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Abstract
There is a great demand for accurate non-invasive measures to better define the
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natural history of disease progression or treatment outcome in Duchenne muscular
dystrophy (DMD) and to facilitate the inclusion of a large range of participants in
DMD clinical trials. This review aims to investigate which MRI sequences and analysis
methods have been used and to identify future needs. Medline, Embase, Scopus,
Web of Science, Inspec, and Compendex databases were searched up to 2 November
2019, using keywords “magnetic resonance imaging” and “Duchenne muscular
dystrophy.” The review showed the trend of using T1w and T2w MRI images for
semi-qualitative inspection of structural alterations of DMD muscle using a diversity
of grading scales, with increasing use of T2map, Dixon, and MR spectroscopy (MRS).
High-field (>3T) MRI dominated the studies with animal models. The quantitative
MRI techniques have allowed a more precise estimation of local or generalized
disease severity. Longitudinal studies assessing the effect of an intervention have
also become more prominent, in both clinical and animal model subjects. Quality
assessment of the included longitudinal studies was performed using the NewcastleOttawa Quality Assessment Scale adapted to comprise bias in selection, comparability, exposure, and outcome. Additional large clinical trials are needed to consolidate
research using MRI as a biomarker in DMD and to validate findings against
established gold standards. This future work should use a multiparametric and
quantitative MRI acquisition protocol, assess the repeatability of measurements, and
correlate findings to histologic parameters.
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DWI, diffusion-weighted imaging; FOS, first-order statistics; FOV, field-of-view; FR, fraction; GTSDM, gray-tone spatial-dependence matrix; H&E, hematoxylin and eosin; LBP, local binary
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quantitative MRI; RLM, run-length matrix; ROI, region of interest; SNR, signal-to-noise ratio; T1w, T1 weighted; T2w, T2 weighted; TE, echo time; TM, texture method; TR, repetition time; UHF,
ultrahigh field; US, ultrasound; V/CSA, volume/cross-sectional area; VHF, very high field.
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Although no treatment currently can prevent or reverse the effects of

2.1

METHODS

|

Data sources and search method

|

Duchenne muscular dystrophy (DMD), several pharmacologic, cellular,
and genetic approaches may reduce disease effects and improve the

This review was performed in accordance with the PRISMA (Preferred

quality of life for DMD patients.1 In assessing the outcomes of clinical

Reporting

Items
16

for

Systematic

Review

and

Meta-Analyses)

trials of these treatments, objective biomarkers must be developed

guidelines,

and assessed longitudinally in natural history studies.2 Ideally, these

rial S1, which is available online. A systematic search was conducted

biomarkers should be compared against results from the histological

of the databases of Medline, Embase, Scopus, Web of Science, and

analysis of muscle biopsies, which has historically been used as the

Engineering Village with the aid of an experienced librarian on

gold standard for disease assessment. However, due to the inherent

2 November 2019. The following terms were used for the searches:

invasive character of biopsy, non-invasive methods to extract infor-

“magnetic resonance imaging” and “Duchenne muscular dystrophy”.

mation corresponding to biological characteristics of DMD muscle are

The results from all five searches were combined using EndNote and

in great demand.

automatically verified to ensure the exclusion of articles that had the

with details summarized in Supporting Information Mate-

Several non-invasive imaging modalities have the potential to

same title or were written by the same authors and/or published in

provide objective insight on DMD disease progression: for exam-

the same journal. The remaining articles were considered for study

ple computed tomography (CT), positron emission tomography

selection.

(PET), ultrasound (US), and magnetic resonance imaging (MRI). 3,4
While CT can be used to detect structural changes in muscle tissue
such as fat deposition,5 its use in DMD is limited by potential side

2.2

|

Study selection

effects of X-ray exposure and insensitivity for differentiation
between adipose and connective tissue, especially in younger
6

Two authors (L.A. and J.F.G.) independently reviewed the journal and

patients. The use of PET allows identification of reduced metabo-

paper titles and abstracts. The selected papers then underwent full-

lism due to replacement of muscle with connective tissue or fat in

text screening and eventually were reviewed to include relevant infor-

DMD but this could be obscured by increased uptake of brown

mation. Any discrepancies regarding study inclusion or during the sub-

fat.3 Evidence of increased muscle echogenicity is seen early on

sequent review process were resolved by full-text screening and

US in DMD, providing a potential imaging tool to track disease

discussion. All papers with any of the components missing were pas-

progression. 7

sed directly to the full-text screening.

Due to its high soft-tissue contrast, high resolution, and
absence of ionizing radiation, MRI has emerged as a promising noninvasive method for imaging skeletal muscles.8 Various MRI

2.3
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Inclusion and exclusion criteria

sequences have been widely used to monitor DMD disease qualitatively9,10 and quantitatively,11-14 with a general hypothesis that

We included only clinical or preclinical studies reporting MRI of skele-

structural changes in muscle will be reflected in MRI images. Quali-

tal muscles with the following aims: characterization of differences

tative analysis allows subjective grading of disease features, such as

between healthy and DMD muscle; characterization of the natural

the level of signal intensity on T1 weighted (T1w) and T2 weighted

history of DMD disease progression; correlations between muscle

(T2w) MRI protocols. Advances in quantitative MRI (qMRI)

MRI and current standard of care diagnostic methods (blood biochem-

sequences (ie, T1map, T2map, diffusion-weighted imaging [DWI],

istry, molecular assessment, clinical assessment, functional assess-

and Dixon) have provided promising results in objectively monitor-

ment, or histology); assessment of the effect of an intervention

ing DMD patients longitudinally.15 Nonetheless, with no consensus

(medication, supplements, contrast medium, exercise, muscle stimula-

on particular imaging sequences or analysis methods and tools to be

tion, injury). No restrictions were made based on location, size of field

used,

of view (FOV), or the number of skeletal muscles imaged.

the

use

of

MRI

as

a

DMD

biomarker

remains

underappreciated.

Only studies written in English were included in this review. Prior

Accordingly, this study aimed to investigate different MRI

to the review, a decision was made to exclude any study with too few

sequences that have been used for diagnosis and quantification of dis-

participating subjects: <7 for patient studies and <3 for animal studies.

ease severity in DMD skeletal muscle, to answer two fundamental

Therefore, all individual case reports and studies with no information

questions: (a) What are the MRI sequences that have been used to

on the number of subjects were excluded. In addition, all the following

assess changes in skeletal muscle in DMD and pre-clinical models of

types of studies were excluded: (a) papers describing non-original

DMD? (b) What are the methods that have been used to analyze spe-

research (editorials, commentaries, letters, reviews, meta-analyses, opin-

cific MRI sequences in order to differentiate healthy and diseased

ions, family descriptions, conference summaries, conference abstracts,

muscles, assess therapeutic response, or differentiate different stages

registries, study protocols, technical notes, pictorial essays), (b) papers

of DMD?

not based on in vivo subjects (histology, phantom, ex vivo, synthetic

3
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data), (c) papers reporting animal models other than murine (MDX) or

independent single-point T1w measurements at different inversion times.

canine (golden retriever muscular dystrophy, GRMD), (d) papers

As this acquisition method is rather time-consuming, several MRI

reporting imaging of non-skeletal muscles, and (e) papers not differenti-

sequences were developed to speed up the acquisition, eg, inversion

ating between different dystrophy types.

recovery spin echo, echo planar imaging, inversion recovery spoiled gradient echo, and variable flip angle.18 T2-mapping measures pixel-wise T2
relaxation time or spin-spin or transverse relaxation time, which repre-

2.4

|

Data extraction

sents the time constant that the transverse components of magnetization decay or diphase toward their thermal equilibrium value. T2map is

A data form was designed to extract the following information: DMD

typically reconstructed from a series of T2w images at various TE.19

affected or carrier, species (human, murine, canine), population (num-

DTI is an MRI technique that assesses restricted (anisotropic)

ber of DMD, number of DMD-control, number of healthy-treated,

water diffusion using bi-polar preparation gradients. It is often visual-

number of healthy-control), MRI field strength (midfield [≤1T], high

ized using pseudo-colors and can be used to produce fiber tract

field [>1T and ≤3T], very high field [>3T and ≤7T], and ultra-high-field

images. Additionally, DTI provides structural information about mus-

[>7T]), MRI sequence, use of MRI contrast agent, the number of mus-

cle.20 The Dixon technique is an MRI method for fat suppression

cles or compartments analyzed, gold standard used (none, histology,

and/or fat quantification that uses a simple spectroscopic imaging

molecular assessment, functional ability, clinical assessment, biochem-

technique for water and fat separation.21,22 The technique acquires

istry), the aim of the study (differentiation, natural history, the effect

two separate images with a modified spin-echo pulse sequence with

of the intervention, clinical trial), study design (cross-sectional, longitu-

water and fat signals in-phase and 180 out-of-phase. Each voxel in

dinal), type of data analysis, and type of performance analysis. All

MRS produces a set of signals called the magnetic resonance spec-

selected papers were independently reviewed by two reviewers, and

trum, defined by two axes: signal intensity and signal position (chemi-

data extraction was cross-checked by a third reviewer (A.E.). Dis-

cal shift). Biomedical applications are mainly focused on imaging of

agreements between the reviewers were resolved by consensus and

protons (1H), phosphorus (21P), and carbon (13C).

arbitrage by another author (J.N.K). The following data were extracted

Image analysis methods to assess muscle quality were divided

from the full papers: year of publication, human or animal study, type

into five categories: semi-qualitative scoring (QS), first-order statistics

of animal model used, type of study (cross-sectional or longitudinal),

(FOS), volume/cross-sectional area (V/CSA), fractions (FR), and tex-

number of subjects, number of muscles imaged, MRI sequence(s)

ture methods (TM).

used, contrast agent used, image analysis method. All papers were
divided into the following categories: (a) cross-sectional studies to differentiate healthy and diseased muscle or to grade disease severity,

2.5.1
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QS

(b) cross-sectional studies to correlate the imaging results to the current standard of care diagnostics, and (c) longitudinal measurements

The semi-qualitative assessment of DMD imaged by MRI is usually

to characterize the natural history of disease progression or assess

graded by two or more independent observers using several ordinal

changes due to intervention.

scales with gradually increasing muscle involvement. Often, for purposes of anatomical clarity and synergistic function, muscles have
been graded together as a muscle group. These methods provide an

2.5

|

Data synthesis and analysis

overall impression of the degree of increased signal intensity in T1w
and/or T2w MRI:

The following MRI sequences were identified: T1w, T2w, T1-mapping,
T2-mapping, proton density (PD), diffusion tensor imaging (DTI),

1. Grading of fat infiltration using T1w MRI without fat suppression:

Dixon, and magnetic resonance spectroscopy (MRS). MRS was differ-

(a) severity of fat infiltration and subcutaneous fat using a three-

entiated according to the element used: 1H, 31P, 23Na. No further sub-

point scale (0, absent; 1, mild; 2, severe)23; (b) several muscles with

division was made regarding the type of imaging protocol, use of

fatty infiltration using a three-point scale with four distinguished

contrast agent, or fat suppression mechanisms (including short tau

grades ranging from 0 to 323; (c) grading fatty infiltration using a

inversion recovery).

four-point grading system, consisting of four different stages

T1w MRI sequences use spin-lattice relaxation by using a short repe-

(1,

normal;

2,

patchy

intramuscular

signal;

3,

markedly

tition time (TR) and a short echo time (TE), while T2w MRI sequences

hyperintense; 4, homogeneous hyperintense signal in whole mus-

assess spin-spin relaxation by using a long TR and a long TE. PD-weighted

cle) proposed by Olsen et al24; (d) grading fatty infiltration using a

MRI created by a long TR (reduce T1) and a short TE (minimize T2) to

four-point grading system, consisting of six different stages

reflect the actual density of protons.17 PD-weighted MRI sequences

(0-1-2a-2b-3-4) ordered an increasing percentage of fat in the

share some features of both T1w and T2w MRI. T1-mapping, also

images25; and (e) modified Mercuri scale using a four-point grading

referred to as native T1-mapping, measures pixel-wise T1 relaxation time

scale, consisting of six different stages (0, normal muscle; 2, mild

or spin-lattice or longitudinal relaxation time, the decay constant for the

infiltration, less than 30% of the muscle was infiltrated; 3, moderate

recovery of the z-component of the nuclear spin magnetization towards

infiltration with 30%-60% infiltrated muscle; 4, severe infiltration

its thermal equilibrium value. T1-mapping traditionally uses a series of

with more than 60% infiltrated muscle.6

4
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2. Grading of edema patterns using T2w MRI (without fat suppres-

2.6

Risk of bias assessment

|

sion) originally proposed by Borsato26 and modified by Kim et al27
uses a four-point grading system on a scale from 0 to 3 (0, no;

Conclusions reached through systematic reviews are influenced by

1,

and

the quality of the papers included, largely related to various sources

intrafascicular edema; 3, moderate inter- and intrafascicular

of potential bias.34 In an effort to minimize selection bias, we per-

edema).

formed an initial wide search without limitations and conducted the

minimal

interfascicular

edema;

2,

minimal

inter-

3. Four-point grading system by using patterns in T1w spin-echo

review according to PRISMA guidelines.16 Given the heterogeneous

(SE) and short-tau inversion sequence to grade edema, and

nature of this review, for instance, including both human and animal

T1w MRI to grade fat infiltration27 with 1, normal signal on

studies and a range of study designs, we did not systematically assess

both T1w MRI (with and without fat suppression); 2, edema on

the potential for bias across all 127 papers. Since the recommenda-

T1w MRI without fat suppression, no fatty infiltration on fat-

tions generated by this review are most important for patient care, we

suppressed T1w MRI; 3, edema on T1w MRI without fat sup-

assessed longitudinal DMD studies reporting clinical data. The

pression

fat-

included papers were subjected to rigorous appraisal by two authors

suppressed T1w MRI; 4, normal signal on both T1w MRI (with

(L.A. and A.E.) using the extended Newcastle-Ottawa Quality Assess-

fat suppression), and large fatty infiltration on fat-suppressed

ment Scale (NOS)35,36 adapted to include assessment of outcome, the

T1w MRI.

validity of follow-up, and dropout rate. This assessment awards points

and

minimal-moderate

fatty

infiltration

across four domains to a total of 10 points: selection (4), comparability
(1), exposure (3), and outcome (2). Based on the score, the datasets

2.5.2

|

FOS

were categorized as high (score ≥9), moderate (6 ≤ scores ≤8), or low
(scores ≤5). Disagreements were arbitrated by a third author (J.F.G.).

These methods characterize muscle by non-spatial descriptors, that is,
the gray-level frequency distributions as mean, median, SD, skewness,
maximum, minimum, and range.

3

RE SU LT S

|

Figure 1 presents details on literature inclusion after reviewing the

2.5.3

|

V/CSA

paper title, the journal-title, abstract, and full paper. In summary, of
the 5238 potentially relevant articles, 482 (9.2%) were considered for

Under the assumption that structural and compositional changes in

inclusion. After a full-text screening for all relevant papers, an addi-

skeletal muscle affected by DMD alter cross-sectional area (and con-

tional 352 were excluded. At this stage, three additional papers were

sequently also the muscle volume), some studies characterize muscle

excluded as they reported the results on the same dataset as that used

by V/CSA. The methods for V/CSA assessment vary from completely

in another paper included. For these publications, the most recent one

manual annotations to automatic segmentation protocols.

was included in the analysis. Therefore, the data from 127 original
papers6,8-11,15,23,27-29,37-153 were extracted for further analysis.

2.5.4

|

FR
3.1

|

General characteristics

The muscle composition is assessed with intramuscular fat fraction
using 1H-MRS28 or chemical shift-based imaging techniques29 by

Table 1 presents the general characteristics of all 127 selected papers.

the integration of the phase-corrected spectra from the lipid and

A paper may have included more than one MRI sequence or aim, and

1

H2O parts of the spectrum. Additionally, two-point Dixon 21 or

included different protocols including a variety of subjects, or more

three-point Dixon22 methods acquire images at identical positions

than one MRI device. On average, the studies included 31.1 (4-171)

with water and fat protons in-phase and opposed-phase, respec-

subjects, with 24.5 (0-66) diseased and impacted by intervention, 17.8

tively. The intramuscular fat fraction, also referred to as (relative)

(0-171) diseased without intervention, 1 (0-41) healthy treated, and

fat content map, is generated from the pixel-wise fat and water

7.6 (0-70) healthy untreated. Two studies (1.6%) reported five differ-

fraction.

ent MRI sequences, 14 studies (11%) reported four different
sequences, 25 studies (20%) reported three sequences, 33 studies
(26%) reported two sequences, and 54 studies (43%) reported one

2.5.5

|

TM

sequence. Moreover, eight studies48,57,78,88,109,117,120,122 used a contrast agent, and two also reported the use of dynamic contrast-

Texture-based methods extract the local spatial image intensity distri-

enhanced

(DCE)

MRI.120,122

From

42

studies

assessing

28,29,40-42,44,45,50,52,58,60-63,66,68-70,72,74,76,82-84,87,89,99,103,110,111,

bution. This category includes gray-tone spatial-dependence matrix

MRS,

(GTSDM),30 neighborhood gray-tone difference matrix (NGTDM),31

116,123,128,129,133-136,138,139,146,150

run-length matrix (RLM),32 and local binary pattern (LBP).33

any additional MRI sequence. A total of 13 studies used two different

16 reported solely MRS without

5
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F I G U R E 1 Results of the
literature search. PRISMA flow
diagram for study collection,16
showing the number of studies
identified, screened, eligible, and
included in the systematic review

31

P or

(2014-2019), 65% of papers reported clinical studies, while 24%

Na to H. Additionally, 17 studies reported only H and 12 studies

were murine and 11% were canine. Figure 2B illustrates the compo-

nuclear magnetic resonance (NMR) elements, adding either
23

1

31

1

stud-

sition of subjects used, with a clear trend of increasing numbers,

ies.15,65,100,104,105,107,108,125,140,145 The studies included MRI field

especially in clinical studies. Recent pre-clinical studies have tended

strengths ranging from midfield to ultra-high field. The majority of

to include vehicle-treated control animals. Figure 2C shows the dis-

studies were cross-sectional. A variety of methods were used to ana-

tribution of studies according to the MRI sequence used. Generally,

lyze the MRI data in decreasing order: FOS, followed by FR, V/CSA,

the contribution of T1w images has been historically high. However,

SQ, raw MRI data, and TX.

T2map, DWI, and Dixon sequences have gained interest in the latest

only

P-NMR

spectroscopy.

DTI

was

used

in

10

The number of imaging studies assessing DMD is increasing

10 y. Dixon maps have increasingly been used since their introduc-

steadily, that is, from 13 studies published up to 1994 to 54 papers

tion in 1984.21 In the most recent 5 y (2014-2019), the most-used

in the period 2014-2019 (see Figure 2A). In the latest 5 y

MRI sequences included: weighted images (40%) and MRI maps

6
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Characteristic
MRI sequence method

Subject

MRI field

n

%

PD

4

3%

T1w

54

46%

T2w

38

40%

T1 map

5

5%

T2 map

45

40%

Dixon

24

19%

DTI

10

8%

NMR spectroscopy

43

33%

Human

80

63%

Murine model

30

24%

Canine model

17

13%

5

4%

Midfield MRI (MF-MRI) || field >1T
High field MRI (HF-MRI) || 1T ≤ field <3T
Very-high field MRI (VHF-MRI) || 3T ≤ field <7T

33

26%

79

62%

Ultra-high field MRI (UHF-MRI) || field ≥7T

17

13%

Study type

Cross-sectional

81

64%

Longitudinal

50

39%

Analysis type

Raw MRI data

16

13%

FOS

61

48%

TM

13

10%

V/CSA

22

17%

FR

35

28%

SQ

17

13%

T A B L E 1 Characteristics of the
included papers (n = 127) detailing MRI
sequences and magnetic field, subjects
used, and study type

F I G U R E 2 The number of papers differentiating studies based on the type of subjects: human, murine, canine (A), study population: diseased
with intervention, diseased without intervention, healthy with intervention, healthy without intervention (B), MRI sequence (C), and crosssectional vs. longitudinal (D)

7
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F I G U R E 3 Distribution of studies (subject type, population, and number of muscles assessed) by different field strengths (A-C) and different
MRI sequences (D-F). HF, high field strength; MF, medium field strength; T1w, T1-weighted; T2w, T2-weighted; T1m, T1-mapping; T2m, T2mapping

(24%), followed by Dixon (16%), MRS (12%), and DTI (7%). Until

mainly been used in MRI sequences. On average, each study ana-

2009, the contribution of studies using a longitudinal design was

lyzed five (1-44) muscles with clinical studies analyzing more muscle

relatively low but stable (Figure 2D). In the most recent 10 y, longi-

(5.6), versus murine (1.9) and canine (4) studies. Out of 127 included

tudinal studies have gained interest, reaching 38% in the latest

studies, 37% analyzed only one muscle or compartment, while

5 years (2014-2019). These longitudinal studies have mainly

10.2%6,10,27,37,38,47,59,78,86,107,112,143,148 analyzed 10 or more differ-

assessed the natural history of disease progression or the effect of

ent muscles for each subject. Typically, studies using very high field

the intervention, that is, medication, food supplements, contrast

MRI (VHF-MRI) or T1w and Dixon sequences analyzed more

agent, exercise, muscle stimulation, injury.

muscles.

Figure 3 identifies studies according to MRI field strength (left
column) and MRI sequence (right column). Considering the use of
MRI field strength in DMD research, there has been a clear ten-

3.2

|

Papers reporting correlation experiments

dency to increase strength over the years. In particular, murine
models have been extensively imaged using ultra-high field MRI

Of 127 papers included in this review, 29 (23%) correlated the current

(UHF-MRI). Generally, weighted and mapping sequences have

standard of care for assessment of DMD (eg, clinical functional

8
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grading or functional ability) with the semi-quantitative MRI

length, more accurately predicted effects than mid-muscle belly

assessment,10,37,47 or quantitative MRI assessment.6,11,38,39,44,54,56,59,

analysis.8

63,73,76,79,88,89,113,122,123,126,137,138,143-145,153

These papers reported a

Seven papers reported correlations between different quantita-

statistically significant correlation between fatty infiltration of muscle

tive parameters. In general, all papers used Spearmanʼs rank or

on MRI and functional status.10,37,47

Pearsonʼs correlation coefficient, but the use of these methods was

Only five papers correlated histologic findings with either semi8,77,94,105,108

qualitative or quantitative assessment
77

Kinali et al. paper,

of MRI. In the

not rationalized. The time of creatine rephosphorylation, reflecting
mitochondrial oxidative capacity) and assessed using

31

P-NMR,82

histology and MRI images were scored separately

showed a tight correlation with perfusion parameters, ranging from

by two independent observers each, pathologists using hematoxylin-

0.66 (maximum perfusion) to 0.99 (total perfusion in the first 30 s).

eosin (H&E) -stained sections and radiologists using MRI images. The

T2w images showed a significant correlation to lipid fraction assessed

reported coefficient of correlation was 0.81 when describing the asso-

using 1H-NMR (ranging from 0.74 to 0.92, depending on the muscle

ciation between histology and MRI scores based upon a T1w

assessed),28 while pH assessed by 1H-NMR and

8

111

31

P-NMR showed a

sequence. Fan et al. used histologic images (H&E, acidic and basic

relatively low correlation of 0.53.

ATPase, and trichrome) for semi-automatic assessment of the size of

assessed by a Dixon sequence was correlated to DTI features MD &

Additionally, the fat fraction

type 1 and 2 fibers, percent area of connective tissue, and the number

λ3, showing a weak correlation of −0.26 and −0.34 respectively,

of necrotic and regenerated fibers. These parameters were then cor-

whereas λ1, λ2, and FA showed no correlation with fat fraction.65 On

related with texture and FOS features assessed from T1w and T2map

the other hand, fat fraction assessed by a Dixon sequence correlated

MRI. The paper presented only the P-values associated with student

well (r = 0.94) with fat fraction assessed by 1H-NMR.58 Even with a

T-test ranging (0.02-0.97), without r-values. Mathur et al.

94

measured

such small number of publications, there were controversies. For

the percentage of Evans blue dye positive area in MDX and control

example, the correlation between T2map and fatty infiltration

mice after running exercise and correlated it with the percentage of

assessed using 3D gradient-echo Dixon sequences was assessed as

pixels with elevated T2 relaxation time on T2map with a correlation

significant (0.7) in one study142 but not in another.90

coefficient of 0.79. Qin et al.

108

found a negative correlation coeffi-

cient of −0.71 between the mechanical anisotropic ratio (assessed by
anisotropic magnetic resonance elastography) and the percentage of

3.3
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Papers reporting agreement data

necrotic fibers (assessed by semi-automatic analysis of H&E and
Safran -stained sections). In other words, skeletal muscle was shown

The agreement between two graders in a semi-qualitative study was

to have elastic properties (shear storage moduli) that vary with respect

reported in four of the included papers (3%), with reliability assessed

to fiber orientation (anisotropy), and the degree of anisotropy

using the Cohen kappa statistic of 0.66,151 and ranging from 0.78 to

(expressed as a mechanical anisotropic ratio) correlated negatively

0.96.73,76 Furthermore, test-retest reliability was reported in eight (6.3%)

with necrosis. Park et al

105

used H&E and Massonʼs trichrome stained

papers assessing a correlation between the two tests: drawing a region

sections to assess muscle fiber CSA (mf-CSA). The correlation

of interest (ROI)57,76,97,98,106,153 and cross-sectional area.38 One addi-

between MRI features and mf-CSA was consistently high (ranging

tional paper reported test-retest reliability of the entire MRS protocol,111

0.7-0.8) for tibialis anterior in the MDX model and control subjects.

aiming to assess its reproducibility. This protocol imaged five healthy

For the gastrocnemius muscle, the correlation between MRI features

control subjects twice within a 2 h interval and observed average pH dif-

and mf-CSA was lower for control subjects (r = 0.52) compared to the

ferences in magnetic resonance spectroscopy (NMRS) of 0.02 and 0.01

MDX model (r = 0.8).

for 1H-NMRS and

31

P-NMRS, respectively. Several papers reported the

An additional five papers compared quantitative and semi-

interobserver variability with intraclass correlation coefficients compara-

qualitative biomarkers of MRI,15,69,76,87,141 with correlation coeffi-

ble for intra-observer assessment (0.80-0.84) and interobserver assess-

cients ranging from 0.62 to 1. These papers used different semi-

ment (0.81-0.86),106 with the coefficient of variations ranging from 7%

qualitative scores to grade fat fraction using T1w and/or T2w

for intra-observer to 13% for interobserver assessment.97,98 Considering

sequences. The fat fraction was correlated with different MRI features

intra-observer variability, redrawing ROIs was shown to change the aver-

1

69,76

assessed by H-MRS,

15

DTI,

or by a Dixon sequence.

87,141

Addi-

tionally, Ponrartana et al.107 found a correlation between muscle
strength and fat fraction (r = −0.89), fractional anisotropy (r = −0.96),

age signal intensity up to 21%, but no significant interobserver differences between the three observers were revealed.57
In addition, Bland-Altman methods were used to assess the
agreement between the two repeated measurements,66 so as to

and apparent diffusion coefficient (r = 0.83).
Studies have not established the optimal number of MRI slices to

determine the difference between the fat fraction calculated at the

assess. One paper compared findings from local (one slice) and multi-

central slices and fat fraction calculated over the whole muscle,67

9

slice approaches in semi-qualitatively assessing T1w images. They con-

the degree of inter-rater agreement,90 or between two different

cluded that caution needs to be taken when using single-slice acquisi-

analysis methods29,91,141 or two different sequences.87,110 Consider-

tions, as they may not appropriately represent overall disease status.

ing intra-observer variability,

Consistent with this result, another paper found that manual segmenta-

supported by high intra-class correlation of 0.98 for the high signal-

tion of every fifth slice, with subsequent interpolation to the muscle

to-noise ratio (SNR) condition, 0.97 in low SNR condition. Mankodi

31

P-NMR with agreement further

9

ALIC ET AL.

et al.90 demonstrated a good agreement between two independent

meta-analysis or even assess the risk of bias because quantitative

measurements (percent muscle fat and muscle water) in the same

inputs needed to assess the risk of bias are not available.

muscle. Two different MRI acquisitions producing apparent fat frac-

To better promote the wider application of MRI in assessing DMD

tion (AFF) showed a strong correlation (0.92), with the Bland-Altman

in clinical trials across centers and among radiologists, agreement stud-

plot showing that 95% of the differences in the AFF were within

ies are needed to establish the reliability of imaging results. Our review

the limits of agreement (−7.97, 9.88).91 To evaluate the ability of

indicated that only 16% of studies assessed agreement. Even though

chemical shift-based MRI for quantitative assessment of fat fraction

this is slightly higher than the average numbers reported in radiology

in dystrophic muscles, Triplett et al.29 evaluated the bias in different

research,154 there was little consistency, with most employing different

141

models processing MRI data, while Wokke et al.

evaluated differ-

semi-qualitative gradings or the quality of an ROI. The optimal method

ent models to map Dixon sequence into a quantitative tool to

to assess the quality of a new imaging method would be to correlate

assess muscle fat fraction.

findings to the most accurate and reliable outcomes. Relatively few
studies have correlated MRI findings with a gold standard, such as the
severity of histopathological lesions or the level of functional impair-

3.4

|

Risk of bias

ment, as with the loss of ambulation. Pointing to its sensitivity as a biomarker, studies using quantitative MRI have tended to track better with

Of the 127 included papers, 23 reported longitudinal DMD clinical

functional severity than more subjective motor scores that are prone to

studies: 9 were natural history,11,44,59,63,64,66,95,110,112 1 reported the

high observer dependency.54 Only four papers (3.7%) correlated histo-

effect of exercise74 on untreated healthy and DMD muscle, and

pathological findings with semi-qualitative77 or quantitative assess-

40,41,57,61,75,91,97,111,133,135-138

13 reported a treatment effect.

41,91,135,138

on the NOS, 4 studies ranked as high,

Based

ment8,94,108 of MRI. The increasing use of animal models in recent

18 studies ranked as

years should provide an opportunity to assess the accuracy of imaging

moderate,11,44,57,59,61,63,64,66,74,75,95,97,110,112,133,136,137 and 1 study

biomarkers in DMD by correlating findings with systematic lesion

ranked as low40 (Table 2). Three studies included two types of con-

scores. In general, all papers reporting correlation experiments used

trols:

sub-

Spearmanʼs rank or Pearsonʼs correlation coefficient. The Pearson cor-

jects.91,135,138 As illustrated in Table 2, several studies lack critical

relation coefficient measures the strength of a linear association

information to assess and interpret the risk of bias. For instance, in

between two variables and attempts to draw a line of best fit through

7 of 23 included studies, the authors did not mention the ambula-

the data of two variables. Therefore, calculating a Pearson correlation

tory status of the patients at inclusion; 8 studies did not include

coefficient has a meaningful result only in the case of a linear relation.

information on lost subjects at the follow-up, 2 studies had an

On the other hand, Spearmanʼs rank correlation coefficient is a non-

excessive patient loss at the follow-up,44,133 and 5 studies did not

parametric measure of rank and assesses how well the relationship

mention the study length at all.

between two variables can be described using a monotonic function

non-treated

patients

and

age-matched

healthy

(no assumption on linearity). With no reasoning behind the use of either
of these statistical instruments, the choice appeared rather arbitrary.

4
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DISCUSSION

The characteristic histopathological lesions of DMD, including
myofiber necrosis and regeneration, inflammation, fat deposition, and

For biomarkers to be widely used in clinical trials, protocols and data

fibrosis, lend themselves to assessment by texture analysis methods.

analysis must be consistent across centers and, ideally, correlate with

In this systematic review, a comparison between the performance of

gold standard indices. Upon reviewing data from this systematic

different methods for a certain classification task was not possible

review, consistency has not yet been achieved in the use of MRI in

due to the large variety in the datasets used and the classification

DMD. Given the wide range of MRI sequences, analysis methods, and

tasks posed. Identification of new, optimal heterogeneity features,

combinations used, it was not possible to compare results between

including combinations, will require validation against large well-

studies or pool data into a meta-analysis. With that said, based on our

defined datasets from other clinical outcomes. The design of future

study, there has been a trend to use T1w and T2w MRI images for

studies should also take into account requirements from pattern rec-

semi-qualitative inspection of structural alterations of DMD muscle

ognition, that is, a balanced number of subjects and features, cross-

using a diversity of grading scales, with increasing use of

validation, independent test datasets, and prospective study design.

T2map,44,111,113 Dixon,113 and MRS.44,111 These quantitative MRI

Satisfying these requirements would allow a more reliable evaluation

techniques have allowed a more precise estimation of local or general-

of the value of heterogeneity features.

ized disease severity. Longitudinal studies assessing the effect of an

We were particularly concerned about the bias in the studies

intervention have also become more prominent, in both clinical44,111

included36: selection bias arising from differences in baseline character-

and animal model subjects.88,127,147 Further studies that quantitatively

istics of patient populations being compared, performance bias arising

document the validity of MRI as a longitudinal biomarker to track

from unequal care beyond the treatment being compared, and detec-

DMD disease progression in clinical trials, so as to complement func-

tion bias arising from the variable assessment of outcomes potentially

tional testing, are critically needed. The publications included are too

prevalent in MRI studies. To account for potential bias, we scored

heterogeneous in their methodology and reporting to perform either

23 DMD longitudinal studies using the NOS, with all but one having
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high or moderate values, consistent with a good quality paper. During

ET HICAL PU BLICAT ION ST AT E ME NT

the period our study was under review, an additional systematic review

We confirm that we have read the Journalʼs position on issues

155

was published

that assessed papers correlating muscle MRI and func-

tion in DMD patients. Ropars et al.155 assessed the potential for bias

involved in ethical publication and affirm that this report is consistent
with those guidelines.

and associated quality of these papers using the Joanna Briggs Institute
checklist with three of 17 included papers appraised as low quality.
Clearly, in our study and this other recent DMD systematic review,

OR CID
Lejla Alic

https://orcid.org/0000-0001-6487-6958

conclusions and associated recommendations should be weighted

Aydin Eresen

toward high-quality papers. However, these studies often suffered from

Joe N. Kornegay

other design problems, including small sample sizes that could result in

Jim X. Ji

https://orcid.org/0000-0002-9414-9986
https://orcid.org/0000-0002-5594-1882

https://orcid.org/0000-0001-7147-7920

chance findings. There was also the potential for prevalence-incidence
(Neyman) bias that arises due to patients with either mild or severe disease being excluded.156 For instance, individuals with severe DMD are
often not studied, causing a potential error in the estimated association
between treatment and an outcome. Similarly, the impact of corticosteroids was not always considered, introducing possible performance bias.
Furthermore, the choice of functional ability as the main outcome in
many studies introduced the potential for apprehension bias.157 Finally,
with regard to bias, given the natural tendency to not publish negative
findings, the results of this systematic review are probably skewed
towards positive results. Studies in which MRI did not track with disease severity likely were underreported.
Despite the limitations of this study, we established that the
broader use of qMRI in DMD has led to a desirable increase in quantitative versus semi-qualitative biomarkers, and a tendency to validate
findings against objective histopathological and functional outcome
parameters. However, without the incorporation of MRI into larger
clinical trials, this effort will have minimal impact.

4.1

|

Recommendations for the clinician

Since the available data are insufficient to propose a specific acquisition protocol or method of image analysis, we recommend that future
work emphasize MRI techniques aimed at measuring fat deposition,
edema, myofiber necrosis and regeneration, inflammation, and fibrosis. This necessitates a multiparametric and quantitative approach.
This will likely include T1-mapping, T2-mapping, Dixon methods (for
fat and water quantification), DTI, and/or MRS. Specifically, the clinician should aim to quantify fat deposition and edema using sequences
with and without chemical fat saturation or short tau inversion recovery. Clinicians are encouraged to include functional MRI in order to
better understand the features of the disease and detect the therapeutic effect. For example, information obtained from DTI and MRS
provides exciting insights into skeletal muscle substructure and
metabolism. Emerging MRI methods should also be considered. The
development and refinement of semi-automated image analysis techniques are expected to further improve precision. Importantly, efforts
should be made to assess and improve the repeatability of measurements and to correlate MRI findings with histology at the local level.
CONF LICT OF IN TE RE ST
JNK is a paid consultant for Solid Biosciences.
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