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Background:  Upper extremity MRI and proton MR spectroscopy are increasingly considered to be outcome measures in Duchenne
muscular dystrophy (DMD) clinical trials.

Purpose:  To demonstrate the feasibility of acquiring upper extremity MRI and proton (*H) MR spectroscopy measures of T2 and
fat fraction in a large, multicenter cohort (ImagingDMD) of ambulatory and nonambulatory individuals with DMD; compare upper
and lower extremity muscles by using MRI and "H MR spectroscopy; and correlate upper extremity MRI and 'H MR spectroscopy
measures to function.

Materials and Methods: In this prospective cross-sectional study, MRI and '"H MR spectroscopy and functional assessment data were
acquired from participants with DMD and unaffected control participants at three centers (from January 28, 2016, to April 24,
2018). T2 maps of the shoulder, upper arm, forearm, thigh, and calf were generated from a spin-echo sequence (repetition time
msec/echo time msec, 3000/20-320). Fat fraction maps were generated from chemical shift-encoded imaging (eight echo times).
Fat fraction and "H,O T2 in the deltoid and biceps brachii were measured from single-voxel "H MR spectroscopy (9000/11-243).
Groups were compared by using Mann-Whitney test, and relationships between MRI and "H MR spectroscopy and arm function
were assessed by using Spearman correlation.

Results:  This study evaluated 119 male participants with DMD (mean age, 12 years * 3 [standard deviation]) and 38 unaffected
male control participants (mean age, 12 years = 3). Deltoid and biceps brachii muscles were different in participants with
DMD versus control participants in all age groups by using quantitative T2 MRI (P < .001) and 'H MR spectroscopy fat frac-
tion (P < .05). The deltoid, biceps brachii, and triceps brachii were affected to the same extent (2 > .05) as the soleus and
medial gastrocnemius. Negative correlations were observed between arm function and MRI (T2: range among muscles, p =
—0.53 to —0.73 [P < .01]; fat fraction, p = —0.49 to —0.70 [P < .01]) and '"H MR spectroscopy fat fraction (p = —0.64 to
—0.71; P < .01).

Conclusion: ~ This multicenter study demonstrated early and progressive involvement of upper extremity muscles in Duchenne muscular
dystrophy (DMD) and showed the feasibility of MRI and '"H MR spectroscopy to track disease progression over a wide range of ages
in participants with DMD.

©RSNA, 2020
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keletal muscle markers of disease involvement in extremity muscles in DMD (3-8) with recent interest

Duchenne muscular dystrophy (DMD) by using
MRI and proton ("H) MR spectroscopy are increasing-
ly considered to be end points to evaluate potential ther-
apeutic interventions in clinical trials (1,2). To exploit
the full capabilities of MRI and '"H MR spectroscopy
to track disease progression, an understanding of the
natural disease course needs to be determined in a range
of muscles. Considerable work has focused on lower

expanding to upper extremity muscles (9-12). Validating
MRI and '"H MR spectroscopy measures that can moni-
tor disease progression in upper extremity muscles that
play an important functional role (eg, eating, hygiene
care, writing, and use of computer) and affect quality
of life may potentially enable the inclusion of a greater
number of individuals with DMD who are late ambula-
tory and nonambulatory in clinical trials.
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Abbreviations

DMD = Duchenne muscular dystrophy, PUL = performance of upper
limb

Summary

In a multicenter study, MRI and proton MR spectroscopy dem-
onstrated early and progressive muscle involvement of the upper
extremities in participants with Duchenne muscular dystrophy.

Key Results

= MRI and proton ("H) MR spectroscopy T2 and fat fraction was
measured in multiple centers in 119 patients with Duchenne mus-
cular dystrophy (DMD).

= Early (age range, 4-8 years) involvement of upper extremity
muscles was depicted in participants with DMD compared
with control participants by using MRI and 'H MR spectroscopy
(P < .001).

= Participants with DMD and greater arm function (performance
of upper limb score) had lower muscle MRI T2 (p = —0.53 to
—0.73; P < .01) and lower "H MR spectroscopy fat fraction (p
= —0.64 to —0.71; P < .01).

Initial studies that used quantitative MRI and "H MR spec-
troscopy in the upper extremities in DMD primarily focused
on forearm muscles (9,13), and recent smaller studies (11,12)
extended these measures to evaluate muscles in the upper arm
and shoulder region. In the deltoid and biceps brachii in DMD,
water T2 measured with single voxel "H MR spectroscopy was
elevated, an indicator of inflammation and/or edema (12). In
a range of shoulder (deltoid, infraspinatus, and supraspinatus)
(12) and upper arm muscles (biceps brachii and triceps brachii),
fat fraction measured with chemical shift-encoded imaging or
'"H MR spectroscopy and quantitative T2 measured with T2-
weighted MRI (hereafter, MRI T2), which is also influenced by
fat accumulation, were elevated (10,12). In addition, significant
correlations between arm MRI and 'H MR spectroscopy mea-
sures and upper extremity functional tests (eg, performance of
upper limb [PUL] and grip strength) have been observed in a
small cohort (12). Overall, upper extremity MRI and '"H MR
spectroscopy measures have shown considerable
promise in DMD and have the potential to influ-
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DMD (6-8,14,15). Our study was approved by the institutional
review boards at the University of Florida, Oregon Health and
Science University, and Children’s Hospital of Philadelphia. Our
study complied with the Health Insurance Portability and Ac-
countability Act, and an informed written assent and consent were
both obtained from the participants and guardian before partici-
pation in the study.

Participant Recruitment

MRI and '"H MR spectroscopy and functional assessment
data were acquired from 119 male participants with
DMD and 38 unaffected male control participants aged
4-19 years. Lower extremity MRI data from the partici-
pants used in this cohort have been previously reported (6
8,14,15); however, our study focused on upper extremity
muscle MRI measures in a large cohort at multiple cen-
ters. Five of the participants in our study also participated
in a pilot upper extremity study (12). All participants were
asked to avoid any excessive physical activity for 3 days
before the study. Participants with DMD had geneti-
cally confirmed diagnoses or clinical symptoms before age
5 years. Participants were recruited from the United States and
Canada (Fig 1), and data were acquired between Jan 28, 2016,
and April 24, 2018. Participants were excluded if they had the
following: contraindications to MRI, unstable medical issues,
cognitive problems that would make it difficult to follow direc-
tions and participate in testing, or secondary conditions that
affect muscle metabolism and/or function.

MRI and '"H MR Spectroscopy Acquisition and Functional
Testing

MRI and '"H MR spectroscopy data were acquired by us-
ing a 3.0-T MRI system (Achieva Quasar Dual MRI, Phil-
ips, Best, the Netherlands; Magnetom TIM Trio, Siemens,
Erlangen, Germany; Prisma Fit, Siemens; or Magnetom
Verio, Siemens) without sedation from the shoulder, up-
per arm, forearm, thighs, and lower legs at three centers.

ence clinical trial design.
The hypothesis of our study was that MRI and
'"H MR spectroscopy is a valuable tool to depict
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Figure 1:

Materials and Methods

Flowchart shows the recruitment of participants with Duchenne muscular dystrophy

(DMD) and unaffected male control participants from the ImagingDMD cohort who had previously

The data from our prospective study were collected
as part of the multicenter study, known as Imaging-
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participated in lower extremity MRI and proton MR spectroscopy acquisitions. Reasons provided by
the family for not participating in this study are included when available.
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Duchenne Muscular Dystrophy at Quantitative MRl and 'H MR Spectroscopy

Table 1: Participant Demographics
No. of Participants
Participant Age Group Mean Administered No. of Nonambulatory
and P Value Age (y) Mean Height (m) Mean Weight (kg) Mean BMI (kg/m?) Corticosteroids Participants
Age 4-8 years
Control participants 7 =1 1.29 = 0.11 27.7 £10.8 16.1 = 3.4 0 0
(n=06)
Participants with 7+2 1.15*0.11 224 *5.3 169 = 1.7 14 1
DMD (7 = 17)
P Value .80 <.001 .40 .60
Age 9-11 years
Control participants 10 =1 1.41 * 0.06 38.3 =£10.2 19.2 = 4.1 0 0
(n=10)
Participants with 11 £1 1.27 = 0.06 36.0 = 10.5 22.1 £5.8 37 4
DMD (2 = 39)
P Value .36 <.001 .35 22
Age 1214 years
Control participants 13 =1 1.63 = 0.10 50.6 = 11.2 18.7 %25 0 0
(n=14)
Participants with 131 1.32*0.07 422 %938 24.1 £4.8 30 12
DMD (z = 32)
P Value .62 <.001 .04 .001
Age 15-19 years
Control participants 17 =1 1.81 = 0.05 77.3 £ 14.2 23.7 = 4.8 0 0
(n=8)
Participants with 17*+1 143 *0.12 553 £ 11.4 27.5 £ 5.6 28 18
DMD (n = 31)
P Value .98 <.001 .002 15
Total
Control participants 12 =3 1.56 = 0.20 50.5 = 19.9 19.4 £ 4.2 0 0
(n=38)
Participants with 12+3 130 £0.13 40.4 = 14.3 23.1 = 6.0 109 35
DMD (n = 119)
P Value .79 <.001 .001 .004
Note.—Mean data are * standard deviation. Participants were male participants. The Bonferroni-corrected P value for significance was
adjusted to P < .01 for each measure to account for multiple (ie, five) comparisons. P values were comparison of control participants versus
participants with Duchenne muscular dystrophy (DMD). BMI = body mass index.

Participants were imaged supine with their dominant arm
or leg secured in standardized positions (8,12). T2-weighted
multislice spin-echo axial images from MRI were acquired
in each region (repetition time msec/16 echo times msec,
3000/20-320; evenly spaced). Multipolar gradient-echo
images were acquired in two sets of four different echo
times (repetition time msec, 430; Philips MRI system: initial echo
times msec, 3.54 and 4.6, delta 4.6 msec; Siemens: initial echo
time msec, 3.59 and 4.78, delta 4.78 msec). Single-voxel '"H
MR spectroscopy data were acquired to measure fat fraction
and water (‘"H,0O) T2 by using stimulated-echo acquisition
mode from the deltoid and biceps brachii (9000/11-243)
(8). "H MR spectroscopy voxel size was optimized for the
muscle size of each participant, and therefore varied among
participants (biceps brachii, 2340 mm?® * 1266 [standard de-
viation]; deltoid, 4689 mm?> = 2625). After the MRI was
complete, participants performed upper extremity func-
tional evaluation tests of the dominant arm consisting of the
PUL, version 2.0 (11,16,17), the Brooke Upper Extremity
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Scale (18), and strength testing using MyoGrip and MyoPinch
(Institute of Myology, Ateliers Laumonier, France) (19). Addi-
tional MRI and "H MR spectroscopy and functional tests details
can be found in Appendix E1 (online).

MRI Analysis

MRI and 'H MR spectroscopy data were analyzed at a single cen-
ter. '"H MR spectroscopy measures of fat fraction and T2 were
determined by using automated processing of spectra. Fat fraction
was assessed by using area integration of the phase-corrected spec-
tra from the lipid (0.5-2.75 parts per million) and "H O (4.3
5.10 parts per million) region of the spectrum by using custom
written software (IDL; Exelis VIS, Herndon, Va). "H,O and lipid
signals were corrected for relaxation as previously described (20).
The spectroscopic 'H,O T2 values were derived by using the am-
plitude of the "H, O signal at nonlinear spaced echo times by using
complex principal component analysis (21). T2 was determined
by a nonlinear curve fit to the decay in water signal as a function
of echo time by using a monoexponential model.

radiology.rsna.org = Radiology: Volume 295: Number 3—June 2020
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DMD: 13 yrs DMD: 17 yrs

DMD: 11 yrs

Example upper extremity MRI and proton ('H) MR spectroscopy (MRS) data acquired from the dominant (@) shoulder and (b) upper arm in

control participants and participants with Duchenne muscular dystrophy (DMD) at different ages. Single voxel sfimulated-echo acquisifion mode 'H MR spec-
froscopy specira were acquired at echo time of 27 msec from the deltoid (@) and biceps brachii (b).

MRI-based T2 values and fat fraction values were mea-
sured for the deltoid, biceps brachii, triceps brachii, an-
terior forearm, posterior forearm, tibialis anterior, tibialis
posterior, peroneus longus and brevis (peroneals), soleus,
medial gastrocnemius, biceps femoris long head, vastus late-
ralis, and gracilis. T2 maps were calculated by voxel-wise
estimation of T2 by fitting a single exponential equation
generated by using custom-written software (IDL; Exelis
VIS) with blood-flow artifact regions. For chemical shift-
encoded imaging analysis, regions of interest were traced on
the water map and applied to a pixel-by-pixel fat fraction
map with T2* correction (22). Imaging analysis personnel

Radiology: Volume 295: Number 3—June 2020 = radiology.rsna.org

had 1-22 years of experience with MRI studies (H.A., with
7 years of experience; K.V., with 22 years of experience;
R.J.W., with 10 years of experience; S.C.E, with 14 years
of experience; and W.T.T., with 11 years of experience;
and three personnel with 3, 2, and 1 years of experience,
respectively).

Statistical Analysis

Comparisons between participants with DMD and control
participants were made by using Mann-Whitney test with
Bonferroni correction for the four age groups (Prism Soft-
ware version 8.1; GraphPad, La Jolla, Calif). Comparisons
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Results

Participant Characteristics
We evaluated 119 male participants with DMD
(mean age, 12 years = 3) and 38 unaffected male

control participants (mean age, 12 years = 3). In
the participants with DMD, 91.6% (109 of 119)
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were taking corticosteroids and 29.4% (35 of 119)
were nonambulatory (Table 1). Upper extremity
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measurements acquired with MRI and 'H MR
spectroscopy were performed in all participants
(Fig 2) and 82.0% (1820 of 2219) were deemed
to be valid. There was similar success between par-
ticipants with DMD (81.8%; 1380 of 1687) and
control participants (82.7%; 440 of 532). Reasons
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for invalid data (18.0%; 399 of 2219) were related
to motion artifacts, image inhomogeneity, poor

MRS FF
MRS FF

signal-to-noise ratio, uncomfortable positioning in
the magnet, and inadequate prescribed field of view
or voxel placement.

MRI and "H MR Spectroscopy Comparison of
Upper Extremity Muscles in Control Participants
versus Participants with DMD

MRI T2, 'H,0 T2 and fat fraction measured by
1 using "H MR spectroscopy and chemical shift-en-
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coded imaging robustly distinguished control par-
ticipants and participants with DMD in both the
deltoid and biceps brachii across a wide range of age
groups (Fig 3). Specifically, in the deltoid, MRI T2
was greater in participants with DMD compared
with control participants in each age group (4-8
years, 42.7 msec * 5.3 vs 34.9 msec = 1.5 [P <

=
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Figure 3:

fraction (MRI FF) of the biceps brachii and delioid in control participants and participants with
Duchenne muscular dystrophy (DMD] in different age groups. Statistical significance was defined
as a P value less than the Bonferroni-corrected P value. No differences were observed among age
groups in control participants. VWhisker bars represent 5th and 95th percentiles and dots are shown
for outliers. * Significantly different than controls. * Significantly different between age groups in

participants with DMD.

among age groups within participants with DMD or con-
trol participants were performed by using a nonparametric
Kruskal-Wallis test, and when a significant difference among
ages was observed, then specific age groups were compared
by using a Mann-Whitney test with a Bonferroni correction.
The relationship between MRI and 'H MR spectroscopy
measures and function or strength in DMD were evaluated
by using Spearman correlation coeflicient. Statistical signifi-
cance was indicated from a P value less than or equal to the
Bonferroni corrected P value of .05. Statistical analyses were
performed by two authors (S.C.E and M.].D., with >20
years of statistical analyses experience working with data sets
in multicenter studies).
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Box and whisker plots show proton ("H) MR spectroscopy (MRS) 'H,0O T2 (msec),
MRIT2 (msec), MR speciroscopy fat fraction (MRS FF), and chemical shift-encoded imaging fat

.001]; 9-11 years, 49.7 msec £ 7.9 vs 35.2 msec *
2.1 [P < .001]; 12-14 years, 52.8 msec == 11.1 vs
34.4 msec £ 1.8 [P < .001]; and 15-19 years, 58.9
msec * 10.2 vs 34.5 msec = 2.2 [P <<.001], respec-
tively; Fig 3). Similarly, "H MR spectroscopy 'H,O
T2 was greater in participants with DMD than in
control participants in each age group (4-8 years,
31.0 msec = 2.3 vs 28.2 msec = 0.4 [P = .01];
9—11 years, 30.0 msec * 2.4 vs 28.2 msec = 1.2 [P
=.004]; 12-14 years, 29.4 msec * 2.2 vs 27.9 msec
* 1.4 [P=.01]; and 15-19 years, 29.3 msec = 2.7
vs 26.8 msec = 0.9 [P = .006], respectively). Also, "H MR spec-
troscopy fat fraction was greater in participants with DMD than
in control participants in each age group (4-8 years, 0.05 £ 0.05
vs 0.01 £0.01 [P=.01]; 9-11 years, 0.16 £ 0.16vs 0.02 = 0.01
[P < .001]; 12-14 years, 0.23 £ 0.21 vs 0.01 = 0.01 [P <
.001]; and 15-19 years, 0.30 = 0.21 vs 0.01 = 0.01 [~ < .001],
respectively). Fat fraction measured with chemical shift-encoded
imaging distinguished participants with DMD and control par-
ticipants in the older age groups (9-11 years, 0.25 % 0.18 and
0.11 £ 0.04 [P = .01]; 12-14 years, 0.31 = 0.19 vs 0.08 =
0.04 [P < .001]; 15-19 years, 0.42 = 0.21 and 0.13 * 0.05
[P < .001], respectively), but not in the youngest age group (4-8
years, 0.15 = 0.03 and 0.10 = 0.01, respectively [P = .09]).

radiology.rsna.org = Radiology: Volume 295: Number 3—June 2020
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Box and whisker plots of MRI T2 in upper and lower extremity muscles in different age groups. Whisker bars represent 5th and 95th

percentiles and dots are shown for outliers. AF = anterior forearm, BB = biceps brachii, BFLH = biceps femoris long head, Del = deltoid, Gra = graci-
lis, MG = medial gastrocnemius, Per = peroneals, PF = posterior forearm, Sol = soleus, TA = tibialis anterior, TB = triceps brachii, TP = tibialis posterior,

VL = vastus lateralis.

Comparison of DMD Participants across Age Groups

In control participants, no differences (P > .05) were observed
in MRI T2, 'H,O T2, and fat fraction across the age groups
(Fig 3). For example, in the deltoid of the control participants,
MRI T2 was similar (” = .84) among age groups (4-8 years,
34.9 msec £ 1.5; 9-11 years, 35.2 msec * 2.1; 12-14 years,
34.4 msec = 1.8; and 15-19 years, 34.5 msec = 2.2). How-
ever, in the deltoid of participants with DMD, MRI T2 in-
creased with older age groups, and values were greater in the
oldest age group (15-19 years, 58.9 msec = 10.2) compared
with the younger age groups (4-8 years, 42.7 msec = 5.3 [P
<.001]; and 9-11 years, 49.7 msec = 7.9 [P = .001]). Differ-
ences between the 15-19 age group (participants with DMD,
58.8 msec = 11.2) and the younger age groups in participants
with DMD were also observed in the biceps brachii with MRI
T2 (4-8 years, 40.0 msec * 2.8 [P < .001]; and 9-11 years,
47.8 msec = 9.9 [P < .001]). Similar to MRI T2, fat fraction
measured at chemical shift-encoded imaging and "H MR spec-
troscopy for both the deltoid and biceps brachii depicted dif-
ferences among age groups (Fig 3). However, whereas lHZO T2

Radiology: Volume 295: Number 3—June 2020 = radiology.rsna.org

was consistently elevated in participants with DMD compared
with control participants, it was not different (P = .06) among
age groups with DMD in the deltoid (4-8 years, 31.0 msec *
2.3; 9—11 years, 30.0 msec * 2.4; 12-14 years, 29.4 msec =
2.2; and 15-19 years, 29.3 msec = 2.7) or biceps brachii (P
= .737; 4-8 years, 29.5 msec * 2.7; 9-11 years, 29.6 msec
* 1.8; 12-14 years, 29.5 msec * 2.4; and 15-19 years, 29.0
msec * 3.0; Fig 3).

Comparison among Muscles in Participants with DMD

We compared differences between various muscles in the up-
per and lower extremities by using MRI T2 mapping (Fig 4).
Proximal lower extremity muscles (biceps femoris long head
and vastus lateralis) were most involved. For example,
at 15-19 years, MRI T2 was greater in the biceps femo-
ris long head (75.0 msec = 6.3) than in the upper extremity
muscles (deltoid, 58.9 msec = 10.2 [P = .005]; biceps
brachii, 57.8 msec = 11.4 [P < .001]; triceps brachii, 55.1
msec + 9.6 [P < .001]; anterior forearm, 54.7 msec *= 8.7
[P < .001]; and posterior forearm, 49.2 msec * 8.6 [P <

621
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Table 2: Correlation between Upper Extremity Functional Measures and MRI T2, Chemical Shift-encoded Fat Fraction, '"H,0 T2, and 'H MR Spectroscopy Fat Fraction

'H MR
Spectroscopy
Fat Fraction

'H,0 T2

MRI Fat Fraction

T2-weighted MRI

BB
—0.71

Del

—0.64

BB

Del BB TB PF AF Del BB TB PF AF Del
—0.73 —0.66 —0.53 —0.66 —0.70 —0.65 —0.61 —0.49 —0.58

—0.64

Parameter

Total PUL

0.32

0.35

(<.001)
—0.71

(<.001)
—0.63

(<.001)  (.002)
0.31 0.2

(<.001)
—0.63

(<.001)
—0.52

(<.001)
—0.59

(<.001)
—0.65

(<.001)
—0.69

(<.001)
—0.67

(<.001)
—0.55

(<.001)
—0.66

(<.001)
—0.74

(<.001)
—0.64

8

High PUL

(<.001)
—0.70

(<.001)
—0.62

(.005)
0.31

(.001)

0.37

(<.001)
—0.58

(<.001)
—0.45

(<.001)
—0.56

(<.001)
—0.60

(<.001)
—0.67

(<.001)
—0.67

(<.001)
—0.55

(<.001)
—0.67

(<.001)
—0.70

(<.001)
—0.67

Mid PUL

(<.001)
—0.36

(<.001)
—~0.39

(.002)
0.31

(<.001)

0.27

(<.001)
—-0.17

(<.001)
—-0.17

(<.001)
—0.44

(<.001)
—0.42

(<.001)
—0.37

(<.001)
—0.32

(<.001)
—-0.27

(<.001)
—0.37

(<.001)
—0.38

(<.001)
—0.35

Distal PUL

(<.001)

0.73

(<.001)

0.68

(.002)
—0.38

(.006)
—0.34

(.13)
0.65

(.13)

0.53

(<.001)

0.58

(<.001)

0.64

(<.001)

0.72

(.002)

0.69

(.01)

0.54

(<.001)

0.62

(<.001)

0.75

(<.001)

0.66

Brooke Upper

(<.001)
—0.39

(<.001)
—0.39

(<.001)
0.32 (P

(<.001)  (<.001)
0.18

—0.49

(<.001)
—0.37

(<.001)
—0.36

(<.001)
—0.43

(<.001)
—0.38

(<.001)
—0.45

(<.001)
—0.44

(<.001)
—0.45

(<.001)
—0.46

(<.001)
—0.34

Extremity Scale

Grip strength (kg)

(<.001)
—0.45

(<.001)
—0.39

—0.004)

0.37

(.08)
0.23

(<.001)
—0.44

(.002)
—0.34

(.003)

—0.42

(<.001)
—0.49

(<.001)
—0.43

(<.001)
—0.54

(<.001)
—0.43

(<.001)
—0.45

(<.001)
—0.49

(.004)
—0.40

Pinch strength (kg)

(<.001) (<.001) (<.001) (<.001) (<.001) (<.001) (<.001) (.007) (<.001) (.04) (.002) (<.001)  (<.001)
Note.—Data are correlation coefficients; data in parentheses are P values. Bonferroni correction was not performed for the correlation analyses. AF = anterior forearm, BB

(<.001)

biceps brachii,

performance of upper limb, TB = triceps brachii.

posterior forearm, PUL =

deltoid, PF =

Del
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.001]). The deltoid, biceps brachii, and triceps brachii
were not different (P = .06—.86) than the soleus, me-
dial gastrocnemius, and peroneals in participants with
DMD in any of the age groups. There was a pattern
of proximal muscles being more involved than distal
muscles in the upper extremity, and in the 15-19 age
group the deltoid MRI T2 value (58.9 msec * 10.2) was
greater than the anterior (54.7 msec = 8.7; P=.006) and
posterior forearm (49.2 msec = 8.6; P < .001).

Relationship between Upper Extremity MRl and '"H MR
Spectroscopy and Functional Tests

Upper extremity MRI and 'H MR spectroscopy
measures in a range of muscles of DMD correlated
with several of the functional and strength mea-
sures (Table 2). MRI T2 and fat fraction measures
were more strongly correlated with the Brooke Up-
per Extremity scale (p = 0.53 [P < .001] to 0.75
[P < .001], respectively) compared with "H,O T2
(p = —0.34 [P < .001] to —0.38 [P < .001], re-
spectively). The MRI T2, chemical shift-encoded
fat fraction, and 'H MR spectroscopy fat frac-
tion measures of the upper extremity muscles
were more strongly correlated with the total PUL
(p=—0.49[P<.001] to —0.73 [?<.001]), high PUL
(p = —0.52 [P < .001] to —0.77 [P < .001]), and
mid-level PUL (p = —0.45 [P < .001] to —0.70 [P
< .001]), compared with the distal PUL (p = —0.17
[P <.13] to —0.39 [P < .001]) and the strength tests
(grip, p = —0.34 [P < .004] —0.49 [P < .001]; and
pinch, p = —0.34 [P < .007] to —0.54 [P < .001]).
We also performed partial correlations with adjust-
ments for age, and the correlations between MRI and
'"H MR spectroscopy and function were similar.

A composite of all upper extremity muscles exam-
ined with MRI (ie, average of deltoid, triceps brachii,
biceps brachii, anterior forearm, and posterior forearm)
was also correlated (p = —0.65; P < .001) to the total
PUL, and significant correlations were observed in both
ambulatory (p = —0.41; P = .003) and nonambulatory
(p=—0.50; P=.01) groups (Fig 5, A). Furthermore, there
was a strong correlation (p = 0.93; 2 < .001) between the
composite upper extremity MRI measure and a com-
posite lower extremity MRI measure (average of vas-
tus lateralis, biceps femoris long head, gracilis, soleus,
medial gastrocnemius, peroneals, tibialis anterior, and
tibialis posterior) in both ambulatory (p = 0.88; 2 <<.001)
and nonambulatory (p = 0.97; P < .001) participants
with DMD (Fig 5, B).

Discussion

Our study evaluated the feasibility of acquiring up-
per extremity MRI and proton (*H) MR spectros-
copy measures in ambulatory and nonambulatory par-
ticipants with Duchenne muscular dystrophy (DMD)
across multiple centers, because these measures have
the potential to be valuable markers of disease progres-
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Figure 5:

MRI T2 values were negatively correlated (p = —0.65; P < .001) in participants with Duchenne muscular dystrophy
(DMD) and were negatively correlated in both ambulatory (p = —0.41; P=.003) and nonambulatory (p = —0.50;
P=.01) participants with DMD when analyzed separately. B, Upper versus lower extremity (LE) MRI T2 composite
measures were sfrongly positively correlated (p = 0.93; P < .001), including in both ambulatory (p = 0.88; P < .001)
and nonambulatory (p = 0.97; P < .001) participants with DMD when analyzed separately.

sion. Upper extremity muscles (deltoid and biceps brachii)
showed differences in participants with DMD compared with
control participants (P < .001) by using MRI T2, water
("H,0) T2, and far fraction measured with chemical shift-
encoded imaging and 'H MR spectroscopy in a range of
age groups. We also observed strong negative correlations
between upper extremity MRI T2 and MRI and 'H MR
spectroscopy fat fraction measures and functional out-
comes, including the performance of upper limb (PUL;
p =0.70-0.73; P < .001).

Our findings are consistent with previous studies that re-
ported elevated fat fraction and MRI T2 in the biceps brachii
and triceps brachii in participants with DMD compared with
control participants (10,12). We extended these findings by
showing progression over several age groups in a large cohort by
using MRI and fat fraction measures, whereas 1HZO T2 did not
differ among age groups in participants with DMD. The use of
fat fraction to detect disease progression in the upper extremity
muscles is further supported; previous studies demonstrated the
sensitivity of MRI to depict 1-year changes in the forearm in
nonambulatory individuals with DMD (9,23).

In the lower extremity muscles, MRI and '"H MR spectros-
copy measures of fat fraction and MRI T2 have shown strong
correlation with functional abilities (6), sensitivity to depict dis-
ease progression within 1 year (7), and ability to depict thera-
peutic treatment with corticosteroids (14). Furthermore, MRI
and 'H MR spectroscopy measures of T2 and fat fraction of muscle
were previously demonstrated to be reproducible from day to
day and across multiple centers (8). Relatively fewer studies have
examined upper extremity muscles in DMD by using MRI and
'H MR spectroscopy (9-12,23), and, to our knowledge, no
previous studies directly compared lower and upper extremity
muscles by using MRI and 'H MR spectroscopy. We observed
that the biceps femoris long head and vastus lateralis were the
most involved muscles examined at a range of ages, followed by
proximal upper extremity muscles (deltoid, biceps brachii, and
triceps brachii) and lower leg muscles (peroneals, soleus, and
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also supported by studies that
showed that both upper extrem-
ity (elbow flexors) and leg ex-

tensor (rectus femoris) muscles

(ms)

were affected at a young age
(<5 years) in participants with
DMD by using US (24).

In our study, the upper
extremity MRI and 'H MR
spectroscopy measures of fat fraction and MRI T2 were
negatively correlated with scores obtained in the PUL
evaluation, positively correlated with the upper extremity
Brooke scale, and negatively correlated with grip and pinch
strength measures. Cross-sectional and longitudinal studies
have shown that the PUL is reliable in a wide range of ages,
across multiple centers, and tracks progression in DMD
(16,25). Also, the PUL evaluation is well correlated with
a comprehensive qualitative MRI analysis of 10 shoulder
muscles, three upper arm muscles, and 15 forearm muscles
evaluated by using the Mercuri scale (11). Therefore, there
is considerable support that upper extremity MRI and 'H
MR spectroscopy measures are strongly correlated with rel-
evant functional abilities.

Our study had some limitations. We chose to target the
muscle midbelly, typically near the maximal cross-sectional
area. This allowed consistent comparisons across muscles,
although we anticipate differences along the length of the
muscle (26,27) because proximal and distal regions are of-
ten more affected than the midbelly. Although we captured
portions of other muscles (infraspinatus and supraspinatus)
we did not include these muscles in the comparisons be-
cause of potential confounding effects of the use of different
regions among muscles. We also did not quantify individual
muscles in the forearm because the small size of these mus-
cles resulted in a low number of pixels within the muscle of
interest on the image from MRI and reduced confidence of
the quantitative measures. Because certain muscles (eg,
supinator) are more involved, including multiple mus-
cles in the region of interest may underestimate the
involvement of certain forearm muscles (11,28). In addi-
tion, the chemical shift-encoded imaging approach inher-
ently results in elevated fat fraction values at low lipid
levels (control participants and young individuals with
DMD) (12,20,29). Whereas there are approaches to
account for this noise bias in muscle, they have not been
validated across multiple centers and vendors in muscle
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(30). Therefore, we did not apply this correction. Finally, al-
though we had a high overall success rate in performing the
upper extremity examinations, we had fewer participants in
the youngest age group (4-8 years), and positioning the par-
ticipants comfortably in the MRI system became increasingly
difficult with advanced disease progression and the presence
of knee and hip contractures and spine deformities.

In conclusion, our multicenter study demonstrated early
and progressive involvement of upper extremity muscles in
participants with Duchenne muscular dystrophy (DMD) and
showed the feasibility of MRI and proton MR spectroscopy
to help track disease progression over a wide range of ages
in participants with DMD. Future studies may consider ex-
amining the sensitivity to depict longitudinal changes and
incorporating setups that minimize positioning constraints,
such as whole-body imaging.
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