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Aim: Using baseline data from a clinical trial of domagrozumab in Duchenne muscular dystrophy, we
evaluated the correlation between functional measures and quantitative MRI assessments of thigh mus-
cle. Patients & methods: Analysis included timed functional tests, knee extension/strength and North
Star Ambulatory Assessment. Patients (n = 120) underwent examinations of one thigh, with MRI sequences
to enable measurements of muscle volume (MV), MV index, mean T2 relaxation time via T2-mapping and
fat fraction. Results: MV was moderately correlated with strength assessments. MV index, fat fraction and
T2-mapping measures had moderate correlations (r ∼ 0.5) to all functional tests, North Star Ambulatory
Assessment and age. Conclusion: The moderate correlation between functional tests, age and baseline
MRI measures supports MRI as a biomarker in Duchenne muscular dystrophy clinical trials. Trial registra-
tion: ClinicalTrials.gov, NCT02310763; registered 4 November 2014.

Lay abstract: Clinical trials in Duchenne muscular dystrophy have proven to be challenging, due in part to
the lack of robust biomarkers that are sensitive to detecting disease progression. While physical function,
such as walking or climbing stairs, will be critical to demonstrating the long-term efficacy of a therapeu-
tic, MRI may be a more objective approach that could detect subtle changes in disease status and offer
earlier signals of clinical efficacy. In this study, researchers used baseline data from a Phase II clinical study
(NCT02310763) to evaluate the relationship between measures of physical function and quantitative MRI
assessments. They found that many MRI measures were moderately correlated with physical function, and
muscle volume measurements were correlated with measures of strength. This study supports the use of
MRI as a biomarker in Duchenne muscular dystrophy clinical trials.
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Background
Duchenne muscular dystrophy (DMD) is a rare genetic X-linked neuromuscular disease. The estimated incidence
of DMD is 15.9–19.5 per 100,000 newborn males [1]. Patients with DMD suffer from progressive muscle
fiber degeneration and weakness that initially results in motor milestone delay and progressively advances to
loss of independent ambulation and ability to perform activities of daily living [2]. Respiratory impairment and
cardiomyopathy generally ensue, and historically, patients rarely survived beyond their second decade. Improvement
in cardiac and respiratory care of patients with DMD has extended life expectancy and enables more patients to
survive into their third decade and beyond [3].

DMD is caused by mutations in the dystrophin gene that lead to deficiency or complete lack of the protein
dystrophin, which is essential for muscle fiber stability [2]. Although the molecular origin of DMD has been known
for many years, treatment options remain limited. Demonstration of clinical benefit in clinical trials of DMD has
proven to be challenging, in part due to the lack of robust clinical end points and biomarkers to detect disease
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progression in relatively short durations. Functional end points in clinical trials can present several challenges due to
nonlinear functional changes, the variability of end point measurement, heterogeneity of disease progression and the
essential subjectivity inherent in the voluntary performance and measurement of motor tasks [4,5]. Therefore, there
is an unmet need for objective outcome measures in DMD that represent both the underlying pathophysiology
and disease progression, in addition to being sensitive to treatment effects.

MRI of the muscle has proven to be a valuable noninvasive tool for monitoring disease progression in patients
with DMD [6–10]. DMD disease progression is characterized by inflammation, progressive muscle necrosis, impaired
muscle regeneration and replacement of muscle with fat and fibrotic tissue [9,11]. Correlation of pathological findings
with MRI is the standard for evaluating the timing and extent of response to therapeutic intervention [12,13]; however,
evaluation of the correlation between functional tests and quantitative MRI is a necessary first step to establish
imaging as a sensitive, reliable and potentially predictive biomarker for future clinical studies. Previous studies
have demonstrated correlations between functional tests and imaging [14–19] and a systematic review reported
correlations between MRI measurements and motor function, with the strongest correlations using quantitative
MRI measurements such as fat fraction or mean T2 [20]. Furthermore, recent retrospective analyses from natural
history studies have shown that MRI fat fraction and T2 measures in the vastus lateralis and biceps femoris long
head were among the fastest progressing biomarkers to predict future functional decline in boys with DMD [21–23].

The work done to date characterizing the relationship between MRI measures and functional performance
suggests that MRI could be an important biomarker for future clinical trials. This underscores the need to have
a robust understanding of the relationship between different MRI measures and various functional measures
commonly used to assess disease progression in DMD. For biomarker implementation in future interventional
clinical studies in DMD, imaging protocols must be widely accessible at clinical imaging centers, and analysis
methods must be scalable to allow a high throughput of images.

This article outlines imaging protocols and methods that were scalable and applied in a Phase II, multicenter,
global clinical trial (NCT02310763) to evaluate domagrozumab in ambulatory boys with DMD [24]. Using
baseline data from this trial, we evaluated the correlation between an array of functional tests and quantitative MRI
assessments of the thigh. The relationships between functional tests and scalable MRI assessments, together with
an understanding of age-related changes, will help inform future clinical trial design.

Patients & methods
Study design & patients
This Phase II trial was designed to evaluate the safety and tolerability, efficacy, pharmacokinetics and pharma-
codynamics of domagrozumab (PF-06252616) in boys with DMD. The study protocol, protocol amendments
and informed consent/assent forms were approved by the institutional review board or ethics committee. The
study was conducted in accordance with legal and regulatory requirements, international ethical guidelines for
biomedical research involving human subjects, Good Clinical Practices and the Declaration of Helsinki. Written
informed consent by parent or legal guardian, and the patient’s assent when applicable, were obtained before any
study-specific activity was performed.

Patients were enrolled at 31 sites in eight countries. Enrolled patients were ambulatory boys aged 6 to <16 years
with medically and genetically confirmed DMD. All patients were receiving glucocorticosteroid therapy for a
minimum of 6 months, with stable dosing for at least 3 months prior to baseline imaging and functional assessments.
Only patients who were able to climb four stairs in ≥2.5 but ≤12 s at the screening visit proceeded to the imaging
and functional assessments. Those patients who were unwilling or unable (e.g., metal implants, requires sedation) to
undergo examination with closed MRI without sedation were not enrolled. Boys were enrolled between November
2014 and May 2018.

The focus of the analysis presented herein was on baseline data from the functional end points and quantitative
thigh MRI assessments. Predose data from all patients with MRI images (n = 120) were evaluated to compare
baseline functional assessments with baseline thigh MRI measurements and patient age. All MRI measures were
acquired during the screening period, a 42-day window before initiating dosing with domagrozumab or placebo.
Functional measures were acquired during the baseline visit before dosing; however, if there were missing values,
their values acquired from the screening period were used as the baseline.
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Efficacy & pharmacodynamic assessments
Key functional measures included in this analysis: timed functional tests (four-stair climb, rise from the floor, run
10 m, 6-min-walk distance), North Star Ambulatory Assessment (NSAA) and knee extension strength evaluation. All
functional assessments were conducted and evaluated by trained and study-certified physiotherapists/physiologists.
Knee extension strength was quantified by means of a handheld dynamometer. Key imaging measures included:
thigh muscle volume (MV), MV index (MVI), thigh fat fraction and T2-mapping.

MRI images were collected from imaging facilities trained on the specific requirements of this study. All sites were
trained to acquire images according to imaging guidelines as described in the next section. Site training covered
all aspects of imaging, including patient positioning, setting up the imaging sequences, image quality review and
submission of images to a central imaging laboratory. Techniques for pediatric imaging were discussed with sites,
and all sites were able to collect images without the use of sedation. As part of the training, sites collected images
of a healthy volunteer to demonstrate understanding of the imaging study requirements. After the volunteer test
scans were approved, the scanner and MRI technologists were considered qualified for the study.

After image acquisition at the site, images were sent to BioTelemetry Research (Cardiocore & VirtualScopics, NY,
USA) for quality inspection and evaluation. All images were evaluated by a trained radiologist reader using in-
house software. Only images collected from qualified MRI scanners using the standardized scanning protocol were
accepted for analysis.

MRI scanning protocol
MRI protocols were designed to be fast enough to be well tolerated by pediatric patients while minimizing
discomfort. MRI scans were collected across all sites using either 1.5 T or 3.0 T MRI scanners. Thighs were imaged
using multiple scan sequences to evaluate MV, mean T2 relaxation time and fat fraction. Boys were positioned in
the scanner in a supine position with a target leg elevated above the scan table to prevent thigh compression from
affecting MV measurements. The target leg was stabilized parallel to the scanner table using positioning sponges
to increase patient comfort. The target leg, typically the right leg, was the thigh that would be evaluated during
image review at all study time points.

Sites were not selected based on their MRI scanner; the protocol was designed to be broadly generalizable on most
clinical scanners. The following parameters were provided to sites during the site training process. Modifications
were made as needed to achieve high-quality images for analysis. For the proton-density scan and Dixon scans, sites
were instructed to acquire images covering from the acetabulum to the bottom of the patella. For T2-mapping
protocols, acquisitions started from the top of the lesser trochanter and captured approximately 7–10 cm of the
proximal thigh. The proton-density scan protocol was selected to allow for image acquisition throughout the upper
leg in a relatively short time period without loss of image quality while still generating good contrast between
muscle and surrounding fat tissue. The Dixon and T2-mapping scanning protocols were selected to maximize the
number of sites that could acquire these scans.

Proton-density scan
Sites were instructed to acquire axial fast spin echo, turbo spin echo or spin echo sequences using the inherent body
coil. Imaging guidelines included repetition time approximately 3000–4000 ms, echo time approximately 13 ms,
field of view approximately 320 mm, slice thickness 5 mm with 0-mm gap, number of averages approximately 2
and acquisition matrix approximately 320 × 320. In some cases, multiple sequences were acquired to achieve full
coverage of the thigh.

Dixon scan
Sites were instructed to acquire axial 2- or 3-point Dixon scans using manufacturer provided sequences with the
inherent body coil. Sequences included IDEAL or LAVA Flex on GE systems, mDixon on Philips systems and
Vibe Dixon on Siemens systems. Only sites that had manufacturer-supplied fat/water imaging sequences were
required to submit Dixon scans for analysis. Parameters were modified according to manufacturer protocols, with
the following guidelines: field of view approximately 320 mm, slice thickness 5–10 mm with 0-mm gap, number of
averages approximately 2 and acquisition matrix approximately 256 × 192. Field of view was adjusted per patient
and minimized when possible.
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Figure 1. Single slice of the thigh MRI scans from the three different imaging procedures. (A) Proton-density
weighted scans are segmented into three volumetric regions. (B) Each slice of the proton-density weighted scan is
segmented into muscle (red), inter/intra-muscular fat (green, i.e, smaller segments shown amidst the red) and
subcutaneous fat (magenta; area outside the white dotted line). The white dotted line represents the regions used
for the fat fraction map and the T2-mapping analysis comprising the entire muscle bundle. (C) Fat fraction; map was
acquired using a Dixon imaging sequence. (D) T2-map for the same subject. Healthy muscle tissue will have lower T2
relaxation times.

T2-mapping scans
T2-mapping scans were typically acquired using a body/torso array coil. Sites were instructed to acquire axial spin-
echo scans using the following guidelines: repetition time approximately 1500–3000 ms, echo times approximately
five echoes 20–120 ms, field of view approximately 320 mm, slice thickness approximately 7 mm with 2-mm gap,
no fat saturation, number of averages approximately one and acquisition matrix approximately 256 × 256. To
ensure the quality of T2-mapping acquisitions, a phantom was included in the scan field of view and reviewed as
part of the quality control assessment at BioTelemetry Research. T2 values had to be within 10% of the expected
range in order for an image to pass the quality inspection. The T2 phantom included five vials with varying levels
of copper sulfate, representing 15, 30, 60, 120 and 240 ms relaxation times.

Image analysis
All images were evaluated at BioTelemetry Research using in-house software. Segmentation algorithms based on
fuzzy clustering and active contours [25–27] were used to segment images into bone, muscle bundle and subcutaneous
fat for each acquired slice of the target thigh (Figure 1A & B). The muscle bundle of proton-density weighted
scans was then segmented into muscle and inter/intra-muscular fat regions (Figure 1B). The region of interest
determinations was reviewed for each slice by an imaging technologist and then confirmed by a study-trained
independent radiologist to ensure accuracy of image segmentation. The combined muscle and inter/intra-muscular
fat regions represents the entire muscle bundle and is outlined by a white dotted line in Figure 1B. MV measures
were based on the contractile muscle measured in the muscle bundle, corresponding to the red region of interest in
Figure 1B.

In order to account for the progressive fatty infiltration into the muscle bundle, MVI was also evaluated. MVI
is a measure of the fraction of the total thigh tissue that is lean muscle [17] and is calculated using the following
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formula (Equation 1):

MVI =

(
muscle volume

[muscle volume + inter/intra-muscular fat volume]

)
× 100 (Eq. 1)

Fat fraction maps were generated from the water-fat images acquired during the Dixon imaging protocol. The
fat fraction map was calculated using the following formula (Equation 2):

Fat image(
Water image + Fat image

) (Eq. 2)

The muscle and inter/intra-muscular fat regions, comprising the entire muscle bundle, were used to derive the
thigh fat fraction measurement from the fat fraction maps (Figure 1C).

The T2 relaxation time was calculated on a pixel-by-pixel basis from the multi-echo T2-mapping scan using
a non-linear curve fit assuming a mono-exponential decay model [14,28,29]. As was done in previous work, the
initial echo time was not included in the curve fit in order to minimize the effect of stimulated echoes on T2
calculation [28]. The T2-map was acquired covering fewer slices in the proximal thigh and used the muscle and
inter/intra-muscular fat regions of interest (i.e., muscle bundle) for analysis (Figure 1D). T2-maps were evaluated
in two ways: mean T2-relaxation time and percent of nonelevated voxels. The percent of nonelevated voxels was
the percent of total voxels in the T2-mapping acquisition with a relaxation time of less than 55 ms. Voxels with
an elevated T2-relaxation time are more likely to represent fatty or inflamed tissue [14,29]. The threshold of 55 ms
was estimated based on review of healthy volunteer scans in combination with the thresholds described in previous
work [14,29]. It is acknowledged that the threshold of 55 ms is elevated above healthy muscle tissue, and that
is consistent with the intended use. The threshold was established to allow longitudinal evaluation of shifts in
T2-mapping histograms consistent with DMD disease progression and was not established as a definitive threshold
between healthy and diseased tissue.

Statistical analysis
Pearson correlation coefficients were calculated between imaging tests, functional tests and patient age. Tests were
considered moderately correlated if |r| approximately 0.5. All functional test data, except for the 6-min-walk
distance test and NSAA, had right-skewed data distributions and therefore the data were log transformed to be
more normally distributed for statistical analysis.

In some cases, sites were not able to perform the fat fraction or T2-mapping acquisitions due to scanner technical
limitations. In these cases, only the available data were used for correlation analysis. The number of patients used
for each comparison are included in Figure 2.

Results
The study enrolled 121 ambulatory boys, aged 6 to <16 years. One patient who was randomized, however, did
not complete the baseline MRI and therefore was omitted from this analysis (n = 120). All images were acquired
without the use of sedatives. The correlation coefficients and their statistical significances between the primary
imaging measures, functional assessments and patient age are presented in Figure 3. Of the imaging measures, MV
had the weakest correlations to timed functional assessments and NSAA and had no apparent correlation to patient
age (Figure 2A & 3). On the other hand, MV had the strongest correlation with the knee extension/strength
assessments (Figure 3). MVI had a moderate correlation to timed functional tests, NSAA and patient age, but was
only weakly correlated to the knee extension strength assessments (Figure 3). MVI declined with age (Figure 2B).

Fat fraction was moderately correlated to timed functional tests, NSAA and patient age, but had a weaker
correlation with the knee extension strength assessments (Figure 2C & 3). Fat fraction on average showed the
highest observed correlation with timed functional tests compared with the other imaging measures. T2-mapping
measures, including the mean T2 relaxation time and percent nonelevated voxels similarly showed a moderate
correlation to timed functional tests, NSAA and patient age (Figure 2D & E), and had weaker correlations with
the knee extension/strength assessments (Figure 3). Timed functional tests, strength assessments and NSAA had
either weak or weak/moderate correlation with patient age (Figures 3 & 4).
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Figure 2. Imaging measures plotted by patient age. (A) Muscle volume; (B) muscle volume index; (C) fat fraction; (D)
mean T2 relaxation and (E) percent nonelevated voxels. The box shows the median value, upper quartile and lower
quartile. Whiskers represent upper and lower adjacent values. Dots represent outliers.

Discussion
In this multicenter, multinational clinical trial, imaging was well tolerated by the study participants and all images
were acquired without the use of sedatives. These analyses showed generally moderate correlation between several
baseline quantitative MRI measures and functional tests in patients with DMD. This is the first study to analyze
the entire thigh, rather than small regions in individual muscle groups. Importantly, this work provides data on
whole-thigh MV, rather than focusing on a cross-sectional area in a few central slices.
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Figure 3. Correlations coefficients between key imaging and functional measurements.
*p < 0.001; **0.001 ≤ p < 0.05.
MVI: Muscle volume index; NSAA: North Star Ambulatory Assessment.

The results of this study provide further support for the use of imaging as an objective, noninvasive biomarker
for use in DMD clinical trials. Furthermore, this multicenter study shows that imaging protocols can be generalized
to enable inclusion into later phase (i.e., Phase II/III) clinical trials, and imaging analysis can be scaled to have the
high throughput necessary for clinical trials.

Correlation between imaging measures & functional tests
Except for MV, imaging measures (MVI, fat fraction and T2-mapping) were moderately correlated with the
timed functional tests, NSAA and patient age. This is in agreement with findings from previous studies showing
correlation between imaging and functional tests in patients with DMD. Several studies have shown correlations
between muscle fat fraction and/or T2-mapping and functional tests, including four-stair climb, rise from the floor,
run 10 m and 6-min-walk distance test [14–16,18,19]. Correlations were also found between MVI and functional
tests, including run 10 m and 6-min-walk distance test [17].

Interestingly, MV measures did not correlate as well with timed functional tests; however, it did correlate with the
knee extension/strength measurement. The finding that MV is correlated with strength is aligned with a previous
report looking at muscle cross-sectional area in patients with DMD and age-matched controls [30]. This previous
study evaluated the contractile cross-sectional area in a single slice in the thigh and demonstrated a correlation with
strength measurements. The combined conclusion between this work and previous work demonstrates that both
whole-thigh MV and single-slice contractile cross-sectional area correlate with strength measures in DMD patients.

MVI, fat fraction and T2-mapping measures overall correlated with timed functional tests and NSAA, but only
correlated weakly with knee extension/strength measurements. These findings suggest that lean MV may be an
important indicator of overall strength, whereas measures evaluating muscle quality or measures affected by the
quantity of fatty tissues (MVI, fat fraction or T2-mapping) may be more important for characterizing potential
functional changes on timed functional tests or functional scores.

Correlation between imaging measures or functional assessments & patient age
In this study, MV did not show a clear trend of increasing with age in boys with DMD, as may be anticipated in
a growing child. This finding is particularly interesting when keeping in mind that the MV captured the entire
thighs of boys. The number of slices acquired and evaluated was dependent on the patient height (i.e., taller boys
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Figure 4. Functional tests, by age. (A) Four-stair climb; (B) rise from floor; (C) 6-min-walk distance; (D) run 10 m; (E)
knee extension/strength; and (F) NSAA. The box shows the median value, upper quartile, and lower quartile.
Whiskers represent upper and lower adjacent values. Dots represent outliers.
NSAA: North Star Ambulatory Assessment.

had more slices evaluated). Despite the extra slices in the MRI scan, the MV did not increase appreciably in older,
typically taller, boys. This finding is in agreement with a previous study that found no significant correlation
between single-slice contractile cross-sectional area and age in young boys with DMD, whereas healthy boys had a
significant increase in cross-sectional area with age [30].

The lack of correlation between whole-thigh MV and age may be explained by the competing effects of linear
growth with progressive fatty replacement and muscle atrophy in a DMD population. Muscle hypertrophy may
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also play a role in the relative stabilization of MV measures across the age range evaluated, although this effect may
be less pronounced in thigh measurements relative to lower-leg measures [30]. Given the lack of correlation between
MV and age, measuring MV in boys with DMD could be useful for designing future imaging measures in this
population. During longitudinal analysis of clinical trial results, an increase in MV could indicate a true therapeutic
effect rather than an age-related change. This could be an important consideration when evaluating clinical trial
data for a potential anabolic effect.

Our results showed that MVI declined with age. This is consistent with previously published results showing
MVI of the lower limbs was significantly lower in boys with DMD compared with healthy boys, and that decreases
in thigh MVI were significantly correlated with age [17]. Fat fraction analysis of the entire thigh muscle bundle in
this study showed a moderate correlation with patient age. Increased fat fraction with age has been demonstrated
in several other studies using both Dixon imaging and magnetic resonance spectroscopy assessments in individual
muscle groups [28,31,32]. T2-mapping measures in this study also indicated moderate correlation to patient age.
Looking at both mean T2 and percent of elevated/nonelevated voxels may be particularly important in longitudinal
studies to understand not only the changes in the mean T2 value, but to also characterize the spread of T2 values
within the muscle bundle. Other studies have shown a correlation between T2-mapping and age in patients with
DMD, in addition to showing that distribution of T2 values increases with disease progression and elevated voxels
may be sensitive to longitudinal changes in boys with DMD [14,32–34].

Functional tests showed an overall weaker correlation with patient age. Mean functional performance in different
age groups (Figure 4) showed a reduced rate of change across the age groups as compared with MVI, fat fraction or
T2-mapping analyses. In addition, 6-min-walk distance test performance appears to increase up to approximately
ages 7–8 years before a functional decline is initially observed. A similar observation, with a peak in 6-min-walk
distance, has been noted in several previous studies [26,27]. This lack of functional decline in this age range would
need to be a consideration when planning a study with functional end points. Taken together, our findings further
support the use of MVI, fat fraction analysis and T2-mapping to measure disease progress in patients with DMD.
MV may be an additional biomarker of interest to help quantify changes in strength or evaluate the pharmacologic
effect based on the mechanism of action of a potential therapy.

A study by Willcocks and colleagues further highlights the importance of reviewing both imaging and functional
data to characterize disease progression in DMD. Although the 6-min-walk distance test showed improvement
or stabilization over 1 year in patients with DMD, progressive increases were identified in fat fractions and T2-
mapping [35]. This further underscores the importance of using imaging biomarkers, which can detect changes in
muscle structure or quality before functional changes are observed. MRI and magnetic resonance spectroscopy have
demonstrated the ability to detect a therapeutic effect following initiation of corticosteroids [36]. Although previous
interventional studies had very small sample sizes, it is generally hypothesized that imaging may be able to detect
subclinical disease progression in advance of changes in functional performance. Furthermore, quantitative MRI
measures may be more sensitive than functional measures in tracking disease progression [23].

It should be noted that this study had several limitations. This study could have been enhanced by the addition
of a control non-DMD population. While this would have increased the understanding of the manifestation
of DMD, it was outside the scope of this study. Other studies showing correlations between quantitative MRI
and functional performance evaluated individual muscle groups due to the potential for nonhomogenous disease
progression across all thigh muscle [14,15]. It is understood that the analysis of the entire muscle bundle may lead
to a lower correlation coefficient between imaging and functional performance due to variation in thigh muscle
involvement. Individual muscle analysis would likely require manual segmentation, which is less scalable for large
clinical studies. In addition, due to the large number of sites (31) in this study, MRI scanner capabilities varied
slightly among sites. This study reflects the normal variations that may occur when scaling up quantitative MRI
end points into interventional clinical studies across multiple sites. The slight variations in scan acquisition may
contribute to increased variability of these measures; however, this is a challenge that will need to be considered
before incorporating imaging into multicenter clinical trials. This impact can be minimized in longitudinal studies
by having baseline and follow-up scans on the same MRI equipment for each subject.

Lastly, a notable limitation, is that this was a cross-sectional analysis based on values from one baseline time
point that could have been affected by various factors leading up to this time point. Longitudinal data were not
fully available at the time of this analysis. Initial publication of the domagrozumab Phase II trial did not report
a significant treatment effect based on function, however, as discussed in the corrigendum there was a significant
treatment effect detected by MRI [24,37]. There was a significant difference between domagrozumab and placebo in
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the mean percentage change from baseline in thigh MV at week 17 (2.945%, p = 0.0087) and week 49 (4.087%, p
= 0.0298), and in MVI at week 33 (2.612%, p = 0.0376) and week 49 (3.208%, p = 0.0411) [37]. This did not alter
the overall conclusions of the trial and future publication of the longitudinal MRI of T2-mapping and fat fraction
data is planned. The significant treatment effect detected on MV measures as part of the domagrozumab study
underscores the importance of understanding the relationship of these MRI biomarkers with functional measures
and patient age.

A particular strength of this study is that data were collected from 31 sites across eight countries. Although other
studies have demonstrated correlations between imaging measures, functional tests and DMD patient age [28], these
studies were run at a small number of sites selected specifically for imaging capabilities. This study is the largest
interventional clinical study to include these types of quantitative MRI assessments and demonstrates the feasibility
to scale image acquisition protocols across different MRI scanners and streamline image analysis techniques. Scalable
image acquisition and analysis protocols are critical to the future implementation of quantitative MRI biomarkers
in clinical trials.

In order to improve clinical trial design and increase the chance of identifying a potential therapy for DMD,
new biomarkers are needed that enable objective decision making and do not rely on patient collaboration. The
greater rate of change of imaging assessments as opposed to functional changes across ages 6–15 supports the use
of imaging evaluation to detect subclinical changes in this population. Finally, the generally moderate correlation
between the MRI assessments and functional performance provides additional evidence on the utility of these
measures to assess efficacy outcomes in clinical trials.

Conclusion
This study demonstrates that quantitative MRI measures can be incorporated in multicenter, multinational clinical
trials. MV correlated with strength measurements, whereas all other imaging measures correlated best with timed
functional tests and patient age. This study suggests that MV may be a better indicator of overall strength, and
muscle quality/fat content may be a better biomarker for performance on timed functional tests and NSAA.
The overall moderate correlation between an array of functional tests and several MRI measures provides further
evidence of the utility of MRI as an objective biomarker for future clinical trials.

Summary points

• There is an unmet need for objective outcome measures in Duchenne muscular dystrophy (DMD) that represent
the underlying pathophysiology, disease progression and treatment effects.

• We developed a scalable quantitative MRI protocol that can be used for multicenter clinical trials for objective
assessment of thigh muscle volume (MV), muscle volume index, T2-relaxation time and whole thigh fat fraction
analysis.

• We used baseline data from a Phase II trial of domagrozumab in DMD to evaluate the correlation between
functional measures and quantitative MRI assessments of thigh muscle.

• This study is the first analysis of whole-thigh MV in boys with DMD. MV was weakly correlated to most timed
functional tests and age, however, was moderately correlated with strength assessments.

• Muscle volume index, a measure of the fraction of total thigh tissue that is lean muscle, whole thigh fat fraction
and T2-mapping measures all had moderate correlations to timed functional tests, North Star Ambulatory
Assessment and age.

• These findings suggest that muscle quality and fat content measures may be better biomarkers for performance
on timed functional tests and North Star Ambulatory Assessment; the whole MV may be more strongly associated
with strength measures.

• The rate of change of MRI biomarkers across ages was greater than that observed on functional end points
suggesting that imaging may be able to detect subclinical disease in boys with DMD.

• These results demonstrate the feasibility of using MRI in a large, multicenter study and support continued use of
MRI as an objective biomarker for DMD clinical trials.
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