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Study Objectives: Excessive daytime sleepiness associated with obstructive sleep apnea affects 9%–22% of continuous positive airway pressure–treated patients.
An indirect treatment comparison meta-analysis was performed to compare efficacy and safety of medications (solriamfetol, modafinil, and armodafinil) approved to
treat excessive daytime sleepiness associated with obstructive sleep apnea.
Methods: Efficacy and safety measures assessed in this indirect treatment comparison included Epworth Sleepiness Scale (ESS), 20-minute Maintenance of
Wakefulness Test (MWT20), Clinical Global Impression of Change (CGI-C), Functional Outcomes of Sleep Questionnaire (FOSQ), and incidence of treatment-
emergent adverse events (any, serious, or leading to discontinuation).
Results: A systematic literature review identified 6 parallel-arm, placebo-controlled randomized controlled trials that randomized 1,714 total participants to
placebo, solriamfetol, modafinil, or armodafinil. In this indirect treatment comparison, all comparators were associated with greater improvements than placebo on
the ESS, MWT20, and CGI-C after 4, 8, and 12 weeks of treatment. Relative to comparators and placebo at 12 weeks, solriamfetol at 150mg or 300mg had the
highest probabilities of improvement in the ESS, MWT20, and CGI-C. Modafinil (200 or 400mg) and solriamfetol (150 or 300mg) were associated with greater
improvement on the FOSQ than placebo at 12 weeks. Less than 2% of patients using placebo or comparators experienced serious or discontinuation-related
treatment-emergent adverse events.
Conclusions: The results of this indirect treatment comparison show 12 weeks of treatment with solriamfetol, modafinil, and armodafinil resulted in varying levels of
improvement on the ESS, MWT20, and CGI-C and similar safety risks in participants with excessive daytime sleepiness associated with obstructive sleep apnea.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Direct head-to-head comparisons of solriamfetol, a medication to treat excessive daytime sleepiness in obstructive
sleep apnea, vs modafinil and armodafinil are not available, as pivotal trials for all 3 medications were performed using placebo as a comparator. Thus, an
indirect treatment comparison was conducted, representing the first study to compare these 3 pharmacotherapies across wakefulness, sleepiness,
functionality, patient and clinical impressions, and safety outcomes in patients with obstructive sleep apnea.
Study Impact: Findings demonstrated varying improvements in efficacy and similar safety outcomes for the 3 comparators vs placebo. This study provides
essential comparative effectiveness and safety information for the obstructive sleep apnea patient population.

INTRODUCTION

Obstructive sleep apnea (OSA) is a serious disorder character-
ized by sleep fragmentation caused by repeated episodes of com-
plete or partial upper airway obstruction during sleep.1 The
primary treatment for moderate and severe OSA is continuous
positive airway pressure (CPAP).2,3 Excessive daytime sleepi-
ness (EDS) is the most common OSA symptom,4 affecting
9%–22% of patients with OSA despite adherence to CPAP ther-
apy.5,6 In the United States, approximately 14% of men and 5%
of women ages 30 through 70 years have OSA with EDS.7 Com-
pared with people without EDS, people with EDS experience
substantial impairments in daily functioning, work productivity,
cognition, and alertness,8 resulting in greater disability,9 greater
health care resource utilization and health care costs,10 and

reduced quality of life.8,11 In addition, EDS associated with OSA
impacts public safety, as EDS is associated with an increased risk
of motor vehicle accidents12 and workplace accidents.13

In patients with persistent EDS following CPAP therapy or in
patients who cannot manage CPAP therapy, adjunctive therapy
with pharmacologic treatments may be beneficial.14 Available
pharmacologic treatment options for EDS vary by interactions
with other drugs, narrow therapeutic windows, side effects, and
abuse potential.15 Traditional stimulants (eg, methylphenidate,
amphetamine) are often used off-label in the United States in
patients with EDS associated with OSA.16 These medications
have limited use due to the risks of adverse events and abuse
potential.15,17,18 Nonstimulant wake-promoting agents (WPAs)
approved by the U.S. Food & Drug Administration for the treat-
ment of adult patients with OSA-associated EDS include
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solriamfetol (Sunosi, Jazz Pharmaceuticals, Inc., Palo Alto, CA),
armodafinil (Nuvigil, Harmony Biosciences, Plymouth Meeting,
PA), and modafinil (Provigil, Teva Pharmaceuticals USA, North
Wales, PA).19–21 Solriamfetol (Sunosi) is also approved by the
European Medicines Agency,22 but the European Medicines
Agency marketing authorization for modafinil in the treatment of
OSA-associated EDS was revoked in 2011,23 and armodafinil is
not authorized by the European Medicines Agency. All 3 medi-
cations are taken orally in the morning at the following recom-
mended dosages: modafinil, 200mg per day; armodafinil, 150 or
250mg per day; solriamfetol, 37.5 to 150mg per day.24–26

The pivotal trials for solriamfetol, modafinil, and armodafi-
nil were performed using a placebo as a comparator; the com-
parative efficacy and safety of these medications have not been
assessed in head-to-head studies.24–26 Therefore, the objective
of this study was to conduct an indirect treatment comparison
(ITC) to compare the relative efficacy and safety of WPAs in
patients with EDS associated with OSA.

METHODS

Methods of the literature review and ITC were specified in
advance and documented in a study protocol and statistical
analysis protocol. The systematic literature review was guided
by the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement27 and the ITC was guided
by the PRISMA extension statement for reporting of network
meta-analyses (PRISMA-NMA).28 The ITC methods were
specified in advance in a statistical analysis protocol consistent
with the National Institute for Health and Care Excellence
(NICE) Decision Support Unit recommendations for meta-
analysis of randomized controlled trials (RCTs), as well as the
guidelines contained within NICE’s single technology appraisal
user guide for company evidence submission template.29,30

This approach is also consistent with the International Society
for Pharmacoeconomics and Outcomes Research Task Force on
Indirect Treatment Comparison recommendations.31–33

Literature search
A systematic literature review was performed to identify RCTs
investigating the comparative efficacy of solriamfetol, modafi-
nil, and armodafinil for the treatment of EDS associated with
OSA. The systematic literature search was conducted on
October 11, 2019. Data sources included MEDLINE (1946–
present); Embase (1947–present); the Cochrane Central
Register of Controlled Trials (CENTRAL); the Cochrane Data-
base of Systematic Reviews; ClinicalTrials.gov; the EU Clini-
cal Trials Register; the International Clinical Trials Registry;
the 2017, 2018, and 2019 Associated Professional Sleep Socie-
ties annual meetings; and the 2016 and 2018 European Sleep
Research Society biannual meetings. Full search strategies are
listed in Table S1 in the supplemental material.

Eligibility criteria
The selection criteria included adult patients (≥ 18 years) with
OSA and EDS (as defined per individual trial criteria).

Treatments of interest included solriamfetol (75mg, 150mg, or
300mg), modafinil (200mg or 400mg), armodafinil (150mg
or 250mg), and placebo. Notably, modafinil is not approved at
400mg and solriamfetol is not approved at 300mg. The search
included RCTs with a parallel-arm design or crossover design
(if the results at first cross were reported) that reported at least 1
efficacy outcome of interest with a minimum sample size of
10 patients per trial arm; systematic reviews of RCTs were
also included for identification of primary studies. Selection
excluded EDS etiologies other than OSA; participant use of
concurrent pharmacological interventions that could affect
sleepiness/wakefulness; and nonrandomized trials, crossover
trials without data to first cross, observational studies, case
series/case reports, nonsystematic reviews, and trials with a
follow-up length of 2 weeks or less.

Trial selection
Results of all literature searches were compiled into a common
Microsoft Excel database. All eligible articles were screened by
2 independent reviewers. At each screening step, trial inclusion
and exclusion were based on predefined selection criteria. After
all relevant publications were identified and received, 2 inde-
pendent reviewers extracted relevant data from the articles and
reconciled any discrepancies. A third independent reviewer was
consulted as necessary and adjudicated where consensus could
not be reached. A full list of variables extracted is provided in
Table S2 in the supplemental material.

The Cochrane Risk of Bias tool was used to assess the meth-
odological quality of trials included in the ITC.34 The risk-of-
bias assessment was conducted at the study level by 2 blinded
reviewers and adjudicated by a third independent reviewer if
necessary.

Outcome measures
Following the systematic literature review, a feasibility assess-
ment was conducted to determine which outcomes were
measured for more than 1 comparator of interest. Efficacy out-
comes of interest included the Epworth Sleepiness Scale (ESS),
Maintenance of Wakefulness Test (MWT), Physician’s Global
Impression of Change (PGI-C), Clinical Global Impression of
Change (CGI-C), Functional Outcomes of Sleep Questionnaire
(FOSQ), 36-item Short-Form Health Survey (SF-36), and Euro-
QoL 5-Dimension Scale (EQ-5D) scores. Safety outcomes of
interest included incidence of any treatment-emergent adverse
events (TEAEs), serious TEAEs, discontinuation due to
TEAEs, and individual TEAEs experienced in ≥ 5% of patients
in any trial arm.

Statistical analysis
A qualitative similarity assessment was performed to ensure com-
parability of trial, population, treatment, and outcome characteris-
tics based on clinician and expert input. Network diagrams were
developed for each outcome to demonstrate the trial arms (nodes,
represented as circles) and direct comparisons made (edges, rep-
resented as connecting lines). A Bayesian ITC framework was
used to generate estimates of relative effect and absolute change
from baseline. Models were programmed and executed in
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WinBUGS version 1.4 for Windows.35 Quantitative assessment
of heterogeneity was planned using a heterogeneity Q-statistic
and I2 statistic for outcomes where 2 or more studies for the same
pairwise comparison were included into the ITC. Fixed-effects
models were selected based on model fit diagnostics (such as
deviance information criterion; Table S3 in the supplemental
material), heterogeneity testing (Table S4 in the supplemental
material), and the small sample of studies per comparison.

Mean within-arm changes from baseline and standard errors
were used as model inputs for continuous outcomes (ie, ESS,
MWT, FOSQ), with adjusted means (ie, least-squares means)
favored as inputs over arithmetic means, when available. Sensi-
tivity analyses were conducted to assess the impact of including
adjusted (ie, least-squares) vs unadjusted (ie, arithmetic) means
as inputs. For outcome values with missing standard deviations
or standard errors (ie, ESS and MWT performed over 20
minutes [MWT20] outcomes at 4, 8, and 12 weeks from Black
and Hirshkowitz;36 ESS and MWT20 outcomes at 4 weeks
from Inoue et al;37 ESS outcomes at 4 weeks from Pack et al38),
estimated values were imputed by assuming a within-group cor-
relation value of 0.55 for active treatment arms and 0.75 for pla-
cebo arms, and then the standard error was calculated.39

Sensitivity analyses were performed in which the within-group
correlation values were set for both active treatment and pla-
cebo arms to 0.75 or to 0.55; a third sensitivity analysis imputed
standard errors using guidance from the Cochrane Collabora-
tion, using the weighted average of all other presented placebo
arm standard errors as the imputed placebo arm standard error
or the weighted average of all presented arm standard errors as
the imputed active treatment arm standard error.40 The sensitiv-
ity analyses revealed no change in MWT20 results and no
change in ESS results. The incidence proportion (%) was used
as the model input for discrete outcomes (ie, CGI-C, TEAEs).
For discrete outcomes in which at least 1 trial arm reported 0
patients reporting an event, 0.5 was substituted for the numera-
tor and 1 was added to the denominator (eg, 0/30 patients would
become 0.5/31 patients);41 this was done for serious TEAEs,
anxiety, dry mouth, and insomnia. Without these adjustments,
the models fail to converge, thus precluding the analysis of
these safety outcomes.

Patient-level data were censored to enable comparisons for
the MWT analysis. During the MWT, a participant is instructed
to stay awake in soporific circumstances during repeated trials
of a certain number of minutes (20, 30, or 40 minutes [MWT20,
MWT30, or MWT40]). Patients who remain awake for the full
length of the test are censored at that final time point; thus, trials
that use the longer MWT test durations may show differences
in treatments that are not observed when using shorter tests.42,43

For this reason, studies of different MWT times were analyzed
separately. This comparison required calculating censored
patient-level outcome data for the solriamfetol Treatment of
Obstructive Sleep Apnea and Narcolepsy Excessive Sleepiness
(TONES) 3 trial (obtained from the clinical study report), in
which 40-minute individual patient outcome values were cen-
sored to 20- and 30-minute values.44

The relative effect of the WPA vs placebo at each time point
was expressed as a mean difference from baseline to endpoint
on the ESS, MWT20, and FOSQ, and as an odds ratio for

the proportion achieving at least minimal improvement on the
CGI-C and experiencing cumulative or individual TEAEs. The
absolute outcome values for all treatments were calculated by
combining the ITC-derived treatment effect estimate with the
placebo effect (calculated as a weighted average across all pla-
cebo arms). Uncertainty around point estimates for relative and
absolute change from baseline was measured by the 95% credi-
ble interval (CrI). League tables of all pairwise comparisons
and ranking probability tables are provided in the supplemental
material. Graphical summaries (ie, forest plots) of the ITC
results, including the line of no effect of reference, are pre-
sented relative to placebo. Statements describing a “greater”
improvement for a given treatment as relative to another treat-
ment refer to the 95% CrI of the pairwise comparison not cross-
ing 0 (for mean differences) or 1 (for odds ratios); statements
describing improvements as “not greater” refer to the 95% CrI
of the pairwise comparison crossing 0 or 1, respectively.

RESULTS

A total of 639 records were initially identified. The majority of
the 618 studies excluded at title/abstract review included study
designs not of interest (eg, nonsystematic review articles, let-
ters, comments, or editorials) or populations not of interest (eg,
healthy controls or patients with sleep disorders other than
OSA). Of the 21 citations examined in full-text review, 14 cita-
tions were excluded due to wrong study design (n = 3), wrong
population size (n = 1), missing outcomes of interest (n = 1),
and systematic literature reviews that were used to identify
additional references of interest prior to exclusion (n = 9); no
additional references were identified. Finally, 7 records were
included in the ITC (Figure S1 in the supplemental material).
These 7 records described 6 trials comprising 1,714 participants
(Table 1).36–38,44–48 Study inclusion and exclusion criteria
were generally similar. Patients were not allowed to have sleep
disorders other than OSA. Most trials did not allow use of the
study drug within at least 1 month of the study46 or
ever.38,44,45,48 Excessive caffeine consumption and/or over-the-
counter or prescription medications affecting sleepiness/wake-
fulness were also explicitly excluded. Patients in all trials had
either been on stable CPAP therapy for ≥ 2 weeks prior to study
start and had an apnea-hypopnea index of ≤ 10 events/
h36–38,45–47 or had current (70%) or prior (30%) attempts to use
a primary OSA therapy (positive airway pressure, mandibular
advancement device, or surgical intervention).44,48 Participant
demographics were generally similar across the included trials’
treatment arms (eg, age, proportion male, and body mass index;
Table 2). Inoue et al37 described a higher proportion of male
participants (�96% vs ≤ 75%) and a lower body mass index
(�27.6 vs ≥ 33 kg/m2) than comparator trials, but the trial was
not deemed sufficiently different to be excluded from the ITC.
Baseline ESS values were similar across study arms, indicating
similar EDS severity. Heterogeneity testing did not reveal sub-
stantial differences in outcomes for trials testing the same com-
parators. All trials included 1 placebo arm and at least 1 arm
including modafinil, armodafinil, or solriamfetol.
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Table 1—Trial characteristics and outcomes of interest.

Schweitzer et al
201844,48

Black and
Hirshkowitz 200536

Hirshkowitz et al
200746

Inoue et al 201337 Pack et al 200138,45 Roth et al 200647

ClinicalTrials.gov identifier NCT02348606 NR NCT00079677a NR NR NCT00078325a

Countries Canada, Germany,
Netherlands,
United States

United Kingdom,
United States

Australia, France,
Germany, Russia,
United States

Japan United States Canada,
United States

Total sample size, n 476 309 263 114 157 395

Minimum age, y 18 18 18 20 18 18

Minimum ESS score at
enrollment

10 10 10 11 10 10

CPAP prior to trial, % 70b 100c 100c 100c 100c 100c

Trial duration, wk 12 12 12 4 4 12

Treatments Placebo,
solriamfetol 37.5 mg qd,d

solriamfetol 75 mg qd,
solriamfetol 150mg qd,
solriamfetol 300mg qd

Placebo,
modafinil 200 mg qd,
modafinil 400 mg qd

Placebo,
armodafinil
150 mg qd

Placebo,
modafinil 200 mg qd

Placebo,
modafinil

200–400mg qde

Placebo,
armodafinil
150 mg qd,
armodafinil
250 mg qd

Outcome evaluation
timepoints, wk

ESS 4, 8, 12 4, 8, 12 4, 8, 12 4 4 4, 8, 12

MWT20 4, 12 4, 8, 12 NA 4 NA NA

MWT30 4, 12 NA 4, 8, 12 NA NA 4, 8, 12

MWT40 4, 12 NA NA NA NA NA

FOSQ 4, 8, 12 12 NA NA 4 NA

PGI-C 4, 8, 12 NA NA NA NA NA

CGI-C 4, 8, 12 4, 8, 12 12 NA 4 4, 8, 12

EQ-5D 4, 8, 12 NA NA NA NA NA

SF-36 8 NA NA NA NA NA

TEAEs reported in ≥ 5%
of any trial arm

Anxiety � � � � �

Decreased appetite �

Diarrhea � � � �

Dry mouth � �

Headache � � � � � �

Insomnia � � � � �

Nasopharyngitisf � �

Nausea � � � �

Feeling jittery �

Irritability �

Pruritus �

Sinusitis �

Others Infection, accidental
injury, hypertension,

nervousness,
dizziness, rhinitis

Upper respiratory
tract infection,
dizziness

Upper abdominal
pain, palpitation

Nervousness,
rhinitis, dizziness

Dizziness, arthralgia

aClinicalTrials.gov entry was required to extract outcomes of interest. bRefers to any level of compliance of CPAP, oral pressure therapy, oral appliance, or
upper airway stimulator prior to trial start. cRefers to ≥ 4 hours CPAP use per night on ≥ 70% of nights for ≥ 2 weeks prior to trial start. dConsidered a starting
dose; not analyzed via indirect treatment comparison. eRefers to 1 week at 200mg qd and 3 weeks at 400mg qd; standardized to 400mg qd modafinil. fNot
considered to be associated with treatment; not analyzed via indirect treatment comparison. CGI-C = Clinical Global Impression of Change, CPAP =
continuous positive airway pressure, EQ-5D = EuroQol 5-Dimension Scale, ESS = Epworth Sleepiness Scale, FOSQ = Functional Outcomes of Sleep
Questionnaire, MWT = Maintenance of Wakefulness Test performed over 20, 30, or 40 minutes, NA = not applicable, NR = not reported, PGI-C = Patient
Global Impression of Change, qd = daily, SF-36 = 36-item Short Form Health Survey, TEAE = treatment-emergent adverse event.
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Overall bias was low across the 6 trials included in the ITC
(Table S5 in the supplemental material), and variables for which
bias was “high” or “unclear” were not of substantial concern for
inclusion into the analysis, except the standard deviation for the
FOSQ outcome reported in Dinges and Weaver,45 which was
substantially higher than those provided in comparator trials.

We found that ITC analyses were feasible at 4, 8, and/or
12 weeks for ESS (patient-assessed daytime sleepiness rated on a
scale of 0–24), MWT20 (the number of minutes patients stay
awake during 20 minutes in a dark, quiet setting), FOSQ
(patient-assessed impact of sleepiness on functional outcomes on
a scale of 5–20), and CGI-C (a clinician-assessed determination
of the proportion of patients who have minimally, much, or very
much improved) scores. It was deemed not possible to compare
MWT30 due to large differences in baseline values (mean base-
line MWT30 across 3 trials ranged from 11.5–23.7; Table 2).
Other efficacy outcomes of interest (ie, PGI-C, SF-36, and
EQ-5D) were not reported in the trials for modafinil or armodafi-
nil and were therefore not possible to analyze. Figure S2 in the
supplemental material shows the network of treatment compari-
sons for efficacy outcomes of interest included in our analysis.

Safety outcomes analyzed via ITC included incidence of any
TEAEs, serious TEAEs, discontinuation due to TEAEs, and

individual TEAEs experienced in ≥ 5% of participants in any
trial arm (ie, anxiety, diarrhea, dry mouth, headache, nausea,
and insomnia).

ESS
All 6 trials included in the ITC provided ESS results at 4 weeks,
and 4 trials provided ESS results at 8 and 12 weeks.36,46–48

These trials enabled a network comparing solriamfetol against
modafinil and armodafinil at all 3 time points (Figure S2). All
comparators showed greater improvement on ESS compared
with placebo after just 4 weeks; this trend was maintained at
8 and 12 weeks. At all time points, solriamfetol at 150mg and
300mg demonstrated the greatest numerical improvement
on ESS vs placebo compared with other WPAs (Figure 1). As
shown in Table S6 in the supplemental material, the absolute
reductions (calculated from ITC-derived treatment effect esti-
mates) on the ESS from baseline at 12 weeks (mean difference
[95% CrI]) for solriamfetol were 24.61 (26.05, 23.20;
75mg), 27.31 (28.45, 26.18; 150mg), and 27.51 (28.68,
26.35; 300mg); the reductions for armodafinil were 25.19
(25.95, 24.43; 150mg) and 25.36 (26.51, 24.21; 250mg);
the reductions for modafinil were 25.61 (26.62, 24.61;
200mg) and25.61 (26.71,24.52; 400mg); and the reduction

Figure 1—Forest plots of ESS outcomes relative to placebo at 4, 8, and 12 weeks.

CrI = credible interval, ESS = Epworth Sleepiness Scale, qd = daily.

S Ronnebaum, M Bron, D Patel, et al. Comparison of wake-promoting agents in OSA

Journal of Clinical Sleep Medicine, Vol. 17, No. 12 2548 December 1, 2021

D
ow

nl
oa

de
d 

fr
om

 jc
sm

.a
as

m
.o

rg
 b

y 
K

ir
st

en
 T

ay
lo

r 
on

 D
ec

em
be

r 
2,

 2
02

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
C

op
yr

ig
ht

 2
02

1 
A

m
er

ic
an

 A
ca

de
m

y 
of

 S
le

ep
 M

ed
ic

in
e.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



for placebo was22.91 (23.31,22.51). Solriamfetol at 150 mg
and 300mg were associated with greater improvements on the
ESS at 12 weeks than all doses of armodafinil and modafinil
(Table S7 in the supplemental material). Accordingly, solriam-
fetol at 150 and 300mg had the highest probabilities of demon-
strating the greatest improvement on the ESS at 12 weeks
(Table S8 in the supplemental material).

MWT20
Three trials provided MWT20 results at 4 weeks,36,37,48 and 2
trials provided MWT20 results at 12 weeks.36,48 These trials
enabled a network comparing solriamfetol against modafinil
only (Figure S2). All comparators showed a greater improve-
ment on the MWT20 vs placebo at both 4 and 12 weeks; sol-
riamfetol at 150mg and 300mg showed the greatest numerical
improvement at both assessment points (Figure 2). As shown
in Table S9 in the supplemental material, the absolute increases
on the MWT20 from baseline at 12 weeks (mean difference
[95% CrI]) for solriamfetol were 3.50 (2.10, 4.88; 75mg), 4.45
(3.37, 5.52; 150mg), and 4.98 (3.85, 6.11; 300mg); the
increases for modafinil were 1.84 (0.64, 3.02; 200mg) and 1.73
(0.42, 3.04; 400mg), while placebo was associated with a
decrease of20.87 (21.48,20.25). Solriamfetol at 150 mg and
300 mg doses were associated with greater improvements on
the MWT20 at 12 weeks than modafinil at 200 or 400mg
(Table S10 in the supplemental material). Accordingly, sol-
riamfetol at 150 mg and 300 mg doses had the highest probabil-
ities of demonstrating the greatest improvement on the MWT20
at 12 weeks (Table S11 in the supplemental material).

CGI-C
Four trials provided CGI-C results at 4 weeks,36,38,47,48 3 trials
provided results at 8 weeks,36,47,48 and 4 trials provided results
at 12 weeks.36,46–48 These trials enabled a network comparing

solriamfetol against modafinil and armodafinil at all 3 time
points (Figure S2). All comparators showed greater odds of
improvement on CGI-C vs placebo at 4, 8, and 12 weeks; solriam-
fetol at 150mg and 300mg showed the greatest numerical
improvement at 8 and 12 weeks (Figure 3). As shown in
Table S12 in the supplemental material, the absolute rates of
improvement at 12 weeks (proportion [95% CrI]) for solriamfetol
were 67% (52%, 80%; 75mg), 89% (81%, 95%; 150mg), and
87% (78%, 93%; 300mg); the rates for armodafinil were 72%
(65%, 78%; 150mg) and 78% (69%, 85%; 250mg); the rates for
modafinil were 68% (56%, 79%; 200mg) and 75% (64%, 84%;
400mg); and the incidence for placebo was 45% (40%, 49%). At
12 weeks, solriamfetol at 150mg was associated with a greater
likelihood of CGI-C improvement than modafinil at 200 or
400mg and armodafinil at 150mg; solriamfetol at 300mg was
associated with a greater likelihood of CGI-C improvement than
modafinil 200mg and armodafinil 150mg (Table S13 in the sup-
plemental material). Solriamfetol at 150 mg and 300 mg doses
had the highest probabilities of CGI-C improvement at 12 weeks
(Table S14 in the supplemental material).

FOSQ
Two trials provided FOSQ results at 4 weeks,45,48 but that net-
work was not viable due to the large standard deviations for
FOSQ results in placebo and modafinil participants in the trial
by Dinges and Weaver.45 Two trials provided FOSQ results at
12 weeks,36,48 which enabled a network comparing solriamfetol
against modafinil (Figure S2). At 12 weeks, all comparators
except for solriamfetol 75mg showed a greater improvement
on the FOSQ vs placebo (Figure 4). As shown in Table S15 in
the supplemental material, the absolute increases on the FOSQ
from baseline at 12 weeks (mean difference [95% CrI]) for sol-
riamfetol were 2.05 (1.34, 2.76; 75mg), 2.53 (1.99, 3.07;
150mg), and 2.77 (2.21, 3.33; 300mg); the increases for

Figure 2—Forest plots of MWT20 outcomes relative to placebo at 4 and 12 weeks.

CrI = credible interval, MWT20 = Maintenance of Wakefulness Test at 20 minutes, qd = daily.
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modafinil were 2.38 (1.81, 2.95; 200mg) and 2.59 (1.99, 3.19;
400mg); and the increase for placebo was 1.30 (1.00, 1.60).
Solriamfetol at 150 or 300mg did not demonstrate greater
improvement in FOSQ than modafinil at 200 or 400mg

(Table S16 in the supplemental material). Solriamfetol at
300mg had the highest probability of demonstrating the greatest
improvement on the FOSQ, followed by modafinil 400mg and
solriamfetol 150mg (Table S17 in the supplemental material).

Figure 3—Forest plots of CGI-C outcomes relative to placebo at 4, 8, and 12 weeks.

CGI-C = Clinical Global Impression of Change, CrI = credible interval, qd = daily.

Figure 4—Forest plots of FOSQ outcomes relative to placebo at 12 weeks.

Bold formatting indicates that the 95% CrI does not cross the line of no effect. CrI = credible interval, FOSQ = Functional Outcomes of Sleep Questionnaire,
qd = daily.
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Safety
Trials reporting the incidence of any TEAEs, serious TEAEs,
and discontinuation due to TEAEs were also examined via ITC.
Relative to placebo, the odds of experiencing any TEAE were
greater for solriamfetol at 150 and 300mg, but not for solriam-
fetol 75mg or modafinil 200mg; other WPAs did not report
this outcome (Figure 5). The absolute rates of any TEAE (pro-
portion [95% CrI]) for solriamfetol were 39% (26%, 52%;
75mg), 62% (51%, 73%; 150mg), and 70% (58%, 79%;
300mg); the incidence for modafinil 200mg was 55% (37%,
72%); and the incidence for placebo was 38% (31%, 46%;
Table S18 in the supplemental material).

The odds of experiencing serious TEAEs were not greater
for any WPAs at any dose compared with placebo (Figure 5).
Serious TEAEs were relatively rare, with absolute rates of < 2%
for all WPAs and placebo (Table S18).

Compared with placebo, the odds of discontinuation due to
TEAEs were greater for armodafinil 250mg, modafinil 200 and
400mg, and solriamfetol 300mg, but not for armodafinil
150mg or solriamfetol 75 or 150mg (Figure 5). The absolute

rates of discontinuation due to TEAEs were < 1% for all WPAs
and placebo.

The incidence of individual TEAEs reported by trials was
also examined in the ITC. Relative to placebo, armodafinil was
associated with a greater risk of anxiety, dry mouth (250 mg
dose only), headache, insomnia, and nausea (250 mg dose
only); modafinil was associated with a higher risk of anxiety
(400 mg dose only), headache, insomnia, and nausea; solriam-
fetol at 150mg or 300mg was associated with a higher risk of
anxiety, diarrhea (300 mg dose only), dry mouth (300 mg dose
only), and insomnia (300 mg dose only); while solriamfetol
75mg was not associated with an increased risk of any of these
TEAEs (Figure 6). The absolute risk of experiencing any of
these TEAEs was < 20% in most instances (Table S18).

DISCUSSION

The results of this ITC showed that all WPAs at all doses
assessed led to greater improvements than placebo on the ESS

Figure 5—Forest plots of cumulative safety events relative to placebo at end of treatment.

Bold formatting indicates that the 95% CrI does not cross the line of no effect. CrI = credible interval, NR = not reported, qd = daily, TEAE = treatment-emergent
adverse event.
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Figure 6—Forest plots of individual safety events relative to placebo at end of treatment.

Bold formatting indicates that the 95% CrI does not cross the line of no effect. CrI = credible interval, NR = not reported, qd = daily.
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and MWT20 and in odds of improvement in CGI-C after
4 weeks of treatment; these effects were maintained at 12
weeks. Among the WPAs, solriamfetol at 150mg and 300mg
consistently ranked first or second in probability of the greatest
improvement on the ESS and MWT20 and in the likelihood of
CGI-C improvement. Furthermore, the risks of serious TEAEs,
discontinuation-related TEAEs, and individual TEAEs were
relatively low for all WPAs in most instances.

Our ITC is consistent with prior meta-analyses of modafinil
and armodafinil in terms of outcomes analyzed (ie, ESS, MWT,
and CGI-C are commonly reported). Four pairwise meta-
analyses have been conducted for modafinil and armodafinil vs
placebo among patients with EDS associated with OSA.49–52

These previous meta-analyses all demonstrated the efficacy of
WPAs over placebo on the ESS, MWT, and CGI-C while main-
taining tolerability. However, in some of the previous pairwise
meta-analyses, data for modafinil and armodafinil were pooled
to create a single point estimate, despite evidence of different
pharmacologic properties for these drugs.53 Other potential
confounding factors not accounted for in previous pairwise
meta-analyses are different trial, patient, and efficacy test char-
acteristics; some trials included in previous meta-analyses are
crossover studies that may not account for carryover effects or
may compare MWT tests of different durations. In contrast, the
ITC presented here shows the comparability of key trial and
participant characteristics from the included studies and pro-
vides comparative effectiveness data at specific time points for
individual WPA doses, which provides meaningful evidence
about the relationships between treatment dose and treatment
duration on efficacy outcomes. Furthermore, this ITC analyzes
MWT tests based on test duration, ensuring like-for-like com-
parisons. Notably, this is the first ITC in patients with EDS
associated with OSA that includes solriamfetol as a comparator
with modafinil and armodafinil.

The primary strength of this ITC study is that it provides
important comparative efficacy information about WPAs for
patients with EDS associated with OSA in the absence of head-
to-head trials by measuring 2 of the most commonly reported
clinical efficacy measures (ESS and MWT), while also demon-
strating the relative risk of experiencing adverse events. Popula-
tions in the included trials were largely homogeneous, and all
trials were placebo-controlled and reported outcomes at 4-week
intervals. These characteristics ensured generation of unambig-
uous networks, with separate network nodes for different treat-
ment doses, at discrete time points.

ITC methodology is subject to limitations typical to any
meta-analysis, as well as some unique limitations. Notably, the
results obtained represent the statistical aggregation of data
from the network pool. Thus, meta-analysis results should be
consistent with (but are not exactly equal to) any individual
RCT. An additional limitation is the limited comparator data
available to inform each ITC network, as few trials met the
inclusion criteria necessary to enable comparison with the
TONES 3 pivotal trial for solriamfetol.48 In some cases (eg,
FOSQ at 12 weeks), only 2 trials informed the network used in
an ITC. Since a small number of data points were used in these
instances to create the related network and perform the ITC,
caution should be exercised in strictly interpreting whether a

given comparator led to greater improvement than other
comparators.

Another limitation includes the need to censor MWT40 data
to mimic an MWT20 test, which may underestimate improve-
ments in wakefulness in the MWT40-tested population.42,43

Finally, there were limited efficacy outcomes available for
analysis. The TONES 3 trial tested a variety of sleepiness,
wakefulness, and patient- and clinician-reported outcomes,48

but most comparable trials were limited to reporting ESS,
MWT, and/or CGI-C. It is possible that comparative efficacy is
not fully realized when limited to these 3 outcomes; in other
words, a patient may prefer a particular intervention for a reason
not fully captured within these outcomes. Patient- and
physician-reported outcomes do merit further evaluation, as
they may be important in understanding the best option for each
patient with EDS. Furthermore, trials assessing armodafinil at
150 or 250mg and modafinil at 400mg did not report incidence
of any TEAEs. The rates of serious, discontinuation-related,
and individual adverse events were relatively rare across all tri-
als, and analyses were limited by the sparsity of the network
and low event rates. As noted in the Methods section, imputa-
tions were used to analyze outcomes with missing errors and
rare TEAEs; the accepted approaches used here were robust,
based on sensitivity testing, but we acknowledge that these
methods may introduce bias. No statistically significant hetero-
geneity was identified for the available comparisons (as defined
by I2 statistic values), although it must be noted that heterogene-
ity tests are known to have low power to detect differences
when informed by a small sample of studies.54 Consistency
testing was not possible because direct and indirect RCT com-
parisons were not available for any treatment pairs.

Despite the prevalence of EDS associated with OSA,5,6 there
are few treatment options approved to treat this condition, par-
ticularly outside the United States.15 Furthermore, approxi-
mately half of all patients with EDS associated with OSA may
not respond to modafinil or armodafinil therapy.38,55 A recent
review of over 12 million patients with OSA found that only
5% had been prescribed 1 or more pharmacotherapies,16 despite
estimates that 2 to 4 times as many patients with OSA experi-
ence EDS.5,6 Low drug-treatment rates in this population may
reflect limited consideration for pharmacotherapy as a treat-
ment option by physicians. Clear evidence of efficacy across
sleepiness, wakefulness, and functional outcomes and limited
potential for adverse events may improve treatment rates in the
OSA patient population.

In summary, this is the first ITC to compare solriamfetol,
modafinil, and armodafinil across wakefulness and sleepiness
outcomes in patients with EDS associated with OSA. Compared
with placebo, all 3 agents improved wakefulness and sleepiness
outcomes and were associated with a low risk of serious or
discontinuation-causing TEAEs. Solriamfetol at 150 and 300mg
was associated with the greatest improvements or likelihood of
achieving efficacy outcomes.

ABBREVIATIONS

CGI-C, Clinical Global Impression of Change
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CPAP, continuous positive airway pressure
CrI, credible interval
EDS, excessive daytime sleepiness
ESS, Epworth Sleepiness Scale
EQ-5D, EuroQol 5-Dimension Scale
FOSQ, Functional Outcomes of Sleep Questionnaire
ITC, indirect treatment comparison
MWT, Maintenance of Wakefulness Test
NA, not applicable
NR, not reported
OSA, obstructive sleep apnea
PGI-C, Patient Global Impression of Change
qd, daily
SF-36, 36-item Short Form Health Survey
TEAE, treatment-emergent adverse event
TONES 3, Treatment of Obstructive Sleep Apnea and Narco-

lepsy Excessive Sleepiness
WPA, wake-promoting agent
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