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Abstract There is a pressing need for biomarkers and
outcomes that can be used across disease stages in Duch-
enne muscular dystrophy (DMD), to facilitate the inclusion
of a wider range of participants in clinical trials and to
improve our understanding of the natural history of DMD.
Quantitative magnetic resonance imaging (qMRI) and
spectroscopy (MRS) biomarkers show considerable pro-
mise in both the legs and forearms of individuals with
DMD, but have not yet been examined in functionally
important proximal upper extremity muscles such as the
biceps brachii and deltoid. The primary objective of this
study was to examine the feasibility of implementing qMRI
and MRS biomarkers in the proximal upper extremity
musculature, and the secondary objective was to examine
the relationship between MR measures of arm muscle
pathology and upper extremity functional endpoints.
Biomarkers included MRS and MRI measures of fat frac-
tion and transverse relaxation time (7). The MR exam was
well tolerated in both ambulatory and non-ambulatory
boys. gMR biomarkers differentiated affected and unaf-
fected participants and correlated strongly with upper
extremity function (» = 0.91 for biceps brachii T, versus
performance of upper limb score). These qMR outcome
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measures could be highly beneficial to the neuromuscular
disease community, allowing measurement of the quality
of functionally important muscles across disease stages to
understand the natural history of DMD and particularly to
broaden the opportunity for clinical trial participation.

Keywords Non-ambulatory - Transverse relaxation time -
Biomarker - Magnetic resonance spectroscopy

Introduction

Boys with DMD experience progressive proximal to distal
muscle weakness, lose ambulation in late childhood or
adolescence, and die due to cardiac or respiratory failure in
the 3rd or 4th decade of life [17]. Clinical deficits in arm
function typically begin to appear between 9 and 14 years
[4], and progress to the point where the individual no
longer has meaningful use of the hands or arms. Whereas
mobility aids such as wheelchairs can partially compensate
for lost ambulatory function, loss of upper extremity
function has a tremendous impact on quality of life,
affecting the individual’s ability to eat and drink, perform
personal care, and use a computer or power wheelchair.
Over the last decade, tremendous progress has been
made in therapeutic development for DMD, with an
unprecedented number of promising interventions moving
into clinical trials. Unfortunately, current clinical trials rely
almost exclusively on ambulatory endpoints, often at the
exclusion of non-ambulatory patients, who constitute more
than two-thirds of the population. Advocacy groups, clin-
icians, and pharmaceutical companies are quickly recog-
nizing the need for upper extremity outcome measures as
well as natural history data, to facilitate the inclusion of
non-ambulatory boys into clinical trials and to meet
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enrollment targets in the face of numerous trials in this rare
disease. Several biotechnology companies are already
pursuing the inclusion of upper extremity endpoints in
clinical trials (e.g., NCT01826474, NCT02310763). How-
ever, these endpoints are often subjectively scored and the
sensitivity to treatment or to change over time may not be
known [12].

Magnetic resonance (MR) imaging is quickly emerging
as a powerful outcome measure in DMD. Quantitative MR
imaging and spectroscopy (MRS) of the lower extremity
muscles have proven to be sensitive to disease progression
[7, 22], predict ambulatory functional ability [1], and detect
the therapeutic response to corticosteroids [11]. Multiple
pharmaceutical companies have started to incorporate MR
biomarkers of lower extremity muscles as secondary or
primary outcomes in clinical trials. Unfortunately, few
studies have explored the feasibility of implementing
quantitative MR (qMR) strategies to evaluate the upper
extremity musculature in boys with DMD. Two groups
have monitored muscle pathology in the forearm muscles
of both ambulatory and non-ambulatory patients with
DMD [10, 18, 20], but to our knowledge no previous MR
studies have examined the proximal upper extremity
muscles, such as the biceps brachii (BB) or deltoid (DEL).

The primary objective of this study was to examine the
feasibility of implementing MR imaging and MRS
biomarkers in the upper extremity musculature, especially
in functionally important proximal muscles, such as the
BB, triceps brachii (TB), and DEL. Quantitative MR
measures of muscle pathology included intramuscular fat
fraction (determined by chemical shift-encoded MR
imaging and single voxel 'H MRS) as well as proton
muscle transverse relaxation time (75,), an index of muscle
damage, inflammation, and edema. The second objective
was to examine the relationship between qMR measures of
arm muscle pathology and upper extremity functional
endpoints.

Methods
Research design

22 Boys with DMD (10.8 % 2.5 years, 2 non-ambulatory)
and 6 unaffected control boys (CON 11.7 & 2.3 years)
participated in this study, which was approved by the
institutional review board at the University of Florida.
Parents of each boy provided informed consent, and boys
provided informed assent. The study consisted of an MR
exam lasting less than 1 hour, which included measure-
ments of the upper arm muscles for all boys. A subset of
boys also completed forearm measurements and/or shoul-
der measurements.

Four MR biomarkers were measured in the upper arm
and shoulder: fat fraction (FF) measured using "H-MRS,
'"H,0-T, measured using 'H-MRS, MRI-FF using chemical
shift-encoded (also known as Dixon) imaging, and muscle
T, measured using T, .weighted imaging (MRI T,). Only
MRI T, measures were performed in the forearm.

Following MR data acquisition, subjects completed the
Performance of Upper Limb test (PUL) as previously
described [14, 16], the Brooke Upper Extremity Scale [5],
and grip and pinch strength testing using a Jamar handgrip
dynamometer [13].

MR data acquisition and analysis

All MR measurements were completed with subjects lying
supine within the bore of a 3T MR whole body magnet
(Philips Achieva). The arm was stabilized with the forearm
in neutral, the elbow in full extension and the shoulder
abducted only as far as necessary to prevent respiratory
motion impacting the arm (typically ~20°) using a fabri-
cated thermoplastic splint, encompassing part of the fore-
arm and hand. A separate support splint was placed around
the shoulder, cupping the deltoid. Either an eight channel
general purpose flexible surface coil (Invivo) or a dual
SENSE flex coil (Phillips) was positioned over the different
regions of the arm to be imaged. Sandbags were placed
over the arm and hand to minimize motion. Boys were
encouraged to watch a movie during data acquisition, and a
staff member as well as the subject’s parent or guardian
was present in the scan room throughout the scans.

Single voxel 'H MR spectra were acquired from a
cuboidal region of interest prescribed in the belly of the BB
muscle or in the posterior portion of the DEL muscle
(Fig. 1a, b). In the distal to proximal direction, the center
1/3th of the muscle was targeted, staying away from the
tendon regions. The MR operator maximized the voxel size
for each individual while keeping the edges of the voxel at
least 3 mm from muscle borders to avoid contamination
from subcutaneous fat, bone, or other muscles. Pulse rep-
etition time (TR) was set at 9000 ms and individual echoes
at multiple echo times (TEs) were acquired (TE = 11, 27,
54, and 243 ms) to allow the calculation of water 7,. MRS
data were automatically processed. For the determination
of muscle FF, spectra acquired at TE = 27 ms were inte-
grated to determine the area under the fat (0.5-2.6 ppm)
and water peaks (4.3-5.1 ppm). Peaks were corrected for
T, and T, weighting as previously described [19] and the
ratio of fat:(fat + water) was calculated. For water 75,
relative water signal was measured at each TE using
complex principal components [6], and a three-parameter
monoexponential model was fit to the resulting signal using
least absolute deviations (LAD) minimization. LAD
objective function minimization was performed using the
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Fig. 1 Axial and coronal
images of the upper arm in a
CON subject and of the
shoulder in a boy with DMD,
demonstrating the voxel
placement for MR spectroscopy

Nelder—Mead simplex algorithm [15] initialized with a grid
search to ensure a global minimum.

Multipolar gradient echo (GE) images were acquired at 3
different echo times (TR/TE = 430/8.06, 9.21, 10.36 ms)
over 25 axial slices (4 mm slice thickness, | mm gap) with a
20° flip angle using mDixon (Philips) and field of view
adjusted depending on subject anatomy [19]. Experienced
image analyzers selected slices based on a standardized
anatomical landmark, and outlined the BB, TB, DEL, sub-
scapularis (SUB), infraspinatus (INF) posterior compartment
of the forearm (PF), and anterior compartment of the forearm
(AF). Regions of interest (ROIs) were traced on the water map
and applied to the FF map (Fig. 2). For each muscle, analyzers
took care to avoid inclusion of extramuscular tissue such as
bone, subcutaneous fat, or other muscles in the outlined seg-
ment. Three consecutive slices in or near the muscle belly
were analyzed for each muscle, and the pixel-by-pixel FF
values were averaged to give a mean FF for each muscle.

MRI-T, maps were generated by acquiring 7, weighted
images with a TR of 2000 ms and 5 TE’s evenly spaced from
20 to 100 ms. The signal intensity in each pixel was fit to a
single exponential decay to compute pixel-by-pixel T,
maps (Fig. 2). The first TE was excluded from analysis to
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reduce the bias from stimulated echoes [2, 9, 21]. ROIs were
traced on the first TE image and applied to the T, map in a
similar manner to the MRI-FF ROIs. Three consecutive sli-
ces were analyzed for each muscle, and the pixel-by-pixel T,
values were averaged to give a mean 7, for each muscle.

Statistical analysis

DMD and CON groups were compared statistically using
Mann—Whitney tests. Age groups were compared with each
other and with the CON group using Kruskal-Wallis tests, with
planned follow up Mann—Whitney tests as needed. Relation-
ships between MR variables and between qMR variables and
function were examined using Spearman rank correlations.
Statistical significance was specified as p < 0.05. Data are
presented as mean + SD unless otherwise indicated.

Results

Each subject tolerated the positioning and duration of the
scanning procedures well. Representative images and
spectra acquired from the upper extremity musculature in
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Fig. 2 Fat fraction maps of the shoulder (a), upper arm (b), and forearm (c) from DMD subjects, and 7> maps from the shoulder (d), upper arm

(e), and forearm (c) from the same subjects

unaffected CON subjects and boys with DMD are shown in
Figs. 3 and 6. MR biomarkers, specifically MRI T,
(Figs. 4, 5) and "H,0 T, (Table 1), in the upper arm dif-
ferentiated CON and DMD subjects (p < 0.05). A com-
parison across muscles showed the highest 7, values in the
shoulder muscles, followed by the upper arm, and forearm
muscles (Figs. 4, 5).

MR-derived FF images demonstrated muscle deterio-
ration in the proximal upper extremity muscles in boys
aged 11-16 years. The increase in fat fraction measured
using chemical shift-encoded imaging in the upper arm
muscles was confirmed using MR spectroscopy of the
BB (Table 1; Fig. 6a, b). FF measures determined by
chemical shift-encoded imaging showed a strong corre-
lation with MRI-T, measures (r = 0.75; Fig. 6¢), con-
firming a predictable relationship between these
measures.

In addition to the MR exam, subjects completed
functional testing, including the PUL version 1.2, and
grip and pinch strength testing. Each of these, except
pinch grip strength showed a strong correlation with
upper arm MRI biomarkers, specifically MRI-T, and FF
(Table 2). The strongest correlations were seen between
total PUL score and MR biomarkers measured in the
BB.

Discussion

This study demonstrates for the first time that it is feasible
to implement quantitative MR imaging measures of muscle
pathology in the proximal upper extremity musculature in
patients with DMD. MR biomarkers of the proximal upper
extremity muscles differentiated control and affected sub-
jects and strongly correlated with functional endpoints.
Previous studies have shown that MR biomarkers in the
forearm detect disease progression in DMD [10, 18, 20],
but to our knowledge, the more proximal muscles neces-
sary for eating and personal care have not yet been
examined.

Several challenges are inherent in upper extremity
imaging, including field inhomogeneities resulting from the
off-center location of the arm, and respiratory motion.
Perhaps as a result of these challenges, previous investi-
gations have been limited to the distal forearm muscles
[18, 20]. However, we believe that the antigravity muscles
of the shoulder and upper arm are critical both to allow
measurement of meaningful disease markers across a range
of disease stages and to capture muscles that are important
for essential activities of daily living, such as eating and
personal care, in both ambulatory and non-ambulatory
boys. Through careful positioning of subject’s arm as close
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Fig. 3 MR images (water maps
derived from chemical shift
based imaging) from the arms of
CON (a—c) and DMD (d-f, aged
12, 13, and 13 years) subjects,
with muscles of interest labeled

Shoulder
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DMD

60 [ CON
* Hl DMD
D 50 .
g 50 N .
~N
i
[ -
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SUB INF DEL BB TB AF PF
Muscle Group
*sigificantly different from control, p<0.05

Fig. 4 MRI T, measures were significantly elevated in DMD
compared with CON in all proximal muscles. Error bars show
standard error of the mean

to isocenter as possible, and the use of padding and splints
to secure the subject’s arm and isolate it from the trunk, we
were able to successfully acquire high quality, quantitative
MR data throughout the upper extremity in boys with
DMD.

Similar to the lower extremity [8], 7, in the upper
extremity muscles was elevated compared to CON, even in
7-year-old boys with DMD (the youngest boys studied),
making this a potential early disease marker. Both MRI-T,

@ Springer
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Table 1 MR spectroscopy measures of FF and water 75, and MRI
measures of FF in CON and DMD

CON DMD p
Fat fraction
BB 0.01 £ 0.01 0.16 £ 0.19 0.0008
DEL 0.02 £ 0.004 0.12 £ 0.15 0.11
"H,0-T,
BB 26.1 £ 1.0 299 £ 2.0 0.0001
DEL 273+ 1.2 292 £ 2.0 0.21

and MRS-T, have been previously shown to decrease with
steroid treatment [3], indicating that these biomarkers may
be particularly suitable for use in clinical trials of anti-
inflammatory compounds, including corticosteroids and
steroid alternatives. MRI-T, in the BB was also strongly
correlated with functional ability, more than any other
variable, indicating that BB MRI-T, captures disease pro-
gression (likely fat infiltration) as well as being sensitive to
early disease processes such as muscle damage, edema, and
inflammation.

Fat fraction was not elevated in 7-10-year-old boys, but
was elevated in the BB in boys 11 years of age and older.
FF in the BB also correlated significantly with total, mid-
dle, and distal PUL score. FF can be measured using single
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Fig. 5 MRI T, (a) and MRI-FF measures (b) in the proximal upper
extremity muscles in CON, and young versus older boys with DMD.
Error bars show standard error of the mean

voxel lH—MRS, which is the gold standard but which suf-
fers from limited spatial resolution. Alternatively, chemical
shift-encoded MR (Dixon) imaging, which has gained

considerable popularity in recent years [20, 23, 24], has
also been shown to effectively measure FF in DMD. We
have previously shown that these two measurements cor-
relate well with each other [19] in the legs. Here, we have
demonstrated that the same is true in the arms, despite
challenges resulting from the off-center positioning of the
area of interest. The high spatial resolution of MRI-FF
measures allowed the comparison of fat fraction across
muscles of the proximal upper extremity.

Despite the tremendous progress in therapeutic develop-
ment for DMD over the last decade, the DMD community
has experienced significant frustration, much of it linked to
the lack of a sensitive, objective outcome measure meeting
the needs of clinical trials. Currently, clinical trials in DMD
primarily recruit ambulatory patients, due, in part, to a lack of
upper extremity outcome measures. As patients approach the
point of loss of ambulation, the frustration of parents and
advocates often escalates, with the realization that clinical
trial participation opportunities are declining, even if the
patient’s genetic mutation makes them a good candidate for a
therapy. While the development of novel upper extremity
endpoints, such as the PUL and Microsoft Kinect gaming
interfaces, appear to have potential, non-invasive markers
not dependent on subject motivation need to be explored.

This preliminary study data demonstrate the feasibility
of measuring quantitative MR biomarkers of muscle

O CONBB
(o O CON DEL
1.0 e DMDBB
m DMDDEL
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r=0.75
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MRIFF
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Fig. 6 a Example spectra from the BB demonstrated elevated FF in
both ambulatory and non-ambulatory boys with DMD. b FF measured
using Dixon imaging correlated well with FF measured using MRS,

T T T T T
00 02 04 06 08 1.0
MRS FF

1 o-o I 1 1 1 1 1 I 1 1

25 30 35 40 45 50 55 60 65 70
MRI T, (ms)

the gold standard. ¢ A strong correlation was also found between FF
and MRI T, measures

Table 2 Correlations between

qMRI biomarkers and PUL total PUL high PUL middle PUL distal Grip Key Pinch
functional tests BBMRIT,  —091* —0.60* —0.71% —0.81* 0.61 0.10

TB MRI T, —0.83* —0.64* —0.56* —0.63* 0.75% 0.13

BB MRI-FF —0.83* —0.47 —0.75% —0.74* 0.48 0.14

TB MRI-FF —0.77* —0.56* —0.47 —0.60* 0.47 0.16

* Significant correlation, p < 0.05
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pathology in proximal upper extremity muscles essential
for activities of daily living in patients with DMD. Quan-
titative MRI/MRS of the shoulder and upper arm was well
tolerated in both ambulatory and non-ambulatory patients,
differentiated affected and non-affected subjects and
strongly correlated to upper extremity functional endpoints.
The adoption of these qMR outcome measures could help
to further facilitate more inclusive clinical trials, which is
advantageous both from an ethical standpoint, allowing
more boys and men to share the benefits and burdens of
trial participation, and from a practical standpoint, reducing
the considerable enrollment competition among numerous
trials which currently target a narrow cohort of ambulatory
school aged boys. The availability of these MR
biomarkers also provides the opportunity to improve our
understanding of the natural history of disease in the upper
extremity in DMD, including muscle-specific disease tra-
jectories and the impact of loss of ambulation on upper
extremity muscle quality.
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