and fat, with only a rim of
5  muscle and neurovascular structure

Figure 2. Descriptions of the ordinal MRI scores to describe disease involvement of muscle.

slices were compared of each of the muscles, signifi-
cant differences were observed in five out of the six
muscles (Table 1). No significant differences were ob-
served when comparing the middle versus distal slices
(Table 1).

Relationship between MRI scores, function and age

Table 1. Intramuscular heterogeneity statistical differences

Additionally, a goal of this study was to see if a
comprehensive multi-slice assessment could better cor-
relate with clinical measures than single-slice analyses.
Overall, the study subjects with DMD demonstrated
comparable functional capability to patients of similar
ages in other studies (33, 34). Specifically for our study,

Proximal v. middle Distal v. middle
Per p=0.72,ns p =0.48, ns
EDL p = 0.002** p > 0.99, ns
TA p = 0.0007*** p =043, ns
Sol p = 0.004** p=0.25ns
MG p = 0.03" N/A
LG p < 0.0001**** N/A
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Proximal

DMD

Distal

Figure 3. Representative transverse T -weighted MR images with fat suppression of the lower leg of a control subject
(top row) and subject with DMD (bottom row). MR imaging evaluation of the TA, EDL, Per, Sol, MG, and LG (labeled on
the middle control image) was performed on all muscle groups in a manner described in Figure 2. Note the differences
in the Per (dashed arrow) and TA (solid arrow) muscles at the proximal and distal compared to the middle slices in the

DMD patient.

with increasing ages of subjects, normalized multi-
slice MRI score concurrently increased (rho = 0.69, p
< 0.0001), confirming that disease involvement within
muscle increases as children age (Fig. 6A), whereas nor-
malized single-slice MRI scores (Fig. 6C) did not cor-
relate with the age of the subjects (rho =-0.23, p = 0.25).
Additionally, functional status was measured by Vignos
scoring [29] to assess if MRI grading may be related
to functional capabilities. Increases in both normalized
multi slice scores (p = 0.003, Fig. 6B) and normalized
single-slice scores (p = 0.01, Fig. 6D) were observed
with decreased functional status.

Discussion

The primary purpose of this work was to investi-
gate intramuscular heterogeneity of disease involve-
ment (fatty replacement) in the lower legs of 6-15 year
old boys with DMD through a simple multi-slice MRI
acquisition that can be performed on most clinical MRI
scanners using an established muscle grading scale that
can be easily utilized to assess heterogeneous disease
involvement. Building upon developments of MRI as

a feasible modality to investigate muscle pathology in
DMD, continuing to understand the heterogeneous na-
ture of DMD is critical to further advance our knowl-
edge of this lethal disease (9-11, 13-15).

Through this investigation, we confirmed that a mul-
ti-slice MRI acquisition of subjects with DMD reveals
differential disease involvement within muscles of the
lower leg, most prominently at the myotendinous junc-
tion, as demonstrated by Hooijmans and colleagues (26).
Next, we investigated the relationship between our multi-
slice MRI findings to functional status and patients’ ages.
Also, we provide evidence of heterogeneity of muscular
involvement between DMD subjects of similar age that
has not been, to our knowledge, explicitly reported yet.

Previously, Mercuri et al. developed an ordinal grad-
ing scheme for neuromuscular disorders (17), and adopt-
ed by several studies investigating disease progression in
DMD (9, 10, 14, 15). Unique to our study was the use
of a multi-slice acquisition along the lower leg, allowing
for investigation of intramuscular differences in disease
pathology. Hooijmans and colleagues similarly addressed
geographic differences along the muscle length of DMD
patients by assessing the lipid deposition using Dixon
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techniques to calculate fat fraction [26]. Through our in-
vestigation, we show that semi-quantitative assessment
based on scoring of T, weighted images allows for appre-
ciation of differences between the myotendinous region
versus midbelly of several muscles, highlighted specifi-
cally in the Per, as observed in Figure 3. A strength of the
fat suppressed T, weighted imaging implemented in this
study is that it highlights fatty replacement changes of
muscle secondary to DMD.

Our study also revealed that disease involvement is
heterogeneous between DMD subjects of similar age as
emphasized in Figure 4. Such non-uniformity of disease
distribution within muscle(s) and between DMD patients
emphasizes how critical the location of a biopsy or MR
slice selections is for evaluation of disease progression.
This is well illustrated in the two similarly aged DMD
patients in Figure 4. Specifically, Figure 4 shows how
contradicting the results of disease involvement could be
when the entire muscle length is not used for assessment
of disease extent as minimal disease is appreciated in the
midbelly of Subject A’s TA, whereas advanced disease
is noted at the myotendinous ends. This contrasts with
advanced disease involvement in the midbelly of Subject
B’s TA. This is of special importance when studying the
pathophysiology and natural progression of DMD, as dif-
ferent regions of muscle have different rates of disease
progression. As shown in Figure 4, assessment of single
slices of muscle may lead to contradicting interpretations
of disease progression. Taking into account the remainder
of the subject population, a broad distribution of disease
involvement was observed throughout the length of lower
leg muscle (Fig. 5), with statistical confirmation seen in
Table 1. Interestingly, the Per did not show significant dif-
ferences between either the proximal versus middle, nor
middle versus distal muscle slices. This may be attributed
to the already advanced state of disease in the Per muscle,
as previously reported. Additionally, the lack of a signifi-
cant difference observed between the middle and distal
slices may be due to the limited field of view, missing
the distal myotendinous junctions. A general trend was
detected in that an increase of disease pathology can be
observed closer to the myotendinous junctions as also re-
ported by Hooijmans et al. (26). These results highlight
the differences of muscle pathology that individuals with
DMD can present with.

The final analyses performed in this study were to see
if the MRI scores generated could be related to standard
clinical measures of disease progression. As individuals
with DMD age, muscles continually accumulate insults
of the disease, evident by the clinical progression of
DMD (6, 10, 14, 35). While our normalized multi-slice
score positively correlated with the age of subjects, nor-
malized single-slice score at muscle midbelly did not,

MRI reveals intramuscular heterogeneity

suggesting that a multi-slice assessment more accurately
reflects clinical disease progression. Increases in the Vi-
gnos lower extremity scoring demonstrated progressive
decline in functional ability that paralleled increasing
MRI grading scores. There was however no difference in
the correlation of the functional scores between normal-
ized multi-slice and single-slice MRI scores in contrast
with the age correlations. Effectively, this demonstrates
that with increasing age and decreasing function, lower
leg muscles of boys with DMD have increasingly pro-
gressive disease involvement, as previously reported by
Polavarapu et al. (16).

The exact cause of the heterogeneous pattern of in-
volvement observed in our study, both across different
muscles and along the proximodistal direction of each
muscle, is still unknown. However, a number of pre-
clinical studies have explored mechanical and biological
properties of muscles that may be linked to a possible
vulnerability or predisposition to faster disease progres-
sion in the context of DMD. Though muscles are initially
rendered susceptible to damage as a result of dystrophin
lacking, further properties may influence the ability of
tissue to succumb to the progression of the disease, in-
cluding the biological composition of tissue (36, 37), the
distribution of strain (38), the cross sectional area (39),
speed and type of contractions (40), and other passive vis-
coelastic properties (41).

Differing amounts of eccentric contractions that
muscles experience during gait have been shown to
strongly correlate with lower limb fat fraction, a marker
of disease progression (9, 42). In the mdx mouse, the
stress relaxation rate of the EDL was found to be in-
creased in mdx mice compared to healthy counterparts,
and recoverable upon micro and mini dystrophin treat-
ment, suggesting that dystrophic muscle itself has dif-
ferent passive properties than healthy muscle (43, 44).
In other studies, strain measures of the gastrocnemii
belly (20-30%) were found to be greater than those of
the aponeurosis (1-5%) (38) and the tapered myotendi-
nous junction experienced greater stress than the mus-
cle belly (40). This suggests that different passive me-
chanical properties exist between different geographical
segments of muscles, rendering the myotendinous junc-
tions more vulnerable to the pathologic insult observed
in DMD. Sun et al. elegantly demonstrated microfail-
ure of the muscle-tendon unit using peroneus longus
muscles of rabbits, suggesting that the weakest region
of muscle is at the myotendinous junction, which may
provide rationale for the observations made in our pa-
tient cohort and from the study by Hooijmans et al. (27,
40). Many of these pre-clinical experiments are not fea-
sible in clinical subjects because of their invasive na-
ture; therefore, extrapolation of pre-clinical findings to

157



Stephen M. Chrzanowski et al.

0
14
4

Frequency of Disease Involvement
g g
@’a
&
&
&
O

0.04

‘EéC:TA

%U} --

;

Eu.& ) =

g’ % % % %, %

w +% ‘?‘b_* %, [ b
h,

EE:MG

2

s

gﬂj-

& %%% %%%

IO Met Afiected (1)

e [ Mederately Afiected (1-2)
£ B: EDL ===
é B e
@
§ 0.5 ] —
: 1=
EUN, %, %, %, %

ORI
§ D: Sol
% fD-- -
;
_E 054 =
]
£, - 4%%%,
g
1
g 0.54
£
L%_ .|

%,%, o

Figure 5. Frequency of involvement of six muscles in lower legs of boys with DMD. Shown are A: Peroneus, B: Exten-
sor Digitorum Longus, C: Tibialis Anterior, D: Soleus, E: Medial Gastrocnemius, F: Lateral Gastrocnemius with differing
MRI scores based on slice location. MRI scores of O were considered to be “not affected,” scores of 1 and 2 were con-
sidered to be “moderately affected,” and scores of 3-5 were considered to be “severely affected”.

humans have to be made with caution.

Limitations and future directions

A primary limitation of this study is the lack of full
geographic capture of muscle from tendon to tendon. This
study is a subset of a larger study (RO1, AR0569373, PI:
Vandenborne), and images were captured to meet the
needs to the larger study. The ordinal grading scale utilized
in this study, though previously demonstrated to be effec-

tive and able to collect data in a much more time sensitive
manner, is not as quantitative as possible with other MRI
techniques, such as the Dixon sequence, T, mapping, or
magnetic resonance spectroscopy (15, 16, 26, 45, 46). Be-
cause disease involvement of DMD muscle includes both
T, shortening fibrotic effects and T, lengthening lipid ef-
fects on muscle, we employed T, weighting with fat sup-
pression techniques to address both fatty infiltration and
fibrotic changes to muscle as previously demonstrated in

158



MRI reveals intramuscular heterogeneity

A
‘ﬁ B
E &
g 3
£
2 =
B .
E o
2
C &
5s
[
= 44
E L
% 3 . »
= .
E’z * oo .
1 L ]
% :-T\'_::\N
E ° 5 10 15
= Age (years)

§
g .
=
; En =
§ -
E 2 —— ——
E L
E 1. .f ==
1 2 3-4 5+
Vignos Functional Category
g 5
&
E 44
@ * 1
2 3
3 24 T o 1
3 *t,r
1.
—_—
N [==l=
1 2 3-4 b+
Vignos Functional Category

Figure 6. Age and function are compared to MRI scores. The sum of the scores of the multi-slice (Fig. 6a; rho = 0.69,
p < 0.0001) and middle slices (Fig. 6¢; rho = -0.23, p = 0.25) MRI scores are plotted correlated to the age of subjects.
Figure 6b and 6d show the relationship between subjects binned by their Vignos score and the summative multi-slice
and middle slice MRI scores, respectfully, by median and 25th and 75th percentiles. In Figures 6b and 6d, comparison
to Vignos grade 5+ is indicated by asterisks where * indicates p < 0.5, ** indicates p < 0.01, **** indicates p < 0.0001,
and comparison to Vignos grade 3-4 is indicated by daggers, where T indicates p < 0.05.

muscular dystrophies, though fatty accumulation ac-
counts for the majority of signal change (16, 31). Last-
ly, the Vignos score may be a non-optimal functional
impairment scale and even though it is still used in the
clinic, more sensitive instruments have been developed
and validated for use in the DMD population (47, 48).
The localization of slices by distance in centimeters
or inches is challenging in a pediatric population because
of different leg lengths between participating subjects.
Therefore, percentage length was selected in our study as
it more appropriately accounts for differences in physi-
cal stature and age of subjects. Future studies looking at
intra-muscular heterogeneity would greatly benefit from
larger anatomical coverage of slice selection, anatomi-
cally based alignment of slices (e.g. insertions of vari-

ous tendons) and investigating differences in composition
throughout muscle. In addition, the low number of con-
trol subjects in our study could be considered a limitation;
however, several studies have identified that unaffected
healthy male subjects do not demonstrate substantial fatty
muscle replacement, deviating the need for higher num-
bers of control subjects (35, 46, 49, 50).

Further studies are warranted in other neuromuscu-
lar disorders to see if other diseases demonstrate unique
intra-muscular heterogeneity, as observed in DMD in this
study. In addition, further investigation of the different
genetic types of DMD as well as longitudinal studies are
necessary to determine if unique patterns of disease in-
volvement in the different DMD subtypes exist and what
pattern of progression of involvement occurs over time.
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Expansion of the MRI studies to the other parts of the
body might also be beneficial to better understand which
muscle parts are affected when and to what extent. For
better understanding of the pathophysiology of DMD dis-
ease, it would be also interesting to evaluate the degree
of fatty infiltration versus fibrotic changes and how they
relate to each other in the different stages of the disease,
patient age and functional status.

Conclusions

In this investigation, we utilized a modified version of
the previously established ordinal Mercuri scale using mul-
ti-slice fat-saturated T weighting MR imaging to evaluate
the pathology of lower leg muscles of boys with DMD.
Overall, we demonstrate that a multi-slice composite score
may provide a more comprehensive characterization of
disease severity along the length of dystrophic muscle.
Specifically, there were four major conclusions from this
study: (i) the six individual muscles of the lower leg were
not affected equally by the disease; (ii) there was more
muscle involvement at the myotendinous junctions rather
than the midbelly of muscle; (iii) differential disease in-
volvement was found between subjects of similar age; and
(iv) MRI mutlislice scores are related to age and functional
ability. In summary, our results show a unique distribution
of involvement both inter- and intra- muscularly in the low-
er legs of boys with DMD. Knowledge of such geographic
differences is critical for assessing the natural progression
and elucidating the pathophysiology of DMD. Caution
may be warranted when using single- slice acquisitions, as
they may not appropriately represent overall disease status
in individuals with DMD as outlined above.
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