BROADENING THE IMAGING PHENOTYPE OF DYSFERLINOPATHY AT

DIFFERENT DISEASE STAGES

JORGE DIiAZ, MD," LISANNE WOUDT, MSc,? LIONEL SUAZO, MD," CRISTIAN GARRIDO, MT,' PABLO CAVIEDES, MD, PhD,

ANA M. CARDENAS, PhD,* CLAUDIA CASTIGLIONI, MD,® and JORGE A. BEVILACQUA, MD, PhD?®

!Centro de Tmagenologia, Hospital Clinico Universidad de Chile, Santiago, Chile

2Unidad Neuromuscular, Departamento de Neurologia y Neurocirugia, Hospital Clinico Universidad de Chile (HCUCH), Santos
Dumont 999, 2° piso, Sector E. Independencia 8380456, Santiago, Chile

*Programa de Farmacologia Molecular y Clinica, ICBM, Facultad de Medicina, Universidad de Chile

*Centro Interdisciplinario de Neurociencia de Valparaiso, Facultad de Ciencias, Universidad de Valparaiso, Valparaiso, Chile

fjUnidad de Neurologia, Departamento de Pediatria, Clinica Las Condes, Santiago, Chile
bPrograma Anatomia y Biologia del Desarrollo, ICBM, Facultad de Medicina, Universidad de Chile, Santiago, Chile

Accepted 12 January 2016

ABSTRACT: Introduction: MRI characterization of dysferlinop-
athy has been mostly limited to the lower limbs. We aimed to
broaden the MRI description of dysferlinopathy and to correlate
it with objective measures of motor dysfunction. Methods:
Sequential whole-body axial MRI was performed in 27 patients
with genetically confirmed dysferlinopathy classified according
to disease duration. Spearman correlations of fatty infiltration
scores versus Motor Function Measure (MFM) were calculated.
Results: Significant fatty infiltration was symmetrically present in
early stages mainly in the posterior compartments of legs and
thighs, thigh adductors, pelvic girdle, and some paravertebral
muscles and the subscapularis. Later, fatty infiltration involved
leg and thigh anterior compartments, arms and forearms, para-
vertebral, and trunk muscles. MRI infiltration score correlated
positively with disease duration and negatively with MFM scale.
Conclusions: We expand MRI characterization of dysferlinop-
athy and provide evidence for use of MRI scoring combined
with motor functional scales to assess the natural course of
disease.

Muscle Nerve 54: 203-210, 2016

Limb girdle muscular dystrophy type 2B
(LGMD2B, OMIM#253601), Miyoshi myopathy
(MM, OMIM#254130), and distal myopathy with
anterior tibialis onset (DMAT, OMIM#606768) are
the main clinical phenotypes associated with dys-

Abbreviations: DDG, disease duration group; DMAT, Distal myopathy
with anterior tibial onset; DYSF, human dysferlin gene; FOV, field of view;
LGMD2A, Limb girdle muscular dystrophy type 2A; LGMD2B, Limb girdle
muscular dystrophy type 2B; MRI, magnetic resonance imaging; MFM,
Motor Function Measure Scale; MM, Miyoshi’s myopathy; MRC, Medical
Research Council; MRS, Modified Rankin Scale; STIR, short tau inversion
recovery.

Additional supporting information may be found in the online version of
this article
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ferlin gene (DYSF, MIM*603009) mutations.'™
Previous imaging reports of dysferlinopathy by
computed tomography’™ and magnetic resonance
imaging (MRI)7_13 have shown early and more
severe involvement of the posterior compartments
of thighs and legs, which is independent of clinical
phenotype.'® Additionally, early imaging altera-
tions in asymptomatic patients = and unusual pat-
terns  of muscle involvement have been
described.'*'>!'® With the exception of Kesper
et al., 2009'7 and Tasca et al., 2014,18 these studies
were focused on the lower limbs, and only 1 corre-
lated MRI findings with the level of motor impair-
ment progression, measured by means of a manual
muscle testing composite based on the Medical
Research Council scale (MRC).'?

Recently, using 3 different functional scales, we
established a correlation between motor functional
testing and disease duration in a group of patients
with genetically confirmed dysferlinopathy.19 To
complete the analysis, we reviewed the pattern of
muscle involvement by whole-body MRI in 27
patients at different disease stages and correlated
the findings with the level of functional impair-
ment assessed by the Motor Function Measure
scale.”

MATERIALS AND METHODS

Patients. Between 2011 and 2014, a total of 27 dys-
ferlinopathy patients underwent sequential whole-
body MRI and were evaluated clinically at the
Department of Neurology and Neurosurgery of the
Hospital Clinico Universidad de Chile (HCUCH),
Santiago, Chile. The Ethics Committee of HCUCH
and the Chilean National Commission of Scientific
Research and Technology (CONICYT) approved
the study protocol, and all patients gave informed
consent.

All patients were symptomatic, and diagnosis was
confirmed by direct DNA sequencing. Patient
Dysf#001 was reported previously.”' The clinical and
genetic data of the cohort have been published
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FIGURE 1. A-F: Graphic representation of the degree of fatty infiltration in individual muscles in each body segment according to dis-
ease duration groups (DDG). Charts are divided according to body segments, and each set of bars corresponds to a DDG. Every col-
ored bar represents the averaged median of the fatty infiltration score from both evaluators of all patients in the DDG and from both
body sides for the indicated muscle. Overall, there was an increase in fatty infiltration scores according to disease duration, but some
muscles occasionally showed lower scores with longer disease duration (for example, see gracilis in D). Some muscles were already
severely affected in DDG1 (for example, medial gastrocnemius, adductors, gluteus minimus, lumbar paravertebral, and subscapularis),
even in the patient with the shortest disease duration (Dysf#23). No individual muscle could be identified as a timeline marker of dis-
ease progression with this method.

elsewhere'? and are summarized in Supplementary rately with a smaller FOV. MRI scans were analyzed
Table S1, available on line. with DICOM OsiriX viewer by 2 experienced and

Irrespective of clinical phenotype, the 27 patients independent musculoskeletal radiologists (J.D. and
were classified into 5 groups according to disease L.S.) who were blinded to the patients’ clinical and

duration (DDGs) at the time of MRI: DDGI1, <5 years genetic data. The degree of fatty infiltration and
(n="5); DDG2, 6-8 years (n="7); DDG3, 9-12 years muscle bulk (atrophy/hypertrophy) was evaluated
(n=15); DDG4, 13-16 years (n=>5); and DDG5, > 17 in TIW images; STIR sequences were used to assess
years (n=5) (Supp. Table SI, available online). the presence or absence of muscle edema.

Fatty infiltration was scored according to the
scale adapted by Kornblum et al. 2006.** A list of
the muscles analyzed is depicted in Supplementary
Table S2. The degree of fatty infiltration was
described as follows: none (0), mild (1), moderate
(2a), moderate to severe (2b), and severe (3), and
the values were transformed to score numbers
(0 =score 0; 1=score 1; 2a=score 2; 2b =score
3; and 3 = score 4), for statistical purposes.

Median MRI scores from both evaluators were
averaged for individual muscles in the different
DDGs and were separated into left- and right-
sided. Values were represented as bar-graphs for
individual muscles in each body segment (Fig. 1).

MRI. Images were acquired using a 1.5 Tesla (T)
system (Magnetom Symphony Maestro-Class, Sie-
mens, Erlangen, Ger’many).QQ’Q3 Patients were
scanned from temporal to ankle levels in the supine
position, with the arms alongside the body. The
protocol included axial Tl-weighted (TIW) spin-
echo (repetition time [TR]: 610-640 ms, echo time
[TE]: 11-12 ms) and T2 short-time inversion recov-
ery (STIR) (TR: 3700-4500 ms, TE: 51-64 ms, TI:
150) sequences. The study protocol usually
included 5 slabs of 30 slices. There were no gaps
between the slabs. The slice thickness was 8 mm
with a interslice gap of 4mm. The field of view
(FOV) was between 350 and 490 mm, with a matrix

of approximately 384 X 240. Total time in the MRI Functional Assessment. Motor disability was deter-
room averaged 45min. Additionally, upper limbs mined as described in a previous report'’ using the
from 5 representative patients were evaluated sepa- Motor Function Measure (MFM) scale,”® Modified

204 Whole-Body MRI in Dysferlinopathy MUSCLE & NERVE  August 2016



—
=
5]
I
I
*
®
=
[a]
™~
s
<)
=
A
<
s
®
>
o
=
=
©
=
0
I3
bi
w
>

D

FIGURE 2. MRI of the Lower Limb. Representative axial T1W
and STIR images of thighs (A) and legs (B), of patients in
DDGH1, 3, and 5. The posterior compartments of legs and thighs
are clearly infiltrated by fat early in the disease. Muscles with
no fat replacement in the anterior compartments of legs and
thighs show edema and reach a similar level of involvement as
in the posterior compartment at later stages. The sartorius and
gracilis remain relatively spared in the thighs, but as shown in
the lower row, at 18 years of disease course, these spared
muscles also show edema (arrows). In general, edema tends to
decrease with disease progression.

Rankin Scale (MRS),” and MRC score®® (Supp.
Table S1). MFM (n=25) was performed by the
same examiners (C.C. and J.A.B.) within the same
week of the MRI acquisition in each patient, and
results are expressed as a percentage of the maxi-
mum possible score. Percentage of inter-observer
agreement was 93.56% = 6.54 SD. Patients Dysf#19
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and Dysf#20 did not accomplish MFM. MRI data
were compared with MFM scale scores only in the
25 patients who completed both, MFM and MRI
(Supp. Table S1).

Statistical Analysis. Spearman correlation was
used to describe the association between quantita-
tive variables. Two-tailed #tests or Mann-Whitney (-
tests were used for comparative analysis between
phenotype groups. IBM SPSS Statistics 21 (New
York: IBM Corp., 2012) was used for all analyses.

RESULTS

Clinical and MRI Findings. Main clinical and genetic
features of the patients, and scoring of MFM func-
tional scale are summarized in Supplementary Table
S1. Figure 1 shows the degree of individual muscle
involvement in each DDG. Fatty infiltration was
mainly symmetrical in most muscles included (Supp.
Fig. SIA). No statistical differences were found on
MRI findings between MM or LGMD2B phenotypes
(Supp. Fig. S1). TIW and STIR MRI images of rep-
resentative patients are shown in Figures 2—4. Dis-
ease duration correlated with total MFM score r=-
0.72; P<0.001) (Fig. 5A) and with MRI fatty infiltra-
tion score (r=0.62; P<0.001) (Fig. 5B). Further-
more, a negative correlation was found for MRI fatty
infiltration level versus global MFM score (r=-0.57;
P<0.003) (Fig. 5C) and MFM-D1 subscore (r=-
0.59; P<0.002) (Fig. 5D).

Pelvis

FIGURE 3. MRI of the shoulder (A), trunk (B), and pelvis (C). Axial T1W images of shoulder girdle, trunk, and pelvis of representative
DDGH1, 3, and 5 patients. The subscapularis, lumbar erector spinae, and gluteus minimus present with early involvement. Muscle
involvement progresses to most remaining muscles according to disease duration. Arrowheads indicate the leading affected muscle in
each segment. A, subscapularis, B, lumbar erector spinae; C, gluteus minimus.

Whole-Body MRI in Dysferlinopathy
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FIGURE 4. MRI of the Upper Limb. A: Focused upper limb axial TIW images from representarive patients of 4 DDGs. The anterior
compartments of arms and forearms are more affected than the posterior compartments. In early stages, the first involved muscles
are the long head of biceps in the arm and flexor digitorum profundus in the forearm. Note involvement of the posterior compartment
of the arm (triceps) at later stages (Dysf#13, 18 years of disease), and progressive involvement of the latissimus dorsi (arrowhead). B:
Correlation of clinical and MRI findings. The depressed area in the proximal third of the arm seems to be explained by lower volume
of the deltoid muscle (B1). The focal bulging at the lower deltoid area corresponds to a preserved portion of the deltoid (B2), as the
relative sparing of the short head of the biceps brachialis and coracobrachialis (B2) would explain the apparent bulging of the superior

internal third of the anterior compartment of the arm (B3).

Description of Findings by Body Segments, according
to DDGs. Representative TIW and STIR images of
body segments studied at different times of disease
are shown in Figures 2, 3 and 4.

Legs. The muscles of the posterior compart-
ment (soleus and medial and lateral gastrocnemius)
and flexor hallucis longus were the first to be
involved. They showed moderate to severe fatty infil-
tration in early stages (DDGI) and reached com-
plete fatty replacement at end stages of the disease
(DDG5). The medial gastrocnemius showed a lesser
degree of progression of involvement.

The anterior compartment and fibularis muscles
showed moderate involvement initially and reached
moderate to severe abnormality from 9 years of dis-
ease until to the end stage (DDG3-DDGS5).

In the central compartment, the tibialis poste-
rior and flexor digitorum longus have a relatively
similar degree of fatty infiltration as compared to
the anterior compartment along the whole evolu-
tion of the disease. The popliteus was spared
throughout the disease course (not shown).

In early stages, edema is present only in the sol-
eus in the posterior compartment, but it disap-
pears later. In the anterior compartment and
fibularis muscle, edema increases until 8 years of
disease (DDG?2), persists only in the anterior com-
partment between 13 and 16 years (DDG4), and
disappears afterward (data not shown).

Thighs. In the first 5 years of disease (DDGI),
the hamstrings and adductors were more affected
than the quadriceps, showing moderate to severe
fatty infiltration. After 9 years of disease (DDG3),
the quadriceps and adductors showed moderate to
severe changes, and the hamstrings reached end
stage, with relative sparing of the sartorius and gra-

206 Whole-Body MRI in Dysferlinopathy

cilis. At end-stage disease (DDGb)), we observed a
similar pattern of abnormality of the different
compartments, identifying only a small amount of
progression in the quadriceps, adductors, sartorius,
and gracilis.

Edema was observed in practically all thigh
muscles in early-stage disease and gradually decreased
with disease progression. At end stage (DDG5), we
identified edema only in adductors, sartorius, gracilis,
rectus femoris, and vastus lateralis (Fig. 2).

Pelvis. The gluteus minimus is the most
affected muscle in early stages, showing moderate to
severe fatty replacement until 8 years of disease
(DDGI1 and DDG?2), followed by pectineus and obtu-
rator externus. The piriformis and internal obtura-
tor were spared. At DDG3, fatty infiltration was
remarkably greater in the iliopsoas, pectineus, obtu-
rator externus and internus, and gluteus maximus,
with progression to moderate to severe abnormality.

At later disease stages (DDG4 and DDGDH),
there was severe fatty infiltration of gluteus mini-
mus. The obturator externus and internus and the
gluteus maximus showed moderate to severe fatty
infiltration. The gluteus medius showed lesser
involvement, and the piriformis was relatively unaf-
fected at all disease stages. Assessment of the glu-
teus maximus was difficult due to the normal
presence of multiple fat spots.

Early edema was observed in the iliopsoas, gluteus
maximus, pectineus, and obturator externus, but not
in the gluteus minimus. The edema decreased with
disease progression, persisting only in the obturator
externus in the 13-16 year group (DDG4); after 17
years of disease, edema disappeared.

Trunk. Overall, fatty degeneration of trunk
muscles was less severe than that of muscles of the

MUSCLE & NERVE  August 2016
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FIGURE 5. Spearman correlations for disease duration versus MFM scores and MRI infiltration; and MRI fatty infiltration scores versus
disease duration and MFM scores. Scatterplot representation of Spearman correlations between disease duration versus total MFM
score (r=-0.72; P<0.001) (A); disease duration versus MRI fatty infiltration score (r=0.62; P<0.001) (B); MFM total score versus
MRI fatty infiltration score (r=-0.57; P<0.003) (C), and MFM-D1 subscore versus MRI infiltration score (r=-0.59; P < 0.002) (D). D1
score is more representative of disease progression than the other MFM D2 and D3 subscores. According to disease duration, the
motor score measured with MFM decreases (A), as the fatty infiltration score assessed with MRI increases (B). Global MFM score cor-
related negatively with MRI infiltration score (C), this was better represented using only dimension 1 (D1) of the MFM scale (D), thus

demonstrating that as fatty infiltration score increases, motor function decreases.

lower limbs and pelvis. In DDGI1, the external and
internal obliques were the first affected muscles,
showing moderate fatty replacement in early dis-
ease. After 5 years of disease (DDG2) latissimus
dorsi, and external oblique
muscles showed moderate involvement. Between 9
and 12 years of disease (DDG3), moderate to
severe changes were seen in the pectoralis major,
latissimus dorsi, rectus abdominis, and external
and internal oblique, with comparatively less
involvement of the pectoralis minor.

The rectus abdominis, external and internal
obliques, pectoralis major, and latissimus dorsi all
showed moderate to severe fatty infiltration at end-
stage disease (DDGDbH). Pectoralis minor was only
mildly involved. Findings of the thoracic and

rectus abdominis,

Whole-Body MRI in Dysferlinopathy

abdominal segments must be interpreted cau-
tiously due to motion artifacts.

In DDGI, edema was found in the latissimus
dorsi and rectus abdominis, but these muscles did
not show edema in the other groups. Between 6
and 12 years of disease (DDG2-DDG3), edema is
observed in the pectoralis major and the external
oblique, but not at later disease stages.

Shoulder Girdle and Upper Limbs. The subscapu-
laris was the first affected muscle in the shoulder
girdle, showing moderate involvement in early
stages. The supraspinatus, infraspinatus, teres
major-minor, and anterior compartments of the
arm and forearm presented mild changes in the
DDGI.

MUSCLE & NERVE  August 2016 207



In DDG3 the supraspinatus, teres major-minor,
and subscapularis showed moderate to severe fatty
infiltration, while the deltoid, infraspinatus, biceps,
triceps, and the anterior compartment of the fore-
arm had moderate abnormality.

In end-stage disease (DDGb)), both the subsca-
pularis and supraspinatus muscles reached severe
fatty infiltration. The infraspinatus, teres major-
minor, deltoid, biceps, and triceps showed moder-
ate to severe involvement. In the forearms, we
observed moderate fatty infiltration of the anterior
compartment. The posterior compartments of the
forearms were relatively spared throughout the dis-
ease course.

MRI analysis of the upper limbs showed more
severe involvement of the long head of the biceps
than the short head, with relative sparing of the
coracobrachialis. The triceps showed moderate
involvement, predominantly in the long head. In
the forearms, the brachioradialis and the anterior
compartment (especially the flexor digitorum pro-
fundus and flexor pollicis longus), were the most
affected muscles. The posterior (extensor) com-
partment was mainly spared until late disease
stages.

The supraspinatus, infraspinatus, teres major-
minor, biceps, triceps, and anterior forearm com-
partment showed edema early that persisted until
12 years of disease, except for the biceps and tri-
ceps. After 13 years of disease, edema was only
observed in the anterior forearm compartment.

Masticatory,  Neck, and  Paravertebral — Mus-
cles. Masticatory and neck muscles were mostly
spared until end-stage disease. The masseter and
sternocleidomastoid muscles showed mild involve-
ment in end-stage disease (DDG)).

The lumbar and thoracic erector spinae were
the most affected paravertebral muscles. Abnormal-
ity was moderate for both levels in early stages
(DDG1). In DDG3 we observed moderate to severe
fatty infiltration in lumbar paravertebral muscles
and moderate at the thoracic level. The compro-
mise was moderate to severe for both levels in end-
stage disease (DDG5). Edema was not observed in
masticatory and neck muscles; in the lumbar erec-
tor spinae it was present early, disappearing after 9
years of disease.

DISCUSSION

We performed sequential whole body and
focused upper limb MRI in a cohort of 27 dysfer-
linopathy patients, comparing MM and LGMD2B
phenotypes to look for correlation of MRI findings
with disease duration and motor impairment. The
division of patients according to disease duration,
although made arbitrarily, provided us with 5 com-
parable groups. Gender, age, and phenotype distri-

208 Whole-Body MRI in Dysferlinopathy

bution within groups were consistent, showing a
significantly greater average age, only in DDGbH
with longer disease course. Importantly, consis-
tency of MFM score in each DDG was well
reflected in the Spearman correlation (Fig. 5).

As reported earlier,s’l1_13’17’27’28 we observed
that the posterior compartments of thighs and legs
and thighs adductors in the lower limbs already
had moderate to severe fatty infiltration at clinical
onset, with a lesser degree of involvement of ante-
rior and lateral compartments of the legs and the
anterior compartments of the thighs. We can add
that the flexor hallucis longus also shows early
involvement. The gracilis and sartorius were com-
paratively less affected among thigh muscles. How-
ever, we were not able to find any particular
pattern of temporal involvement of individual
muscles in the different compartments as previ-
ously suggested.lS’17 As described in a previous
report,'” relatively earlier involvement of gluteus
minimus in the pelvis was observed, but also of the
pectineus and obturator externus (not described
before), followed later by the iliopsoas. As
reported earlier,'”'® the shoulder girdle showed
early involvement of the subscapularis followed by
the supraspinatus and later by infraspinatus and
teres major-minor.

We additionally found involvement of the
biceps and triceps brachii and forearm flexors that
was clearly present after 9 years of disease (Fig. 4).
The long head of the biceps brachii, brachioradia-
lis, flexor digitorum profundus, and flexor pollicis
longus were the most affected muscles in the
upper limb. These findings are in agreement with
clinical observations. In the trunk, involvement of
lumbar and thoracic erector spinae, and to a lesser
degree of the latissimus dorsi, pectoralis major,
and external oblique is in agreement with previous
findings,'” nonetheless involvement of the rectus
abdominis and internal oblique was additionally
demonstrated. As reported by Tasca et al,'”® a
lesser degree of fatty infiltration of trapezius and
serratus anterior with sparing of levator scapulae
are also confirmed. However, after 17 years of dis-
ease, these differences are no longer apparent, as
most lower and upper limb muscles are diffusely
replaced by fibroadipose tissue.

Edema precedes fatty replacement throughout
the disease course (Fig. 2), anticipating which
muscles would later undergo fatty replacement. It
persists in some less affected muscles after 18 years
of disease, indicating their involvement. A compar-
ative analysis of MRI findings in dysferlinopathy
with other forms of recessive LGMDs, demon-
strates that the pattern of MRI involvement for
LGMD2B is very similar to that described for
LGMD2A, 2I, and 2L in thighs and legs, and
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perhaps a consistent difference could be early fatty
infiltration of gluteus minimus in LGMD2B.
Unlike dysferlinopathies, sarcoglycanopathies tend
to respect the legs and to affect predominantly the
anterior compartments of the thighs.

In summary, although muscle involvement in
dysferlinopathy has similarities with other recessive
LGMDs,22‘27’29_31 it seems to have some distinctive
features that roughly follow a sequence of events
comprising: (1) early involvement of the posterior
compartments of legs and thighs; (2) marked fatty
replacement of gluteus minimus and lumbar erec-
tor spinae; (3) early and selective involvement of
the subscapularis, followed in succession by the
supraspinatus, infraspinatus, teres major-minor,
anterior compartment of the arm and forearm;
with (4) sparing of craniofacial muscles.

Although we analyzed a significant number of
patients at different disease stages, these observa-
tions must be taken cautiously, because we could
only infer the progression of muscle involvement
by extrapolating data at different disease stages
from different patients, thus a picture of disease
progression in individual patients is not available.
This is clearly a major limitation of our study to
observe disease progression, for which a proper
analysis can only be achieved by repeating MRI
and functional testing in individual patients at dif-
ferent disease time-points. We are currently doing
this in some representative patients of the cohort.
An additional limitation of our approach is that we
have only made a qualitative assessment of fatty
replacement compared with functional measures.

In recent publications, quantitative methods
have been shown to have greater discrimination in
both cross-sectional®® and longitudinal®® studies
compared with physical function tests and have
reduced the acquisition times of these techni-
ques.”* The implementation of such methods will
provide more sensitive measures of disease course
and progression for future work. Nevertheless,
until such data become available, we believe that
this approach provides a fairly good panorama of
how muscle involvement evolves in dysferlin-
related myopathy.

The MRI fatty infiltration score correlated with
both disease duration and MFM score, indicating
that despite the limitations of the analysis, these
parameters are consistently measurable, thus allow-
ing noninvasive follow-up of the patients for any
purpose that could be required.

In addition to the description of novel imaging
features of dysferlinopathy, particularly in upper
limbs, this study complements our previous obser-
vational report, based on the largest cohort of dys-
ferlinopathy patients in Latin America'? by adding
evidence of the convenience of MRI assessment in

Whole-Body MRI in Dysferlinopathy

combination with functional scales as reliable out-
come measures potentially useful for longitudinal
follow-up in dysferlinopathy.
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