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Clinical Research Article

OXFORD

ENDOCRINE
SOCIEETY
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Duchenne Muscular Dystrophy: Results From the Phase 2b
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Abstract

Context: Vamorolone, anovel “dissociative” steroid, demonstrated similar efficacy in muscle function relative to prednisone 0.75 mg/kg/day but
improved linear growth and bone turnover markers in a randomized trial of pediatric Duchenne muscular dystrophy (DMD).

Objectives: To determine the frequency of adrenal suppression (AS) induced by vamorolone and prednisone in pediatric DMD and to assess
cortisol thresholds using a monoclonal antibody immunoassay.

Methods: Post hoc analysis of cortisol levels was performed on data from a randomized, double-blind, placebo- and prednisone-controlled 24-
week trial of vamorolone with a 24-week crossover extension. Morning and ACTH-stimulated cortisol levels were measured using the Elecsys I
immunoassay, with AS defined as a stimulated cortisol of <500 nmol/L (“historical threshold”) and <400 nmol/L (“revised threshold”).
Results: Mean age at enrolment was 5.41 +0.86 years (n=118). At week 24, the proportion of participants with AS using the historical and
revised cortisol thresholds, respectively, were as follows: prednisone 0.75 mg/kg/day = 100% (25/25) and 92.0% (23/25); vamorolone 6 mg/
kg/day =95.2% (20/21) and 90.5% (19/21); vamorolone 2 mg/kg/day =84.2% (16/19) and 47.5% (9/19); and placebo =20.0% (4/20) and 0%
(0/20). Morning and peak ACTH-stimulated cortisol were strongly correlated in steroid-treated boys (Spearman correlation week 48 = 0.83).
Conclusion: AS after vamorolone and prednisone was frequent and vamorolone-associated AS appeared dose-dependent. A lower stimulated
cortisol threshold may be appropriate when using a monoclonal assay. We recommend hydrocortisone for glucocorticoid stress dosing in patients
receiving vamorolone.

Key Words: adrenal suppression, adrenal insufficiency, prednisone, vamorolone, Duchenne muscular dystrophy

Abbreviations: DMD, Duchene muscular dystrophy; HPA, hypothalamic-pituitary-adrenal; LSM, least square means; MMRM, mixed model for repeated
measures; CRH, corticotrophin-releasing hormone.

Hypothalamic-pituitary-adrenal axis (HPA) suppression and weakness, are particularly difficult to recognize because

(“adrenal suppression”) is an underrecognized, iatrogenic
side effect of therapeutic doses of glucocorticoids (1).
Glucocorticoids have been the mainstay of therapy for boys
with Duchenne muscular dystrophy (DMD), putting them at
risk of morbidity and mortality from adrenal suppression
(2-4). Adrenal suppression may be asymptomatic or have non-
specific symptoms but, if unrecognized or improperly man-
aged, can lead to adrenal crisis and death during times of
physiological stress (1, 5). In boys with DMD, nonspecific
signs and symptoms of adrenal insufficiency, such as fatigue

they are also characteristic of the underlying condition.
Given the potential life-threatening nature of adrenal crisis
from adrenal suppression, an in-depth understanding of the
risk and characteristics of adrenal suppression related to pred-
nisone and vamorolone in DMD is required to inform the im-
plementation of these therapies in clinical practice.
Glucocorticoids are an effective therapy for many inflam-
matory and immunologic conditions and are part of the stand-
ards of care for DMD (4). However, their long-term use is
associated with significant side effects including, but not
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limited to, poor linear growth, excess weight gain, delayed pu-
berty, bone fragility due to osteoporosis, hyperglycemia,
hyperlipidemia, and adrenal suppression (6). Therefore, at-
tempts have been made to create analogues that dissociate
the beneficial activity from some of the adverse effects (7-9).

Vamorolone is a novel anti-inflammatory steroid that lacks
a hydroxyl group at the C11 position of the steroid skeleton.
This modification prevents a hydrogen bond with the Asn564
residue in the glucocorticoid receptor (10). Consequently, com-
pared to prednisone or deflazacort, the vamorolone gluco-
corticoid receptor complex has less affinity for coactivator
proteins and is therefore a much weaker activator of gene tran-
scription, which mediates some of the glucocorticoid-related
side effects (9, 11). However, the transrepression activity
(which mediates most of the anti-inflammatory activity), is con-
served; this renders vamorolone a dissociative (or biased) ligand
for the glucocorticoid receptor (9). In addition, the lack of a hy-
droxyl group on C11 prevents a hydrogen bond forming
with the N770 residue of the mineralocorticoid receptor (12).
In preclinical experiments, vamorolone behaved as a mineralo-
corticoid receptor antagonist, in contrast to prednisone and
deflazacort (12). Lastly, vamorolone is not a substrate for
11-beta-hydroxysteroid dehydrogenases I and II due to the
lack of the C11 hydroxyl group; this is important, because
11-beta-hydroxysteroid dehydrogenases I and II have been
shown to mediate some of the adverse effects of prednisone
(13-15).

In a recent randomized, placebo- and prednisone-controlled
clinical trial in boys with DMD (NCT03439670), vamorolone
showed comparable efficacy in improving muscle function
relative to prednisone, without a negative effect on linear
growth velocity and bone turnover markers (16, 17). Both
prednisone and vamorolone treatment groups showed a
high incidence of adrenal suppression using the standard
threshold of <500 nmol/L (proportion of participants on va-
morolone 6 mg/kg with adrenal suppression =95% [20/21];
vamorolone 2 mg/kg = 86% [18/21]; prednisone 0.75 mg/kg
=100% [26/26]), although the placebo group also showed
an unexpected incidence of adrenal suppression (20% [4/20])
(16). The loss of growth stunting with vamorolone compared
with traditional corticosteroids was also seen in 2.5-year long-
term extension studies (18).

Importantly, both morning cortisol and adrenocortico-
tropic hormone (ACTH)-stimulated cortisol concentrations
were measured in the clinical trial setting using a centralized,
newer monoclonal cortisol assay (16) (Supplementary
Material) (19). While recent literature suggests the need for
a redefined lower cortisol threshold for the diagnosis of ad-
renal insufficiency when using a monoclonal cortisol assay
compared to the historical polyclonal assays (20-22), a pediat-
ric threshold has not yet been defined. We now report a de-
tailed, post hoc analysis of the adrenal function data from
this trial, including both the analyses using a lower threshold
for ACTH-stimulated cortisol (<400 nmol/L) (see Methods
for rationale of threshold) and correlation of morning cortisol
with ACTH-stimulated cortisol measures. Specifically, our
data allowed us to compare the effect of 2 doses of vamoro-
lone (2 and 6 mg/kg/day) and prednisone (0.75 mg/kg/day)
administered daily in young boys with DMD on the HPA
axis using both the classic ACTH-stimulated cortisol thresh-
old of 500 nmol/L (18.1 ng/dL) and a lower, revised threshold
of 400 nmol/L (14.5 ng/dL). Additional post hoc analyses in-
cluded assessment of the timing of peak cortisol on standard-

dose ACTH stimulation testing (30 vs 60 minutes) and exam-
ination of first-morning cortisol thresholds for prediction of
cortisol levels on ACTH stimulation testing.

Methods

Study Design

The primary study was a randomized, double-blind, placebo-
and prednisone-controlled trial of vamorolone in 121 (safety
population period 1; n=118) steroid-naive, ambulatory
boys, age 4 to <7 years of age with genetically confirmed
DMD (clinicaltrials.gov NCT03439670). The full study
protocol and statistical analysis have been published previous-
ly (16). Treatment period 1 (hereafter referred to as period 1)
involved a 24-week comparison that included 4 treatment
arms (vamorolone 2 m/kg/day, vamorolone 6 mg/kg/day,
prednisone 0.75 mg/kg/day, and placebo), with primary effi-
cacy and safety outcomes conducted between June 29, 2018,
and February 24, 2021, as previously reported (16). While
maintaining the blind, treatment period 2 (hereafter referred
to as period 2) followed a tapered washout for the prednisone
and placebo groups (ie, from 24 to 28 weeks). This 4-week
washout period was then followed by 20 weeks of allocation
to vamorolone 2 mg/kg/day or vamorolone 6 mg/kg/day plus
continuation of the period 1 vamorolone groups. The clinical
trial results from period 2 have been recently published
(16, 17).

Participants

Within the multicenter trial (16), boys with genetically con-
firmed DMD who were 4 to younger than 7 years of age were en-
rolled. Boys were excluded if they had any previous or current
systemic oral glucocorticoid exposure; boys with a history of
topical or inhaled glucocorticoid use within the past 4 weeks
were excluded unless anticipated to be treated on a stable dose
throughout the duration of the study follow-up. Complete inclu-
sion and exclusion criteria have been published elsewhere (16).
The trial was approved by the competent ethics committee at
each participating institution and was conducted in accordance
with the International Conference on Harmonisation Guidelines
for Good Clinical Practice and the World Medical Association
Declaration of Helsinki.

Intervention

As previously described (16, 17), participants were random-
ized according to a 2:2:1:1:1:1 ratio to vamorolone 2 mg/kg
per day for 48 weeks, vamorolone 6 mg/kg/day for 48 weeks,
placebo (period 1) to vamorolone 2 mg/kg/day (period 2), pla-
cebo (period 1) to vamorolone 6 mg/kg/day (period 2), pred-
nisone 0.75 mg/kg/day (period 1) to vamorolone 2 mg/kg/
day (period 2), and prednisone 0.75 mg/kg/day (period 1) to
vamorolone 6 mg/kg/day (period 2). After period 1, there
was a blinded 4-week transition period for participants who
received either placebo or prednisone, during which the dose
of prednisone or placebo was tapered to 0. Participants who
crossed over from prednisone or placebo received vamorolone
at 2 or 6 mg/kg/day for the last 20 weeks in period 2. See Fig. 1
for a schematic design of the trial.

Adrenal Function Assessment

Adrenal function was assessed by measuring morning serum
cortisol levels at day 1 (predose) and weeks 12, 24, 28, 40,
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Figure 1. Schematic design of the placebo- and prednisone-controlled randomized, double-blinded trial of vamorolone 2 and 6 mg/kg/day study
(VBP15-004). Participants assigned to nonvamorolone groups in period 1 crossed over to 1 of 2 vamorolone doses in period 2.

Abbreviations: EAP, expanded access program; PLB, placebo; PRED, prednisone; VAM, vamorolone.

and 48 and by an ACTH stimulation test at screening, weeks
24 and 48, according to the following methodological
approaches.

Unstimulated morning cortisol samples were drawn in clin-
ic before 10 AM and prior to the daily drug administrations.
The ACTH stimulation tests at weeks 24 and 48 were per-
formed 48 hours after the last dose of the study drug (prednis-
one, vamorolone, or placebo). Ninety-five percent of ACTH
stimulation tests were started between 8 aM and 11:48 am
(range between 7:40 am and 12:30 pm). Subjects were covered
for potential adrenal suppression by a single 5 or 10-mg hydro-
cortisone dose (whichever dose was closest to 8 mg/m?)
24 hours before testing. Standard-dose ACTH stimulation tests
were carried out, as follows. After baseline cortisol sampling,
250 mcg Synacthen™ was administered intravenously, and
stimulated cortisol levels were drawn at 30 and 60 minutes.
Serum cortisol levels were measured in a central lab, on the
cobas e 602 analyzer, using the cortisol Elecsys II (Roche
Diagnostics) immunoassay, a second-generation monoclonal
(rather than historical polyclonal) antibody assay with greater
specificity for serum cortisol levels (RRID: AB_2802131,
https://scicrunch.org/ResourceWatch/Search? q=AB_2802
131). The assay has a lower limit of detection of 1.5 nmol/L
(0.054 ug/dL), and a limit of quantitation of 3.0 nmol/L
(0.109 ug/dL). Using the cobas e 602 analyzer, the intra-assay
coefficient of variation ranges from 1.5% to 5.4%, and the
interassay coefficient of variation ranges from 1.9% to
10.1% (23).

We defined adrenal suppression as a cortisol peak at both
30 and 60 minutes <500 nmol/L (18.1 ng/dL) for our first
analysis, based on historical thresholds (24). For our second
analysis, we defined adrenal suppression as a cortisol peak
at both 30 and 60 minutes <400 nmol/L (14.5 ng/dL). The
threshold for our second analysis was based on recent studies
of second-generation cortisol assays that propose a threshold
of between 350 and 414 nmol/L (12.7-15 ng/dL) due to great-
er specificity of the monoclonal assays for serum cortisol;
400 nmol/L was chosen as it was within the higher end of
the suggested threshold values, providing a more conservative
revised threshold. In addition, the use of a threshold at the
higher end of the proposed range was supported by previous
pediatric studies suggesting that younger children have higher
ACTH-stimulated cortisol peaks than adults (20-22, 25-28).

In the study protocol, all participants received education
plus emergency medical cards outlining a management plan
for adrenal suppression, which outlined glucocorticoid stress
dosing during times of moderate illness, injury, or surgery.

The protocol also included daily glucocorticoid replacement
after discontinuation of the study medication at week 48 until
results of first morning and ACTH stimulation testing were
available to determine the status of the HPA axis. Ongoing
glucocorticoid replacement for adrenal suppression was di-
rected at the discretion of the managing physician at each local
site. Serum albumin and total protein levels were analyzed for
all participants.

Statistical Analyses

The statistical analysis plan for the parent study was published
previously (16). The data for this post hoc subanalysis were
made available from the clinical trial for which the primary re-
sults have previously been reported (16, 17). The study was
powered for sample sizes based on motor outcomes (measures
of efficacy) at 24 weeks of treatment. The cortisol measures
studied here were considered safety outcomes.

Analyses for the current substudy were conducted in SAS
and R using ggplot2, and mixed model for repeated measures
(MMRM) packages (29-31). A safety population, ie, all
participants who received at least 1 dose of study medication
during a period (1 or 2, depending on endpoint) was used
for analysis. All longitudinal analyses were conducted via re-
stricted maximum likelihood-based MMRM on change
from baseline [and least square means (LSM) obtained]
in outcome at follow-up visits, adjusting for baseline age, base-
line outcome, visit week, treatment arm, and treatment-
by-week interaction with an unstructured covariance structure
and the Kenward-Roger approximation for denominator
degrees of freedom. Fisher’s exact tests were used to com-
pare the proportion of boys classified as having adrenal sup-
pression or not in the different treatment groups using the
classic (500 nmol/L [18.1 ng/dL]) and revised (400 nmol/L
[14.5 ng/dL]) thresholds.

Concentrations of cortisol in nmol/L were rounded to
whole numbers while concentrations in mcg/dL were rounded
to 1 decimal before analysis (16). When the measured value
was below the lower limit of detection, eg, <8 nmol/L
(0.3 mcg/dL), <4 nmol/L (0.15 mcg/dL) was imputed, as per
the prespecified plan for the VBP15-004 trial itself; for our
longitudinal analyses, this impacted the morning cortisol val-
ues in 26 boys, all on vamorolone 6 mg/kg/day (including
from crossover groups). It should be noted that this trial
was conducted during the COVID pandemic, which resulted
in some assessments being carried out remotely. Since cortisol
measures were not included in remote assessments, this led to
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Table 1. Baseline patient characteristics and cortisol values

Overall PLB PRED VAM2 VAMé6
Number of participants n=118 n=29 n=31 n=30 n=28
Age, mean (SD) 5.41 (0.86) 5.38 (0.83) 5.54(0.86) 5.32(0.91) 5.42 (0.88)
Height z-score, mean (SD) -0.70 (1.11) —-0.58 (1.21) —0.44 (1.03) —-0.77 (1.10) —1.04 (1.05)
BMI z-score, mean (SD) 0.63 (0.82) 0.53 (0.79) 0.87(0.77) 0.44 (0.89) 0.67 (0.82)

Unstimulated morning cortisol (nmol/L), 221.29 (70.65) [109]
mean (SD) [n]

Peak ACTH-stimulated cortisol,
mean (SD) [n]

Peak ACTH-stimulated cortisol, 0, [0] 0, [0]
% of patients <400 nmol/L [n]

Peak ACTH-stimulated cortisol,
% of patients <500 nmol/L [n]

638.12 (99.94) [106]

8.1, [9] 10.7, [3]

198.96 (61.52) [26]

635.44 (102.43) [27]

212.11 (65.73) [28] 237.96 (82.67) [28] = 235.04 (66.52) [27]

612.61(97.50) [28]  648.32 (93.57) [25]  658.58 (105.31) [26]

0, [0] 0, [0] 0, [0]

14.3, [4] 7.4, 2] 0, [0]

Patient (period 1 safety population) characteristics, morning, and stimulated cortisol concentrations pretreatment. Cortisol samples were taken at 0, 30, and 60 minutes
after a 250 meg ACTH IV injection. The peak concentration was the highest value of the 30- and 60-minute sample measurements (see Methods section for more details).
The overall number of participants in each treatment group is provided. The number of patients (n) is also provided when describing the means (SD) and proportions of
patients. When providing proportions, n, the number below the relevant threshold is also provided. The individual 30- and 60-minute value summaries are in Supplement

3: Table.

Abbreviations: ACTH, adrenocorticotropic hormone; BMI, body mass index; PLB, placebo; PRED, prednisone 0.75 mg/kg/day; VAM2, vamorolone 2 mg/kg/day;

VAMBS, vamorolone 6 mg/kg/day; SD, standard deviation.

a rate of missing data of about 12% to 15%. No imputation
was conducted for missing cortisol observations. All tests
were 2-sided with P < .05 considered significant. No multiple
testing correction was carried out in this substudy given the
prespecified nature of the outcomes being tested (safety).

The peak stimulated cortisol level was considered the high-
est value of the 2 cortisol concentrations measured at 30 and
60 minutes during the ACTH stimulation test. A data-
informed approach was used to deal with missing values
and is described in Supplement 1 (19).

Spearman correlations between 30- and 60-minute ACTH-
stimulated cortisol levels were calculated for baseline, week
24, and week 48. We also evaluated whether important prog-
nostic variables for DMD (including age, 6-minute walk
distance, North Star Ambulatory Assessment score, and
body mass index z-score) were associated with cortisol con-
centrations (morning and stimulated peak) using Spearman
correlations.

Results

Pretreatment/baseline characteristics and cortisol values are
outlined in Table 1.

Unstimulated Morning Cortisol Values

Unstimulated morning cortisol levels were similar at baseline
in all groups (Table 1). Mean first-morning cortisol values re-
mained stable over 24 weeks in the placebo arm (Fig. 2). All
other treatment groups showed significant reductions in
morning cortisol levels from baseline at both 12-week and
24-week MMRM assessments [vs placebo: all comparisons
P <.0001; Fig. 2; Supplement 5 (Table) (19)]. At week 24, the
vamorolone 2 mg/kg/day group showed less of a decrease in first
morning cortisol when compared with prednisone [P =.002;
LSM = 52.8 nmol/L, 95% confidence interval (CI)=19.7 to
86 nmol/L], whereas the vamorolone 6 mg/kg/day group dem-
onstrated a greater decrease in first-morning cortisol when

compared with prednisone (P=.026; LSM =-35.4 nmol/L,
95% Cl=-66.4 to —4.4 nmol/L).

At week 28, 4 weeks after the start of tapering, the prednis-
one group demonstrated rapid improvement in morning corti-
sol [P <.0001; LSM difference week 28 vs 24 =121 nmol/L,
95% CI=77.4 to 164 nmol/L; Fig. 2; Supplement 5 (Table)
(19)]. The morning cortisol levels at week 48 were not signifi-
cantly different from the 24-week levels in both vamorolone
groups (Fig. 2).

Serum total protein and albumin levels were within normal
limits for all participants.

ACTH Stimulation Test Results

At the screening (pretreatment) visit, 9/111 (8.1%) of partic-
ipants had a cortisol peak at either 30 or 60 minutes of
<500 nmol/L (<18.1 ng/dL), but 0% (0/112) had a cortisol
peak <400 nmol/L (14.5 ng/dL) (Table 1), with peak cortisol
ranging from 444 to 919 nmol/L (16.1-33.3 ng/dL). At week
24, the percent (and number) of abnormal peak cortisol values
in each group using thresholds of <500 nmol/L (18.1 ng/dL)
and <400 nmol/L (14.5 ng/dL), respectively, were 20.0%
(4/20), 0% (0/20) of the placebo group; 100% (25/25),
92.0% (23/25) of the prednisone group; 84.2% (16/19),
47.4% (9/19) of the vamorolone 2 mg/kg/day group; and
95.2% (20/21), 90.5% (19/21) of the vamorolone 6 mg/kg/day
group (Table 2 and Fig. 3).

At 24 weeks, there were fewer participants classified as hav-
ing adrenal suppression in the vamorolone 2 mg/kg/day group
when compared to the prednisone group using both the
400 nmol/L (14.5 ng/dL) (P =.002) and 500 nmol/L (18.1 ng/dL)
(P =.073) thresholds and when compared to the vamorolone
6 mg/kg/day group using the 400 nmol/L (14.5 ng/dL)
(P=.005) and 500 nmol/L (18.1 ng/dL) (P =.33) thresholds.
There was no difference in the number of participants classi-
fied as having adrenal suppression in the prednisone vs va-
morolone 6 mg/kg/day group using either cortisol threshold
(P=.46 and P=1 for the 500 nmol/L and 400 nmol/L,
respectively).
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Figure 2. Change in morning and ACTH peak stimulated cortisol levels over 48 weeks of treatment. (A) The merged treatment groups for period 1 are
provided over the first 24 weeks, along with the tapered washout for the prednisone group and period 2 for the vamorolone 0- to 48-week groups. The
P-value in green is for the change from week 24 to week 28 in the prednisone group after starting tapering. The P-value in light blue represents the
change from week 24 to week 48 in the vamorolone 2 group; similarly, in dark blue, the P-value is for change from week 24 to week 48 in the

vamorolone 6 group. (B) Change in peak cortisol after ACTH stimulation was plotted for each of the 6 randomized treatment groups. The crossover
groups start as dashed (period 1 assignment) before crossover to vamorolone dose groups (solid).

Table 2. Peak cortisol values on standard dose ACTH stimulation testing at 24 and 48 weeks based on historical (<500 nmol/L) and revised

(<400 nmol/L) thresholds

Treatment group

Week 24 peak cortisol
mean (range) nmol/L [n]

Week 24 peak cortisol
% < 500 nmol/L [n]

Week 24 peak cortisol
% < 400 nmol/L [n]

Placebo

Prednisone

0.75 mg/kg/day
Vamorolone
2 mg/kg/day
Vamorolone
6 mg/kg/day

589.9 (458, 750) [19]
277.6 (138, 436) [25]

392.8 (193, 618) [19]

180.9 (11, 665) [21]

20.0% [4/20]
100% [25/25]

84.2% [16/19]

95.2% [20/21]

0% [0/20]
92.0% [23/25]

47.4% [9/19]

90.5% [19/21]

Treatment group

Week 48 peak cortisol
mean (range) nmol/L [n]

Week 48 peak cortisol
<500 nmol/L [n]

Week 48 peak cortisol
% < 400 nmol/L [n]

Vamorolone

2 mg/kg/day

Vamorolone

6 mg/kg/day

Prednisone

0.75 mg/kg/day to Vamorolone
2 mg/kg/day

Prednisone

0.75 mg/kg/day to Vamorolone
6 mg/kg/day

Placebo to Vamorolone

2 mg/kg/day

Placebo to Vamorolone

6 mg/kg/day

359.4 (154, 621) [20]
142.1 (8, 397) [18]

356.5 (232, 593) [11]

187.6 (8, 472) [12]

346.7 (174, 494) [11]

191.5 (28, 395) [10]

90.0% [18/20]
100% [18/18]

90.9% [10/11]

100% [12/12]

100% [11/11]

100% [10/10]

52.4% [11/21]
94.7% [18/19]

81.8% [9/11]

91.7% [11/12]

63.6% [7/11]

100% [10/10]

Characteristics related to stimulated cortisol at the 24- and 48-week visits. Peak concentrations were the maximal values of the 30- and 60-minute samples (see Methods
section for more details). When providing means, n, the number of participants with the measurement is provided. When providing proportions, the fraction of

participants below the relevant threshold to the number of participants with the measurement is provided. For period 2 (week 48) summaries, the row names also include
underlined name of the treatment at week 48.

In addition to a binary threshold-based analysis at week 24,
we carried out comparisons using the measured numerical val-
ues using MMRM across the duration of the study. Stimulated
peak cortisol values in the placebo group were higher than in

all the active treatment groups at 24 weeks [all comparisons
P <.0001; Fig. 3, Table 2, Supplement 5 (19)]. There was a
nonsignificant difference in stimulated peak cortisol values
with prednisone values trending lower compared with the
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vamorolone 2 mg/kg/day group (P =.063; LSM difference =
77.4 nmol/L, 95% CI=-4.2 to 159 nmol/L). Stimulated
peak cortisol values were lower in the vamorolone 6 mg/kg/
day group compared with the vamorolone 2 mg/kg/day
group (P<.0001; LSM difference=191 nmol/L, 95%
CI=109 to 273 nmol/L) and with the prednisone group
(P=.003; LSM difference =113 nmol/L, 95% CI=38.8
to 188 nmol/L).

At 48 weeks, there was no further significant decrease in
cortisol peaks compared to 24 weeks for the vamorolone
6 mg/kg/day (P=.30) and vamorolone 2 mg/kg/day
(P =.26) groups. There was no significant difference in peak
cortisol values for participants who switched from prednisone
0.75 mg/kg/day to vamorolone 2 mg/kg/day (P =.218) or for
participants switching from prednisone 0.75 mg/kg/day to va-
morolone 6 mg/kg/day (P =.099). As expected, based on peri-
od 1 results, the placebo to vamorolone 2 mg/kg/day and
6 mg/kg/day groups both demonstrated a significant decrease
in cortisol peak at week 48 [P < .0001; Fig. 2 and Supplement
5(19)].

Testing Outcomes in Glucocorticoid-naive Boys
With DMD—Comparison of Cortisol Thresholds
Data from stimulated cortisol samples in glucocorticoid-naive
boys with DMD, including both baseline visit values from
boys in all treatment groups and 24-week data for boys in
the placebo group, were analyzed to evaluate cortisol thresh-
olds. These data included 131 ACTH stimulation tests. None
of the glucocorticoid-naive boys had a stimulated cortisol
peak <400 nmol/L (14.5 ng/dL), but 13 (9.9%) ACTH stimu-
lation tests in the glucocorticoid-naive boys had a cortisol
peak <500 nmol/L (18.1 ng/dL). The lowest peak stimulated
cortisol value among the tests in glucocorticoid naive boys
was 444 nmol/L (16.1 ng/dL).

Associations With Cortisol Values

There was little association (Spearman correlations range:
—0.2-0.21) between possible prognostic variables (age, 6-
minute walk distance, North Star Ambulatory Assessment
score, body mass index z-score) and cortisol measurements
(morning and ACTH stimulated peak values) at the baseline,
week 24, and week 48 visits.

ACTH Stimulation Testing—Timing of Peak Cortisol

There was a total of 262 ACTH stimulation tests performed
during the study with samples drawn at both 30 and 60 mi-
nutes (baseline = 104 tests; week 24 = 83 tests; week 48 =75
tests). One outlier was identified; this was a 30-minute stimu-
lated cortisol value that was decreased substantially from the
unstimulated cortisol value taken at 0 minutes and with a
large rebound at 60 minutes; this may have been a measure-
ment error (due to sample handling or recording issues) and
was removed from all analyses. Peak cortisol values over-
whelmingly occurred at 60 minutes in 252/261 (96.6%) of
the paired 30-minute and 60-minute measurements.

It is noteworthy that if only a 30-minute timepoint ACTH
stimulation test measurement had been taken, many partici-
pants would have been characterized as having adrenal sup-
pression. Using the 500 nmol/L (18.1 ng/dL) and 400 nmol/L
(14.5 ng/dL) thresholds, 27/115 (23.5%) and 24/151
(15.9%) observations were below the threshold at 30 minutes
but above the threshold at 60 minutes, respectively. See
Supplement 2, 3, and 4 (Tables) (19) for 30- and 60-minute
stimulated cortisol values.

Morning and peak stimulated cortisol values had little
association at baseline (Spearman correlation =0.20) but
were correlated among prednisone- and vamorolone-treated
participants at week 24 (Spearman correlation =0.87) and
vamorolone-treated participants at week 48 (Spearman
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correlation = 0.83). Spearman correlations between 30- and
60-minute cortisol concentrations were stronger among the
steroid-treated participants (week 24 Spearman correlation
0.98, week 48 Spearman correlation 0.99) compared to
steroid-naive participants (baseline Spearman correlation
0.87). The following linear model was created with 30-minute
cortisol values to predict the 60-minute serum cortisol re-
sponse using data at the 48-week visit (vamorolone-treated
boys with DMD ~ 5 to 8 years of age): y=-4.06664 +
1.16240x [intercept standard error = 3.9652, slope standard
error = 0.0146]. This model had an R*=0.9886; this corre-
sponds to an extremely strong model fit (an R* of 1 corre-
sponds to a perfect linear fit, with the regression line passing
through each datapoint). Modeling with data at the
24-week visit yielded a similar (in terms of coefficients)
equation.

Adverse Events Related to Adrenal Insufficiency

There were no adverse event reports of symptomatic adrenal
suppression or adrenal crisis during the study period. In add-
ition, the clinical database was searched for symptoms or signs
that can be associated with symptomatic adrenal suppression
(1) including, “decreased appetite”, “weight loss”, “malaise”,
“asthenia”, “fatigue”, “myalgia”, “arthralgia”, “pain in ex-
tremity”, “muscular weakness”, “lethargy”, “hypotension”,
“presyncope”, “syncope”, “peripheral coldness”, “dizziness”,
“hypoglycemia”, “pallor”, “seizure”, and “headache”. The
database search identified reports of some of these adverse
events, but they were isolated occurrences devoid of temporal
association with any dose interruptions or dose reductions
that could precipitate symptomatic adrenal suppression. The
cumulative review demonstrated that these adverse events
were standalone occurrences and were not representative of
symptomatic adrenal suppression or adrenal crisis. In add-
ition, the indications for concomitant systemic glucocorticoid
administration (ie, steroid stress dosing) were analyzed, and
symptomatic adrenal insufficiency was not one of them.
Overall, the number of boys in each group who received
hydrocortisone as part of preventative steroid stress dosing
for various health events were as follows: vamorolone
2 mg/kg/day =7 boys; vamorolone 6 mg/kg/day =5 boys;
placebo-to-vamorolone 2 mg/kg/day =2 boys; all other
treatment groups = 0 boys.

Discussion

In this post hoc analyses, we expand on the data presented in a
randomized controlled trial of vamorolone (2 doses) com-
pared to placebo and prednisone, where morning cortisol
was reported at baseline, 12, and 24 weeks and the cortisol re-
sponse to standard-dose ACTH was reported at baseline and
after 24 weeks of therapy (16). In the original protocol, the
definition of adrenal insufficiency was prespecified at
<500 nmol/L, which is the classic threshold to define adrenal
insufficiency based on the historical use of polyclonal anti-
body cortisol assays. However, in the study, a monoclonal
antibody assay was used to determine serum cortisol values,
providing a rationale to reexamine these data using a lower
post hoc cortisol threshold of <400 nmol/L to define adrenal
insufficiency. Consideration for the use of a revised threshold
was prompted by the fact that monoclonal antibody assays are
more specific for serum cortisol. Recent studies have shown

that a lower cortisol threshold than historically implemented
may be clinically appropriate (20-22, 25, 26). Additional
post hoc analyses included evaluation of the cortisol levels
in response to discontinuation of prednisone and assessment
of the timing of peak cortisol on standard-dose ACTH stimu-
lation testing (30 vs 60 minutes).

In the parent study (16, 17), there were no adverse events
reported that were related to adrenal insufficiency; however,
in our study, asymptomatic adrenal suppression was evident
in both the prednisone- and vamorolone-treated participants,
based on both first-morning cortisol values at 12, 24, and 48
weeks and on standard-dose ACTH stimulation testing at 24
and 48 weeks. These new data expand on the period 1 (first 24
weeks) of the randomized trial by recapitulating dose-
dependent adrenal suppression after 48 weeks of vamorolone
2 and 6 mg/kg and following the switch from placebo and
prednisone to these 2 doses of vamorolone.

Classic exogenous glucocorticoids exert negative feedback
on the HPA axis using the same mechanism as endogenous cor-
tisol in the regulation of cortisol synthesis and release. Cortisol
suppresses the HPA axis by decreasing corticotrophin-releasing
hormone (CRH) and ACTH synthesis and secretion. The sup-
pression of CRH is proposed to be mediated through transre-
pression by direct binding of the liganded glucocorticoid
receptor to a negative glucocorticoid regulatory element and
via tethering to the cAMP response element-binding protein,
preventing its interaction with the cAMP response element in
the CRH promotor. The glucocorticoid receptor complex
also directly inhibits transcription of the POMC gene in the cor-
ticotroph cells of the pituitary, again via binding to a negative
glucocorticoid regulatory element and by tethering to Nur77
and interfering with NeuroD1-stimulated POMC transcription
(32). Given that the vamorolone-bound glucocorticoid receptor
retains its transrepression activity (9), it is unsurprising that va-
morolone suppresses the HPA axis.

Evidence suggests that prolonged glucocorticoid exposure
can put some individuals at risk of persistent adrenal suppres-
sion after cessation of steroid treatment, lasting up to 2 years
in some (1), though with significant interpatient variability. In
the current study, we showed that 24 weeks of daily prednisone
(0.75 mg/kg/day) resulted in profound adrenal suppression fol-
lowed by significant improvement in morning cortisol for most
of the participants after a 4-week washout period [Fig. 2 and
Supplement 4 (19)]; however, ACTH-stimulated cortisol levels
were not performed to evaluate for recovery of the stress re-
sponse by this more accurate method. Vamorolone-treated par-
ticipants did not undergo a washout period, so we were also
unable to determine the pattern of cortisol recovery from
vamorolone-induced adrenal suppression.

In this trial, we did not find episodes of adrenal crisis among
the boys with DMD. It remains theoretically possible that our
rigorous approach to the risk of adrenal suppression, includ-
ing stress dosing education and provision of hydrocortisone
coverage, may have prevented overt adrenal insufficiency
(16,17). As a standard of care, it is imperative that all patients
and families are aware of the adrenal suppression risk when
either classic glucocorticoids (prednisone or deflazacort) or
vamorolone therapy are initiated and that empiric “steroid
stress dosing” is given during times of moderate to severe ill-
ness, surgery, or injury. A specific protocol for treatment
and prevention of adrenal crises associated with chronic pred-
nisone and deflazacort treatment in DMD has been published
(The PJ Nicholoff Steroid Protocol for Duchenne and Becker
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Muscular Dystrophy and Adrenal Suppression) (2); plans are
underway for this protocol to be updated to include guidelines
for adrenal suppression management in patients with DMD
on vamorolone.

Given the differences in mechanisms of action between va-
morolone and classic glucocorticoids (including mineralocor-
ticoid receptor antagonism) and the lack of experience with
vamorolone at doses higher than 6 mg/kg/day, we recommend
steroid stress dosing using hydrocortisone in patients receiving
vamorolone as per standard preventative or symptomatic ad-
renal suppression management, as set out in the Endocrine
Society clinical practice guidelines (24). Since vamorolone
2 mg/kg/day clearly showed less glucocorticoid-like activity
(assessed as adrenal suppression) than the standard dose of
prednisone (0.75 mg/kg/day), it is further recommended that
patients who transition from any therapeutic dose of classic
glucocorticoids to vamorolone are prescribed vamorolone
6 mg/kg/day rather than 2 mg/kg/day, in order to avoid symp-
tomatic adrenal insufficiency during the switching period (33,
34). The vamorolone dose can then be progressively tapered
according to clinical indication, with monitoring for signs
and/or symptoms of adrenal insufficiency in the event of
downward dose titration (33, 34). If the decision to discon-
tinue vamorolone is made, the vamorolone dose must also
be progressively tapered, with monitoring for signs and/or
symptoms of steroid withdrawal or adrenal insufficiency dur-
ing this process (33, 34).

In addition to our main objective of determining the impact
of vamorolone and prednisone on the HPA axis up to 48 weeks
in the controlled DMD study, our results provide important
insights into morning cortisol and ACTH stimulation testing
in children. The diagnostic cortisol threshold of <500 nmol/L
(18.1 pg/dL) or higher has been used historically for the diag-
nosis of adrenal insufficiency (24, 35, 36). More recently,
there has been a significant shift in cortisol testing method-
ology, with polyclonal antibodies that were used in the
first-generation assays being replaced with monoclonal anti-
bodies that have less cross-reactivity with other steroids in
the second-generation assays; this includes the new Roche
Elecsys Cortisol Il immunoassay that was used in the present
study (20).

Even prior to the studies evaluating revision of the cortisol
threshold using monoclonal assays, there were limited data sup-
porting a specific cortisol threshold in pediatrics. Studies using
first-generation assays suggested that younger children may
have slightly higher cortisol peaks on ACTH stimulation testing
compared to adolescents and adults (27, 28), though in clinical
practice and within guidelines, a cortisol threshold between 440
and 600 nmol/L has been cited for use in both children and ado-
lescents (1, 24). There are a paucity of studies evaluating the dif-
ferences in cortisol values on first- and second-generation assays
specifically within the pediatric population, and to date, there is
no clear guideline on which threshold to use in children when
implementing monoclonal assays.

Here, we carried out a post hoc evaluation of the stimulated
cortisol values using a revised cortisol threshold of 400 nmol/L.
We chose a threshold at the upper end of the suggested revised
range, to be cautious and in the context of the pediatric data
suggesting that younger children have higher peaks (27, 28).
In the glucocorticoid-naive group, using the historical
stimulated cortisol threshold of <500 nmol/L (18.1 pg/dL)
to define adrenal insufficiency, we have shown that 9.9% of
glucocorticoid-naive boys’ measurements fell within the

adrenal insufficiency category. This observation raised the
question of an association between endogenous adrenal insuffi-
ciency and the underlying disease, a relevant consideration giv-
en that boys with DMD experience weakness and fatigue that
are improved with glucocorticoid replacement. However,
with the revised threshold of 400 nmol/L (14.5 pg/dL), none
of the glucocorticoid-naive boys would be classified as meeting
the revised criteria for adrenal insufficiency. Independent of
meeting criteria for adrenal insufficiency, a subset of the
steroid-naive DMD participants in the VBP15-004 study
showed lower ACTH-stimulated cortisol than expected (16,
17). Further research is needed to determine if abnormally
low ACTH-stimulated cortisol is an aspect of the DMD pheno-
type in the absence of steroid treatment.

It is interesting to note that there have been 3 case reports of
boys with Xp21 contiguous gene deletion syndrome presenting
with a co-occurrence of DMD, congenital adrenal hypoplasia,
and glycerol kinase deficiency (37-39); this unique, albeit
rare, situation reminds the clinician to consider adrenal insuffi-
ciency in the event of relevant clinical signs and symptoms.

A recently published study of cortisol thresholds on low-
dose ACTH stimulation testing in 36 pediatric patients also
supports the need to decrease cortisol thresholds in children
and suggests an even more significant adjustment with mono-
clonal antibody immunoassays from 18.1 pg/dL (500 nmol/L)
to 12.5 pg/dL (350 nmol/L) in the context of low-dose ACTH
testing (40). These findings highlight the critical importance of
establishing a valid cortisol threshold for children in the con-
text of second-generation assays given the significant implica-
tions of over- or underdiagnosis of adrenal insufficiency. Our
data provide some insight into the effects of a revised thresh-
old on data interpretation in DMD patients; however, more
research is needed before we can extrapolate any thresholds
derived from a population of rare genetic disease patients to
the general pediatric population.

A second consideration related to ACTH stimulation was
the timing of cortisol sampling. Current guidelines and clinical
resources suggest testing cortisol at 30- and/or 60-minute time
intervals with standard-dose ACTH stimulation testing
(24, 41). We measured cortisol at both 30 and 60 minutes
and considered a test to be abnormal if the maximum peak
cortisol was below the threshold. Most, but not all, of the
ACTH stimulation tests in our study demonstrated maximum
peak cortisol levels at 60 minutes. Furthermore, analysis of
outcomes demonstrated that several participants would have
been classified as having adrenal suppression if cortisol was
only measured at 30 minutes. This aligns with previous stud-
ies that have demonstrated that peak cortisol typically occurs
at 60 minutes (42, 43) and highlights the importance of con-
sidering the timing of cortisol sampling when determining
a cortisol threshold, a message that was also highlighted in
a recent article by Husni et al (42). To avoid the risk of false
positives, testing at both 30 and 60 minutes is proposed.
However, for boys treated with vamorolone, we demon-
strated that the 30-minute cortisol value was a good predictor
of 60-minute cortisol levels, and while we believe that testing
at both 30 and 60-minutes is the preferred practice, we have
provided an equation (specific to age range herein and vamor-
olone treatment) that may allow centers that test only at
30 minutes to extrapolate the 60 minutes values in standard
dose testing in boys with DMD.

The strengths of this study are the relatively large number of
pediatric clinical trial participants with ACTH stimulation
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tests pre- and posttreatment on prednisone and vamorolone
but also on placebo. As such, this study allowed us to assess
the impact of vamorolone on the HPA axis relative to classic
glucocorticoid therapy and also provided a serendipitous op-
portunity to shed light on the nuances related to a revised cor-
tisol threshold in a steroid-naive pediatric population when
using a second-generation assay to evaluate the HPA axis.

Limitations of our study included the small size of the cross-
over groups and a protocol that allowed for the ascertainment
of unstimulated, morning cortisol levels up to 10 aMm in
the morning, which is within the timing associated with the
thresholds provided by the assay’s label but is later in the
day than 9:00 am, which has been demonstrated in previous
studies to have high specificity in the prediction of stimulated
cortisol levels (44, 45); this may have led to lower than antici-
pated morning cortisol values. That said, the morning cortisol
levels were found to be highly correlated with the diagnostic
ACTH stimulation test results of the same glucocorticoid-
treated participants. Further studies are needed to evaluate
the duration of adrenal suppression following withdrawal of
vamorolone, which may be different from classic glucocortic-
oid therapy given the alternative mechanisms of action of this
novel drug. Additional studies are also needed to define opti-
mal cortisol thresholds for the evaluation of adrenal insuffi-
ciency in children without DMD and in other age groups
when using second-generation immunoassays.

Conclusions

Vamorolone causes adrenal suppression, and all patients
being treated with vamorolone should be managed for the
risk of adrenal insufficiency with medical alert cards, adrenal
insufficiency education, and hydrocortisone stress dosing
guidelines in times of physiological stress. We also compared
the effect on data interpretation using the traditional
<500 nmol/L cut-off vs a revised <400 nmol/L cut-off for
peak standard-dose ACTH-stimulated cortisol levels and
demonstrate the importance of establishing a revised cortisol
threshold to be used with monoclonal antibody cortisol test-
ing in children; more studies are needed in this regard.
Finally, while the peak cortisol response occurred after 60 mi-
nutes in most of the participants in our study, we affirm that
testing levels at both 30 and 60 minutes in response to
standard-dose ACTH is the most effective strategy for captur-
ing the peak stimulated cortisol value.
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