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At a glance commentary

Scientific Knowledge on the Subject 

Increasing the activity of the upper airway dilator muscles such as the genioglossus, and thereby 

preventing sleep-related hypotonia, is considered a promising strategy to treat obstructive sleep 

apnea (OSA). Some pre-clinical works identified the main cause of sleep-related hypotonia of 

the pharyngeal muscles to be the central reduction of norepinephrine from wakefulness to sleep. 

In addition, an inhibitory effect of acetylcholine through muscarinic receptors was found to be 

responsible for the REM-related hypotonia. 

What This Study Adds to the Field.

Our trial investigated for the first time the efficacy of the combination of a noradrenergic 

(atomoxetine) and an antimuscarinic (oxybutynin) on OSA severity and on the responsiveness to 

esophageal pressure swings of the genioglossus muscle versus placebo. The combination of 

drugs administered for one night highly reduced the number of obstructive events, improved the 

overnight oxygen desaturation and enhanced the genioglossus muscle activity in this group of 

unselected OSA patients.  The data we collected in this proof-of-concept trial show for the first 

time that it is possible to improve or abolish OSA using drugs with specific neurotransmitter 

profiles administered systemically and warrants further investigations for the clinical application 

of this discovery. 

This article has an online data supplement, which is accessible from this issue's table of content 

online at www.atsjournals.org
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ABSTRACT

Rationale: There is currently no effective pharmacological treatment for obstructive sleep apnea 

(OSA). Recent investigations indicate that drugs with noradrenergic and antimuscarinic effects 

improve genioglossus muscle activity and upper airway patency during sleep. 

Objectives: We aimed to determine the effects of the combination of a norepinephrine reuptake 

inhibitor (atomoxetine) and an antimuscarinic (oxybutynin) on OSA severity (apnea–hypopnea 

index, AHI; primary outcome) and genioglossus responsiveness (secondary outcome) in people 

with OSA.

Methods: 20 people completed a randomized, placebo-controlled, double-blind, crossover trial 

comparing one night of atomoxetine 80mg plus oxybutynin 5mg (ato-oxy) to placebo 

administered prior to sleep. The AHI and genioglossus muscle responsiveness to negative 

esophageal pressure swings were measured via in-laboratory polysomnography. In a subgroup of 

9 patients the AHI was also measured when the drugs were administered separately. 

Measurements and main results: The participants’ median [interquartile range] age was 53 

[46-58] years and body mass index was 34.8 [30.0-40.2] kg/m2. Ato-oxy lowered AHI by 63% 

[34-86%], from 28.5 [10.9-51.6] events/h to 7.5 [2.4-18.6] events/h (p<0.001). Of the 15/20 

patients with OSA on placebo (AHI>10 events/hr), AHI was lowered by 74% [62-88%] 

(p<0.001) and all 15 patients exhibited a ≥50% reduction. Genioglossus responsiveness 

increased ~3-fold, from 2.2 [1.1-4.7]%/cmH2O on placebo to 6.3 [3.0 to 18.3]%/cmH2O on ato-

oxy (p<0.001). Neither atomoxetine nor oxybutynin reduced the AHI when administered 

separately.
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Conclusion: A combination of noradrenergic and antimuscarinic agents administered orally 

before bedtime on one night greatly reduced OSA severity. These findings open new possibilities 

for the pharmacologic treatment of OSA. 
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INTRODUCTION

Obstructive sleep apnea (OSA) is a common disorder that occurs in 6% of women and 13% 

of men in the USA (1). In the presence of an anatomical predisposition, a reduced responsiveness 

of the upper airway dilator muscles—including the genioglossus—during sleep promotes the 

collapse of pharyngeal structures, with ensuing episodes of reduced ventilation, intermittent 

hypoxia, hypercapnia and arousals from sleep (2).

Few treatment options are available for OSA, with most patients being treated with 

continuous positive airway pressure (CPAP) (3). While CPAP is virtually always efficacious 

because it mechanically splints the airway open, limited adherence to this treatment remains a 

major problem (4). Although mandibular advancement devices are better tolerated than CPAP, 

residual events and long-term dental side effects are common and can limit their real-world 

effectiveness (5, 6).  Currently the only OSA intervention that targets the upper airway dilator 

muscles is hypoglossal nerve stimulation; while this approach is promising it also has a limited 

applicability (7). To date, a pharmacologic intervention capable of augmenting genioglossus 

muscle activity for the treatment of OSA remains elusive (8). 

Until recently, withdrawal of endogenous serotonin was considered the key mechanism for 

the loss of genioglossus electromyographic activity (EMGGG) during sleep; however these data 

were based on vagally-denervated animal experiments (9, 10), and it now appears that 

serotonergic mechanisms have minimal effects on genioglossus activity in intact animals (11, 12) 

and in humans (13-15). Two key contributors are now thought to be important: sleep-related 

withdrawal of endogenous noradrenergic drive is a major cause of genioglossus hypotonia, 

particularly during non-rapid eye movement (NREM) sleep (16), and active muscarinic 

inhibition  mediates pharyngeal hypotonia particularly during REM (17). Indeed, our study in 
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humans showed that the administration of the noradrenergic agent desipramine (a tricyclic 

antidepressant, TCA) modestly improved genioglossus activity and upper airway collapsibility 

during NREM sleep and reduced OSA severity in a subgroup of patients (18). Another TCA with 

noradrenergic properties,  protriptyline, was previously investigated in observational studies (19, 

20) and randomized controlled trials (21, 22) for the treatment of OSA. Results were 

inconsistent, with some patients experiencing objective and subjective improvements and others 

no change in OSA severity. Notably, these TCAs have a wide, non-specific spectrum of activity 

including dopaminergic, serotonergic, anti-muscarinic and anti-histaminergic actions. It remains 

unclear whether an agent with a specific noradrenergic profile, combined with an antimuscarinic, 

may lead to a substantial increase in genioglossus activity and improve OSA severity.

Accordingly, we performed a randomized, placebo-controlled double-blind crossover trial to 

assess the effect of a potent, selective norepinephrine reuptake inhibitor (atomoxetine) 

administered in combination with an antimuscarinic drug (oxybutynin) on OSA severity and 

genioglossus responsiveness.   
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METHODS

Subjects

Individuals with a diagnosis of OSA based on a sleep study previously performed were 

eligible to participate the study. Both treated and untreated subjects were included in the study 

(see Table 1) and treated patients were asked to stop the treatment only during the study nights. 

Exclusion criteria included any co-morbid medical condition other than well-controlled 

hypertension, diabetes and hyperlipidemia, use of respiratory stimulants or depressants, 

hypnotics, central nervous system stimulants, central sleep apnea, claustrophobia, inability to 

sleep supine, pregnancy, history of benign prostatic hyperplasia or urinary retention, which can 

be exacerbated by antimuscarinic medications, known allergy to lidocaine, atomoxetine or 

oxybutynin. Participants were enrolled by an experienced investigator who collected the 

informed consent and approval was granted by the Partners’ Institutional Review Board. Patients 

were a convenience sample recruited through our sleep clinic (Brigham and Women’s Hospital, 

Boston, MA), the community (advertisements), and a database of previous research participants. 

The trial ended when 20 enrolled participants completed both study nights.  In a supplementary 

open-label investigation, 9 of the 20 patients who completed the primary study performed an 

adjunctive study in which the single drugs (atomoxetine 80 mg, oxybutynin 5 mg) were 

administered alone in random order over two non-consecutive nights.  

Protocol

The study was performed at the Center for Clinical Investigation at the Brigham and 

Women’s Hospital (Boston, MA). Two overnight sleep studies were performed approximately 

one week apart: a placebo condition (2 pills) and an atomoxetine 80 mg plus oxybutynin 5 mg 
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(ato-oxy) condition, in a double-blind, randomized design (clinical trial NCT02908529). For 

each night, the subjects arrived at the sleep laboratory at approximately 7:00pm. Placebo or ato-

oxy was administered approximately 30 minutes before lights out. Time of lights out was based 

on the patients’ usual bedtime and kept constant between the two study nights. 

The predefined primary outcome endpoint was the apnea hypopnea index (AHI, events/h), 

secondary outcome was the genioglossus muscle responsiveness to esophageal pressure swings 

(%/cmH2O).

Randomization and masking

Study medications were prepared by the Brigham and Women’s Hospital Investigational 

Drug Service (IDS) and were placed in identical capsules that could not be identified by study 

personnel and participants. Participant, care provider, investigators and outcomes assessors 

(including the polysomnography technologist) were blinded to the treatment allocation 

(quadruple blinding). Sequential randomization for the active treatment and placebo order was 

performed by the IDS using a pseudo-random number generator with two randomly permuted 

blocks of 2; all data analyses were performed before unblinding of the intervention allocation. 

Measurements and equipment

In addition to the standard clinical montage for polysomnography (23), subjects breathed 

through a sealed oronasal mask attached to a pneumotachometer (Hans-Rudolph, Kansas City, 

MO, USA; Validyne, Northridge, CA, USA) in order to make accurate airflow measurements. 

To quantify respiratory effort, esophageal pressure (Pes) was measured with a small, flexible, 

pressure-tipped catheter (Millar Instruments, Houston, TX, USA) that was advanced through an 
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anaesthetized (4% lidocaine) nostril until the tip of the catheter was in the lower third of the 

esophagus. Oxygen saturation was measured with an ear oximeter. Electromyographic activity 

from the genioglossus muscle (EMGGG) was measured using two intramuscular electrodes to 

create a bipolar recording (24). After all the equipment was in place, the patient was asked to 

sleep all night in the supine position for apnea-hypopnea index (AHI) calculation and EMGGG 

measurement. Subjective sleep quality and side effects were assessed in the morning. Sleep 

quality was evaluated with a visual analog scale (VAS) that asked patients to rate sleep quality 

from 0 (very bad) to 10 (very good) (25). Blood pressure was tested as part of routine assessment 

by a nurse blinded to treatment allocation in the morning with a single measurement in sitting 

position.

Data analysis

Apneas, hypopneas and arousals were scored using standard American Academy of Sleep 

Medicine guidelines (26) by a registered polysomnography technologist blinded to the treatment 

allocation. Hypopneas were defined as reduction in flow ≥30% from baseline, lasting at least 10 

seconds and were associated with an arousal from sleep or an oxyhemoglobin desaturation ≥3%. 

Respiratory effort-related arousals (RERA) were defined as arousals from sleep following a 

sequence of breaths lasting ≥ 10 seconds that did not meet the criteria for hypopneas (reduction 

in flow <30%) but were characterized by increasing respiratory effort (esophageal pressure 

swings) and flattening of the inspiratory portion of the flow signal. The respiratory disturbance 

index (RDI) was calculated as the sum of apneas, hypopneas and RERAs.
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In addition, we calculated the OSA-specific hypoxic burden (respiratory event-related 

oxygen desaturation area under pre-event baseline curve, per hour), a measure recently shown to 

predict cardiovascular mortality in two large community cohorts (27). 

The spontaneous respiratory-related activation of the genioglossus during sleep was assessed 

as follows: for all artifact-free breaths during non-REM sleep we measured 1.) the peak EMGGG 

(based on rectified moving-time average) in units of %baseline (28) during sleep, %wakefulness 

(24), and %maximum (24, 29), and 2.) esophageal pressure swings (end-expiratory minus peak 

negative pressure, cmH2O). Genioglossus muscle responsiveness was calculated as the slope of a 

linear regression of peak EMGGG against esophageal pressure swings (%/cmH2O) (13). 

Heart rate was measured as the mean heart rate of all night derived from electrocardiogram 

inter-beat (RR) intervals.

Statistical analysis

Subjects were prospectively enrolled until 20 of them completed both study nights. Sample 

size was chosen to facilitate detection of a clinically-important 50±75% reduction in AHI 

(primary outcome; equivalent to a reduction by 15±22.5 events/hr from 30 events/hr) and a 

100±150% increase in genioglossus responsiveness, secondary outcome (80% power, alpha 

0.05). Calculations were based on a previous study with the noradrenergic drug desipramine 

conducted in our laboratory (18), and were assumed to hold for non-parametric analyses. 

Variables were compared using a Wilcoxon matched-pairs signed rank test, with a p-value <0.05 

considered statistically significant. Data are presented as median [interquartile range]. To 

compare the effect of placebo, ato-oxy, atomoxetine alone and oxybutynin alone in the 9 

participants who performed 4 study nights, we used the Friedman’s test with a post-hoc analysis 
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(Wilcoxon) in which each treatment was compared to placebo; the post-hoc analysis was 

conducted with Bonferroni correction (p-threshold=0.017). The effect of the combination on 

AHI was also compared to the effect of the single drugs. Since EMGGG muscle responsiveness 

was compared between nights after normalization for sleep baseline values, quiet wakefulness 

values and maximum EMGGG activity, p-threshold was set at 0.017 after Bonferroni correction. 

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, 

CA, USA).

RESULTS

Participants

A total of 22 patients were enrolled in the study. Two patients who completed the first study 

night did not return for the second study night citing the invasive nature of the study equipment. 

Therefore, data from 20 participants were analyzed for OSA severity on both nights. The 

characteristics of these individuals are described in Table 1, see Figure 1 for the Consort 

diagram. 

EMGGG data from 16 participants were analyzed since 4 did not agree to perform 

intramuscular electromyographic measurement. 

The following side effects were reported during the study on the ato-oxy night: difficulty in 

initiating micturition (N=2 males), dry mouth in the morning (N=1), headache in the morning 

(N=1), and insomnia symptoms (difficulty initiating and maintaining sleep; N=1). On placebo, 3 

patients reported insomnia symptoms. No patient experienced severe side effects or adverse 

events on either night.
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Despite the previous diagnosis of OSA, 5 out of 20 participants exhibited an absence of OSA 

on placebo (AHI<10 events/h). Primary analysis is based on all participants. We also performed 

an analysis that was limited to patients who had OSA on placebo (AHI>10 events/h). 

After the unblinding of the trial, 9 patients (AHI>10 events/h) agreed to come back to 

perform studies in which the drugs atomoxetine and oxybutynin were administered alone in 

random order. Six additional patients who had AHI>10 on placebo night declined to participate 

in this adjunctive study. The experimental set up was identical to the original study except for the 

absence of EMGGG measurement.

Effect of ato-oxy on AHI, oxygen saturation sleep architecture and subjective sleep quality.

Overall, ato-oxy reduced the AHI by ~16 events/h or 63% compared with placebo (Table 2; 

see Figure 2A for individual data). Effects of the intervention on AHI specific to rapid-eye-

movement (REM) and non-REM (NREM) sleep stages, oxygen desaturation index, arousal 

index, sleep architecture, and subjective sleep quality are shown in Table 2. 

Nadir oxygen saturation was increased with ato-oxy versus placebo (Figure 2B). Baseline 

saturation was 98.8 [98.1 to 99.4]% on placebo vs 99.5 [99.3 to 99.7]% on ato-oxy (p=0.048), 

average desaturation associated with respiratory events during NREM sleep was 3% [1.7 to 

4.8%] on placebo vs 1.9% [1.5 to 3.7%] on ato-oxy, p=0.005, average desaturation associated 

with respiratory events in REM was 3.8% [2.1 to 7.7%] on placebo vs 1.5% [1 to 2.1%] on ato-

oxy, p=0.02. The time spent with oxygen saturation below 90% (T90) was 0.2 [0 to 2.3]%TST 

on placebo vs 0 [0 to 0]%TST on ato-oxy, p=0.001. The OSA-specific hypoxic burden (27) was 

28.7 [16.7 to 56.3] (%min)/h on placebo vs 4.6 [1.4 to 15.2] (%min)/h on ato-oxy, p<0.001. 
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Although the arousal index was not different in the ato-oxy compared to placebo night, there 

was a strong, direct relationship between the reduction in AHI and the reduction in the arousal 

index (Figure 3A). The proportion of respiratory arousals was higher on placebo compared to 

ato-oxy night (76.6% [50 to 91%] vs 43% [20 to 70%] respectively, p<0.001). The patients with 

the highest AHI on placebo had the best improvement in arousal index, sleep efficiency and 

subjective sleep quality (Figure 3). The change in subjective sleep quality from placebo to ato-

oxy was directly related to the change in sleep efficiency (p=0.008, r=0.58). Hypnograms from 

placebo and ato-oxy nights of a representative patient are shown in the online supplement 

(Figure S1). The time spent supine was similar between the 2 nights: 91±16% of total sleep time 

on placebo vs 96±7% on ato-oxy (p=0.15). 

When analysis was limited to the 15 patients with OSA on placebo (AHI≥10 events/h), ato-

oxy reduced sleep apnea severity by approximately 28 events/h or 74% (p<0.001, see Table 3). 

In this subgroup, the objective and subjective sleep quality improved: median total sleep time 

increased by 45 minutes (p=0.049), sleep efficiency increased from 56 to 69% (p=0.018) and 

subjective sleep quality scores were significantly higher after ato-oxy rather than placebo 

administration. All 15 patients exhibited a ≥50% reduction in AHI, and 7/15 patients also 

exhibited an AHI on treatment below 10 events/h (i.e. complete response). 

Effect of ato-oxy on heart rate and blood pressure

 Heart rate (mean from overnight electrocardiogram) and blood pressure (morning) values are 

reported in table 2. Heart rate was 2.6 beats higher on ato-oxy compared to placebo and there 

was no significant effect on blood pressure (systolic or diastolic). 
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Effect of ato-oxy on EMGGG

Genioglossus muscle responsiveness was greater on ato-oxy compared to placebo (6.3 [3.0 to 

18.3] versus 2.2 [1.1 to 4.7] %baseline/cmH2O; p<0.001; N=16, see Figure 4 for details and 

explanations). Ato-oxy did not significantly increase genioglossus responsiveness when 

presented in units of %wakefulness (p=0.065) or %maximum (p=0.43), see Online Supplement.  

Single drug trial

In the subset of 9 patients who performed two adjunctive sleep studies to assess the impact of 

atomoxetine or oxybutynin alone on OSA severity, there was a statistically significant difference 

in AHI depending on which type of treatment was administered (p=0.012, Friedman’s test). 

Median AHI values for each treatment group are reported in Figure 5. There were no significant 

effects on AHI of atomoxetine alone or oxybutynin alone versus placebo, despite the significant 

effect of ato-oxy versus placebo (p=0.011). AHI values of placebo, atomoxetine alone and 

oxybutynin alone were not different even when analyzed in REM and NREM sleep separately 

(p>0.7).

DISCUSSION

Our study shows that the combination of atomoxetine and oxybutynin administered before 

bedtime can acutely reduce or abolish OSA in patients with a wide range of severity. To date, no 

other pharmacologic therapy has demonstrated such an important effect on OSA. 
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Atomoxetine is a selective norepinephrine reuptake inhibitor approved in US for the 

treatment of attention-deficit hyperactivity disorder in adults and children. As previously stated, 

increasing the concentration of norepinephrine during sleep in the brainstem could stimulate the 

upper airway motoneurons to similar levels as seen during wakefulness (24). In addition to its 

high affinity and specificity for the norepinephrine transporter, in-vitro experiment showed that 

atomoxetine also blocks G-coupled inwardly rectifying potassium (GIRK+) channels, which play 

an important role in pharyngeal hypotonia during sleep by reducing hypoglossal motoneuron 

excitability (29, 30). Atomoxetine at doses varying from 40 to 80 mg was tested previously by 

Bart Sangal and colleagues in a 4-week prospective observational study on 15 patients with mild 

OSA (31). The authors showed that the administration of atomoxetine before sleep did not 

reduce the AHI and RDI but nevertheless improved subjective sleepiness. The data collected in 

our adjunctive study confirm the findings from Bart Sangal et al. in respect to OSA severity, and 

extend their observations to the patients with moderate to severe OSA, since atomoxetine did not 

reduce the AHI when administered alone.  

Oxybutynin is an antimuscarinic which has high affinity for all muscarinic receptors (M1-

M5) and is approved in the US for the treatment of overactive bladder. Work by Lui et al. 

suggested that acetylcholine has mixed effects on the hypoglossal motornucleus, with 

muscarinic-mediated genioglossus suppression normally exceeding nicotinic excitation (32). 

Muscarinic blockade may prevent the inhibitory effect of acetylcholine on upper airway muscle 

tone during REM sleep, and increase the concentration of acetylcholine available for nicotinic 

receptors (33), thus cooperating with norepinephrine in the stimulation of upper airway dilator 

muscles. Interestingly, it has been shown that the inhibitory  muscarinic receptor M2, which is 

antagonized by oxybutynin, is one of the few G protein-coupled receptors differentially 
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expressed in both the pre-motor and motor areas of the hypoglossal motor nucleus compared to 

the rest of the brain suggesting that this receptor has an important role in the modulation of 

hypoglossal nerve activity (34). The original hypothesis, derived from animal studies by Horner 

and colleagues, that noradrenergic drugs could increase upper airway muscle activity 

preferentially during NREM sleep (16) while antimuscarinic administration can reverse REM 

sleep atonia (17), is challenged by the observation that no improvement in AHI was observed 

over the entire night or during NREM or REM sleep when the drugs were administered alone. 

However, the combination was clearly quite effective in both states. One possibility is that the 

two drugs combined may have synergistic effects on upper airway dilator muscles: beside 

preventing genioglossus REM-related atonia, the antimuscarinic scopolamine significantly 

increased genioglossus respiratory-related activity during NREM sleep in animal model (17).  

Another possibility is that the two drugs combined may target different pathophysiologic traits 

other than the muscle activity, reducing for example the respiratory control instability or 

increasing sleep consolidation by reducing arousability (2). Accordingly, we assessed the effects 

of the agents administered together and separately on the respiratory arousal threshold 

(esophageal pressure triggering arousals) and found that atomoxetine caused a reduction in the 

arousal threshold by 6.2 cmH2O (p=0.03) when administered alone, and this effect was probably 

related to the alerting effects associated with the central increase in norepinephrine. Interestingly, 

in the same patients the reduction in arousal threshold on ato-oxy was a non-significant 2.6 

cmH2O (p=0.79). These data suggest that the administration of oxybutynin could attenuate the 

alerting effect of atomoxetine through mechanisms that need to be investigated. (see Online 

Supplement, Figure S2). Interestingly, previous animal data showed that the administration of 

the antimuscarinic atropine could abolish the fast, low amplitude EEG activity induced by an 
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adrenergic stimulant of the central nervous system (amphetamine) and induce low-frequency, 

high-amplitude brainwaves typical of NREM sleep (35). It is still uncertain if this mechanism is 

at work in our combination therapy and more studies need to be performed. The possibility that 

the simultaneous administration of these two drugs can both increase upper airway muscle 

activity and consolidate sleep would be desirable properties for the treatment of OSA (34).  

Limitations

Given that our study was a proof-of-concept, physiological trial, it is premature to employ the 

combination of atomoxetine and oxybutynin as a treatment option for OSA. Longer and larger 

studies are needed to confirm efficacy and safety of these two compounds in the greater 

population of OSA patients. To confirm our findings and test the durability of these drugs, we 

collected pilot data on six patients that took the drug combination for one week after a baseline 

study in a prospective observational open-label study. We again found similar reduction in AHI 

(63% [53 to 70], p<0.001, see online data supplement for more details) suggesting that the 

effects of the drugs in the long term may be similar to those of the first night. 

While the combination of atomoxetine and oxybutynin had a significant favorable effect on 

AHI and oxygenation, the effects on sleep consolidation were not evident in the overall 

population studied. A possible explanation is that the invasive nature of the study equipment may 

have prohibited improvements in sleep that were expected to accompany improvements in 

respiration. Alternatively, beneficial effects on sleep may be limited to patients with OSA. 

Indeed, when we limit analysis to patients with OSA on placebo (AHI>10) we observed an 

increase in sleep efficiency, and total sleep time, and a trend for a reduction in arousal index (this 
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trend becomes significant in the 13 patients with AHI>15 on placebo, see Online Supplement). 

Moreover, Figure 3 shows that the improvement in sleep parameters depends on the baseline 

OSA status. In this study we found no difference in sleep architecture, except for a trend for a 

9% increase in N2 (p=0.05) on ato-oxy compared to placebo. Although the proportion of REM 

sleep was similar between nights, it is known that the administration of adrenergic and 

antimuscarinic drugs could reduce the time spent in REM sleep. Accordingly, pilot data collected 

after a week of therapy in 6 patients showed an 11% reduction in REM sleep on ato-oxy 

compared to placebo (p=0.03). It remains to determine if this reduction will be confirmed over 

time in a wider population of OSA patients and if it may have clinically meaningful 

consequences.   

It is important to note that atomoxetine is an adrenergic drug contraindicated in patients with 

severe cardiovascular conditions such as heart failure or cardiomyopathies, and oxybutynin could 

cause severe, dose-dependent, anticholinergic side effects. In our trial we tested only one dose of 

ato-oxy and it remains unknown if lower doses of the combination could have similar efficacy, 

less side effects and higher safety profile. 

Lastly, although all 15 individuals with OSA on placebo (AHI>10) showed a clear reduction 

in OSA severity (>50%), 8 of these patients had still a residual AHI≥10 events/hr on the drug 

combination, suggesting that a subgroup of patients may be resistant to complete OSA resolution 

using this potential therapy. Since the trial was designed as a proof-of-concept, one-night 

physiology study, patients were not fully characterized clinically, for example we did not 

systematically evaluate the baseline subjective or objective sleepiness. Moreover, in the attempt 

to reduce the equipment burden on the patients, we did not measure limb movements during 

sleep. Thus, more data are needed to identify specific clinical or physiological phenotypic traits 
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predicting success or failure (2). Nonetheless, the current study found a major reduction in AHI 

and improvement in oxygen levels across a wide range of OSA severity. Further investigation 

into long-term therapeutic efficacy is warranted.

Conclusions

 In summary, this trial showed for the first time that pharmacological resolution of OSA is 

possible using a combination of noradrenergic and antimuscarinic drugs with specific 

neurotransmitter receptor binding profiles that activate the upper airway dilator muscles during 

sleep. This discovery opens new possibilities for the future treatment of OSA.
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Table 1. Characteristics of the patients.

Female gender, n (%) 4 (20)

Age, years 53 [46.5 to 57.8]

BMI, kg/m2 34.8 [30.0 to 40.2]

Neck circumference, cm 42.3 [39.9 to 44.6]

Waist circumference, cm 108.9 [103.8 to 125.5]

OSA treatment, n (%)
                          CPAP compliant
                          CPAP non-compliant
                          Oral appliance
                          None

5 (25)
5 (25)
1 (5)
9 (45)

Comorbidities, n (%)
                          Hypertension
                          Diabetes
                          Hypercholesterolemia

7 (35)
2 (10)
3 (15)

Medications, n (%) 
                           ACE-I / ARB
                           Ca++ antagonists
                           β-blockers
                           Spironolactone
                           HCTZ
                           Antilipidemic
                           Antihistaminic
                           PPI

5 (20)
3 (15)
2 (10)
2 (10)
1 (5)
3 (15)
2 (10)
2 (10)

Data are presented as median [interquartile range] unless otherwise specified. BMI: body 

mass index; OSA: obstructive sleep apnea; CPAP: continuous positive airway pressure; ACE-I: 

angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; HCTZ: 

hydrochlorothiazide; PPI, protonic pump inhibitor.
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Table 2. OSA severity and sleep architecture on and off the drugs for all the 
participants (N=20).

Placebo Ato-oxy Median change P value
AHI total, events/h 28.5 [10.9 to 51.6] 7.5 [2.4-18.6] -15.9 [-7.3 to -35.3] <0.001

                %change -63 [-33 to -86]

        AHI supine, events/h     30.8 [9.6 to 53.6] 7.5 [2.3 to18.3] -22.1 [-39.8 to -3.4] <0.001

                %change -64 [-88 to -43]

        AHI NREM*, events/h     29.1 [5.4 to 53.7] 7.5 [2.4 to 20.5] -16.8 [-40.3 to -1.8] <0.001

                %change -63 [-86 to -32]

        AHI REM*†, events/h     30.6 [26.5 to 54.7] 2.9 [0 to 14.4] -24.3 [-53.2 to -14.4] 0.004

                %change -88 [-95 to -54]

Apnea Index, events/h 4.3 [1.3 to 10.7] 0.3 [0 to 1.6] 1.5 [0.5 to 9] <0.001

ODI 3%, events/h 12.9 [4.6 to 35.0] 3.4 [0.3 to 12.2] -5.4 [-14.3 to -2.5] <0.001

Nadir SaO2, % 84 [79.3 to 92.0] 94 [89.5 to 95.9] 8.0 [3.3 to 15.0] <0.001

RDI, events/h 35.6 [12.8 to 55.0] 16.5 [8.3 to 29.1] -16.3 [-1.6 to -32.8] <0.001

Arousal index, events/h     44.4 [18.4 to 62.1] 40.7 [25.7 to 50.0] -5.1 [-16.1 to 8.5] 0.30

Total sleep time, mins 257 [172 to 304] 287 [240 to 317] 22 [-41 to 80] 0.30

Sleep efficiency, %TIB 67 [45 to 86] 71 [63 to 84] 3 [-7 to 18] 0.16

N1, %TST 20 [12 to 52] 30 [20 to 37] 3 [-20 to 13] 0.78

N2, %TST 32 [16 to 40] 36 [26 to 46] 9 [-5 to 16] 0.05

N3, %TST 5 [0 to 17] 0 [0 to 13] -2 [-9 to 0] 0.18

REM, %TST 9 [1 to 15] 5 [0 to 13] -2 [-8 to 6] 0.44

Subjective sleep quality, VAS score 6 [4.0 to 8.8] 7 [4.3 to 8.0] 0.5 [0.0 to 2.0] 0.10

Heart rate, bpm 69.2 [62.0 to 77.5] 73.8 [66.5 to 79.8] 2.6 [-0.5 to 7] 0.003

Systolic blood pressure, mmHg 135.5 [123.3 to 
146.5] 

139.5 [124.5 to 
149.0]

3 [-8.5 to 14] 0.605

Diastolic blood pressure, mmHg 82.5 [70.8 to 91.0] 85.5 [71.8 to 91.5] 3.5 [-14 to 9.8] 0.677

Data are presented as median [interquartile range]. AHI: apnea-hypopnea index; NREM: non-
rapid eye movement sleep; ODI 3%, Oxygen desaturation index, 3% desaturation; SaO2: arterial 
oxygen saturation; ODI: oxygen desaturation index; RDI, respiratory disturbance index; TIB: 
time in bed; TST, total sleep time; N1-2-3: non-REM stage 1-2-3; VAS, visual analog scale. 

*AHI is calculated in supine position. 
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†REM AHI was calculated only in 9 patients in which at least 10 minutes of REM sleep were 
available in both nights.

Table 3. OSA severity and sleep architecture on and off the drugs in patients with 
AHI>10 on the placebo night (N=15).

Placebo Ato-oxy Median change P value
Total AHI, events/h 36.7 [23.9 to 53.8] 8.5 [2.3 to 20.8] -27.7 [-35.6 to -15.4] <0.001

                %change -74 [-88 to -62]

        AHI supine, events/h     34.1 [29.5 to 57.5] 8.5 [2.3 to 22.1] -29.3 [-44.0 to -15.4] <0.001

                %change -78 [-88 to -63]

        NREM*, events/h     34.6 [22.3 to 57.5] 8.8 [2.3 to 22.0] -29.9 [-43.9 to -10.2] <0.001

                %change -74 [-88 to -57]

        REM*†, events/h     41.0 [24.6 to 63.2] 2.2 [0 to 14.3] -34.0 [-61.0 to -13.2] 0.004

                %change -88 [-96 to -61]

Apnea Index, events/h 5.8 [1.8 to 15.0] 0.3 [0 to 1.3] -5.5 [-1 to -12.9] <0.001

ODI 3%, events/h 21.4 [6.1 to 39.3] 3.7 [0.3 to 26.2] -6.2 [-17.7 to -2.4] <0.001

Nadir SaO2, % 84 [79 to 92] 94 [88 to 96] 9 [4 to 17] <0.001

RDI, events/h 42.4 [28.3 to 57.4] 22.4 [9.2 to 31.0] -20.1 [-12.8 to -38.0] <0.001

Arousal index, events/h     49.1 [35.0 to 63.7] 46.0 [35.5 to 55.5] -9.9 [-21 to 4.9] 0.064

Total sleep time, mins 212 [155 to 264] 289 [221 to 307] 45 [-6 to 97] 0.0496

Sleep efficiency, %TIB 56 [38 to 72] 69 [63 to 81] 12 [1 to 29] 0.018

N1, %TST 29 [19 to 53] 32 [25 to 38] 2 [-25 to 13] 0.323

N2, %TST 20 [15 to 38] 33 [24 to 47] 12 [4 to 17] 0.0175

N3, %TST 3 [0 to 16] 0 [0 to 5] -2 [-9 to 0] 0.21

REM, %TST 5 [0 to 10] 6 [0 to 12] 0 [-6 to 7] 0.85

Subjective sleep quality, VAS score 5 [2 to 8] 7 [4 to 8] 1 [0 to 2] 0.036

Heart rate, bpm 70 [62 to 77] 74 [69 to 80] 6 [1 to 7] 0.003

Systolic blood pressure, mmHg 140 [130 to 149] 143 [144 to 148] 1 [-7 to 7] 0.83

Diastolic blood pressure, mmHg 84 [75 to 91] 86 [77.5 to 92] 2 [-15 to 10.5] 0.99

Data are presented as median [interquartile range]. AHI: apnea-hypopnea index; NREM: non-
rapid eye movement sleep; ODI 3%, Oxygen desaturation index, 3% desaturation; SaO2: arterial 
oxygen saturation; ODI: oxygen desaturation index; RDI, respiratory disturbance index; TIB: 
time in bed; TST, total sleep time; N1-2-3: non-REM stage 1-2-3; VAS, visual analog scale. 

*AHI is calculated in supine position. 

Page 28 of 45 AJRCCM Articles in Press. Published on 05-November-2018 as 10.1164/rccm.201808-1493OC 

 Copyright © 2018 by the American Thoracic Society 



†REM AHI was calculated only in 6 patients in which at least 10 minutes of REM sleep were 
available in both nights.
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Figure Legends

Figure 1. Consort diagram of the clinical trial.

Figure 2. Individual data showing the effect of atomoxetine plus oxybutynin (ato-oxy) on AHI 
(Panel A) and nadir SaO2 (Panel B). Bold horizontal lines indicate median values, thin lines 
indicate 25th and 75th percentiles. 19/20 subjects had a reduction in OSA severity. Gray lines 
indicate patients with an AHI<10 on placebo night.

Figure 3: Relationship between AHI reduction and (A) arousal index reduction, (B) sleep 
efficiency increase and (C) sleep quality improvement on ato-oxy compared to placebo. The 
improvement in arousal index, sleep efficiency and subjective sleep quality from placebo to ato-
oxy night were all related to the severity of OSA on placebo night (panels D, E, F, respectively) 
so that the patients with the highest AHI on placebo had the best improvement in sleep 
parameters and, on the contrary, those with mild or no OSA had less or no improvement in 
objective and subjective sleep quality. 

   

Figure 4. Panel A. Group data showing the effect of atomoxetine plus oxybutynin (ato-oxy) on 
genioglossus muscle responsiveness. Muscle responsiveness reflects the change in genioglossus 
muscle electromyographic activity (percent of baseline) per change in esophageal pressure (Pes) 
swings during spontaneous breathing in non-REM sleep (see example in Panel B for 
physiological context). Note that the median responsiveness on ato-oxy (slope of solid line) is 
greater than the responsiveness on placebo (slope of dashed line). Shaded areas represent 
interquartile range of the slopes. Horizontal error bars illustrate interquartile range of baseline 
Pes; baseline values (EMGGG=100%) are offset vertically to facilitate visualization of error bars. 
Panel B. Example raw data are shown to provide context. Signals illustrate a spontaneous 
increase in genioglossus muscle activity with increasing Pes swings during sleep. Note the 
restoration of airflow (Flow) accompanying increasing muscle activity. EMGGG: 
electromyography of genioglossus; mta: moving time average; Pes: esophageal pressure.       

Figure 5. Group data showing AHI on placebo, ato-oxy, oxybutynin alone and atomoxetine 
alone in 9 patients. White lines indicate medians, boxes indicate 25th (bottom) and 75th (top) 
percentiles. * Indicates p=0.01 vs. placebo.   
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Figure 1. Consort diagram of the clinical trial. 
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Figure 2. Individual data showing the effect of atomoxetine plus oxybutynin (ato-oxy) on AHI (Panel A) and 
nadir SaO2 (Panel B). Bold horizontal lines indicate median values, thin lines indicate 25th and 75th 

percentiles. 19/20 subjects had a reduction in OSA severity. Gray lines indicate patients with an AHI<10 on 
placebo night. 
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Figure 3: Relationship between AHI reduction and (A) arousal index reduction, (B) sleep efficiency increase 
and (C) sleep quality improvement on ato-oxy compared to placebo. The improvement in arousal index, 

sleep efficiency and subjective sleep quality from placebo to ato-oxy night were all related to the severity of 
OSA on placebo night (panels D, E, F, respectively) so that the patients with the highest AHI on placebo had 
the best improvement in sleep parameters and, on the contrary, those with mild or no OSA had less or no 

improvement in objective and subjective sleep quality. 
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Figure 4. Panel A. Group data showing the effect of atomoxetine plus oxybutynin (ato-oxy) on genioglossus 
muscle responsiveness. Muscle responsiveness reflects the change in genioglossus muscle 

electromyographic activity (percent of baseline) per change in esophageal pressure (Pes) swings during 
spontaneous breathing in non-REM sleep (see example in Panel B for physiological context). Note that the 

median responsiveness on ato-oxy (slope of solid line) is greater than the responsiveness on placebo (slope 
of dashed line). Shaded areas represent interquartile range of the slopes. Horizontal error bars illustrate 

interquartile range of baseline Pes; baseline values (EMGGG=100%) are offset vertically to facilitate 
visualization of error bars. Panel B. Example raw data are shown to provide context. Signals illustrate a 
spontaneous increase in genioglossus muscle activity with increasing Pes swings during sleep. Note the 

restoration of airflow (Flow) accompanying increasing muscle activity. EMGGG: electromyography of 
genioglossus; mta: moving time average; Pes: esophageal pressure. 
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Figure 5. Group data showing AHI on placebo, ato-oxy, oxybutynin alone and atomoxetine alone in 9 
patients. White lines indicate medians, boxes indicate 25th (bottom) and 75th (top) percentiles. * Indicates 

p=0.01 vs. placebo.   

88x70mm (300 x 300 DPI) 

Page 35 of 45  AJRCCM Articles in Press. Published on 05-November-2018 as 10.1164/rccm.201808-1493OC 

 Copyright © 2018 by the American Thoracic Society 



 

ONLINE DATA SUPPLEMENT

The Combination of Atomoxetine and Oxybutynin Greatly Reduces Obstructive Sleep 
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SUPPLEMENTAL RESULTS

Table S1. Genioglossus muscle responsiveness on and off the drugs. 

Muscle responsiveness Placebo Ato-oxy Median change P value

%baseline/cmH2O 2.2 [1.0 to 4.9] 6.3 [3.0 to 20.8] 2.8 [1.0 to 10.5] 0.0006

        %change 102 [50 to 183]

%wakefulness/cmH2O 3.5 [2.0 to 9.3] 7.5 [3.0 to 25.8] 4 [0.8 to 17.8] 0.065

        %change 71 [-13 to 207]

% maximum/cmH2O 0.2 [0.1 to 0.4] 0.3 [0.1 to 0.6] 0.1 [0.1 to 0.3] 0.43

        %change 141 [-26 to 536] 

Data are presented as median [interquartile range]. 
Baseline was calculated as the median Peak EMGGG during non-REM sleep with non flow-
limited breaths and relatively small esophageal pressure swings (-11.0 [-17.6 to -6.8] cmH2O).
Wakefulness value was calculated as the median EMGGG peak value during quiet breathing 
(absence of movement artifacts such as swallowing, speech, yawns) in supine position from at 
least 5 minutes of wakefulness recording.
Maximum EMGGG activity was measured during wakefulness on each night by triplicate 
measures of swallowing and tongue protrusion against the upper or lower incisors. The single 
maximum value obtained was used for normalization.
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 Table S2. OSA severity and sleep architecture on and off the drugs in patients with 
AHI>15 on the placebo night (N=13).

Placebo Ato-oxy Median change P value

Total AHI, events/h 36.8 [31.2 to 54.1] 11.8 [5.0 to 21.2] -31.7 [-38.5 to -16.1] <0.001

                %change -70.6 [-89.8 to -61.6]

        AHI supine, events/h     37.2 [31.2 to 54.7] 11.8 [4.5 to 22.2] -35.4 [-42.5 to -28.0] <0.001

                %change -73 [-90 to -62]

        NREM*, events/h     37.0 [32.5 to 54.9] 11.1 [22.3 to 4.5] -35.5 [-43.2 to -22.1] <0.001

                %change -72 [-90 to -61]

        REM*†, events/h     41.0 [24.6 to 63.2] 2.2 [0 to 14.3] -34.0 [-61.0 to -13.2] 0.004

                %change -88 [-96 to -61]

Apnea Index, events/h 8.1 [5.3 to 20.1] 0.3 [0 to 0.4] -5.8 [-18.8 to -1.3] <0.001

ODI 3%, events/h 22.7 [6.4 to 39.3] 3.7 [0.3 to 26.2] -9.2 [-17.7 to -2.4] <0.001

Nadir SaO2, % 82 [76.5 to 92.5] 92 [87.5 to 95.9] 7 [3.4 to 17.5] 0.001

Arousal index, events/h     55.8 [46.4 to 63.2] 47.3 [39.9 to 49.4] -11.3 [-21 to 7.8] 0.040

Total sleep time, mins 196 [155 to 237] 278 [221 to 305] 55 [-6 to 139] 0.071

Sleep efficiency, %TIB 49 [38 to 61] 67 [63 to 77] 16 [1 to 38] 0.046

N1, %TST 46 [19 to 56] 33 [29 to 42] -18 [-25 to 14] 0.210

N2, %TST 19 [15 to 24]  28 [24 to 39] 11 [4 to 17] 0.049

N3, %TST 0 [0 to 6] 0 [0 to 0] 0 [-4 to 0] 0.5

REM, %TST 4 [0 to 10] 7 [1 to 13] 0 [-2 to 12] 0.399

Subjective sleep quality, VAS score 5 [2 to 8] 5 [4 to 8] 1 [0 to 2] 0.076

Heart rate, bpm 73 [63 to 78] 74 [70 to 81] 6 [1 to 7] 0.009
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Systolic blood pressure, mmHg 142 [136 to 151] 144 [138 to 150] 0 [-7 to 5] 0.78

Diastolic blood pressure, mmHg 84 [75 to 91] 89 [85 to 92] 2 [-9 to 7.5] 0.89

Data are presented as median [interquartile range]. AHI: apnea-hypopnea index; NREM: non-
rapid eye movement sleep; ODI 3%, Oxygen desaturation index, 3% desaturation; SaO2: arterial 
oxygen saturation; ODI: oxygen desaturation index; TIB: time in bed; TST, total sleep time; N1-
2-3: non-REM stage 1-2-3; VAS, visual analog scale. 

*AHI is calculated in supine position. 
†REM AHI was calculated only in 6 patients in which at least 10 minutes of REM sleep were 
available in both nights.
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Table S3. OSA severity and sleep architecture at baseline and after 1 week of atomoxetine 
80 mg + oxybutynin 5 mg (N=6). Pilot data from a prospective study. 

Baseline Ato-oxy Median change P 
value

Total AHI, events/h 32.8 [20.5 to 51.9] 11.4 [9.1 to 19.3] -23.0 [-33.2 to -10.4] 0.031

                %change -63 [-86 to -34]

AHI supine, events/h     52.8 [28.4 to 78.6] 18.1 [12.6 to 22.0] -39.3 [-51.5 to -11.8] 0.031

                %change -65 [-76 to -50]

        NREM*, events/h     59.4 [27.1 to 78.6] 18.8 [12.6 to 21.9] -41.0 [-57.7 to -10.0] 0.031

                %change -63 [-75 to -48]

        REM*†, events/h     52.0 [18.2 to 80.5] 13.5 [4.8 to 23.0] -33.2 [-72.3 to -4.0] 0.25

                %change -65 [-79 to -29]

ODI 3%, events/h 25.4 [16.9 to 46.7] 13.1 [9.8 to 34.0] -10.5 [-17.2 to -5.4] 0.063

Mean SaO2, % 95.1 [92.8 to 98.0] 95.8 [94.4 to 97.8] 0.4 [-0.7 to 2.4] 0.625

Nadir SaO2 82.0 [69.5 to 89.8] 88.0 [76.8 to 92.3] 4.5 [1.0 to 11.0] 0.031

Arousal index, events/h     37.1 [21.6 to 66.0] 30.6 [27.6 to 36.2] -11.1 [-30.8 to 11.6] 0.438

Total sleep time, mins 309 [237 to 371] 314 [259 to 352] -8 [-39 to 74] >0.99

Sleep efficiency, %TIB 78 [56 to 87] 77 [65 to 85] 1 [-6 to 13] 0.688

N1, %TST 28 [15 to 44] 33 [23 to 42] 4 [-13 to 17] 0.688

N2, %TST 47 [26 to 64] 49 [44 to 56] -1 [-10.5 to 21.5] 0.844

N3, %TST 7 [1 to 13.5] 11 [3 to 25] 4 [-7 to 21] 0.469

REM, %TST 14 [11 to 27] 5 [0 to 8] -11 [-16 to -9] 0.031

ESS score 8 [6 to 11] 4.5 [2 to 6] -4.5 [-8.5 to 0.3] 0.125

Heart rate, bpm 68.5 [59.0 to 79.5] 74.0 [59.3 to 88.8] 3.5 [-11 to 15.5] 0.687
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Systolic blood pressure, mmHg 132.0 [131.0 to 152.3] 139.0 [127.3 to 142.0] -1 [-18.3 to 9.3] 0.625

Diastolic blood pressure, mmHg 77 [75.3 to 86.8] 73 [67.3 to 87.8] -3.5 [-14 to 7.8] 0.563

Data are presented as median [interquartile range]. AHI: apnea-hypopnea index; NREM: non-
rapid eye movement sleep; ODI 3%, Oxygen desaturation index, 3% desaturation; SaO2: arterial 
oxygen saturation; ODI: oxygen desaturation index; TIB: time in bed; TST, total sleep time; N1-
2-3: non-REM stage 1-2-3; ESS, Epworth sleepiness scale; bpm, beats per minutes. 

*AHI is calculated in supine position. 
†REM AHI was calculated only in 4 patients in which at least 10 minutes of REM sleep were 
available in both nights.
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SUPPLEMENTAL FIGURES

A. Placebo.
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B. Atomoxetine and oxybutynin.

Figure S1. 
Example of hypnograms of a representative patient. Figure A and B show from top to bottom: 
Sleep stages, respiratory events/arousals, body position, oxygen saturation (SpO2) and plots with 
summaries of sleep stages (left), respiratory events index (center) and the proportion of events 
for any given length (right). Figure A shows hypnogram on placebo night. This subject’s sleep 
was highly fragmented with several hypopneas (AHI 54/h), arousals and periods of wakefulness 
placebo night (A). On ato-oxy night (B) sleep was more consolidated with less wakefulness and 
more non-REM sleep stage 1 (N1), N2 and REM while N3 was absent on both nights. There 
were no oxygen saturation drops and hypopneas were reduced in number (AHI 7/h) and duration. 
R: rapid eye movement (REM) sleep; W, wakefulness; OH, obstructive hypopneas; CA, central 
apneas; OA, obstructive apneas; AR, arousals.  
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Figure S2. Esophageal pressure (Pes) swings were quantified based on the nadir pressure minus 
the level at the start of inspiration. Similar to previous physiological studies (1), Pes swings 
immediately prior to arousal onset were identified and included in the analysis if they were 
preceded by at least 3 progressively greater esophageal pressure swings in presence of flow-limited 
breaths or apneas in the flow signal. Arousals were otherwise considered spontaneous (non-
respiratory) and excluded from the analysis. A low respiratory arousal threshold can limit the 
neuromuscular compensation of the upper airway and it is considered deleterious for the 
pathogenesis of obstructive sleep apnea (2, 3). 
Atomoxetine caused a reduction in the arousal threshold by 6.2 cmH2O (*p=0.03 vs placebo) 
likely because of its adrenergic properties, but the reduction in arousal threshold on atomoxetine-
plus-oxybutynin (ato-oxy) was a non-significant 2.6 cmH2O (p=0.79). These data suggest that 
the administration of oxybutynin could attenuate the alerting effect of atomoxetine. Accordingly, 
previous data suggest that antimuscarinics can antagonize the central activating properties of 
noradrenergic drugs in animal models (4). These data refer to 6 patients who performed Pes 
measurements in all 4 conditions. White lines indicate medians, boxes indicate 25th (bottom) and 
75th (top) percentiles.
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