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Background: Duchenne muscular dystrophy (DMD) is characterized by progressive weakness and wasting of skeletal, car-
diac, and respiratory muscles, with consequent cardiopulmonary failure as the main cause of death. Reliable outcome mea-
sures able to demonstrate specific trends over disease progression are essential.

Purpose: To investigate MRI as a noninvasive imaging modality to assess diaphragm impairment in DMD. In particular, we
sought to correlate MRl measurement of diaphragm structure and function with pulmonary function tests and with the
abdominal volumes (Vag) measured by optoelectronic plethysmography, being an index of the action of the diaphragm.
Study Type: Cross-sectional study.

Population: Twenty-six DMD patients (17.9 + 6.2 years) and 12 age-matched controls (17.8 &+ 5.9 years).

Field Strength/Sequence: 3-Point gradient echo Dixon sequence at 3T.

Assessment: Images were acquired in breath-hold at full-expiration (EXP) and full-inspiration (INSP). INSP and EXP lung
volumes were segmented and the diaphragm surface was reconstructed as the bottom surface of the left and the right
lung. The inspiratory and the expiratory diaphragm surfaces were aligned by a nonrigid iterative closest point algorithm.
On MRI we measured: 1) craniocaudal diaphragmatic excursion; 2) diaphragm fatty infiltration.

Statistical Tests: Three-parameter sigmoid regression, one-way analysis of variance (ANOVA), Spearman'’s correlation.
Results: In patients, diaphragm excursion decreased with age (r* = 0.68, P < 0.0001) and fat fraction increased (r* = 0.51,
P = 0.0002). In healthy subjects, diaphragm excursion and fat fraction had no relationship with age. Diaphragm excursion
decreased with decreasing FEV; %pred (r = 0.78, P < 0.0001) and FVC %pred (r = 0.76, P < 0.0001) and correlated with
Vag (r = 0.60, P = 0.0002). Fatty infiltration increased with decreasing FEV1 %pred (r = -0.88, P < 0.0001) and FVC %pred
(r=-0.88, P < 0.0001).

Data Conclusion: The progressive structural and functional diaphragm impairment is highly related to pulmonary function
tests and to Vag. The results suggest that MRI might represent a new and noninvasive tool for the functional and structural
assessment of the diaphragm.

Level of Evidence: 2

Technical Efficacy Stage: 5
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UCHENNE MUSCULAR DYSTROPHY (DMD) is

to assess and monitor respiratory capacity and to predict the
3.4

an X-linked myopathy, in which the mutation of the gene
coding for the dystrophin protein leads to progressive weakness
and wasting of skeletal, cardiac, and respiratory muscles, with
consequent cardiopulmonary failure as the main cause of
death." Treatments such as noninvasive mechanical ventilation
(NIMV) and cough assistance machines allow for prolongation
of life expectancy.” Measuring respiratory function is necessary

need for artificial ventilation.

Spirometry is recognized as an essential tool for routine
lung function evaluation in DMD and annual forced vital
capacity (FVC) measurement is recommended, since FVC has
prognostic value for survival and is a useful marker for treat-
ment efficacy.” The patient is asked to fully inhale, to reach
total lung capacity, and then to exhale as forcefully as possible,
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to reach residual volume, with FVC being the forced, maximal
expiratory volume. Nevertheless, pulmonary function tests
(PFTs) measure the overall lung function as the result of the
interaction of all respiratory muscles and do not distinguish the
specific involvement of individual respiratory muscles.

With the progression of DMD, the diaphragm
becomes progressively weak®” and its fatigue index
increases,” its action reduces to the point that paradoxical
cephalic movement may occur, while its thickness increases,
indicating pseudohypertrophy due to infiltration of connec-
tive tissue and fat deposition.””'® It is therefore important to
study the diaphragm in these patients, as its weakness is the
main cause of hypoventilation,” nocturnal desaturation,'’
and inefficient cough.'” Specific diaphragmatic outcome
measures are therefore needed to objectively evaluate the
progression of the disease to try to determinate the proper
time to start specific intervention.

Optoelectronic plethysmography (OEP) is a motion cap-
ture system that, using infrared TV cameras, passive reflective
markers, and dedicated geometrical models, provides, without
the use of a mouthpiece, accurate measurements of the
thoracoabdominal ~contributions to tidal volume.'> The
abdominal contribution to tidal volume is considered a good
surrogate of the action of the diaphragm and current studies on
subjects with DMD have shown that the reduction of dia-
phragm contribution to tidal volume is a good marker of dis-
ease progression.7

Magnetic resonance imaging (MRI) is being increasingly
used in neuromuscular diseases to assess muscle size and
structure, and to study the progressive fatty infiltration of the
lower and upper limbs muscles."*'¢ Static MRI studies on
respiratory muscles’ involvement are reported in Pompe dis-
ease, grading muscular atrophy on axial and coronal images'”
and measuring in a sagittal view the craniocaudal and the
anteroposterior thoracic movement.'®> One 3D MRI study in
Pompe disease reported by Mogalle et al measures differences
in craniocaudal, anteroposterior, and left—right lung diameters
after manual lung segmentation.'” Recently, cine-MRI has
been applied in DMD to study the dynamic motion of the
chest wall and of the diaphragm on sagittal images in patients
younger than 15 years old.”>*' Nevertheless, the temporal
resolution required for a dynamic acquisition leads to low
spatial resolution and challenging image analysis.”**" Further-
more, in these previous studies diaphragm kinematics was
investigated by following the temporal profile of the lung
cross-section and not in 3D, thus not allowing to track modi-
fications across different regions of the diaphragm.

The aim of the present study was to examine whether
static MRI provides adjunctive measures of the diaphragm
impairment in DMD patients. In particular, we aimed to
investigate quantitative MRI endpoints of diaphragm mobility
and fat infiltration in relation to age and to clinical measures of
respiratory function in DMD patients and healthy subjects.
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Materials and Methods
Study Subjects

This study was approved by the local Ethics Committee and written
informed consent was obtained from each subject or legal guardian.

Patients with a defined diagnosis of DMD, ranging in age
from 6-32 years, followed at the "E. Medea Scientific Institute"
were consecutively enrolled in the study between September 2016
and September 2017. Diagnosis of DMD was based on physical
examination, elevated creatine kinase, and genetic and biopsy confir-
mation of dystrophin mutation or absence, according to established
international diagnostic criteria.*> Exclusion criteria were: claustro-
phobia, cognitive deficits, all-day dependence on noninvasive
mechanical ventilation, inability to stay still in the scanner, and per-
form a 10-second breath-hold. According to steroid therapy, patients
were classified as naive (never treated or treated for <1 year), past
(not under treatment, but previously treated for >1 year), or current
(under treatment or treated within 1 year from the enrollment).

Age-matched healthy male controls were recruited among rela-
tives of the researchers and students of the laboratory who
volunteered to take part to the study, excluding those subjects with
respiratory diseases.

DMD patients and controls were subdivided into two groups
according to age: <15 and > 15 years old. This subdivision of our
patients is related to the published literature data of DMD, reporting
a lower abdominal contribution to tidal volume, and therefore lower
diaphragmatic contribution to breathing, after 15 years of age.”

Spirometry

Spirometry was performed in DMD patients on the same day of
MRI. Measurements of forced-expiratory volume in 1 second
(FEV1), forced vital capacity (FVC), forced expiratory flow at
25-75% of FVC (FEF 25-75), forced expiratory flow at 50% of
FVC (FEF 50), and peak expiratory flow (PEF) were performed in a
seated position. Data were reported both as absolute and expressed
as percentage of the predicted values, computed according to a pre-
diction equation calculated on healthy subjects of similar characteris-

tics (body height, age, sex, and sometimes race and Weight).23

Optoelectronic Plethysmography

The breathing pattern was measured in a supine position by opto-
electronic plethysmography (OEP-System; BTS, Milan, Italy) using
a geometrical model of 52 markers,'® both in patients and in con-
trols on the same day of MRI. After a short period of adaptation to
the recording conditions, total and compartmental volumes were
measured during 5 minutes of quiet breathing and inspiratory capac-
ity maneuver (IC) from functional residual capacity to total lung
capacity. The following parameters were calculated breath-by-breath
during spontaneous tidal breathing: tidal volume (V7), respiratory
rate (RR), minute ventilation, rapid and shallow breathing index
(RSBi; calculated as RR/Vr), and ribcage and abdominal tidal vol-
umes (AVgc and AV, respectively, expressed both in liters and as
percentage contribution to V). The following parameters were cal-
culated during the IC maneuver: maximal inspiratory total volume
(ICcw), ribcage and abdominal volumes (AVrc_IC and AVp_IC,
respectively, expressed both in liters and as percentage contribution
to ICcw).



MR Image Acquisition
Patients and controls were scanned with a 3T MR system
(Philips Achieva dStream scanner, Philips Medical Systems, Best,
The Netherlands). The imaging protocol included multiple
3-point gradient echo Dixon sequences (repetition time / echo
time [TR/TE] = 2.9/2.3 msec, flip angle 10°, slice thickness
4.4 mm, in-plane resolution 1.09 X 1.09 mm X mm) acquired at
suspended full end-expiration (EXP) (approximately residual vol-
ume [RV]), and suspended full end-inspiration (INSP) (approxi-
mately total lung capacity [TLC]). The field of view was adjusted
both in inspiration and expiration depending on subject anat-
omy, to both cover the entire lungs and minimize the acquisition
time. Images were acquired in the coronal plane; during 10-12
seconds of breath-hold. To reduce the scan time a SENSE accel-
eration factor of 2 was used.

Before the imaging session, patients were instructed to sustain
TLC and RV volumes during the scan. Images were checked by the
radiologist and reacquired during the same imaging session if not sat-
isfactory. All patients were experienced in performing respiratory
maneuvers because they were used to spirometric tests during their
follow-up. No sedation or contrast material was used. Overall acqui-
sition time per subject, including positioning, was ~15 minutes.

MR Image Processing and Measurements
Image processing and quantitative analysis were performed by cus-
tom software developed in MatLab (MathWorks, Natick, MA).

MEASUREMENT OF DIAPHRAGM EXCURSION. The image
acquisition, processing, and quantitative analysis is summa-
rized in Fig. 1. The steps are the following:

1. Image acquisition at full-expiration and full-inspiration
(Fig. 1a). The in-phase images were used to estimate the
diaphragm excursion.
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2. Lung segmentation (Fig. 1b). The method automatically
selected the optimal threshold that separated low-density
tissue (ie, lung and air surrounding the patient) from the
surrounding chest wall, based on Otsu’s algorithm. Tra-
chea and main bronchi were reconstructed and subtracted
from the original images using a 3D confidence connected
region-growing algorithm.24

3. Diaphragm reconstruction. The bottom surfaces of the left
and the right lungs were automatically extracted by identi-
fying the most inferior voxels of the segmented lungs,
which were characterized by a negative curvature of the
lower lung contours on coronal and sagittal slices.
Delaunay triangulation was used to generate the triangular
meshes of the left and right hemidiaphragm.

4. Surface registration. The inspiratory and the expiratory
meshes were first rigidly aligned by matching their cen-
troids. Then a nonrigid iterative closest point algorithm
(NCIP)* was used to non-rigidly register the inspiratory
and the expiratory diaphragm surfaces. NCIP extends the
iterative closest point algorithm by assuming local affine
transformation for each vertex, and iteratively minimizes
the distance between source and target meshes with
adjustable stiffness constraint.

5. Apicocaudal diaphragm excursion. The vertical compo-

the the

apicocaudal excursion of the diaphragm. The median

nent of deformation field represented
value of the apicocaudal excursion of the overall dia-
phragm surface was computed and reported as "global"
excursion. Regions of interest (ROIs, about 100-mm?-
area circles) were manually selected in the dome area
and near the posterior costal margin to evaluate

regional differences in the diaphragm motion.

FIGURE 1: Image processing steps. (a) MR images were acquired in breath-hold at full-expiration and full inspiration and (b)
automatically segmented on the basis of Otsu’s method. (c) The bottom surfaces of the left and the right lungs were extracted from
the segmented lungs and the Delaunay triangulation was used to generate the triangular meshes of the left and right
hemidiaphragm. (d) The surface reconstructed in expiration (blue) is registered on the surface reconstructed in inspiration (red). (e)
The craniocaudal excursion is obtained as the vertical component of the vector field.
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MEASUREMENT OF DIAPHRAGM FAT INFILTRATION.
The amount of fat was determined on the inspiratory
images with the three-point Dixon technique,”® which
allows the separation of MR signal intensity into the indi-
vidual contribution of fat and water in each voxel. The
scanner software uses an IDEAL based algorithm®”?® to
compute water signal (SIwater) and fat signal (SIfat) images,
while taking into account field inhomogeneity, eddy cur-
rents, and T,* effect. Fat and water images were loaded in
the Medical Image Processing, Analysis, and Visualization
application (MIPAV v. 7.2.0; http://mipav.cit.nih.gov) and
quantitative fat infiltration (percentage fat) was computed
as: Slfat/(SIfat+SIwater). 3D ROIs were manually traced
over the costal and crural parts of the diaphragm by two
observers (F.P. with 8 years experience in pulmonary imag-
ing and F.A. with 13 years experience in MRI). Particular
attention in ROIs tracing was paid to avoid partial volume
effects with the surrounding structures.

Fat infiltration was also measured in paraspinal muscles
at the level of the aortic arch and of the top diaphragm for
comparison. The median values are reported.

Statistical Analysis
Statistical analysis was performed using SigmaStat v. 11.0 (Systat
Software, San Jose, CA).

The relationships between age and both diaphragm excursion
and fat infiltration were modeled by fitting the data to a three-
parameter sigmoid curve, as we expected that MRI parameters will
plateau to normal values in younger patients and to maximal dia-
phragm impairment in older patients, approaching a floor of ~0 mm
of diaphragm excursion and a plateau of 100% of fat fraction. The

fitting equation for the sigmoid curve is:

a
I 1y exp~PAGE-AGEy)

where y is the excursion (mm) or fat fraction (%) over age
(years). Coefhicient 2 (mm or %) is the upper horizontal asymptote,
AGE, (years) is the age-to-half peak corresponding also to the age at
the point of highest sigmoid curve slope, coefficient & (years™) is
proportional to the slope of the curve in AGE,, ie, slope
(AGE_0) = a - bl4(mmlyear). The coefficients of determination (r?)
were computed for all the regression analysis.

One-way analysis of variance (ANOVA) was applied to sepa-
rately compare diaphragm excursion (global, central, and dome), dia-
phragm fat fraction, and paraspinal fat fraction across age (<15
vs. >15) and disease state (healthy vs. DMD). In cases in which the
equal variance test and/or the normality test fail, non-parametric
Kruskal-Wallis ANOVA on ranks was applied. Post-hoc tests were
based on Holm-Sidak and Dunn methods, respectively for paramet-
ric and nonparametric ANOVA tests.

Spearman’s correlation coefficients (r values) were calculated
between MRI biomarkers of diaphragm impairment, spirometry,
and OEP in healthy and DMD patients.

For all the statistical analysis, significance was set to P < 0.05.

Results

In total, 26 patients (mean age 17.9 £ 6.2 years; range 8—32
years) and 12 age-matched healthy subjects were enrolled in
the study. Clinical data and spirometry are reported in
Table 1 for DMD patients. All subjects successfully com-
pleted the MRI protocol. Due to logistic reasons, in two
patients and one healthy volunteer OEP was not performed.

Diaphragm Excursion With Age

Figure 2 reports the relationship between global and regional
diaphragm excursion and age in DMD patients (Fig. 2, left
column) and controls (Fig. 2, central column). Diaphragm
excursion (DE) decreased with age with the following sigmoid

relations:
49.7
DE giopat = 1+ exPOA17(AGEfl4~6)
.1
DEca:ml = 7

1+ exp020(AGE-15.2)

TABLE 1. Patient Data, Reported as Median (25t"-75%"
Percentile)
Age (years) 17 (14-22)
FEV, () 1.5 (0.8-1.8)
FEV, (%opred) 54 (20 -85)
EFVC () 1.6 (1.0-2.4)
FVC (%pred) 55 (22-81)
FEF 25-75 (1) 1.9 (1.0-2.5)
FEF 25-75 (%pred) 40 (21-57)
FEF 50 (1) 2.1 (1.4-3.0)
FEF 50 (%pred) 58 (34-75)
PEF (I/sec) 3.1 (2.1-4.2)
PEF (%pred) 49 (25-78)
Steroid Past (n) 7
Current (n) 11
Naive (7) 8
Ambulation Yes (n) 6
No (») 20
LVEF (%) 58 (50-60)
FEV, forced expiratory volume in 1 second; FVC, forced vital
capacity; FEF25-75 = forced expiratory flow at 25-75% of
EFVC, FEF50 = forced expiratory flow at 50% of FVC; PEF,
peak expiratory flow; LVEF, left ventricular ejection fraction.
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49.5

DE jyme = 1 + exp0 DAGE-135)

The r* were respectively 0.51 (P = 0.0002), 0.57
(P <0.0001), and 0.51 (P = 0.0003). In healthy volunteers,
global, costal, and dome DEs were higher than in DMD
patients (P < 0.001), with no relationship with age (respec-
tively P = 0.55). In subjects younger than 15 years old, DE
was lower in patients compared with controls, in the costal
and dome regions but not globally (Fig. 2, right column).
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DE was lower in patients older than 15 years than in con-
trols, both globally and regionally in the costal and dome
regions (Fig. 2, right column).

In Fig. 3 the diaphragm surfaces (Fig. 3a) reconstructed
in expiration (blue) and inspiration (red) and the corresponding
apicocaudal excursion maps (Fig. 3b) are reported in three rep-
resentative patients 9 (Fig. 3, left), 14 (Fig. 3, center), and
26 (Fig. 3, right) years old. With increasing age, the inspiratory
and the expiratory diaphragm surfaces become closer and closer,
with the 26-year-old patient showing a paradoxical motion,

FIGURE 2: Correlation between global (top row), costal (central row), dome (bottom row) diaphragm excursion (DE) and age in
patients with DMD (left column) and healthy controls (central column). In patients with DMD, DE decreases with age following a
sigmoidal relationship: r? = 0.51 (P = 0.0002, overall data); r> = 0.57 (P < 0.0001, costal regions); r? = 0.51 (P = 0.0003, dome
regions). In healthy controls, no relationship between DE and age is present. Left panels: regression curve (thick black line) and 95%
confidence intervals (thin black lines) of DE data in DMD patients; median value (thick gray line), 25" and 75 percentiles (thin gray
lines) of DE data in the control group. Central panels: median value (thick gray line), 25t and 75 percentiles (thin gray lines) of DE
data in the control group. Right panels: Box-and-whisker plot representing the median (line within the box), the interquartile range
(length of the box), the 90" and the 10" percentiles (whiskers above and below the box) of DE calculated in DMD patients (gray)
and healthy controls (white) younger and older than 15 years. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 3: (a) Expiratory (blue) and inspiratory (red) diaphragm 3D surface reconstruction in three representative patients at 9 (left,
FEV, = 127 %pred), 14 (central, FEV, = 50 %pred), and 26 (right, FEV, = 16 %pred) years old. (b) Corresponding maps of
craniocaudal excursion. Color scale indicates the vertical excursion in mm.

with the diaphragm moving cranially from expiration to inspira-
tion. The apicocaudal excursion map in the younger patient is
mainly colored in red, corresponding to apicocaudal excursions
of about 50 mm. Conversely, in the oldest patient, the excur-
sion map is mainly colored in light blue, corresponding to an
apicocaudal excursion below 10 mm, with some regions colored
in dark blue, corresponding to negative values of excursion.

Diaphragm Fat Infiltration With Age

No significant differences were found between crural and cos-
tal fat infiltration (P = 0.75), thus the median value of the
two regions is reported as a more robust measure of the fat
infiltration of the overall diaphragm. Figure 4 shows the rela-
tionship between fat infiltration and age in the diaphragm
(Fig. 4, top row) and in the paraspinal muscles (Fig. 4, bot-
tom row) in DMD patients (Fig. 4, left column) and in
healthy volunteers (Fig. 4, central column). In patients, dia-
phragm fat fraction increased with age with a sigmoidal rela-
tionship (r* = 0.68, P < 0.0001):

80.9
FF giaphragn(%0) = 1 + exp-0-17(AGE-14.5)

In controls, median fat infiltration of the diaphragm
was 26.1% (20.7-27.4%), lower than in DMD patients
(P < 0.001), with no relationship with age (P = 1.0).

6

Fat fraction of the paraspinal muscles in patients
0.72,

increased with age with the relationship (P =
P <0.0001):

93.7
FFPﬂrﬂSPiﬂﬂl(%) = 1+€xp70.25(AGE—15.2)

In controls, median fat fraction of the paraspinal mus-
cles was 10.9% (8.4—11.4%), lower than in DMD patients
(P < 0.001), with no relationship with age (P = 1.0).

At the age of about 15 years, the increase in percent fat
fraction was 3.4 per year and 5.8 per year, respectively, for
the diaphragm and the paraspinal muscles.

In Fig. 5 the fat infiltration of the diaphragm is shown in
three representative patients 9 (Fig. 5, left), 14 (Fig. 5, center),
and 26 (Fig. 5, right) years old. In the fat fraction images,
the diaphragm is mainly black in the younger patient,
corresponding to a fat fraction of about 0%. Conversely, in the
oldest patient the diaphragm is mainly light gray, corresponding
to fat fraction over 80%.

Relationship Between MRI Parameters of
Diaphragm Impairment, Spirometry, and OEP

Table 2 reports the Spearman’s coefficients (7) of correlations
between MRI markers of diaphragm impairment in patients,
ie, DE and fat infiltration, spirometry, and OEP.
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FIGURE 4: Correlation between diaphragm (top row), paraspinal muscles (bottom row) fat infiltration, and age in patients with DMD
(left column) and healthy controls (central column). In patients, fat infiltration increases with age following a sigmoidal relationship:
r? = 0.68 (P < 0.0001, diaphragm); r? = 0.72 (P < 0.0001, paraspinal muscle). In healthy controls, no relationship between fat
infiltration and age is present. Left panels: regression curve (thick black line) and 95% confidence intervals (thin black lines) of fat
fraction data in DMD patients; median value (thick gray line), 25% and 75 percentiles (thin gray lines) of fat fraction data in the
control group. Central panels: median value (thick gray line), 25" and 75 percentiles (thin gray lines) of fat fraction data in the
control group. Right panels: Box-and-whisker plot representing the median (line within the box), the interquartile range (length of
the box), the 90" and the 10™ percentiles (whiskers above and below the box) of fat fraction calculated in DMD patients (gray) and
healthy controls (white) younger and older than 15 years. *P < 0.05; ***P < 0.001.

FIGURE 5: Fat infiltration of the diaphragm in three representative patients at 9 (left, FEV1 = 127 %pred), 14 (central, FEV1 = 50 %
pred), and 26 (right, FEV1 = 16 %pred) years old. (a) Fat fraction map calculated as F/(W + F) in %. (b) Magnification of the
diaphragm. The region of interest is selected in red.
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TABLE 2. Spearman’ Correlation Coefficients (r) Between MRI Markers of Diaphragm Impairment (Global, Costal

Apicocaudal Apicocaudal

excursion excursion Diaphragm fat
(costal) (dome) infiltration
0.70%#%* 0.67%%* —0.69%**
0.807#** 0.76%** —0.88*%*%*
0.59%* 0.56%* —0.60%*
0.79%#%* 0.73%#%* —0.88%#*
0.61%%* 0.58%* —0.56%%*
0.64%** 0.61%%* —0.63%*
0.53%* 0.50% —0.51%
0.72%%* 0.68%** —0.74%**
0.53%* 0.54%* —0.53%*
0.807%#** 0.78%* —0.89%**
-0.21 -0.24 0.16
-0.12 -0.14 0.07
0.21 0.24 -0.23
-0.36%* -0.35%* 0.17
—0.58%#** —0.59%** 0.28
0.63%** 0.66%** -0.37*
0.59%** 0.60%** -0.30
0.83*** (P < 0.0001) 0.84%** —0.70%%%*
0.72%*%* (P < 0.0001) 0.72%%* —0.66%*%*
-0.36%* -0.38* 0.27
0.69%** 0.71%#%* —0.59%**
0.36%* 0.38* -0.26

and Dome Apicocaudal Excursion, and Fat Infiltration), Spirometry and OEP Parameters
Apicocaudal
excursion
SPIROMETRY  FEV1 ()) 0.69%**
FEV1 (%pred) 0.78%*:*
FVC () 0.58%%*
FVC (%pred) 0.76%**
FEF25-75(1) 0.59°%*
FEF25-75 (Y%pred) 0.62%*
FEF50(1) 0.517%%*
FEF50 (%pred) 0.70%:%
PEF (I/sec) 0.54%%*
PEF (%pred) 0.79#:%*
OEP Quiet breathing

RSBi -0.24
RR -0.15
Vi 0.24
AVgc () —-0.36*
AVgc (%) —0.60%**
AVup () 0.66%**
AVag (%) 0.60%**
Inspiratory capacity
ICcw () 0.85%%*
AVgc ()_IC 0.747%%*
AVgc (%)_IC —-0.37*
AV, ()_IC 0.7 1%
AVap (%)_1C 0.36%*

Spirometry was performed in patients. OEP was performed both in healthy controls and patients.

variation expressed as percentage contribution to tidal volume.

*P < 0.05;

**P < 0.01;

kP < 0.001.

FEV1 = forced-expiratory volume in 1 second; FVC = forced vital capacity; FEF25-75 = forced expiratory flow at 25-75% of FVC,
FEF50 = forced expiratory flow at 50% of FVC; PEF = peak expiratory flow; Vt = tidal volume; RSBi = rapid and shallow breathing
index; RR = respiratory rate; AVyc (l) = rib cage volume variation expressed in liters; AVap (%) = rib cage volume variation expressed
as percentage contribution to tidal volume; AV (1) = abdominal volume variation expressed in liters; AVap (%) = abdominal volume

Total and regional apicocaudal excursions of the dia-
phragm positively correlated with all the spirometric values.
Fat infiltration correlated negatively with all the spirometric
values. The highest correlations were found between MRI
markers and PEF %pred.

8

Total and regional apicocaudal excursion of the dia-
phragm positively correlated with abdominal volume varia-
tion and negatively correlated with rib cage volume
variation. Fat infiltration negatively correlated with abdom-

inal volume variation.



FIGURE 6: Linear relationship between diaphragm structure, ie,
fat infiltration, and function, ie, apicocaudal excursion (r? = 0.63,
P < 0.0001). White circles represent healthy volunteers; black
circles DMD patients.

Structure-Function Relationship of the Diaphragm
Figure 6 shows the linear relationship between DE and fat
infiltration, considering both healthy controls and DMD
0.66 (P <0.0001). Considering only
DMD patients, a linear relationship exists between the two
MRI parameters, with 2 = 0.63 (P < 0.0001).

. . 2
patients, with = =

Discussion

The present cross-sectional study demonstrates that muld-
volume MRI provides valuable quantitative measures of dia-
phragm impairment in patients with DMD. Diaphragm
structure and function are highly related with age, with a sig-
moidal relationship and respiratory function decline, as quan-
tified by pulmonary function tests and OEP. With the
development of new therapeutic and rehabilitative approaches
for DMD, MRI may provide new noninvasive outcome mea-
sures to follow up the involvement of the respiratory muscles
for use in clinical trials.

The first result of our study regards the vertical excur-
sion of the diaphragm. We have shown that in DMD patients
the maximal excursion decreases with age and is significantly
different from controls in patients older than 15 years of age.
When the costal and dome contribution to the vertical excur-
sion are separately studied, significant differences between
DMD and healthy subjects younger than 15 years can also be
observed. Studying DE by 2D cine-MRI in a group of
patients younger than 15 years old, Bishop et al*' reported
differences in the right dome excursion between DMD and
healthy subjects. These previous findings and the here-
reported reduced dome and costal excursions across a larger
age span demonstrate the ability of MRI to detect early signs
of diaphragm weakness. Static and dynamic MRI can provide
information regarding diaphragmatic motion®*”*° and has

been investigated in emphysema®’ and in patients with

Pennati et al.: Diaphragm Function Assessed by MRI

scoliosis.>? In neuromuscular disease, diaphragm kinematics
has been described in Pompe disease in 2D by using static
breath-hold MRI images'®*”> and in 3D by acquiring
dynamic MRL"? The craniocaudal DE measured in absolute
values on normal subjects varies across studies, due to differ-
ent subject characteristics and different methods for dia-
phragm displacement’s measure. The measurements obtained
in the present study in controls are consistent with previously
reported values, 4.6-9.0 cm,” 5.1-8.1 cm.'” With respect to
these previous studies, we acquired static breath-hold MR
images with a 3-point gradient echo Dixon sequence, in order
to simultaneously quantify both DE and fat infiltration, thus
to directly relate structure to function.

Second, the present study demonstrated that the fat
fraction of the diaphragm progressed with age, and signifi-
cantly differed from healthy patients older than 15 years old.
Compared with paraspinal muscles, we observed a slower
increase in the fat fraction of the diaphragm and a lower het-
erogeneity among patients. In the diaphragm, no MRI data
on fat fraction have been previously reported. In patients, fat
fraction increase per year in the quadriceps and hamstrings
was about 5% between 5 and 23 years old®* and 6-9%
between 4 and 13 years old,”” higher than the annual fat frac-
tion increase of the diaphragm and of the paraspinal muscles
that we have found in the present study. With respect to
these previous findings, we proposed a sigmoidal equation to
fit the fat fraction vs. age relationship, which could have
influenced the computation of the annual increase of fat frac-
tion. Nevertheless, as the age span of our patients was wider,
ie, 8-32 years old, we preferred to use a phenomenological
model to describe the fat fraction increase and the excursion
decrease of the diaphragm with age. The proposed model is
in accord with recent studies investigating the natural course
of pulmonary function loss in DMD: at around 10-11 years
of age, FVC %pred falls below the 80% predicted, which is
considered the lower limit of normal, follows a quite linear
decline, and approaches a floor of 20% of predicted from age
20 onwards.”®

Third, we found that the fat fraction and the functional
ability of the diaphragm were strongly correlated. Prior stud-
ies have found high degrees of correlation between MRI mea-
sures of fat fraction of quickly degenerating proximal muscles
and ambulatory function, measured using the 10-m walk/run,
the climb four stairs, supine to stand, and 6-minute walk
tests.'”?” With respect to these studies, we directly related
the fat fraction increase of the diaphragm to its excursion
function; thus, the structure—function relationship was inves-
tigated free from any compensatory mechanisms. Studies per-
formed by using ultrasonography (US) showed a progressive
diaphragm atrophy with age and reduced excursion.”'’
Laviola et al'® reported that diaphragmatic thickness was sim-
ilar to the control group in DMD patients younger than
14 years old, but that it was significantly lower in patients
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older than 14 years old. Our results confirmed the diaphragm
remodeling, with increased fat fraction after 15 years old, and
the reduced excursion in DMD patients.

Fourth, MRI markers of diaphragm impairment corre-
lated with OEP measures and spirometry. During quiet
breathing, the DE is positively related to the abdominal vol-
ume variation and inversely related to the rib cage expansion.
As DE decreases, thus decreasing abdominal volume varia-
tion, ribcage volume variation increases. This result suggests
that the ribcage muscles partially compensate the diaphragm
impairment, by increasing ribcage volume variation, in order
to retain tidal volume which, in fact, is not correlated with
diaphragm impairment. Moreover, diaphragm fat infiltration
correlated only with the abdominal volume variation, rein-
forcing the idea that the first functional biomarker of the dia-
phragm impairment is the reduction of abdominal volume
during quiet breathing.” On the contrary, when both MRI
and OEP were performed during inspiratory capacity, the dia-
phragm impairment highly correlated with all the OEP
parameters. During the maneuver, all the respiratory muscles
have to maximally contract. The positive relationship between
the MRI measures of diaphragm impairment and both the
abdominal and the ribcage volume variation suggests that
during a maximal contraction the ribcage muscles are ineffec-
tive to compensate the diaphragm. This is confirmed by the
strong correlation between diaphragm impairment and spi-
rometry, which is also performed during a maximal contrac-
tion. Contraindications to MRI such as metal implants,
invasive ventilation, and claustrophobia make it impossible to
scan certain patients. Nevertheless, different from OEP and
spirometry, MRI is able to directly measure both diaphragm
structure and function, thus providing new noninvasive and
sensitive outcome measures that should be considered for lon-
gitudinal studies in DMD and for clinical trials.

Over dynamic MRI techniques, static MRI provides
higher spatial resolution and reduced scan time, simplifying
image analysis and allowing the use of automatic algorithms
for 3D lung segmentation and diaphragm reconstruction.
The diaphragm kinematics have been previously investigated
in neuromuscular disease, by following the 2D temporal pro-
file of the lung cross-section from a dynamic MRI acquisi-

. 20,21
tion 0

or by measuring changes in lung dimensions
between inspiration and expiration.'®*® The 3D representa-
tion of the diaphragm allows a more accurate and robust anal-
ysis, with the possibility of tracking and evaluating different
regions. Moreover, the simultaneous quantification of DE
and fat fraction provide shorter scan durations for patients
who cannot stay in the scanner for a long time or cannot per-
form multiple deep-breath cycles.

The study has some limitations. First, it includes a small
number of patients. Nevertheless, the age range is broad
enough to study the progressive structural and functional
impairment of the diaphragm during the course of the
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disease. Although the age range explored is larger than that in
previous studies, only two patients younger than 10 years old
were examined. Since symptoms of DMD can begin at a few
years old, it might be beneficial to perform a future study
focusing on the age range 5-15 years old. Second, MR
images are not spirometer-guided. To introduce quantitative
multivolume MRI in clinical practice, the implementation of
lung volume guidance with a spirometer is essential to stan-
dardize imaging.*’ Finally, diaphragm kinematics were inves-
tigated only along the vertical axis. In fact, in order to reduce
the acquisition time and make the imaging session more com-
fortable for patients, we decided to adapt the field of view to
the inspiratory and the expiratory lung volumes, thus chang-
ing the reference point of the image with lung volume.
Future studies investigating the overall lung kinematic should
be performed, but considering only younger patients, who are
able to perform breath-holding at residual volume for a
longer time.

In conclusion, this work provides an efficient method
to extract quantitative measures of diaphragm structure and
function in DMD from static MRI, which are strongly corre-
lated with spirometry and OEP. Quantitative MRI of the dia-
phragm seems to be a promising endpoint for clinical trials
evaluating the effect of newer treatments on the time to start
ventilation in DMD.
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