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Purpose: Narcolepsy is a rare debilitating disorder for which multiple novel pharmacological options have been approved as 
treatment for the past few years. The current study systematically updates the comparative efficacy and detailed safety analysis of 
approved wake-promoting agents in narcolepsy.
Methods: Randomized controlled trials (RCTs) were searched for diagnosed narcolepsy with approved interventions. Efficacy 
outcomes included the Maintenance of Wakefulness Test (MWT), Epworth Sleepiness Scale (ESS), Clinical Global Impression of 
Change (CGI-C), and Patient Global Impression of Change (PGI-C). Safety outcomes including overall adverse event (AE) risk were 
measured. The study was registered at PROSPERO (CRD 42022334915).
Results: The final analysis included 17 RCTs with five drug treatments: modafinil/armodafinil, sodium oxybate, pitolisant, solriam-
fetol, and lower-sodium oxybate (LXB). For efficacy measures, interventions included in each outcome were effective compared with 
placebo. Furthermore, the magnitude of solriamfetol effect on MWT (9.11 minutes; 95% CI=7.05–11.16), ESS (−4.79; 95% CI=−6.56 
to −3.01), and PGI-C (9.39; 95% CI= 2.37–37.19), and LXB effect on CGI-C (9.67; 95% CI=2.73–34.26) was greater than that of 
other treatments included in each outcome compared with placebo. For safety measures, all interventions had an acceptable safety 
profile with LXB having least risk for overall AEs (0.56; 95% CI=0.20–1.53), serious AEs (0.33; 95% CI=0.09–1.20), AEs leading to 
treatment discontinuation (0.11; 95% CI=0.01–2.04), and all-cause discontinuation (0.04; 95% CI=0.00–0.67) compared to placebo. 
Placebo had the lowest risk for exploratory AEs.
Conclusion: All approved interventions were effective in controlling the symptoms of narcolepsy at varying degrees with an 
acceptable safety profile.
Keywords: narcolepsy, network meta-analysis, wake-promoting agents, excessive daytime sleepiness, patient-centric scores, safety

Introduction
Narcolepsy is a rare, disabling chronic neurological disorder that is characterized by excessive daytime sleepiness (EDS), 
cataplexy, hypnagogic hallucinations, and sleep paralysis. Narcolepsy is estimated to affect 20 to 50 people per 100,000 
worldwide, with incidences tending to increase with age.1–4 The primary symptom of narcolepsy is EDS shared by 
patients with either type 1 narcolepsy (with cataplexy, NT1) or type 2 narcolepsy5,6 (without cataplexy, NT2). 
Furthermore, a large-scale survey in the United States observed that >75% of patients with narcolepsy considered 
EDS to be significantly affecting their day-to-day life.6
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Given the high prevalence and burden of the disease, treatment of EDS is a necessity and is highly recommended in 
treatment guidelines of narcolepsy.7,8 Multiple subjective and objective methods listed in the recently released 
compendium of clinical outcome assessment (COA) by the Food and Drug Administration (FDA) could be considered 
to evaluate EDS associated with narcolepsy, including patient-reported outcome for daytime sleepiness, Maintenance 
of Wakefulness Test (MWT) for wakefulness, and Patient Global Impression of Change (PGI-C) for global impression 
of change of symptom severity.9 The most widely used and validated self-addressed questionnaire is the Epworth 
Sleepiness Scale (ESS) for assessing subjective sleepiness over time.10 A threshold of ESS >10 indicates the EDS 
symptom as burdensome and interfering in daily life.11 Another helpful tool is the daytime polysomnographic, the 
MWT sleep latency, that assesses the capability to stay awake during the day and provides the complementary, 
objective measures of the degree of sleepiness.12,13 Compared with another widely used tool – the Multiple Sleep 
Latency Test, MWT may be indicated in patients to assess the response to the treatment.14 In addition to the Clinical 
Global Impression of Change (CGI-C), the patient-oriented assessment (ie, the PGI-C) is critical to COA. Both PGI-C 
and CGI-C are easy-to-use validated questionnaires, which show a bipolar scaling from 1 (very much improved) to 7 
(very much worse).15

So far, there are no disease-modifying drugs for narcolepsy, with the current symptomatic treatment modalities 
aimed to improve EDS and reduce cataplexy as the primary therapeutic targets. Several wake-promoting agents 
have been approved by the FDA or the European Medicine Agency (EMA) for the treatment of narcolepsy: 
methylphenidate and amphetamines for narcolepsy in general, modafinil and armodafinil for EDS only, and sodium 
oxybate (SXB), pitolisant, and lower-sodium oxybate (LXB) for both EDS and cataplexy.16–18 Solriamfetol, 
a phenylalanine derivative with dopaminergic and noradrenergic activity, is a newly approved drug by the FDA 
and the EMA to treat EDS associated with NT1 and NT2. Recently updated guidelines of the United States and 
Europe both strongly recommend modafinil/SXB/pitolisant/solriamfetol as the main treatment for EDS symptoms in 
narcolepsy.7,8

Symptomatic treatment of narcolepsy is the mainstay strategy and the treatment choice is based on factors such as 
age, severity, tolerance, comorbidities, drug efficacy, safety, and abuse potential.19–22 Several clinical studies have 
established the efficacy and safety of the EMA-approved/FDA-approved medications in narcolepsy. However, there 
are few direct comparative clinical trials on the efficacy and safety between different wake-promoting agents in 
narcolepsy.23,24 Armodafinil, the r-enantiomer of modafinil (racemic), is known to have longer action than modafinil 
for excessive sleepiness.23 Dauvilliers et al25 observed the comparable efficacy between pitolisant and modafinil for the 
ESS outcome. A retrospective study observed that SXB improved the subjective ratings of excessive sleepiness versus 
modafinil compared with placebo.24 However, indirect treatment comparison performed by Lehert and colleagues 
showed that pitolisant, modafinil, and SXB were equally effective treatments for reducing the EDS.26,27 A good safety 
profile was reported with all the agents compared, except for SXB 9 g/d.26

Multiple treatment comparison meta-analysis has become a powerful tool for decision-making in medicine. As the 
last multiple treatment meta-analysis in narcolepsy published in 2018,26 solriamfetol and LXB have been newly- 
approved for treating EDS in narcolepsy. In addition, the EDS efficacy outcomes of previous meta-analysis are limited 
for ESS and MWT, whereas more extensive comparison of other outcomes such as disease severity changes as measured 
by CGI-C and PGI-C is lacking. Moreover, a thorough safety analysis of the narcolepsy drugs is required to ensure the 
effective risk control. In order to have up-to-date and more extensive understanding of the narcolepsy treatment, the aim 
of this network meta-analysis (NMA) is to compare the efficacy and safety of approved wake-promoting agents for the 
treatment of EDS in narcolepsy.

Methods
This NMA protocol was reported according to the Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses protocols (PRISMA-P),28 and was performed accordance to the PRISMA Extension version (PRISMA- 
NMA).29 This statistical analysis plan was registered in the Prospective Register of Systematic Reviews 
(PROSPERO) database (CRD 42022334915).
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Eligibility Criteria
Studies included patients who were adults, aged ≥18 years, diagnosed with narcolepsy, irrespective of gender, and those 
were treated with the FDA-approved/EMA-approved agents such as modafinil, armodafinil, SXB, pitolisant, solriamfetol, 
LXB, methylphenidate, and amphetamine. Comparison between the identified treatments and placebo as well as any pair 
of treatments was sought. The outcomes included ESS, MWT, CGI-C, PGI-C, and safety measures.

Search Strategy
A comprehensive literature search on the English databases was performed since its inception through May 2022. 
Databases included PubMed, Embase, the Cochrane Central Register of Controlled Trials (CENTRAL, Cochrane 
Library), World Health Organization International Trials Registry Platform search portal, the United States FDA website, 
and the EMA website. In addition, ClinicalTrials.gov and the reference lists of previously published reviews related to the 
narcolepsy treatments were also screened for the eligible clinical trials. The search terms included narcolepsy, modafinil, 
pitolisant, sodium oxybate, solriamfetol, armodafinil, lower sodium oxybate, methylphenidate, amphetamine, randomized 
controlled trial (RCT), and clinical trial.

Study Selection
Double-blind RCTs providing the data on at least one of the following selected outcomes in both efficacy and safety were 
selected: ESS, MWT, CGI-C, PGI-C, and safety reporting at least existing adverse events (AEs) during the treatment 
exposure. We excluded case reports, post hoc reviews, systematic reviews, meta-analyses, non-comparative studies, and 
cost-related studies. Studies published in languages other than English were also excluded.

Data Collection Process
We collected the study design, publication year, sample size, patient disposition, and endpoints for each study in 
a standard data extraction form using Microsoft Excel 2013 (Microsoft Corp., Redmond, WA). Included trials were 
evaluated for the handling of incomplete outcome data, selective reporting, and other potential sources of bias. The 
literature collected was independently reviewed by two reviewers for titles and abstracts of retrieved records followed by 
the full texts of all potentially relevant trials, with discrepancies resolved by discussion. Detailed data extraction and risk 
of bias assessment were performed by two independent reviewers, with discrepancies resolved by discussion.

Risk of Bias in Individual Studies
The quality of each RCT included was evaluated by two independent reviewers using a Cochrane Risk of Bias 2 (RoB 
2.0) tool. The tool includes (1) randomization process, (2) deviations from intended interventions, (3) missing outcome 
data, (4) measurement of the outcome, and (5) selection of the reported result.30 Bias is assessed either as “Low” or 
“High” risk of bias, or can express “Some concerns.”

Geometry of the Network
A network plot depicting the geometry of the treatment network of comparisons across the trials for each outcome was 
performed to ensure if an NMA is feasible. Network geometry depicts nodes to represent different wake-promoting 
agents and edges to represent the head-to-head comparisons between the network nodes.31,32

Outcomes
Primary efficacy outcome was EDS measured by MWT and ESS endpoints. The MWT studies related to the 20- and 40- 
minute protocols were pooled and analyzed as the MWT overall endpoint. The studies were also analyzed independently 
as subgroups (MWT-20 and MWT-40). Other efficacy outcomes were changes in disease severity on treatment, as 
measured by the CGI-C or PGI-C scores. Safety outcomes measured as risk ratio (RR) included overall AE risk, serious 
AEs (SAEs), AE leading to discontinuation, and all-cause discontinuation rate. Exploratory AEs of interest were 
analyzed by three categories such as (i) central nervous system (CNS): headache, agitation, insomnia, dizziness, 

Nature and Science of Sleep 2023:15                                                                                               https://doi.org/10.2147/NSS.S404113                                                                                                                                                                                                                       

DovePress                                                                                                                         
219

Dovepress                                                                                                                                                            Zhan et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


irritability, insomnia, and fatigue, (ii) gastrointestinal system: nausea and dry mouth, and (iii) weight changes: weight 
gain (increased) and weight loss (decreased), as included in the study.

Evidence Synthesis
Crossover and parallel results were appropriately mixed and corrected under considerations of carryover effect.33 Values 
of all doses for each treatment were pooled and analyzed in each outcome. Value optimization across the trials was 
performed according to Lehert et al.26 Values not reported in the tables were estimated from the graphs in the finalized 
articles. Continuous variables included outcome measures that arose from ordinal scales (eg, efficacy measures); for 
which, change scores from baseline were combined to determine either mean difference (MD) or odds ratio (OR) with 
95% confidence interval (CI). The mean, standard deviation, patient proportion, patient number, and p-value were 
extracted for each outcome at each timepoint where change in scores were not available. Data for all categories in CGI-C 
and PGI-C such as “mildly improved”, “moderately improved”, and “markedly improved” were pooled together and 
analyzed. For dichotomous scores (eg, AEs), treatment effect was evaluated using the RR with 95% CI. Although 
comparative analysis was performed between the treatment and the placebo, indirect pairwise comparisons between the 
treatments could be statistically assessed.

NMA was performed using R software (version R 4.1.2) using the netmeta package with a frequentist approach.34,35 

Heterogeneity across the studies was tested by χ2 test and I2 statistic along with a Forest plot. Statistically significant 
heterogeneity was defined as a χ2 p-value <0.1 or an I2 statistic >50%.36 Random effect models were performed when I2 

≥50%; otherwise, a fixed effect model was applied to quantitate the effect size. For all pairwise comparisons, MD, OD, or 
RR with a 95% CI was used as the meta-analytic measure of association between the treatments and the outcomes. Using 
the netrank function, the P-score was obtained for each treatment to rank the treatment effects. A p-score of “one” is 
ranked as best, whereas “zero” is ranked as least.35 A two-sided p-value of <0.05 was considered significant.

Risk of Bias Across Studies
The publication bias was assessed using Egger regression test and funnel plot.37 MD, OR, and RRs from included studies 
were plotted as a function of their standard error in relation to the comparison-specific effect.

Results
Study Selection
A total of 2,140 publications were identified after removing duplications through literature search. In addition, after the 
title and abstract screening process, publications that did not adhere to the study’s hypothesis were removed. A total of 52 
potentially relevant articles were identified on full text screening. Furthermore, based on the study outcomes, 20 RCTs 
were selected; of which, 17 RCTs were included in the final evidence synthesis. Studies by Malhotra et al38 (patients with 
obstructive sleep apnea and narcolepsy), Weaver and Cuellar39 (additional functional outcomes/quality-of-life measures 
from the same trial published by Thorpy et al),40 and Kushida et al41 (investigational drug FT218) were excluded from 
the study. The entire study process is shown in Figure 1. The characteristics of the 17 studies and the inclusive treatments 
in the analyses are presented in Table 1. All studies had placebo as the comparator arm. As reported earlier, the studies on 
armodafinil and modafinil were pooled for further analysis.26 In addition, comparison between the two enantiomers was 
performed to confirm the relevance between the two groups. No eligible studies of methylphenidate or amphetamine 
were identified. Detailed statistical analysis is provided in Supplementary File 1.

Ten studies compared modafinil,25,42–51 one study compared three studies each of SXB,50,52,53 pitolisant,25,46,54 and 
solriamfetol,40,55,56 and one study compared LXB57 with placebo. Three studies compared multiple treatments with 
placebo,25,46,50 whereas others compared one treatment with placebo, respectively (Table S1). A network evidence graph 
of the treatment comparison based on the number of studies is provided in Figure 2. The mean age score of patients 
ranged from 33.0 to 50 years in these trials. Of the 17 trials, three trials were crossover design and four trials were 
parallel studies. The follow-up time of the studies varied from 4 to 12 weeks. The number of studies included in each 
endpoint for each treatment is provided in Table S2.
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Risk of Bias in Individual Studies
Assessment of the risk of bias in RCTs has been presented in Figure S125,42–57 and Figure S2.25,42–57 The USMDF (1998) 
study showed a high risk of bias owing to the concerns over the randomization process and bias due to deviations from 
the intended intervention with some concerns over the missing data.49 Studies by Billiard et al,42 Broughton et al,43 

Harsh et al,51 Moldofsky,45 US Xyrem,52 and Houghton 2005,53 showed some concerns in one of the categories. The 
remaining studies showed a low risk of bias. In terms of the overall risk of bias, 60% of the studies were at low risk, 30% 
were with some concerns, and 10% were at high risk.

Efficacy Assessment Results
The main efficacy endpoints measured in this study were MWT sleep latency (mean change in time [minutes] from 
baseline), change in ESS score, and percentage of patients reporting improvement on the CGI-C and PGI-C scores. The 
network of interventions included in each outcome is provided in Figure S3.

Six studies were included in the MWT-20 outcome. Both treatments identified, modafinil (3.35 min; 95% CI=2.31–4.38) 
and SXB (5.29 min; 95% CI=2.41–8.17), had a significant MD compared with placebo (Figure S4A, Table S3). Furthermore, 
eight studies including solriamfetol, modafinil, pitolisant, and placebo with MWT (40-minute) protocol were analyzed. 
Significant MD was achieved by solriamfetol (9.11 min; 95% CI=7.05–11.16), modafinil (3.57 min; 95% CI=2.03–5.12), and 
pitolisant (2.90 min; 95% CI=1.38–4.41) (Figure S4B, Table S4). Among the treatment comparisons, a significant effect was 
observed with solriamfetol versus modafinil (5.54 min; 95% CI=2.96–8.10) and solriamfetol versus pitolisant (6.21 min; 95% 
CI=3.65–8.76). For the overall MWT analysis (14 studies), a significant improvement was observed with solriamfetol (9.11 
min; 95% CI=7.05–11.16), modafinil (3.57 min; 95% CI=2.95–4.19), SXB (5.43 min; 95% CI=3.09–7.77), and pitolisant 
(2.90 min; 95% CI=1.58–4.21) versus placebo. Among the treatment comparisons, a significant MD was observed with 
solriamfetol versus modafinil (5.54 min; 95% CI=3.39–7.68), solriamfetol versus pitolisant (6.21 min; 95% CI=3.77–8.65), 
and solriamfetol versus SXB (3.68 min; 95% CI=0.57–6.80) (Figure 3A, Table 1A).

For ESS (15 studies), solriamfetol (−4.79; 95% CI=−6.56 to −3.01), pitolisant (−2.13; 95% CI=−3.93 to −0.33), 
modafinil (−2.82; 95% CI=−3.90 to −1.74), SXB (−3.19 minutes; 95% C=−5.85 to −0.53), and LXB (−3.00; 95% CI= 

Figure 1 PRISMA flow diagram of the study.
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−5.88 to −0.12) reached a significant MD versus placebo. Among the pairwise treatment analysis, significant improve-
ment was observed with solriamfetol versus pitolisant (−2.65; 95% CI=−5.18 to −0.13) and a favorable response was 
observed with solriamfetol versus LXB (−1.78; 95% CI=−5.16 to 1.59) (Figure 3B, Table 1A).

For CGI-C analysis (11 studies), a significant improvement was observed with LXB (9.67; 95% CI= 2.73–34.26), 
SXB (4.48; 95% CI=2.97–6.77), modafinil (2.71; 95% CI=2.01–3.66), pitolisant (4.00; 95% CI=1.78–9.01), and 
solriamfetol (5.98; 95% CI=3.70–9.66) versus placebo. Among the treatments, a significant improvement was observed 
with SXB versus modafinil (1.65; 95% CI=1.02–2.66) and solriamfetol versus modafinil (2.20; 95% CI=1.25–3.87) 
(Figure 3C, Table 1B). For PGI-C (3 studies and 2 interventions), a significant improvement was observed with 
solriamfetol versus placebo (9.39; 95% CI=2.37–37.19) (Figure 3D, Table 1B).

Figure 2 Multiple treatment comparison network analysis.

Table 1 Comparison of Efficacy Measures Between Multiple Wake-Promoting Agents

A. Multiple wakefulness Test (MWT) and Epworth Sleepiness Scale (ESS)

Lower-sodium oxybate NA NA NA NA NA

0.17 (−2.52, 3.25) Modafinil 0.67 (−0.63, 1.97) 3.57 (2.94, 4.19) −1.86 (−4.18, 0.47) −5.54 (−7.68, −3.39)

0.87 (−2.52, 4.26) 0.69 (−1.20, 2.59) Pitolisant 2.89 (1.58, 4.21) −2.53 (−5.17, 0.11) −6.21 (−8.65, −3.78)

3.00 (0.11, 5.88) 2.82 (1.74, 3.90) 2.13 (0.33, 3.93) Placebo −5.43 (−7.77, −3.09) −9.11 (−11.16, −7.05)

−0.19 (−4.11, 3.73) −0.36 (−3.11, 2.73) −1.06 (−4.23, 2.11) −3.19 (−5.85, −0.53) Sodium oxybate −3.68 (−6.80, −0.57)

−1.78 (−5.16, 1.59) −1.96 (−4.04, 0.11) −2.65 (−5.18, −0.13) −4.79 (−6.56, −3.01) −1.59 (−4.79, 1.60) Solriamfetol

B. Clinical Global Impression of Change (CGI-C) and Patient Global Impression of Change (PGI-C)

Lower-sodium oxybate 3.56 (0.97, 13.07) 2.41 (0.53, 10.86) 9.67 (2.73, 34.26) 2.15 (0.57, 8.16) 1.61 (0.41, 6.25)

NA Modafinil 0.67 (0.28, 1.61) 2.71 (2.01, 3.66) 0.60 (0.37, 0.97) 0.45 (0.25, 0.79)

NA NA Pitolisant 4.00 (1.78, 9.01) 0.89 (0.35, 2.21) 0.66 (0.26, 1.71)

0.21 (0.03, 1.604) NA NA Placebo 0.22 (0.14, 0.33) 0.16 (0.10, 0.27)

NA NA NA NA Sodium oxybate 0.74 (0.39, 1.41)

2.05 (0.18, 23.14) NA NA 9.39 (2.37, 37.19) NA Solriamfetol

Notes: Significant results are in bold; effect sizes represent mean differences/odds ratios and 95% confidence interval. For MWT, mean difference higher than 0 favor 
the column-defining treatment and for ESS, scores lesser than 0 favor column-defining treatment. For CGI-C and PGI-C, scores higher than 1 favor column-defining 
treatment. MWT; CGI-C. ESS; PGI-C. 
Abbreviation: NA, not applicable.
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Among the outcomes, P-scores ranked SXB for MWT-20; solriamfetol for MWT-40, MWT overall, ESS, and PGI-C; 
and LXB for CGI-C as the best treatment (Table S5). Heterogeneity was significant across the studies for the MWT 
overall (p=0.0004), ESS (p=0.05), and PGI-C (p=0.05).

Safety Assessment Results
Network of interventions included in safety outcomes is represented in Figures S5 and S6. For overall AE (12 studies), 
a significant increased risk was observed with modafinil (1.63; 95% CI=1.15–2.32) versus placebo (Figure 4A, 
Table 2A). For SAEs (10 studies), a significant increase in risk was observed with modafinil (15.32; 95% CI=2.67– 
87.87) compared with placebo. Among the treatments, a significantly increased risk was observed with solriamfetol 
versus LXB (18.40; 95% CI=1.53–222), pitolisant versus LXB (11.03; 95% CI=1.19–102.58), modafinil versus SXB 
(19.78; 95% CI=2.09–187.58), and modafinil versus pitolisant (4.17; 95% CI=1.41–12.31) (Figure 4B, Table 2A). For 
AEs leading to treatment discontinuation (12 studies), a significantly increased risk was observed with modafinil (1.91; 
95% CI=1.11–3.29) and SXB (4.92; 95% CI=2.00–12.07) compared with placebo. Among the treatments, a significantly 
increased risk was observed with SXB versus modafinil (2.58; 95% CI=1.01–6.61) and SXB versus LXB (44.24; 95% 
CI=2.11–928.73) (Figure 4C, Table 2B). For all-cause discontinuation (13 studies), a significant increase in risk was 
observed with SXB (3.87; 95% CI=1.57–9.51) versus placebo (Figure 4D). Among the treatments, a significant increased 
risk was observed with solriamfetol versus LXB (26.78; 95% CI=1.55–461.99), SXB versus LXB (96.69; 95% CI=5.04– 
1,853.92), SXB versus modafinil (3.34; 95% CI=1.34–8.32), SXB versus pitolisant (4.72; 95% CI=1.74–12.79), SXB 
versus solriamfetol (3.61; 95% CI=1.32–9.85), pitolisant versus LXB (20.48; 95% CI=1.16–353.82), and modafinil 
versus LXB (28.96; 95% CI=1.71–491.0) (Table 2B). LXB was the better treatment according to P-score analysis for 
safety endpoints (Table S6). Heterogeneity across the studies was significant for the overall AE risk (p<0.0001).

Regarding exploratory analysis of CNS events, with headache (12 studies),24,25,40,45,47,49,51,52,54–57 a significant risk 
was observed with solriamfetol (2.67; 95% CI=1.26–5.67) compared with placebo (Figure S7A). Among the treatment 
comparison, a significant risk was associated with solriamfetol versus modafinil (2.23; 95% CI=1.03–4.86) and 
solriamfetol versus SXB (3.58; 95% CI=1.37–9.36) (Table S7A). For dizziness (7 studies),24,25,40,45,52,54,56 all interven-
tions, except LXB were identified. A significantly increased risk was observed with SXB (3.13; 95% CI=1.18–8.25) 
versus placebo (Figure S7B, Table S7A). For insomnia (6 studies),25,40,49,55–57 all interventions, except SXB, were 
included. A significantly increased risk was observed with solriamfetol (3.27; 95% CI=1.25–8.62) versus placebo (Figure 

Figure 3 Forest plots for efficacy outcomes. (A) Maintenance of Wakefulness Test. (B) ESS, Epworth Sleepiness Scale. (C) Clinical Global Impression of Change. (D) 
Patients’ Global Impression of Change. 
Abbreviations: MD, mean difference; OR, odds ratio.
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S7C, Table S7B). For irritability (3 studies),25,54,56 no significant risk was observed among the treatments identified 
(modafinil, pitolisant, and solriamfetol) versus placebo (Figure S7D, Table S7B). Among the gastrointestinal (GI) events, 
for nausea (10 studies),25,40,45,47,49,50,52,54–56 a significantly increased risk was observed with modafinil (2.57; 95% 
CI=1.31–5.04), SXB (7.85; 95% CI=3.01–20.45), and solriamfetol (3.52; 95% CI=1.26–9.87) versus placebo 
(Figure S7E). Among the treatments, a significant risk was associated with SXB versus modafinil (3.06; 95% 
CI=1.11–8.41) (Table S7C). For dry mouth (3 studies),40,49,50 no significant risk was observed for modafinil, SXB, 

Figure 4 Forest plots for safety outcomes. (A) Overall AE risk. (B) Serious adverse events. (C) AE leading to discontinuation. (D) all-cause discontinuation. 
Abbreviations: AE, adverse event; RR, risk ratio.

Table 2 Comparison of Safety Measures Between Multiple Wake-Promoting Agents

A. Overall adverse event (AE) risk and Serious AEs (SAEs)

Lower-sodium oxybate 0.34 (0.12, 0.99) 0.40 (0.12, 1.32) 0.56 (0.20, 1.53) 0.31 (0.09, 1.01) 0.38 (0.12, 1.20)

45.95 (5.28, 399.98) Modafinil 1.17 (0.60, 2.29) 1.63 (1.15, 2.32) 0.91 (0.47, 1.74) 1.12 (0.59, 2.13)

11.03 (1.19, 102.58) 0.24 (0.08, 0.71) Pitolisant 1.39 (0.74, 2.62) 0.77 (0.32, 1.83) 0.96 (0.42, 2.19)

3 (0.84, 10.76) 0.07 (0.01, 0.37) 0.27 (0.04, 1.69) Placebo 0.56 (0.30, 1.02) 0.69 (0.40, 1.17)

2.32 (0.34, 15.66) 0.05 (0.01, 0.48) 0.21 (0.02, 2.13) 1.08 (0.30, 3.19) Sodium oxybate 1.24 (0.55, 2.78)

18.40 (1.53, 221.99) 0.40 (0.03, 6.33) 1.67 (0.10, 27.78) 6.13 (0.72, 52.03) 7.92 (0.61, 102.98) Solriamfetol

B. Discontinuation due to AE and all-cause discontinuation

Lower-sodium oxybate 0.06 (0.00, 1.12) 0.07 (0.00, 1.38) 0.11 (0.01, 2.04) 0.02 (0.00, 0.47) 0.06 (0.00, 1.19)

28.96 (1.71, 491.0) Modafinil 1.17 (0.56, 2.44) 1.91 (1.11, 3.29) 0.39 (0.15, 0.99) 0.96 (0.32, 2.90)

20.48 (1.16, 353.82) 0.71 (0.43, 1.16) Pitolisant 1.63 (0.75, 3.56) 0.33 (0.11, 1.03) 0.82 (0.24, 2.84)

25 (1.50, 416.56) 0.86 (0.63, 1.18) 1.22 (0.76, 1.92) Placebo 0.20 (0.08, 0.49) 0.50 (0.19, 1.32)

96.69 (5.04, 1853.92) 3.34 (1.34, 8.32) 4.72 (1.74, 12.79) 3.87 (1.57, 9.51) Sodium oxybate 2.48 (0.66, 9.23)

26.78 (1.55, 461.99) 0.92 (0.54, 1.59) 1.31 (0.69, 2.47) 1.07 (0.69, 1.67) 0.28 (0.10, 0.76) Solriamfetol

Notes: Significant results are in bold; effect sizes represent risk ratios and 95% confidence interval. For safety measures, relative risk lessthan 1 favors the 
column-defining treatment. Overall-AE risk; Discontinuation due to AE. SAE; all-cause discontinuation.
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and solriamfetol versus placebo (Figure S7F, Table S7C). Higher risk of modafinil for dry mouth, SXB for dizziness and 
nausea, pitolisant for insomnia, and solriamfetol for headache was found in the p-score ranking.

SXB for headache and dry mouth, pitolisant for dizziness, and placebo for other AEs were suggested as the best 
treatment option (Table S6). Heterogeneity was not significant across the studies. Analysis could not be performed for 
AEs where studies identified were less than three.

Risk of Bias Across the Studies
Publication bias across the studies was assessed by funnel plots. Visual inspection and Egger test suggested no bias for 
efficacy measures except for ESS. In the ESS outcome, visual inspection suggested publication bias, which may be 
attributed to Black and Houghton's 2006 study,50 although Egger test (p=0.44) suggested otherwise (Figure S8). Similarly, 
publication bias was observed for the overall AE on visual inspection, which may be attributed to Bogan et al,55 whereas 
Egger test did not indicate the same (p=0.69) (Figures S9 and S10).

Discussion
Among the 17 RCTs that compared the efficacy and safety of wake-promoting agents for narcolepsy, all approved 
interventions were effective with the acceptable tolerability compared with placebo. For the efficacy outcomes, p-score 
ranked solriamfetol as highest for MWT, ESS, and PGI-C, whereas LXB was ranked highest for CGI-C. For the safety 
profile, all interventions except LXB showed increased overall AE risk compared with placebo. No significant difference 
between modafinil, pitolisant, solriamfetol, and placebo in all-cause discontinuation rate was observed indicating 
a tolerable safety profile. Higher risk of dry mouth associated with modafinil, dizziness and nausea with SXB, insomnia 
with pitolisant, and headache with solriamfetol was identified in individual AE risk of interest.

Overall, our study provides the most current evidence to date on the comparative effectiveness of the approved 
interventions reported to reduce narcolepsy-related EDS symptoms in double-blind RCTs. In addition, the present study 
offers the most extensive analysis on clinical outcomes of the EDS, including both subjective and objective measure of 
sleepiness and patient-reported and physician-reported changes of disease severity. Besides, the current study thoroughly 
investigates the risk profile of overall safety as well as individual AE of interest on the current available medications. The 
results of our study would largely fill the current evidence gap and provide insights in optimizing the management of 
EDS symptoms of narcolepsy.

Modafinil, SXB, pitolisant, solriamfetol, and LXB showed a significant efficacy compared with placebo for MWT and 
ESS outcomes at varying degrees, indicating these wake-promoting agents could effectively alleviate sleepiness and 
sustain wakefulness. Our results resonated with previously published meta-analyses in patients with narcolepsy.26,27 

Difference in the values may be observed because of an update of studies to date as well as pooled dosage analysis for 
each treatment. Besides, the traditional stimulants such as amphetamine and methylphenidate have been approved and 
have a long history of use for EDS in narcolepsy.58–60 We attempted to analyze the studies related to methylphenidate and 
amphetamines for narcolepsy but failed to find any relevant RCTs. Clinical trials are warranted to understand the efficacy 
and safety of methylphenidate and amphetamines under controlled conditions.

The improvement of EDS is expected to translate into benefits in disease severity. By measuring CGI-C and PGI-C, 
the effects of medication on changes in disease severity could be obtained from patients’ and clinicians’ view. Compared 
with previous network meta-analyses,26,27 our study gained insights into comparison in effects of wake-promoting agents 
on changes of disease severity. For clinician-centric scores, all the interventions significantly improved the CGI-C scores 
with substantially larger scores observed with LXB (9.67) and solriamfetol (5.98) versus placebo. The general improve-
ment in CGI-C is consistent with the earlier individual studies of SXB, solriamfetol, and modafinil.61–64 However, for 
PGI-C, most interventions did not have data except solriamfetol and LXB. A statistically significant greater response was 
observed with solriamfetol (9.39), whereas a favorable response was observed with LXB. These results suggest that there 
is consensus between physicians and patients regarding the patient’s conditions. Increasing attention is now being 
directed at the impact of sleep disorders through the patient-reported outcome measurement.65 Authorities such as 
FDA have initiated patient-focused drug development to ensure that patients’ voices could be incorporated in the drug 
development and evaluation.66 As part of the program, the COA Compendium suggested the use of patient-reported PGI- 
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C for the evaluation of EDS associated with narcolepsy.9 Future clinical studies, other than solriamfetol and LXB, need 
to be performed to intervene inthe PGI-C scores, which will enable us to better understand the clinical benefits from the 
patients’ perspective.

The clinical significance threshold of efficacy measure, MWT is an increase of 2 minutes while with ESS it is a decrease 
of 2 points, which can be considered as the minimum level of improvement in the outcome.67 In our study, the results of all 
drugs met the clinical significance threshold, with solriamfetol showing a higher magnitude of benefit when compared with 
other medications.67 The current study also observed that solriamfetol had a higher magnitude of beneficial effect in 
controlling the EDS symptoms as evidenced across the efficacy measures (ESS, MWT, and PGI-C). Interestingly, these 
effects seem to be more pronounced in the objective method of MWT, in which pairwise treatment comparison showed 
statistical improvement of solriamfetol versus modafinil, pitolisant, and SXB. An earlier study reported sustained effects 
until the fifth trial of MWT at 7–9 hours post-dose with solriamfetol, whereas the effect of modafinil or armodafinil 
diminished by the fifth trial of MWT.45,68,69 Owing to the relatively small sample size and lack of head-to-head clinical 
trials, more direct comparison studies are required in the future to further elucidate the comparative efficacy of solriamfetol.

Another strength of our study is the extensive analysis of the safety profile of wake-promoting agents, including 
overall AE, SAE, AE leading to discontinuation, all-cause discontinuation, and several individual AE of interest. 
Consistent with the previous reports, our study found an increased but generally acceptable safety profile for modafinil, 
pitolisant, SXB, and solriamfetol for overall RR of AE.61,70 Though preliminary, the current study additionally observed 
a significantly increased risk of modafinil versus placebo in SAE, and modafinil and SXB versus placebo in AE leading 
to discontinuation. However, we observed similar all-cause discontinuation risk across modafinil, pitolisant, and 
solriamfetol compared with placebo (RR ~1), whereas a significant risk was found with SXB versus placebo. This 
indicates a good acceptability profile of modafinil, pitolisant, and solriamfetol for the treatment of narcolepsy-related 
EDS. To the best of our knowledge, it is the first NMA on comparison of acceptability of any interventions in narcolepsy. 
Interestingly, our results showed lower risk of LXB in almost all safety outcomes measured. However, given that one 
study of LXB was available57 and this may be too early for any conclusions, more evidence is needed in the future to 
clarify the safety profile of LXB.

Different from the previous NMA,26 the present study exploratively assessed the risk of commonly reported AE 
among wake-promoting agents individually. Among AEs related to CNS, headache was the most common AE associated 
with all the treatments, whereas dizziness and insomnia were observed with the treatments other than LXB. The p-scores 
ranking showed a higher risk of solriamfetol for headache, a higher risk of SXB for dizziness, and a higher risk of 
pitolisant for insomnia. Among the GI events, nausea was the most common GI event observed with all the treatments, 
except LXB. When selecting the treatment regimen for patients, a balanced approach of efficacy benefits and acceptable 
safety profile should be considered. Findings of the present study additionally enriched the information for the treatment 
strategy based on the specific safety profile.

Wakefulness-promoting drugs targeting the dopamine system have a potential for psychostimulant drug abuse. From 
this class of medication, modafinil and armodafinil are known to have a lower abuse potential.71,72 The recently approved 
drug solriamfetol is also known to have a lower abuse potential, as reported by Baladi et al,73 which can be attributed to 
lower binding affinity to dopamine and norepinephrine transporters as well as not having a monoamine-releasing effect. 
We attempted to assess the comparative abuse potential of medications in this study; however, the events related to the 
drug abuse could not be mapped as most of the studies have excluded the patients with a history of drug abuse and have 
not mapped the drug abuse events during the trial period. Although a trial related to solriamfetol observed no events 
related to euphoria and indication of abuse or addiction during the study period,56 assessment on comparative abuse 
potential remains worthy of future investigation.

There are several limitations in this study. Notably, the number of trials included for each treatment except modafinil 
varies from three to one. Caution should be exercised in strictly interpreting whether a treatment has led to greater 
improvement compared with others. Further, as the study focused on the most common and burdensome symptom, EDS 
and limited availability of the studies, we have pooled the studies regardless of the edition of ICSD diagnostic criteria for 
narcolepsy or the cataplexy status. This warrants the need for further investigation of effects of NT1 or NT2 on efficacy 
and safety. Also, research on the comparative effect of medications on other symptoms of narcolepsy would be necessary. 
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Apart from the follow-up time for the studies identified being shorter (4–12 weeks), and the sample size being small, 
larger clinical trials with longer follow-up periods in the future are required. The current study also pooled the doses for 
each treatment which may not ascertain the impact of individual doses of treatment on efficacy and safety outcomes. 
Meta-analysis needs to be designed to investigate the optimal dosage for each treatment. Although the onset of 
narcolepsy often occurred in adolescents, the current study has focused on an adult patient population due to the lesser 
number of studies available in the adolescent population.74 Although the heterogeneity was high, we did not perform 
network meta-regression to explore the between-study heterogeneity variance, which may be a future recommendation. 
Further, one of the limitations of the current study is the lack of comparison of effect of different treatments on quality-of 
-life. Since EDS is not only an objective, but also a subjective perception, the treatment goal of narcolepsy should also 
aim to improve quality-of-life. Some studies included in our literature search have evaluated quality-of-life related 
outcomes, however, the tools utilized are quite diverse and inconsistent across different trials, such as the 36-Item Short 
Form Survey (SF-36), the Functional Outcome of Sleep Questionnaire Short Version (FOSQ-10), and the European 
Quality-of-Life Questionnaire (EQ-5D).57,75,76 Besides, none of these scales are narcolepsy-specific and thus may raise 
concerns when assessing the subtle aspects of the quality-of-life imposed by narcolepsy. Hence, more narcolepsy-specific 
measures for quality-of-life outcome should be developed and utilized in future research of narcolepsy treatment. Apart 
from the few points discussed in limitation which needs to be addressed in the future, the present study confirmed the 
improvement of EDS and patient-centric measures with the approved drugs; however, the treatment goal of narcolepsy 
should focus on improving the quality-of-life and functional outcomes with cost-effectiveness, which requires further 
investigation. Another area which requires attention is gender-specific treatment. Narcolepsy treatment might impact men 
and women differently, since women face maternal–fetal outcomes/risk factors during pregnancy and generally have 
a delayed diagnosis compared to men.77–79 Further, gender-specific medication is very important, since the effectiveness 
of steroidal contraceptives (sensitive CYP3A4 substrates) may be affected by the use of pitolisant and modafinil. Hence, 
gender-specific future clinical trials are warranted to understand the differential impact of narcolepsy treatment.

Conclusions
Following our observations, approved interventions are effective in varying degrees for treating excessive sleepiness 
symptoms and investigator/patient-centric scores with acceptable tolerability. Among the interventions analyzed, sol-
riamfetol showed greater improvement with EDS outcomes and patient-centric scores with an acceptable safety profile.
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