Journal of Neuromuscular Diseases 10 (2023) 67-79 67
DOI 10.3233/IND-221575
10S Press

Research Report

Functional and Clinical Outcomes
Associated with Steroid Treatment among
Non-ambulatory Patients with Duchenne
Muscular Dystrophy

Craig M. McDonald?, Oscar H. Mayerb, Kan N. Hor¢, Debra Miller, Nathalie Goemans®,
Erik K. Henricson?, Jessica R. Mardenf*, Jonathan Freimark!, Henry Lanef, Adina Zhangf,
Molly Frean', Panayiota Trifillis?, Karyn Koladicz® and James Signorovitch! on behalf of the
PRO-DMD-01 consortium investigators

aUniversity of California Davis Health, Sacramento, CA, USA

Children’s Hospital of Philadelphia, Philadelphia, PA, USA

¢Nationwide Children’s Hospital, Columbus, OH, USA

dCureDuchenne, Newport Beach, CA, USA

®University of Leuven, Leuven, Belgium

fAnalysis Group, Inc., Boston, MA, USA

8PTC Therapeutics, Inc. South Plainfield, NJ, USA

Pre-press 19 December 2022
Published 3 January 2023

Abstract.

Background: Evidence on the long-term efficacy of steroids in Duchenne muscular dystrophy (DMD) after loss of ambulation
is limited.

Objective: Characterize and compare disease progression by steroid treatment (prednisone, deflazacort, or no steroids) among
non-ambulatory boys with DMD.

Methods: Disease progression was measured by functional status (Performance of Upper Limb Module for DMD 1.2 [PUL]
and Egen Klassifikation Scale Version 2 [EK] scale) and by cardiac and pulmonary function (left ventricular ejection fraction
[LVEF], forced vital capacity [FVC] %-predicted, cough peak flow [CPF]). Longitudinal changes in outcomes, progression
to key disease milestones, and dosing and body composition metrics were analyzed descriptively and in multivariate models.
Results: This longitudinal cohort study included 86 non-ambulatory patients with DMD (mean age 13.4 years; n=40
[deflazacort], n=29 [prednisone], n=17 [no steroids]). Deflazacort use resulted in slower average declines in FVC %-
predicted vs. no steroids (+3.73 percentage points/year, p <0.05). Both steroids were associated with significantly slower
average declines in LVEF, improvement in CPF, and slower declines in total PUL score and EK total score vs. no steroids;
deflazacort was associated with slower declines in total PUL score vs. prednisone (all p <0.05). Both steroids also preserved
functional abilities considered especially important to quality of life, including the abilities to perform hand-to-mouth function
and to turn in bed at night unaided (all p <0.05 vs. no steroids).
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Conclusions: Steroid use after loss of ambulation in DMD was associated with delayed progression of important pulmonary,

cardiac, and upper extremity functional deficits, suggesting some benefits of deflazacort over prednisone.
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LIST OF ABBREVIATIONS

AAN: American Academy of Neurology
BMI: body mass index

CPF: cough peak flow

DMD: Duchenne muscular dystrophy
EK: Egen Klassifikation

FDA: Food and Drug Administration
FVC: forced vital capacity

HR: hazard ratio

LVEF: left ventricular ejection fraction
PUL: Performance of Upper Limb Module for
DMD 1.2

SD: standard deviation

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a rare
genetic disorder characterized by progressive dete-
rioration of skeletal, cardiac, and pulmonary muscle
fibers [1]. DMD affects only males and has an esti-
mated incidence of approximately 1 in 3,800 to
6,200 live male births [2—4]. A hallmark of DMD
is the eventual loss of independent ambulation, with
progressive involvement of upper limb function, typ-
ically between age 9 and 14 years [5—8]. Subsequent
declines in pulmonary and cardiac function con-
tribute to a median survival of approximately 25 years
[9, 10].

Pharmacologic treatment with the corticosteroids
prednisone/prednisolone (hereafter “prednisone’) or
deflazacort is the standard of care to delay disease
progression in DMD [11, 12]. Although prednisone
does not have a Food and Drug Administration
(FDA)-approved indication specifically for DMD, it
has been widely used for treating it for decades.
Deflazacort is an oxazoline derivative of prednisone
initially approved by the FDA in February 2017 for
boys with DMD aged >5 years and later approved
for use in ages >2 years [13, 14]. The Amer-
ican Academy of Neurology (AAN) guidelines,
last updated in 2016, classify both corticosteroids
as being “probably” or “possibly” effective and
potentially showing benefit on markers of disease
progression [11]. Indeed, corticosteroid use has been
associated with better functional outcomes in DMD,
including delaying loss of ambulation and improving

strength, timed motor function, pulmonary function,
and cardiac function, as well as possibly lengthen-
ing survival [11, 12, 15, 16]. However, differences
in the side effect profiles of prednisone and deflaza-
cort could impact whether patients need to reduce the
dose to a potentially less efficacious level due to tol-
erability concerns. For example, prednisone carries a
higher risk of weight gain while deflazacort carries
a higher risk of cataracts [15, 17]. Additionally, dif-
ferences in lipid solubility between the two steroids
could influence their bioavailability to muscle fibers
as DMD progresses [18, 19].

The AAN guidelines classify a greater share of
prednisone’s efficacy evidence as Level B (“proba-
bly” effective) than Level C (“possibly” effective)
[11] compared to deflazacort, but a 2016 Cochrane
Review considered the quality of comparative evi-
dence to be low [20]. More recent studies have
suggested that relative to patients treated with pred-
nisone, patients treated with deflazacort experience
similar or slower rates of functional decline and dif-
ferent side effects [21]. A meta-analysis of placebo
arm data from phase III trials found that functional
decline over 48 weeks was significantly slower for
deflazacort versus prednisone for five measures of
ambulatory function and comparable for a sixth mea-
sure [18]. A single-center study found that, relative
to prednisone, deflazacort was associated with longer
time to loss of ambulation and scoliosis, but similar
bone health as assessed by whole body bone min-
eral density [22]. A multicenter, international study
found that, compared to prednisone, deflazacort was
associated with 2-3 year delays in loss of ability to
stand from supine, loss of ambulation, and loss of
hand-to-mouth function [16]. Finally, a recent ran-
domized trial among 196 corticosteroid-naive boys
with DMD aged 4 to 7 years found comparable effi-
cacy between the two steroids, significantly greater
weight gain with prednisone, and more cataracts with
deflazacort [23].

There is relatively little research on the non-
ambulatory period of DMD, and steroid use is
highly variable despite evidence showing a benefit of
steroid continuation [6, 16]. Non-use or discontinu-
ation of steroids may be attributable to tolerability
concerns for some patients, [24] but may reflect
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the perception that steroids provide less benefit
in the non-ambulatory period. A 2019 analysis of
569 non-ambulatory patients with DMD found that
only 49% used corticosteroids (equally split between
prednisone and deflazacort); among those not on cor-
ticosteroids, 23% had never used them and 28% had
formerly used them [24]. This is consistent with toler-
ability only partially explaining non-use of steroids.
Further research is needed to identify the optimal
therapy for patients at different, including later, dis-
ease stages [25].

To address the need for more evidence on the long-
term efficacy of prednisone and deflazacort in DMD
after loss of ambulation, this study characterized and
compared disease progression by steroid treatment
(prednisone, deflazacort, or no steroids) among a geo-
graphically diverse sample of boys with DMD who
had lost ambulation. Disease progression was mea-
sured by functional status and cardiac and pulmonary
function, and analyzed both longitudinally and rela-
tive to key disease milestones. Additionally, this study
explored trends in steroid dosing and body composi-
tion metrics.

METHODS

Study design

Data source

This study used data from the PRO-DMD-01
national history study (Clinicaltrials.gov identifier:
NCTO01753804), a prospective observational study of
disease progression in males with confirmed DMD
sponsored by BioMarin Pharmaceutical Inc. Par-
ticipants were aged 3 to 18 years at study entry
and underwent functional and clinical assessments
every 6 months for up to 3 years. Both ambulatory
and non-ambulatory participants were eligible for
enrollment.

Data from PRO-DMD-01 were provided by Cure-
Duchenne, a 501(3)c DMD patient foundation. The
dataset contains longitudinal, patient-level data for
269 boys with DMD from 16 centers in the United
States (US), Argentina, Belgium, Brazil, France, Ger-
many, Italy, Netherlands, Sweden, and Turkey. Data
were available on demographics, steroid use, and sev-
eral measures of ambulatory, pulmonary, and cardiac
function.

Patient consent and institutional board review was
conducted during the original PRO-DMD-01 study.
As this is a post-hoc analysis of previously collected
data and does not involve any new experimentations

with human participants performed by any of the
authors, no ethical review was required.

Study population

The study population included the participants
in PRO-DMD-01 who entered the study non-
ambulatory or became non-ambulatory during the
study. Each patient’s index visit was defined as the
first observed visit while non-ambulatory. Patients
were additionally required to have at least one follow-
up visit after the index visit and non-missing data for
the following variables at baseline: age, age at DMD
diagnosis, steroid type (including none), and duration
of steroid use (if applicable). Sample sizes for analy-
ses of each outcome varied based on data availability
over the follow up period.

Study measures

Patient characteristics

Patient characteristics collected at the index visit
included information on demographics and vitals
(age, height [standing or calculated based on ulnar
length], weight, body mass index [BMI]) and steroid
use (type [deflazacort, prednisone, or none], regimen,
duration of use, and dose). Vital characteristics were
measured in absolute terms and as z-scores based on
distributions for healthy boys from the US Centers
for Disease Control and Prevention [26]. Dose was
measured both by weight (mg/kg) and as a share of
the recommended dose.

Patients were classified and analyzed according to
three treatment groups based on the type of steroid (or
lack thereof) observed at the index visit: deflazacort,
prednisone, or none. No restriction was imposed with
respect to switching or discontinuation of therapy
over the follow-up period.

Longitudinal outcomes

Pulmonary and cardiac outcomes included forced
vital capacity (FVC) %-predicted, cough peak flow
(CPF), and left ventricular ejection fraction (LVEF).
For FVC %-predicted, selected outlier observations
were excluded based on expert opinion on clinically
possible levels and changes usually due to obvious
one-time errors in anthropometric measurements pro-
ducing large fluctuations in %-predicted values.

Functional status was recorded according to the
Performance of Upper Limb Module for DMD 1.2
(PUL) [27, 28] and the Egen Klassifikation Scale Ver-
sion 2 (EK) scale [29]. The PUL total score ranges
from 0-74, where lower scores represent greater
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functional impairment, and is calculated by summing
the scores from three sub-dimensions corresponding
to high level (shoulder), mid-level (elbow), and dis-
tal (wrist and hand) function. Sub-dimensions contain
items scored from O to between 2 and 5. The entry
item (not included in the total score) defines start-
ing functional level on an integer scale of 0-6 and
is based on a revised version of the Brooke Scale of
Upper Extremity Function (Supplemental Methods)
[27, 30].

The EK scale total score ranges from 0-51, with
lower scores representing greater functional impair-
ment. It is calculated by adding scores for 17
sub-items, which each range from 0-3. Subitems per-
tain to specific tasks or movements, with a score of 0
representing inability.

Milestone outcomes

Milestone outcomes related to cardiac and pul-
monary function included LVEF <55%, clinically
defined tachycardia in DMD, [31] and FVC
%-predicted <60%, <50%, and <30%. FVC %-
predicted<60% often leads to initiation of mechanical
cough assistant devices, 50% is when guidelines
recommend evaluation for nocturnal non-invasive
ventilation, and 30% is associated with the need for
diurnal ventilation day and night and an increased
mortality risk [32, 33].

The following functional milestones were also
assessed: (1) loss of ability to perform hand-to-mouth
function (part of PUL); (2) loss of ability to turn in
bed at night unaided (EK subitem); (3) loss of ability
to use a manual wheelchair (EK subitem); (4) loss of
ability to eat independently and without elbow sup-
port (EK subitem); and (5) loss of ability to transfer
independently from wheelchair (EK subitem).

Statistical analysis

Baseline characteristics

Patient characteristics at the index visit, includ-
ing outcome measures, were summarized overall and
stratified by steroid type at the index visit using
means and standard deviations (SD) for continuous
measures and counts and percentages for categori-
cal/binary measures. Total duration of follow-up in
months was also assessed.

Longitudinal analysis

Mixed-effects models with random intercepts were
used to evaluate changes in outcomes over time.
Model covariates included age, age squared, steroid

type and duration at index, age at DMD diagnosis, an
interaction of age and index steroid type, and a binary
indicator for whether the patient entered the PRO-
DMD-01 study non-ambulatory or lost ambulation
during the study. As these models assume normality
of the underlying residuals, quantile-quantile plots of
the residuals for each model were inspected to rule
out non-normality. Predicted values from the models
were then used to construct figures displaying aver-
age outcome trajectories over time stratified by index
steroid type.

Analysis of DMD milestones

Time from birth to DMD disease milestones was
assessed using Kaplan-Meier analyses and Cox pro-
portional hazards models. Cox model covariates
included age, steroid type, and duration at index, and
a binary indicator for entry into the PRO-DMD-01
study non-ambulatory as noted above. For patients
who had already reached a given milestone at their
index visit, age at index was used as a conservative
measure of the age at first reaching the milestone.

Additional analyses

Analyses of steroid dose trajectories (mg/kg) over
time by index steroid type and of the relationship
between upper limb function and pulmonary function
(measured by FVC %-predicted) were performed. In
the latter analysis, upper limb function was defined
using the entry item to the PUL and boxplots of FVC
%-predicted were plotted for each observed level of
the PUL entry score.

RESULTS

Baseline characteristics

Of 86 non-ambulatory patients with DMD who
met the inclusion criteria, 40 (46.5%) were receiving
deflazacort, 29 (33.7%) were receiving prednisone,
and 17 (19.8%) were not using steroids at the index
visit (Table 1). The mean age at the index visit
was 13.4 (SD: 2.9) years overall and was similar
across groups (prednisone: 12.6 [3.0], deflazacort:
13.8 [3.0], no steroids: 13.89 [2.2] years). On aver-
age, patients receiving deflazacort were older, shorter,
and weighed less at baseline. A greater share of
deflazacort- than prednisone-treated patients were on
daily regimens (95.0% vs. 41.4%) and received a
higher mean dose (0.61 [SD: 0.22] vs. 0.39 [0.20]
mg/kg). Among the subgroup of patients on daily
steroids (n=50), the average daily dose remained
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Table 1
Baseline characteristics of non-ambulatory patients with DMD, by steroid use
Total Prednisone Deflazacort No steroid
N=86 N=29 N=40 N=17 p-value?
Demographics (mean + SD)
Age, years 13.39 +£2.86 12.60 +£2.98 13.75+2.98 13.89 +£2.15 0.19
Age at DMD diagnosis, years 5.39+3.02 5.55+2.83 5.714+3.28 4.37+2.63 <0.01*
Height, cm 14595+ 15.71 149.50+17.11 139.04 +£11.48 154.01 £15.66 <0.01*
Weight, kg 49.99 +17.33 56.51+21.65 45.82+12.28 48.68 £16.89 <0.05*
BMI, kg/m? 23.09+6.27 24.50+5.88 2290+5.44 21.01+8.08 0.2
Weight Z-score -0.15+1.98 0.93+1.29 -0.75+2.10 -0.60+1.97 <0.001*
BMI Z-score 0.67+2.13 1.31+1.06 0.83+1.26 -0.79+£3.80 <0.01*
Steroid regimen, n (%) <0.01*
Every other day 1(1.16%) 1(3.45%) 0 (0.00%) 0 (0.00%) <0.001*
Once daily 50 (58.14%) 12 (41.38%) 38 (95.00%) 0 (0.00%) <0.05*
Other® 18 (20.93%) 16 (55.17%) 2 (5.00%) 0 (0.00%) 0.52
No steroids 17 (19.77%) 0 (0.00%) 0 (0.00%) 17 (100.00%) 0.43
Steroid duration, years 5.04£3.80 5.57+£3.39 5.95£3.53 1.97+3.72 0.36
Steroid dose, mg 23.67+8.07 20.24+9.65 26.22+5.52 - 0.3
Steroid dose by weight, mg/kg 0.52+0.24 0.394+0.20 0.614+0.22 - 0.19
% of recommended starting dose® 61.41+£26.24 52.33+£26.25 68.17+£24.43 - <0.01*
Current ACE inhibitor, n (%) 37 (43.02%) 10 (34.48%) 19 (47.50%) 8 (47.06%) <0.05*
Current beta blocker, n (%) 15 (17.44%) 3 (10.34%) 8 (20.00%) 4 (23.53%) 0.2
Current diuretic, n (%) 10 (11.63%) 2 (6.90%) 7 (17.50%) 1(5.88%) <0.001*
Functional measures (mean & SD)
Functional ability
PUL total score 58.58 £12.13 59.87+11.97 60.17 £8.71 47.88 +£19.94 <0.05*
Total Egen Klassifikation score 42.224+8.40 42.08+7.03 46.76 =4.24 34.42£9.82 <0.001*
Ability to use a wheelchair 1.99+1.03 2.0041.02 2.184+1.03 1.504+0.94 0.12
Ability to move arms 2.54+£0.71 2.61 £0.66 2.71£0.68 2.07+0.70 <0.05*
Ability to cough 2.71+0.59 2.78+£0.42 2.9140.29 2.134+0.92 <0.001*
Ability to eat 2.43+0.90 2.52£0.85 2.71£0.58 1.67£1.18 <0.001*
Pulmonary & cardiac function
FVC %-predicted (%) 70.32+22.44 68.15 £ 15.64 78.20 +£22.61 54.64 £24.82 0.9
CPF (L/min) 197.03 - 84.08 202.60+117.86 199.35 4 82.38 187.02 £ 59.86 <0.01*
LVEF (%) 57.68 +£8.95 55.94+7.82 61.13+4.13 51.53+14.30 <0.001*

Abbreviations: ACE, angiotensin-converting enzyme; BMI, body mass index; CPF, cough peak flow; DMD, Duchenne muscular dystrophy;
FVC, forced vital capacity; LVEEF, left ventricular ejection fraction; PUL, Performance of Upper Limb; SD, standard deviation. *p <0.05.
Note: *Reported p-values correspond to a comparison across all three steroid categories; °Other regimens may include weekend dosing or
other intermittent dosing (e.g., 10 days on/off); “The recommended doses are 0.9 mg/kg for deflazacort and 0.75 mg/kg for prednisone.

higher for deflazacort (0.61 [SD: 0.22] mg/kg/day,
equivalent to 68.2% [24.8%] of the recommended
daily dose; n=38) relative to prednisone (0.27 [0.16]
mg/kg/day, equivalent to 36.4% [21.0%] of the rec-
ommended daily dose; n=12) (data not shown).
Patients were followed for an average of 21.4 months
after index, with deflazacort patients followed for a
slightly shorter time relative to others (17.4 vs. 25.9
[prednisone] and 23.1 months [no steroids]) (data
not shown). Deflazacort patients also experienced a
lower number of visits over the follow-up period (4.3
visits per person vs. 4.7 [prednisone] and 4.8 [no
steroids]) (data not shown). Most patients remained
on their index steroid throughout follow-up, with only
11 switching or discontinuing therapy (2/40 [from

deflazacort]; 6/29 [from prednisone]; 3/17 [from no
steroids]) (data not shown).

Baseline values of outcome measures are summa-
rized in Table 1. The PUL total score was higher
among patients treated with steroids vs. no steroids
(59.9 [prednisone] and 60.2 [deflazacort] vs. 47.9
[no steroids]). EK total score and scores on ability
to move arms, cough, and eat were all higher among
patients treated with steroids vs. no steroids, while the
ability to use a wheelchair was similar across groups.
In terms of pulmonary and cardiac function, FVC %-
predicted was similar between groups, but CPF and
LVEF were better among patients receiving steroids.
Additional baseline measures are summarized in Sup-
plemental Table 1.
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Pulmonary and cardiac outcomes

Annualized rates of progression

Compared with patients not receiving steroids,
those receiving prednisone or deflazacort experi-
enced slower average declines in change in FVC
%-predicted (+3.23 percentage points [ppts] and
+3.73 ppts/year, respectively), although the differ-
ence was only significant for deflazacort (p <0.05)
(Fig. 1a). Both steroid groups experienced signifi-
cantly slower average declines in LVEF compared
to patients not receiving steroids (both prednisone
and deflazacort: +2.67 units/year; p <0.05) (Fig. 1b).
Longitudinal changes in FVC %-predicted and LVEF
were not significantly different between patients
treated with prednisone or deflazacort. Similar
results were observed among patients with a FVC
%-predicted within the 30-80% range at index (Sup-
plemental Figure la). While both prednisone- and
deflazacort-treated patients experienced rising lev-
els of CPF over time, CPF declined significantly
for patients not receiving steroids (-22.76 [pred-
nisone] and —19.37 [deflazacort] L/min/year; both
p<0.05) (Fig. 1c). There were no significant differ-
ences between prednisone and deflazacort on CPF.

Disease progression milestones

During follow-up, 42 patients reached FVC
%-predicted<60% (prednisone: 50.0% [n=14/28];
deflazacort: 41.0% [n=16/39]; no steroids: 85.7%
[n=12/14]) (Fig. 1d). Compared to no steroids, both
steroids were associated with significant delays in the
median age upon reaching FVC %-predicted<60%
(prednisone: +0.9 years; deflazacort: +2.3 years; log-
rank p <0.01). Slower progression to this milestone
persisted for both steroid groups in the adjusted Cox
model, where the hazard ratios (HRs) for prednisone
and deflazacort vs. no steroids were 0.18 and 0.14,
respectively (both p <0.001); the HR for deflazacort
vs. prednisone was not significantly different (box in
Fig. 1). Similar results were observed for FVC %-
predicted<50% and <30% (Supplemental Figures 1b
and 1c¢).

During follow-up, 21 patients reached LVEF <55%
(prednisone: 33.3% [n=9/27]; deflazacort: 35.0%
[n=7/20]; no steroids: 41.7% [n=5/12]) (Fig. le).
Compared with patients not receiving steroids, those
who received steroids had numerically but not signif-
icantly higher median ages at reaching LVEF <55%
(prednisone: +2.7 years; deflazacort +0.8 years; log-
rank p=0.65) (Fig. 1f). After adjustment in a Cox
model, use of either steroid was associated with a sig-

nificantly lower hazard of reaching LVEF <55% vs.
no steroids (HR: 0.20 [prednisone] and 0.21 [deflaza-
cort]; both p<0.05); the HR was not significantly
different for deflazacort vs. prednisone (box in Fig. 1).

Functional outcomes

Annualized rates of progression

Prednisone-treated patients experienced a sig-
nificantly slower decline in functional ability, as
measured by the total PUL score, compared with
patients not on steroids (+2.5 points/year; p <0.05)
(Fig. 2a). Deflazacort-treated patients experienced
even slower declines in total PUL scores compared
with those not on steroids (+4.0 points/year) as well
as prednisone-treated patients (+1.5 points/year; both
p<0.05). Relative to patients not on steroids, EK
total scores declined significantly slower for patients
receiving prednisone (+2.0 points/year; p <0.01) and
deflazacort (+2.4 points/year; p <0.001); declines in
EK total scores did not differ significantly by steroid
type (Fig. 2b).

Disease progression milestones

The median age at loss of hand-to-mouth function
was not consistently reached; however, significantly
higher proportions of steroid-treated patients main-
tained function at age 15 years (deflazacort: 85%;
prednisone: 83%) vs. patients not receiving steroids
(78%; p<0.001) (Fig. 2c). The median age at loss
of the ability to use a manual wheelchair was
numerically but not significantly higher for patients
on deflazacort compared to the other groups (+2.5
years vs. prednisone; +1.3 years vs. no steroids;
log-rank p<0.10) (Fig. 2d). The median age at
loss of ability to eat independently and without
elbow support occurred significantly later among
deflazacort-treated patients compared to the other
treatment groups (+2.6 years vs. prednisone; +2.3
years vs. no steroids; log-rank p<0.01) (Fig. 2e).
Additionally, the median age at loss of ability to turn
in bed at night unaided was significantly prolonged
for deflazacort-treated patients compared to the other
groups, and by a considerable amount (+6.0 years
vs. prednisone; +4.6 years vs. no steroids; log-rank
p<0.05) (Fig. 2f).

In adjusted Cox models, patients receiving either
steroid had a significantly lower hazards of losing
hand-to-mouth function (both HR: 0.14, p<0.01),
the ability to eat independently and without elbow
support (0.11 [prednisone] and 0.08 [deflazacort],
both p<0.001), and the ability to turn in bed at
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Patients at risk

Fig. 1. Longitudinal pulmonary and cardiac outcomes among non-ambulatory patients with DMD, by steroid use. Caption: Shaded regions
on trajectory plots are bounded by £ 1 standard error. Estimates overlaid on trajectory plots are slope differences between steroid groups.
HRs and slope differences are obtained from two model specifications, which differ only by the baseline steroid reference group (none or
prednisone). Four follow-up measurements of FVC %-predicted among 3 patients were deemed to be outliers and excluded from analysis.
**p<0.01, *p<0.05, Tp <0.10. Abbreviations: CI, confidence interval; CPF, cough peak flow; DFZ, deflazacort; DMD, Duchenne muscular
dystrophy; FVC, forced vital capacity; HR, hazard ratio; LVEF, left ventricular ejection fraction; PRED, prednisone.

night unaided (0.38 [prednisone] and 0.30 [deflaza-
cort], both p<0.05) relative to patients taking no
steroids (boxes in Fig. 2). In adjusted Cox mod-
els of loss of ability to use a manual wheelchair,
only deflazacort-treated patients experienced a signif-
icantly lower hazard vs. patients receiving no steroids
(HR: 0.41; p<0.05); there were no significant dif-
ferences between deflazacort- and prednisone-treated
patients. The ability to transfer independently from
a wheelchair was quickly lost, with no patients

maintaining this ability by age 20 years. Prednisone-
treated patients experienced a significantly lower
hazard of inability to transfer independently from a
wheelchair relative to patients receiving no steroids
(HR: 0.36; p<0.01) or deflazacort (1.96; p <0.05)
(Supplemental Figure 2).

Annualized changes in body weight and height
Weight z-score declined significantly faster among
patients who received no steroids compared to
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Fig. 2. Longitudinal functional outcomes among non-ambulatory patients with DMD, by steroid use. Caption: Shaded regions on trajectory
plots are bounded by =+ 1 standard error. Estimates overlaid on trajectory plots are slope differences between steroid groups. HRs and slope
differences are obtained from two model specifications, which differ only by the baseline steroid reference group (none or prednisone).
*p<0.01, *p<0.05. Abbreviations: CI, confidence interval; DFZ, deflazacort; DMD, Duchenne muscular dystrophy; HR, hazard ratio;
PRED, prednisone.



C.M. McDonald et al. / Outcomes Associated with Steroid Treatment in Non-ambulatory Duchenne Muscular Dystrophy 75

a. Weight Z-score
Baseline steroid type: DFZ PRED NONE

® 0
8
l'P
N
E-2
-
]
=
4| PREDvs.NONE 0.294**
DFZvs. NONE  0.197*
DFZvs. PRED  -0.097
13 14 15 16 17 18 19 20 21
Age (years)
b. BMI Z-score
2 Baseline steroid type: DFZ PRED NONE
0
4
8
¢
N
S2
o
PRED vs. NONE 0.250"
4 DFZ vs. NONE 0.295"
DFZ vs. PRED 0.045

13 14 15 16 18 19

17
Age (years)

Fig. 3. Longitudinal z-score for (a) weight and (b) BMI among
non-ambulatory patients with DMD, by steroid use. Caption:
Shaded regions are bounded by =+ 1 standard error. Estimates over-
laid on plot are slope differences between steroid groups. Slope
differences are obtained from two model specifications, which
differ only by the baseline steroid reference group (none or pred-
nisone). *p<0.01, *p<0.05. Abbreviations: BMI, body mass
index; DFZ, deflazacort; DMD, Duchenne muscular dystrophy;
PRED, prednisone.

patients treated with prednisone (—0.29 units/year;
p<0.001) or deflazacort (-0.20 units/year; p <0.05)
(Fig. 3a). Deflazacort-treated patients experienced
a slightly faster decline in weight vs. prednisone-
treated patients, but the difference was not significant
(-0.10 units/year, p=0.14). Similarly, BMI z-score
declined significantly faster among patients who
received no steroids vs. prednisone- or deflazacort-
treated patients (—0.25 and —0.3 units/year, respec-
tively; both p<0.01); there was no significant
difference in BMI z-score between the steroid types
(Fig. 3b). Height z-score declined significantly faster
among deflazacort-treated patients vs. those who
received no steroids (—0.24 units/year; p <0.05) or
prednisone (—0.37 units/year; p<0.01); there was
no significant difference in height z-score change
between prednisone patients and patients not on
steroids (Supplemental Figure 3).

Steroid dosing

Steroid dosage over time is displayed in Fig. 4.
Deflazacort-treated patients had slightly higher

steroid dose by weight trajectories over time
compared to prednisone-treated patients. During
follow-up, 7 deflazacort patients and 3 prednisone
patients experienced dose increases, while 1 and 4,
respectively, experienced dose reductions.

Associations between pulmonary and upper-limb

function

The relationship between FVC %-predicted and
upper limb function among all patients is presented
in Fig. 5. There was a direct correlation between loss
of upper limb function and loss of pulmonary func-
tion, with lower levels of FVC %-predicted observed
among patients with lower levels of upper limb func-
tion. Median FVC %-predicted was over twice as high
among patients with the highest vs. lowest observed
levels of upper limb function (FVC %-predicted of
85% [PUL entry item =6] vs. only 41% [PUL entry
item=1]).

DISCUSSION

This study found consistent and significant asso-
ciations between steroid use and slower disease
progression across all outcome domains (pulmonary,
cardiac, functional ability) among non-ambulatory
boys with DMD. In particular, steroid use was asso-
ciated with the preservation of two tasks considered
by patients and their caregivers to especially impact
quality of life: the abilities to independently bring
hands to mouth and to reposition at night unaided
[34].

Deflazacort-treated patients experienced simi-
lar or greater preservation of function relative
to prednisone-treated patients. Notably, deflazacort
patients received a higher dose — both as a propor-
tion of the recommended dose and as a result of more
frequent regimens - and experienced less weight gain
than prednisone-treated patients. Higher doses and
more patients on daily regimens may reflect greater
tolerability (either expected or experienced), which
in turn, could influence outcomes. However, higher
dosages when measured in mg per kg may simply
reflect lower or declining body weight, independent
of tolerability. Indeed, prior studies among ambula-
tory patients with DMD have found mixed evidence
regarding the tolerability of deflazacort relative to
prednisone, [15, 18, 35] and further assessment of
their comparative tolerability profiles after loss of
ambulation is warranted.
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Fig. 4. Steroid dosage over time among non-ambulatory patients with DMD. Caption: Dose reported for patients with non-missing weight
whose dose was available in milligrams. Each continuous line represents one patient. Abbreviation: DFZ, deflazacort; DMD, Duchenne

muscular dystrophy; PRED, prednisone.

125 - L4
= —T N .
L4
100 °
o
]
S5
5
&
o
®
£ w
o PR - PR —
25
= L]
°
6 5 4 2 1

3
Upper Limb Function

Fig. 5. FVC %-predicted by Upper Limb Function among non-ambulatory patients with DMD. Caption: Upper limb function was defined
using the entry item to the Performance of Upper Limb Module for DMD 2.0 (lowest value of 0 not observed), which is based on a revised
version of the Brooke Scale of Upper Extremity Function. Higher entry item values represent greater functional ability rather than greater
functional impairment. Figure includes measurements of FVC %-predicted and PUL from all visits for sample patients, including visits
while ambulatory for those patients who lost ambulation over the course of the PRO-DMD-01 study. Four follow-up measurements of FVC
%-predicted among 3 patients were deemed to be extreme outliers and excluded from analysis. Dots represent outliers. Abbreviations: DMD,

Duchenne muscular dystrophy; FVC, forced vital capacity.

Relative to prior studies that quantified steroid
use during the non-ambulatory period in DMD,
we observed more patients on steroids (80% vs.
48-53%), greater deflazacort use among steroid-
users (58% vs. 48%), and more steroid-naive patients
among those not on steroids (76% vs. 42-45%)
[6, 24]. These results may reflect differences in
population demographics, including age and geog-

raphy, treatment approaches at participating sites in
PRO-DMD-01, differing time periods of study, and
variability attributable to small samples inherent to
studying a rare disease. Our findings indicate that
the well-described benefits of steroid use for slow-
ing disease progression among ambulatory patients
extend into the non-ambulatory period, and sug-
gest that deflazacort may provide greater benefits
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in slowing upper limb skeletal muscle disease pro-
gression measures than prednisone [6, 15, 16, 18,
22]. Our observation that steroid use was associ-
ated with greater preservation of upper limb function
while non-ambulatory is consistent with Pane et al.,
which reported that the mean changes in PUL scores
at 12 months was worse among those who never
received steroids (—4.44) or discontinued steroids at
loss of ambulation (-5.52) compared with steroid-
treated patients (-3.79) [6]. Similarly, McDonald et
al. reported that steroid treatment was associated with
significantly higher median age atloss of mobility and
upper limb milestones, and deflazacort was superior
to prednisone in the length of the delay [16]. How-
ever, our results, showing differences in the rates of
decline in FVC %-predicted and EK total score, dif-
fer from those of another study of non-ambulatory
patients with DMD reporting that steroids did not
impact either measure [36]. That study had a higher
average age at baseline (17 vs. 13 years) and required
boys to be non-ambulatory for more than a year,
which could have impacted the differences in results.
Finally, the results of the present study are consis-
tent with prior research linking prednisone with more
weight gain and deflazacort with shorter stature [15,
17, 35]. Lack of steroid treatment was associated
with a faster progression to low BMI z-scores, and
impaired pulmonary and cardiac function may play a
role in accelerating this decline.

An important finding of this study was the correla-
tion between pulmonary outcomes and upper limb
function during the non-ambulatory period, which
was remarkably consistent with an existing analysis
of the relationship between FVC %-predicted and the
Brooke Scale [37]. That study included both ambu-
latory and non-ambulatory patients with DMD from
another natural history database and compared out-
comes among steroid-naive patients and those who
received steroids. In the prior study and ours, the loss
of hand-to-mouth function was associated witha FVC
%-predicted crossing the 50% threshold. Prior results
and the present findings confirm that, for patients with
developmental disabilities or autistic spectrum fea-
tures who cannot reliably participate in pulmonary
function testing, the loss of hand-to-mouth function
could potentially be used as a proxy for an FVC
Yo-predicted<50%, at which point evaluation for noc-
turnal hypoventilation and the need for non-invasive
ventilation should be considered [37].

The results of this study are subject to several
limitations. First, due to the rarity of DMD, the sam-
ple sizes were generally small, limiting statistical

precision when comparing treatment subgroups. Sec-
ond, our treatment of milestones that were already
reached as of the index visit may increase the appar-
ent ages at which milestones are reached; however,
as this affects all treatment groups, differences in
median ages at milestones across groups will be
less affected. Third, this study did not include all
possible adverse events/side effects associated with
long-term steroid use (e.g., fracture risk, Cushingoid
syndrome, cataracts, insulin resistance) because they
were not systematically assessed in PRO-DMD-01.
Thus, the benefits of long-term steroid use during the
non-ambulatory period cannot be comprehensively
weighed against the risks. Finally, we cannot rule
out confounding due to the limited post-index steroid
switching or unobserved differences between patients
receiving prednisone, deflazacort, and no steroids
(e.g., differences in care received before PRO-DMD-
01 enrollment; socioeconomic status, which may
impact therapy choice/adherence). Finally, there may
be a payer bias implicit in results for loss of abil-
ity to use a manual wheelchair, particularly for US
patients, as some insurance will only reimburse one
wheelchair in a given 5-year period, leading physi-
cians to prescribe more expensive power wheelchairs
over manual wheelchairs [38].

In conclusion, steroid use after loss of ambulation
was associated with delayed progression of impor-
tant pulmonary, cardiac, and functional deficits in
DMD, with suggestive evidence that deflazacort may
be more effective than prednisone as judged by cer-
tain measures of function. Clinicians should consider
continuing steroid use for patients with DMD after
ambulation is lost to slow disease progression and
delay further loss of functional abilities considered
clinically meaningful.
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