[ Education and Clinical Practice Original Research } é CH EST

Characterizing Expiratory Respiratory ® oreckforupsts
Muscle Degeneration in Duchenne
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and Glenn A. Walter, PhD

BACKGROUND: Expiratory muscle weakness and impaired airway clearance are early signs of
respiratory dysfunction in Duchenne muscular dystrophy (DMD), a degenerative muscle
disorder in which muscle cells are damaged and replaced by fibrofatty tissue. Little is known
about expiratory muscle pathology and its relationship to cough and airway clearance ca-
pacity; however, the level of muscle replacement by fat can be estimated using MRI and
expressed as a fat fraction (FF).

RESEARCH QUESTION: How does abdominal expiratory muscle fatty infiltration change over
time in DMD and relate to clinical expiratory function?

STUDY DESIGN AND METHODS: Individuals with DMD underwent longitudinal MRI of the
abdomen to determine FF in the internal oblique, external oblique, and rectus abdominis
expiratory muscles. FF data were used to estimate a model of expiratory muscle degeneration by
using nonlinear mixed effects and a cumulative distribution function. FVC, maximal inspiratory
and expiratory pressures, and peak cough flow were collected as clinical correlates to MRI.

RESULTS: Forty individuals with DMD (aged 6-18 years at baseline) participated in up to five
visits over 36 months. Modeling estimated the internal oblique progresses most quickly and
reached 50% replacement by fat at a mean patient age of 13.0 years (external oblique, 14.0 years;
rectus abdominis, 16.2 years). Corticosteroid-untreated individuals (n = 4) reached 50% muscle
replacement by fat 3 to 4 years prior to treated individuals. Individuals with mild clinical
dystrophic phenotypes (n = 3) reached 50% muscle replacement by fat 4 to 5 years later than
corticosteroid-treated individuals. Internal and external oblique FFs near 50% were associated
with maximal expiratory pressures < 60 cm H,O and peak cough flows < 270 L/min.

INTERPRETATION: These data improve understanding of the early phase of respiratory
compromise in DMD, which typically presents as airway clearance dysfunction prior to the
onset of hypoventilation, and links expiratory muscle fatty infiltration to pulmonary function
measures. CHEST 2022; 161(3):753-763

KEY WORDS: airway clearance; cough; Duchenne muscular dystrophy; expiratory muscles;
MRI

FOR EDITORIAL COMMENT, SEE PAGE 601

ABBREVIATIONS: DMD = Duchenne muscular dystrophy; FF = fat AFFILIATIONS: From the Department of Physical Therapy (A. M.
fraction; MEP = maximal expiratory pressure; PCF = peak cough flow; Barnard, D. J. Lott, A. Batra, W. T. Triplett, R. J. Willcocks, S. C.
PFT = pulmonary function test Forbes, B. K. Smith, and K. Vandenborne), Department of Statistics
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Take-home Points

Study Question: How does abdominal expiratory
muscle fatty infiltration change over time in DMD
and relate to clinical expiratory function?

Results: Nonlinear mixed effects modeling estimates
the internal oblique, external oblique, and rectus
abdominis muscles reach 50% replacement by fat at
13.0, 14.0, and 16.2 years of age, respectively, in in-
dividuals with DMD, and internal/external oblique
muscle fat fractions of approximately 0.50 are asso-
ciated with decreased MEPs and peak cough flows.
Interpretation: When the internal and external obli-
que muscles reach about 50% replacement by fat in
individuals with DMD, it can be expected that airway
clearance can become impaired, and intervention may
be required to produce adequate coughs.

Duchenne muscular dystrophy (DMD) is a pediatric-
onset neuromuscular disorder in which absence of
dystrophin protein at muscle cell membranes leads to
muscle degeneration' and resultant weakness of the
respiratory muscles, including the diaphragm,
intercostals, and abdominal muscles used in forced
expiration.” The first sign of respiratory impairment in
DMD is often reduced expiratory muscle strength and
function, leading to impaired coughing and airway
clearance.” Poor airway clearance can cause mucus
retention, atelectasis, and pneumonia leading to
hospitalization and slower recovery from respiratory
infection.” Maximal expiratory pressure (MEP) is a
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surrogate for expiratory muscle strength, and MEP
values are one of the first pulmonary function
measures to fall below normative values in young
individuals with DMD." Peak cough flow (PCF) is
another measure of expiratory ability; however, few
normative pediatric reference data are available to help
interpret PCF results in children with DMD.>°
Interventions can improve airway clearance in the
presence of expiratory muscle weakness, but
recommendations for initiating interventions are based
largely on expert opinions.”

The internal oblique, external oblique, and rectus
abdominis are abdominal muscles activated during the
expiratory phase of cough maneuvers.”” However, there
are few data regarding disease progression in these
critical expiratory muscles or how muscle pathology
relates to clinical measures of expiratory function. We
reported cross-sectional data describing the fatty
infiltration of expiratory muscles in DMD using MRI
with the goal of assessing the pathology of muscles of
forced expiration.'” We found that fat fraction (FF), a
noninvasive biomarker of muscle health in DMD, was
increased the most in the internal oblique, followed by
the external oblique and the rectus abdominis.
Expiratory muscle FF was found to be correlated to a
clinical measure, percent predicted MEP.

The current study is a 3-year longitudinal MRI follow-
up of expiratory muscle health in a cohort of boys and
young men with DMD. The three aims of the study were
to: (1) characterize and model the evolution of
expiratory muscle degeneration over time in DMD; (2)
quantify the effect of corticosteroid treatment and mild
clinical phenotypes on expiratory muscle FF; and (3)
determine how expiratory muscle disease progression is
related to pulmonary function. We hypothesized that
given the early clinical signs of expiratory muscle
weakness, there would be increases in expiratory muscle
pathology over time that are directly related to
expiratory function.

Study Design and Methods

Individuals with DMD and unaffected control subjects were recruited
to participate in this observational study conducted at the University of
Florida and approved by the Institutional Review Board
(IRB201602123). Participants provided either informed consent (for
those aged = 18 years) or informed assent with consent of a parent
(for those aged < 18 years). All participants underwent a baseline
MRI examination and pulmonary function tests (PFTs), and
individuals with DMD returned annually for up to 3 years for
follow-up MRI and PFT assessment. Medical history information,
including corticosteroid use, ambulatory status, and respiratory
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interventions, was collected at each visit. Unaffected control data were
previously published and are not included here.'

The study began in March 2016, and rolling recruitment was
conducted over the course of several years, ending in November
2020. Inclusion criteria were a clinical or genetic diagnosis of DMD,
age 5 to 18 years at baseline, lack of respiratory conditions apart
from those associated with DMD, and ability to tolerate an MRI
examination. Individuals who were treated with investigational
microdystrophin gene therapy were excluded.

MRI Acquisition and Analysis

After screening for contraindications to MRI examination, participants
underwent chemical shift-encoded (Dixon) imaging of the lower
abdomen on a Philips 3T Achieva MRI by using a 32-channel
cardiac coil (Invivo). Dixon imaging was chosen over T, mapping
due to the ability to achieve shorter scan times, reduced respiratory
motion, and higher resolution. Single-slice axial images were
acquired at the base of the L4 vertebra, and if susceptibility artifacts
from intestinal gas were present, a second slice was obtained
approximately 2 cm lower. Follow-up scans were acquired at the
same landmark and used scans from prior years to ensure slice
location consistency. The scan was a three-point gradient echo
mDIXON sequence (Philips R5.3) with the following: repetition time
repetition time = 10 ms; echo time = 5.4, 6.4, and 7.4 ms; voxel
size = 0.6 x 0.6 x 6 mm?; flip angle = 10°. Six signal averages were
used to reduce the impact of respiratory motion and increase signal
to noise. A short repetition time with low flip angle minimized the
impact of T, weighting, and the echo times were as short as possible
to reduce T,* effects to avoid the need to correct for relaxation.'""
Scan time per slice was approximately 3.5 min.

Water and fat images were reconstructed by using a precalibrated
seven-peak lipid model (Philips 5.3.0 software) and exported as
DICOM files. Using OsiriX MD (version 10.0.0; Pixmeo) and the
reconstructed images, muscle FF was calculated for the abdominal
expiratory respiratory muscles, including the rectus abdominis, the
external oblique, and the internal oblique. Regions of interest were
drawn just inside the borders of each abdominal muscle to ensure
that non-muscle tissue was not included. FF was calculated within
each region of interest by dividing fat image signal intensity by the
fat and water image signal intensities. Due to relatively symmetric
disease progression, muscles on the left were analyzed unless an
artifact required analysis of the right side.'*'* For visualization of fat
and water components, colorized fat-water fusion images were
created in OSIRIX.

Disease Trajectory Modeling

Nonlinear mixed effects were used to estimate trajectories of expiratory
muscle FF over time based on a Gaussian cumulative distribution
function, which has been shown to accurately model lower extremity

muscle fatty infiltration.">'® The following mathematical equation
was used to define the cumulative distribution function:

(-=w)*

).
0

FE(t 1, 05) = (A~ C) *

Ti\/2T

MRS FF at age t is estimated by FF(t) for individual i. A is the maximal
value of the MRS FF (0.95; fixed effect), and C is the FF initial value
(0.05; fixed effect).'® Parameters from model estimation include mu
(4;) and sigma (0;). Mu represents the median of the Gaussian
function and is equivalent to the age at 50% maximum FF in the
cumulative distribution function. Sigma represents the SD of the
Gaussian function, which affects the slope of the cumulative
distribution function. With A = 095 and C = 0.05, the mu
parameter gives the age at which a muscle FF = 0.50. Therefore,
smaller mu values indicate earlier age at 50% FF (disease trajectory
curve shifted leftward). Smaller sigma values indicate faster disease
progression (steeper curve slope).

Pulmonary Function Testing

At each visit, PFTs were performed to determine FVC, maximal
inspiratory pressure, maximal expiratory pressure (MEP), and PCF.
Each test was performed at least three times, up to six trials, to
achieve consistent values within 10%. The highest value was used for
analysis. For percent predicted values in nonambulatory individuals,
height was measured by using segmental summation (the sum of
head to femoral greater trochanter length plus greater trochanter to
lateral femoral condyle length plus lateral condyle to heel length).
For FVC, Global Lung Initiative equations were used to determine
percent predicted values,'” and for maximal inspiratory pressure and
MEP, the equations published by Wilson et al'® were used to allow
for consistency when transitioning between pediatric and adult ages.
PCF values were expressed in absolute terms as no comprehensive
prediction equations and limited normative values exist to determine
percent predicted PCF in pediatric populations.™®

Data Analysis and Statistical Approach

FF disease progression modeling was performed in RStudio (version
1.1.456) using the NLME, plyr, and ggplot2 packages; data
visualization and statistical analyses were performed in GraphPad
Prism (version 9.0.1). Mu and sigma values from FF modeling are
reported as means with SDs. Participants were divided into three
subgroups for comparison: corticosteroid-negative, steroid-treated,
and mild phenotype individuals. Corticosteroid-negative participants
were defined as individuals who never took corticosteroids or took
them < 6 months. Mild phenotype participants were defined as
individuals who enrolled with mutations likely resulting in DMD but
who exhibited mild clinical phenotypes atypical of the natural
history of disease progression.

Results

Forty individuals with DMD enrolled in this
longitudinal cohort study. Participants joined the study
on a rolling basis, with 15 participating across

36 months, 12 participating across 24 months, six
participating across 12 months, and seven participating
only at a baseline visit due to enrollment in the final year
of the study. Thirty-four individuals participated until
the study end, two were lost to follow-up, and four
withdrew (claustrophobia, difficulty traveling, and no
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longer wanted to participate). Three individuals had one
additional visit approximately 6 months from the annual
visit, and these data were also included. Thirty-six
individuals identified as White, two as Asian, one as
Black, and one as American Indian/Alaska Native. Four
participants identified as Hispanic/Latino. Table 1
summarizes cohort characteristics. Sixteen participants
received a conditionally approved drug while in the
study. Three individuals were categorized as having
atypically mild clinical phenotypes, with one splice site
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mutation and two nonsense mutations within in-frame
rod domain exons, which could theoretically produce
small amounts of dystrophin.'’

Participant PFT results are consistent with trends seen
in other contemporary observational studies in DMD (e-
Fig 1 [includes PFT data according to approved therapy
use], Fig 1).* In terms of expiratory function, both
absolute and percent predicted MEP showed early
declines, with the majority of the cohort falling below
80% predicted MEP by age 12 years. PCF generally
improved with increasing age into the early to mid-
teens, although the vast majority of PCFs remained <
300 L/min.

Axial fat-water fusion MRIs of representative
participants reveal progressive fatty infiltration of the
expiratory muscles over time, particularly in the internal
oblique (Fig 2). Examining longitudinal changes in
expiratory muscle FF, the internal oblique had the fastest
progression, and the rectus abdominis had the slowest
progression (e-Fig 2 [includes data according to
approved therapy use], e-Table 1, Figs 3A, 3C, 3E).
Noting that longitudinal changes in expiratory muscle
FF exhibited a sigmoidal progression trajectory similar
to that seen in lower extremity muscles in DMD,"® we fit
the individual data to estimate a model of disease
progression (Figs 3B, 3D, 3F). The estimated patient age
(£SD) at 50% muscle fatty infiltration, or mu, was 13.0
=+ 2.5 years for the internal oblique, 14.0 £ 2.7 years for
the external oblique, and 16.2 £ 3.0 years for the rectus
abdominis; sigma, representing the steepness of the
trajectory curve (smaller numbers associated with
steeper curves), was 3.3 = 0.7 years for the internal
oblique, 3.3 £ 1.0 years for the external oblique, and
5.4 + 1.1 years for the rectus abdominis.

The four corticosteroid-negative individuals had higher
expiratory muscle FFs compared with peers, whereas
individuals with mild clinical phenotypes had lower

TABLE 1 | Participant Characteristics

expiratory muscle FFs compared with similarly aged
peers (Figs 3A, 3C, 3E). When age at 50% FF values were
compared between corticosteroid-negative and
corticosteroid-treated individuals, there was a 3- to 4-
year difference in age at 50% FF (Figs 4A-C, Table 2). In
addition, the three individuals with clinically mild
phenotypes had older modeled ages at 50% FF, linking
slow clinical progression to slower accumulation of fat
within the expiratory muscles. Figures 4D to 4F illustrate
the estimated FF trajectories of each group.

Expiratory muscle FF was also related to PFTs,
particularly FVC and MEP. Combining all visits, data
were divided into categories according to internal and
external oblique FFs. With increasing FF, there was a
tendency toward lower percent predicted FVC, although
the decline was minimal (Figs 5A, 5B). In contrast, there
was a precipitous decrease in percent predicted MEP
with increasing FF, especially once internal or external
oblique FF was = 0.40 (Figs 5C, 5D). There were no
clear trends between PCF and expiratory muscle FF
(Figs 5E, 5F). In Figures 5G and 5H, we evaluated the
relationship between muscle FF and MEP values above
versus below 60 cm H,0; 60 cm H,O has been suggested
as a threshold value below which airway clearance is
recommended.” Internal oblique FFs = 0.60 and
external oblique FFs = 0.40 were associated with MEP
values below this threshold.

Discussion

Airway clearance dysfunction is a common respiratory
complication in neuromuscular disorders, leading to
retained secretions and increased risk of atelectasis and
pulmonary infections.” Effective coughing comprises an
inspiratory phase, compressive phase, and expiratory
phase.”’ In DMD, impaired expiratory function is one of
the first signs of respiratory muscle involvement, and the
expiratory phase of a cough is likely the most affected
component initially. As inspiratory function becomes

Characteristic Baseline (N = 40) 12 Months (n = 337) 24 Months (n = 27) 36 Months (n = 15)
Age, y

Mean + SD 12.5+ 3.1 13.6 + 3.1 149 + 3.2 15.6 + 3.3

Range 6-18 8-19 9-20 10-21
Height, mean + SD, cm 132 + 10 134 + 10 136 + 10 135+9
Weight, mean + SD, kg 40.7 + 13.4 44.0 +£ 13.8 47.3 £ 14.6 46.9 + 14.5
Corticosteroid treatment 36/40 30/33 26/27 15/15
Ambulatory 28/40 20/33 16/27 6/15

“One participant missed his 12-month visit; therefore, data represent n = 32 individuals.
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Figure 1 - A-G, Pulmonary function characteristics of the study cohort. A, FVC. B, Percent predicted FVC. C, MEP. D, Percent predicted MEP. E, MIP.
F, Percent predicted MIP. G, Peak cough flow values for the study cohort. Dots indicate test values at a single visit, and lines connect data from a single
participant. Filled dots denote ambulatory time points, and open dots denote nonambulatory time points. When participants lost ambulation during
the study, this is noted with a blue line. Note that percent predicted FVC uses height in estimation equations, and height measurement methods
changed once a participant became nonambulatory. MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure.
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more affected later in the disease, it also contributes to
impaired cough, whereas bulbar muscle weakness and
poor glottic closure are less likely limiting factors for
adequate cough.”””’ Surprisingly, little is known about
expiratory muscle pathology in DMD and its
contribution to effective coughing. In addition,
evidence-based recommendations for airway clearance
interventions are limited.”* *® The current study used
high-resolution MRI to quantify abdominal expiratory
muscle fatty infiltration longitudinally in a cohort of
boys and young men with DMD. With these data, we
generated mathematical models of expiratory muscle
disease progression over time, including subanalyses for
corticosteroid-treated, corticosteroid-negative, and mild
phenotype individuals.

Using a modeling approach,'® the estimated patient age
at muscle 50% fatty infiltration for the cohort was 13.0
years for the internal oblique, 14.0 years for the external
oblique, and 16.2 years for the rectus abdominis,
indicating that the internal oblique progresses most
quickly, and all major abdominal expiratory muscles
undergo significant degeneration by the mid-teens. The
modeling approach allowed for estimation of the effects
of not using corticosteroids on expiratory muscle disease
progression. It was elegantly demonstrated in the
Cooperative International Neuromuscular Research
Group (CINRG) cohort that individuals who do not use
corticosteroids have lower peak FVCs and reach their
peak FVC about 5 years earlier, on average, than
corticosteroid-treated individuals.* Absolute MEP,

percent predicted MEP, and PCF are also lower in
corticosteroid-negative individuals, and FVC falls below
50% at a younger age.”””** Although the current study
was limited by a small sample of corticosteroid-
untreated participants, the MRI and modeling findings
mirror clinical observations, with corticosteroid-negative
individuals reaching 50% fatty infiltration of the
expiratory muscles 3 to 4 years earlier than treated
individuals.

Three participants had dystrophin mutations that have
been shown to produce small amounts of
dystrophin,'”*” and these individuals had relatively mild
clinical phenotypes. One participant had a splice site
mutation and was ambulatory at the end of the study at
age 21 years. The other two participants had nonsense
mutations within in-frame exons, and at their last study
visit, they also exhibited unexpectedly preserved
ambulatory function. These individuals reached

50% fatty infiltration of the expiratory muscles an
estimated 4 to 5 years after corticosteroid-treated
participants with typical DMD. Although muscle biopsy
results or dystrophin quantification data are unavailable,
we speculate that the low levels of dystrophin
production possible with these mutations could lead to
appreciable slowing of expiratory muscle fatty
infiltration and preservation of clinical respiratory
abilities.™

When expiratory muscles reach a threshold level of
degeneration and individuals feel they cannot adequately
clear their airways, interventions are available to support

Chemical shift-encoded fat/water fusion images

Rectus Abd
Int Oblique Y

a

/1
Ext Oblique

Baseline:12.3 y

i

Baseline: 12.7 y

o,

Figure 2 - Expiratory muscle fatty infiltration over time. Axial fat-water fusion images from two participants at four time points illustrate the
progressive fatty infiltration of the internal oblique, external oblique, and rectus abdominis muscles over time. The individual detailed in the top row
was 12.3 years old at baseline and nonambulatory throughout the study; the individual detailed in the bottom row was 12.7 years old at baseline and

remained ambulatory throughout. Abd = abdominis.
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Figure 3 — A-F, Raw data and modeled trajectories of expiratory muscle fatty infiltration. A, C, E, Trajectories of expiratory muscle FF from each
participant. Dots indicate FF at a single visit, and lines connect data from a single participant. The internal oblique had the fastest degeneration and
increase in FF of the three muscles. Although the majority of participants were corticosteroid treated (Steroid +, blue dots), there were four
corticosteroid-negative (Steroid -, red dots) participants. There was also three participants with mild clinical phenotypes (Mild Phenotype, gray dots).
B, D, F, Modeled trajectories (solid line) and 25%/75% quartiles (dashed lines) for expiratory muscle FF changes with age. FF = fat fraction.

productive coughing. Manually assisted cough with initiation of lung volume recruitment when FVC
techniques, with and without insufflation, and drops below 60%, followed by manual or mechanically
mechanical insufflation/exsufflation devices (cough assisted cough once FVC < 50%, MEP < 60 cm H,O, or
assist) have proven superior over voluntary coughing PCF < 270 L/min.”” However, these thresholds have
alone.”"”* Currently, DMD care guidelines suggest a limitations as they are primarily based on expert

tiered approach to respiratory management beginning opinion,”* they are noted to apply only to older
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Figure 4 — A-F, Estimated FF trajectories and parameters for subgroups. A-C, Mu values (age at muscle FF = 0.50) derived from modeled trajectories
for each participant plotted as box and whisker plots with median and 25th and 75th percentile lines creating the box, and the minimum and
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(Steroid +, blue dots), and the mild clinical phenotype group (Mild Phenotype, gray dots) are plotted. D-F, Expiratory muscle trajectories were plotted
by using the mean mu and sigma values from the participants in each group. For all three expiratory muscles, the corticosteroid-negative group (red
line) was the most left shifted, denoting fatty infiltration reaching 50% at an earlier age, and the mild clinical phenotype group (gray line) was the most
right shifted, reflecting an older age at 50% fatty infiltration (slower disease progression). FF = fat fraction.

teenagers or adults with DMD,” and MEP and PCF are

not consistently evaluated at clinical visits.”*

After critically evaluating the order of

recommendations and thresholds within this study
cohort, we found that thresholds for initiating cough
assist were always met prior to criteria for initiating
lung volume recruitment. Specifically, all individuals
with FVC < 60% already had MEP < 60 cm H,O,
and 79% of visits with MEP < 60 cm H,O were

TABLE 2 | Muscle Trajectory Modeling

associated with FVC > 60%. This suggests that loss

of expiratory pressure generation precedes significant
declines in FVC, and order of intervention

prescription may need reevaluation. Interpretation of
PCF thresholds was challenging, as many individuals
never achieved a PCF > 270 L/min and, conversely,
the majority of individuals with PCF > 270 L/min
had MEP < 60 cm H,0. Using available reference
data, all but four participants had PCFs less than the

Variable

Corticosteroid Negative

Corticosteroid Treated

Mild Phenotype

(n=4) (n=133) (n=73)
Internal oblique age at 50% fat fraction, mu, y 9.7 +£0.5 13.0+ 1.9 179+ 2.1
Internal oblique curve steepness, sigma, y 2.7 £0.3 3.3+0.6 3.2+1.2
External oblique age at 50% fat fraction, mu, y 10.1 £ 0.9 14.1 + 2.0 18.9 + 3.0
External oblique curve steepness, sigma, y 2.3+1.0 3.4+1.0 3.9 +1.7
Rectus abdominis age at 50% fat fraction, mu, y 12.1 £ 2.0 16.3 £ 2.5 20.6 - 3.4
Rectus abdominis curve steepness, sigma, y 5.2+0.4 54+1.1 49+ 0.4

Data are presented as mean + SD. Larger sigma values indicate less steep trajectory curves, whereas smaller sigma values indicate steeper trajectory

curves.
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values for each of five internal oblique and external oblique FF groups. The median and 25th and 75th percentile lines create the box, and the minimum
and maximum values create the whiskers. The 4+ symbol indicates mean. For percent predicted FVC and MEP, the red shaded area indicates values =
80%, where 80% is generally accepted as the lower limit of normal for these tests. For PCF, the line indicates 270 L/min; the red shaded area indicates
values = 160 L/min. G, Bars indicate the percentage of the participant visits with MEP values < 60 cm H,0O (blue) and > 60 cm HO (red) for each FF
group. FF = fat fraction; MEP = maximal expiratory pressure.
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fifth percentile.6 Therefore, care guideline threshold
levels of function may provide conflicting
information.

The results of the current study raise the possibility that
expiratory muscle FF could be useful in defining a
threshold level of muscle degeneration associated with
the need for airway clearance interventions. When
internal oblique FF approached 50% fatty infiltration
(approximated here as FF = 0.40-0.59) (Fig 5), mean
predicted FVC was 84%, MEP was 64 cm H,0, and
predicted MEP was 49%. Similarly, an external oblique
FF near 0.50 (ie, 0.40-0.59) was associated with a
predicted FVC of 84%, an MEP of 55 cm H,O, and a
predicted MEP of 46%. We thus hypothesize that as the
internal and external obliques reach 50% fatty
infiltration (estimated to occur at 13.0 and 14.0 years of
age, respectively), FVC is relatively maintained while
expiratory muscle strength (measured by using MEP)
begins to decline dramatically. This could mark the
beginning of airway clearance deficiencies, which
continue to progress as the expiratory muscles further
weaken and inspiratory muscle strength also declines.
PCF primarily remained between 270 L/min and 160 L/
min regardless of expiratory muscle degeneration,
suggesting that these absolute values be interpreted
judiciously in children.

Although this study provides valuable insight into
disease progression of the abdominal expiratory
muscles, a significant limitation is absence of data from
other muscles involved in cough and airway clearance,
including inspiratory muscles, upper airway muscles,
and other expiratory muscles such as the internal
intercostals and transverse abdominis, which are
typically too small for quantitative MRI analysis.
Inspiratory capacity, in particular, is an important
determinant of cough and airway clearance efficacy that

762 Original Research

was not analyzed here.”’ In addition, other factors
beyond expiratory muscle composition/degeneration
may affect cough efficacy, including lung and chest wall
compliance, adiposity, and scoliosis. A second limitation
of this study was the inability to evaluate relationships
between airway clearance interventions and expiratory
muscle FF. Mechanical insufflation/exsufflation was the
primary intervention prescribed in the current cohort;
however, devices were prescribed at widely disparate
ages, and variable adherence to prescribed use further
precluded analysis. Finally, to allow for free breathing
MRI acquisition at high resolutions but short scan times,
we only acquired a single axial slice. Multi-slice
acquisition would provide more information about
muscle health over the length of the expiratory muscles.
There may be a small degree of T; bias within the
images; however, we minimized this effect by using a
short repetition time and low flip angle."”

Interpretation

This study defined models of expiratory respiratory
muscle degeneration in DMD by using noninvasive and
nonvolitional MR biomarkers and expanded the analysis
to evaluate the effects of corticosteroid treatment and
mild phenotypes on expiratory muscle degeneration.
These data improve understanding of the early phase of
respiratory compromise in DMD, which typically
presents as airway clearance dysfunction prior to the
onset of nocturnal or daytime hypoventilation. This
study also links expiratory muscle fatty infiltration to
clinical pulmonary function measures with a critical
assessment of current PFT thresholds recommended for
initiating airway clearance interventions. Future studies
may consider using MR quantification of FF to aid in
evaluation of respiratory function in DMD or as a
treatment response biomarker in clinical trials.
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