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ABSTRACT Hypnotics are contraindicated in obstructive sleep apnoea (OSA) because of concerns of
pharyngeal muscle relaxation and delayed arousal worsening hypoxaemia. However, human data are
lacking. This study aimed to determine the effects of three common hypnotics on the respiratory arousal
threshold, genioglossus muscle responsiveness and upper airway collapsibility during sleep.

21 individuals with and without OSA (18–65 years) completed 84 detailed sleep studies after receiving
temazepam (10 mg), zolpidem (10 mg), zopiclone (7.5 mg) and placebo on four occasions in a
randomised, double-blind, placebo-controlled, crossover trial (ACTRN12612001004853).

The arousal threshold increased with zolpidem and zopiclone versus placebo (mean±SD −18.3±10 and
−19.1±9 versus −14.6±7 cmH2O; p=0.02 and p<0.001) but not with temazepam (−16.8±9 cmH2O;
p=0.17). Genioglossus muscle activity during stable non-REM sleep and responsiveness during airway
narrowing was not different with temazepam and zopiclone versus placebo but, paradoxically, zolpidem
increased median muscle responsiveness three-fold during airway narrowing (median −0.15 (interquartile
range −1.01 to −0.04) versus −0.05 (−0.29 to −0.03)% maximum EMG per cmH2O epiglottic pressure;
p=0.03). The upper airway critical closing pressure did not change with any of the hypnotics.

These doses of common hypnotics have differential effects on the respiratory arousal threshold but do
not reduce upper airway muscle activity or alter airway collapsibility during sleep. Rather, muscle activity
increases during airway narrowing with zolpidem.
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Introduction
The use of hypnotics is widespread. More than 5% of the general population report hypnotic use within
the past month [1]. Usage rates are 1.5–2 times higher in older people (>60 years) and in those who are
obese; two major risk factors for obstructive sleep apnoea (OSA) [1–3]. Hypnotics act as central nervous
system depressants (e.g. benzodiazepines) and have traditionally been discouraged in people with OSA.
Primary concerns have been that hypnotics reduce upper airway muscle activity and delay arousal from
sleep, leading to worsening of upper airway stability and increased respiratory event duration and
hypoxaemia [4]. However, evidence to support these concerns is limited.

An early study indicated that increases in genioglossus muscle activity to CO2 rebreathing during
wakefulness are reduced in some people after receiving the benzodiazepine diazepam [5]. In contrast,
recent studies have shown that standard doses of the non-benzodiazepine hypnotic zopiclone do not
reduce upper airway muscle activity during sleep [6, 7] nor does the tetracyclic antidepressant trazodone
[8]. Standard doses of common hypnotics also increase the threshold for arousal from sleep by 20–50%
[9]. High doses of certain hypnotics in people with severe OSA can worsen hypoxaemia [6, 10, 11].
However, other studies show either no change in hypoxaemia or the apnoea–hypopnoea index (AHI) [12–
14]. Given that arousals from sleep can be deleterious for many OSA patients [9, 15], certain hypnotics
reduce the AHI [16, 17], particularly in those who wake easily to airway narrowing (i.e. have a low
respiratory arousal threshold [17]). 30–50% of OSA patients [16–18] and up to ∼85% in some patient
groups (e.g. non-obese individuals) [19] have a low respiratory arousal threshold. Thus, some hypnotics
may promote breathing stability for certain people with OSA. However, if hypnotics reduce upper airway
muscle activity and worsen airway collapsibility, this could limit any benefit from suppression of arousal.

Given continuing uncertainty about the actions of hypnotics on upper airway function and breathing, this
study aimed to systematically determine the effects of three commonly used hypnotics (temazepam,
zolpidem and zopiclone) on key phenotypic contributors to OSA pathogenesis including 1) the respiratory
arousal threshold, 2) upper airway dilator muscle activity, 3) upper airway collapsibility and 4) breathing
during sleep in people with and without OSA.

Methods
Subjects
28 men and women were recruited by advertisement to participate and provided written informed
consent. The study was approved by the University of New South Wales Human Research Ethics
Committee (HC12028). Participants with (>10 events·h–1 sleep) and without OSA were otherwise healthy
and not taking any medications known to effect sleep or breathing.

Measurements and equipment
Polysomnography
Electroencephalograms (EEGs), electro-oculograms (EOGs) and submentalis electromyograms (EMGs)
were used to determine sleep stage and cortical arousals according to standard criteria [20].

Physiological measurements
A pressure-tipped catheter (Millar, TX, USA) was inserted into a decongested (phenylephrine
hydrochloride, Nyal; iNova Pharmaceuticals (Australia), Chatswood, Australia) and anaesthetised nostril
(lignocaine, Co-phenylcaine Forte 5%) and advanced ∼1.5–2 cm below the base of the tongue to
determine the epiglottic pressure. Following surface anaesthesia (1% lignocaine), two stainless-steel
Teflon-coated intramuscular electrodes (no. 791500; A-M Systems Inc., Sequim, WA, USA) with ∼1.5 mm
of insulation removed were inserted orally using a 25-gauge needle ∼4 mm either side of the frenulum 15–
20 mm deep, to measure genioglossus EMG in a bipolar configuration as described previously [21].
Participants were fitted with a nasal mask attached to a heated pneumotachograph (model 3700A; Hans
Rudolph Inc., Shawnee, KS, USA) and differential pressure transducers to measure airflow and mask
pressure (Pmask).

Protocol
Participants were randomised to a sequence to receive either temazepam (10 mg), zolpidem (10 mg),
zopiclone (7.5 mg) or placebo on four separate nights just prior to sleep, with 1 week wash-out between
visits in a crossover trial (figure 1). After instrumentation, the maximal genioglossus EMG was determined
from large swallows or tongue protrusions [22]. A period of quiet breathing during wakefulness was
acquired to quantify baseline genioglossus EMG and breathing. Continuous positive airway pressure
(CPAP) was applied at a holding pressure (i.e. therapeutic CPAP level for people with OSA or ∼4 cmH2O
for non-OSA participants). After receiving the study intervention, participants were instructed to sleep
supine. Once stable sleep was achieved, CPAP was reduced repeatedly throughout the night to varying
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pressures below the holding level, for up to 3 min to induce airway narrowing or collapse to allow for
quantification of the phenotypic traits (figure 2) [21]. The modified CPAP device (Philips Pcrit3000, PA,
USA) also enabled suction pressures to ensure airway narrowing in all participants.

Data acquisition and analysis
Data were acquired using an analogue-to-digital convertor (1401) with Spike2 software (Cambridge
Electronic Design Ltd, Cambridge, UK). EMG signals were amplified (CED 1902) and sampled at 1000 Hz
(band-pass 30–500 Hz). EOG, EEG and other signals were sampled at 250 Hz.

The genioglossus EMG was rectified, averaged (100 ms moving-time average) and expressed as a
percentage of the maximal activity achieved from the tongue protrusions or swallows. The respiratory

Assessed for eligibility (n=75)

Excluded (n=47)

Did not meet inclusion

criteria (n=12)

Declined or were unable to

participate (n=35)

Randomised (n=28)

Night 1

Placebo (n=9) Temazepam (n=8) Zolpidem (n=6) Zopiclone (n=5)

Placebo (n=4) Temazepam (n=6) Zolpidem (n=6) Zopiclone (n=6)

Placebo (n=6) Temazepam (n=4) Zolpidem (n=5) Zopiclone (n=6)

Placebo (n=5) Temazepam (n=6) Zolpidem (n=5) Zopiclone (n=5)

Night 2

Night 3

Night 4

Analysis

Analysed (n=21)

FIGURE 1 CONSORT diagram illustrating the participant recruitment, randomisation and analysis flow for this
double-blind, placebo-controlled, cross-over study. n=12 participants were excluded from enrolment based on
their age (>65 years), medication use or smoking history. Participants with obstructive sleep apnoea had an
apnoea−hypopnea index greater than 10 events·h−1. Participants were required to complete four overnight
sleep studies. n=7 participants withdrew from the study prior to completion of all four nights. n=21
participants completed all four nights.
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arousal threshold, genioglossus muscle responsiveness and passive critical closing pressure (Pcrit) were
quantified as shown in Figure 2 and described previously [21].

Statistical procedures
Statistical analyses were performed blinded using SPSS and SigmaPlot (version 24; IBM, NY, USA, and
version 12, Systat software Inc. USA, respectively). Our a priori statistical approach was to compare the
effect of each hypnotic versus placebo for each key outcome where data were obtained during all four
nights using paired t-tests or Wilcoxon signed rank tests for non-parametric data. p-values were adjusted
for multiple comparisons using the Dunn–Sidák method [23]. Based on previous hypnotic studies [8, 17],
this study was designed to detect a 4 cmH2O difference (between night standard deviation 4.6) for the
primary outcome (respiratory arousal threshold) between each hypnotic versus placebo based on a sample
size of 20 with >80% power.

The goal of this within-subjects crossover study was to examine the effects of common hypnotics on the
phenotypic traits that cause OSA versus placebo in people with and without OSA rather than to compare
differential effects between groups. Nonetheless, potential interaction effects (group-by-drug) were
explored using two-way repeated measures ANOVA or mixed model analyses as appropriate. Exploratory
one-way repeated measures ANOVA were also used to compare the effect of drug on the primary outcome
(arousal threshold).

Permutation tests using program R (version 3.4, Vienna, Austria) were used to compare potential
differences in variance of changes in genioglossus muscle responsiveness with each of the study drugs
versus placebo. Adjusted p-values <0.05 were considered statistically significant. Confidence intervals were
also reported for the key outcomes.

Results
Subject and stimulus characteristics
In accordance with an anticipated dropout rate of 20–30% for this complex four-night study, 28
participants were recruited and 21 completed the four-night protocol (three withdrew prior to data
collection on night 1 following instrumentation, and four completed fewer than four nights). This includes
complete data in 20 participants for the primary outcome (target sample size). Anthropometric
characteristics for the 21 participants (n=10 patients with OSA, mean±SD AHI 34±20 events·h−1) who
completed the study are shown in table 1.
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FIGURE 2 Example of a continuous positive airway pressure (CPAP) reduction during stable non-REM sleep
showing narrowing (hypopnoea) and closure (apnoea) of the upper airway. Multiple CPAP drops were applied
throughout the night. Genioglossus electromyography (EMG) activity and breathing parameters were
determined for 1 min prior to each CPAP reduction. Arousal threshold was determined as the nadir epiglottic
pressure (Pepi) immediately preceding cortical arousal (black bar). Muscle responsiveness was determined as
the slope of peak genioglossus muscle activity (1) versus increasing negative epiglottic pressure (2). Upper
airway collapsibility measured via the passive critical closing pressure (Pcrit) technique was determined from
flow-limited breaths 3−5 following the reduction in CPAP. Pmask: mask pressure; rEMG: rectified moving-time
averaged EMG; EEG: electroencephalogram. Note: the raw EMG signal is clipped during the arousal.
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The total mean±SD number of CPAP reductions delivered during sleep per subject was 25±9, 27±6, 26±5
and 29±5 for placebo, temazepam, zolpidem and zopiclone respectively.

11±6, 9±4, 9±5 and 9±4 CPAP reductions per condition were excluded from analysis because of
immediate arousal (within 10 s) or poor signal quality. Thus, 14±6, 16±6, 17±5 and 19±5 CPAP
reductions for placebo, temazepam, zolpidem and zopiclone respectively were used to quantify the
phenotypic traits during non-REM sleep.

OSA versus non-OSA participants
There were no group-by-drug interaction effects for any of the key study outcomes (e.g. arousal threshold
(p=0.07), genioglossus muscle activity (p=0.348) and responsiveness (p=0.095), Pcrit (p=0.85) or breathing
(minute ventilation; p=0.32)). Thus, data in people with and without OSA were combined for all
remaining analyses.

Breathing and genioglossus EMG activity during stable sleep on CPAP
Ventilatory parameters and genioglossus EMG activity during stable non-REM sleep while on CPAP are
shown in table 2. Minute ventilation, inspiratory time, expiratory time, peak inspiratory flow and upper
airway resistance were not significantly different from placebo following temazepam, zolpidem and
zopiclone (p>0.05, table 2).

Breathing frequency increased (<1 breath·min–1) with all three drugs compared with placebo (p⩽0.03,
table 2). Tonic and peak genioglossus EMG activity during stable non-REM sleep on CPAP expressed in
microvolts and as a percentage of maximal activity did not change with hypnotic administration (table 2).

Peak genioglossus EMG (median (interquartile range) 0.93 (0.66–1.78), 1.11 (0.376–4.138), 1.34 (0.53–
2.19) versus 0.59 (0.49–2.52)% maximum, p=0.98 and tonic EMG (0.25 (0.14–0.41), 0.29 (0.19–0.48), 0.27
(0.20–0.78) versus 0.30 (0.12–0.45)% maximum, p=0.86 during REM sleep on CPAP was also not different
following hypnotics (temazepam, zolpidem, zopiclone) compared to placebo (n=15).

TABLE 1 Anthropometric characteristics

Subjects 21 (7 females)
Age years 40±15
BMI kg·m−2 28±7
AHI events·h–1 19±22 (0–77)

Data are presented as n, mean±SD (with range as appropriate). n=10 had obstructive sleep apnoea. BMI:
body mass index; AHI: apnoea−hypopnea index.

TABLE 2 Breathing parameters and genioglossus electromyogram (EMG) activity during stable non-REM sleep on continuous
positive airway pressure (CPAP)

Placebo Temazepam Zolpidem Zopiclone

Breathing parameters (n=21)
CPAP holding pressure 7.6±3.6 6.9±3.2 7.6±3.1 7.8±3.3
Minute ventilation L·min−1 6.3±1.2 6.0±1.7 6.3±1.7 6.7±1.7
Inspiratory time s 1.68±0.22 1.67±0.23 1.64±0.25 1.64±0.27
Expiratory time s 2.58±0.48 2.55±0.61 2.50±0.53 2.45±0.52
Breath frequency breaths·min−1 14.6±2.1 14.9±2.4* 15.1±2.5* 15.4±2.7*
Peak inspiratory flow L·s−1 0.55±0.12 0.52±0.14 0.56±0.16 0.55±0.11
Rua200 cmH2O·L

−1·s−1 1.66±0.65 2.19±1.34 1.60±0.59 1.86±1.06
Genioglossus EMG (n=20)
Tonic µV 1.87 (1.27–2.71) 2.35 (0.87–6.66) 3.12 (0.97–6.70) 3.29 (2.50 to 5.60)
Tonic EMG % max 0.44 (0.23–0.84) 0.66 (0.31–1.11) 0.53 (0.26–1.16) 0.84 (0.52 to 1.77)
Peak µV 4.34 (1.9–9.44) 4.59 (1.59–17.30) 5.42 (2.19–26.78) 7.11 (4.33 to 13.97)
Peak EMG % max 0.86 (0.52–2.35) 1.5 (0.56–4.24) 1.04 (0.47–5.44) 1.88 (1.06 to 2.82)

Data are presented as mean±SD or median (interquartile range). Rua200: upper airway resistance measured at a flow rate of 200 mL·s−1.
*: significant difference compared to placebo. Refer to text for further detail.
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Respiratory arousal threshold
When compared with placebo, the mean±SD respiratory arousal threshold was 27±38% (p=0.02) higher (i.e.
harder to wake up) following zolpidem and 37±36% (p<0.001) higher following zopiclone (figure 3). The
respiratory arousal threshold with temazepam did not increase compared with placebo (19.9±45.9% higher;
p=0.17). These findings were confirmed when expressed as the mean absolute difference between placebo
and each drug (temazepam 2.3, 95% CI −0.14 to 4.7; zolpidem 3.7, 95% CI 1.3 to 6.2; and zopiclone 4.6, 95%
CI 2.5 to 6.6 cmH2O). Repeated measures ANOVA also revealed a significant main effect of drug on arousal
threshold (p<0.001). The change in arousal threshold from placebo was not different between hypnotics
(p=0.13). Time to arousal was not significantly different following temazepam, zolpidem or zopiclone
(42.9±16.7, 42.3±22.5 and 42.3±22.0 versus placebo 41.5±15.2 s; p=0.98, p=0.91, p=0.99 respectively).

Genioglossus muscle responsiveness
Genioglossus muscle responsiveness to airway narrowing and closure increased following zolpidem
compared with placebo (figure 4) (−0.15 (−1.01 to −0.04) versus −0.05 (−0.29 to −0.03))% maximum
genioglossus EMG per cmH2O epiglottic pressure (median and interquartile range; p=0.03). In contrast,
there was no difference in genioglossus muscle responsiveness with temazepam (−0.12 (−0.43 to −0.05)) and
zopiclone (−0.07 (−0.31 to −0.04))% maximum genioglossus EMG/cmH2O epiglottic pressure compared to
placebo (p=0.54 and p=0.98, respectively) (figure 4). These findings were also confirmed when expressed as
the mean difference between placebo and each drug and the 95% confidence intervals (figure 4 insets).

The variance in the change in genioglossus muscle responsiveness from placebo to temazepam was
significantly greater than the variance of the change from placebo to zopilcone (p=0.02). The variance for
the other comparisons was similar (temazepam–zolpidem, p=0.12 and zolpidem–zopiclone p=0.32).

Upper airway collapsibility
Neither temazepam, zolpidem nor zopiclone changed passive upper airway collapsibility (Pcrit) during
sleep compared with placebo (p=0.99, p= 0.98, p=0.98, respectively) (figure 5). These findings were
confirmed when expressed as the mean difference between placebo and each drug (temazepam 0.004, 95%
CI −1.47 to 1.48; zolpidem 0.22, 95% CI −1.25 to 1.7; and zopiclone 0.204, 95% CI −1.23 to
1.64 cmH2O).

Discussion
The main findings of this study are that the non-benzodiazepine “Z” drugs zolpidem (10 mg) and
zopiclone (7.5 mg) increase the respiratory arousal threshold by 27% and 37% respectively whereas 10 mg
of the benzodiazepine temazepam does not. The doses of all three of these hypnotics do not systematically
reduce upper airway dilator muscle activity and do not impair minute ventilation during stable sleep while
on CPAP. Genioglossus muscle responsiveness during airway narrowing is preserved with temazepam and
zopiclone compared with placebo, but paradoxically, zolpidem increases muscle responsiveness. Finally,
there is no evidence that upper airway collapsibility (Pcrit) during sleep is altered by these common
hypnotics. These findings challenge previous assumptions [4] that hypnotics make OSA worse because of
pharyngeal muscle relaxation.
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Benzodiazepines
A lack of increase in arousal threshold with temazepam contrasts with studies by BERRY et al. [24] using
0.25 mg of triazolam in healthy individuals and in people with OSA [10]. The ∼2 cmH2O absolute change
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detected in the current study compared with ∼7 cmH2O [24] and ∼9 cmH2O [10] in the previous studies
is much lower. The baseline arousal threshold on placebo was also lower in the current than the prior
benzodiazepine studies (e.g.∼−15 versus ∼−20 and ∼−45 cmH2O respectively). Indeed, the OSA patients
in the triazolam study already had impaired arousal thresholds. Thus, in addition to potential drug and
potency differences (10 mg of temazepam versus 0.25 mg of triazolam), differences in participant
characteristics may have contributed to the contrasting findings.

Diazepam reduced output from hypoglossal motor neurons in decerebrate cats [25]. In contrast, 10 mg of
diazepam had no effect on peak genioglossus EMG activity awake during quiet breathing in healthy
humans [5]. However, genioglossus EMG activity was reduced by ∼40% during CO2 rebreathing at an
end-tidal carbon dioxide tension of 52 mmHg but not 58 mmHg. Rather than a direct drug effect, sleep
intrusion may have been responsible for the observed reduction in EMG with diazepam. Indeed, while
EEG was not recorded, tidal volume declined in some individuals during the 52 mmHg condition, which
is consistent with sleep intrusion [5].

In contrast, the findings of the current study are the first to show that temazepam does not reduce
genioglossus activity in humans during stable non-REM and REM sleep or when challenged during airway
narrowing. However, among the group, there was greater variability in genioglossus muscle responsiveness
during airway narrowing indicating that some individuals are indeed more prone to reductions in muscle
activity with temazepam than others. Identification of the characteristics of these individuals is a priority
for future research. Nonetheless, consistent with no overall systematic reductions in pharyngeal muscle
activity, Pcrit was not altered by temazepam. This is similar to low-dose sedation with the benzodiazepine
midazolam [26] and 100 mg of the antidepressant trazodone [8], both of which do not alter upper airway
collapsibility in people with OSA.

Non-benzodiazepine hypnotics: Z drugs
This is the first study to determine the effect of zolpidem on the respiratory arousal threshold in humans.
Consistent with other Z drug studies of eszopiclone and zopiclone, the arousal threshold was ∼27% higher
with 7.5 mg of zolpidem than placebo [6, 17]. There is limited data in humans on the effects of Z drugs
on upper airway muscle activity. Data from a small number of participants with OSA indicate that
genioglossus EMG activity on stable CPAP and muscle responsiveness during respiratory events are not
impaired by 10 mg of zopiclone [6, 7]. Indeed, genioglossus EMG activity was not lower during the first
and last breaths of respiratory events than the placebo [6]. Similarly, the current findings do not show any
evidence for a systematic reduction in central neural drive to genioglossus during sleep when upper airway
resistance and therefore reflex input, is minimised with CPAP. Interestingly, when the upper airway was
challenged during narrowing and collapse, the genioglossus muscle responded three times more robustly
with zolpidem than placebo. Given that genioglossus muscle activity on therapeutic CPAP which
predominantly reflects central neural drive was not increased with zolpidem, increased pharyngeal muscle
responsiveness to airway narrowing is consistent with enhanced reflex sensitivity. This finding was
unexpected, as zolpidem (like temazepam and zopiclone) acts on GABA receptors that may be expected to

10

5

0

–5

–10

–15

–20

Placebo Temazepam Zolpidem Zolpiclone

Pc
ri

t 
c
m

H
2
O

FIGURE 5 Individual upper airway collapsibility (Pcrit) data for obstructive sleep apnoea (OSA) (open circles)
and non-OSA participants (grey circles) during non-REM sleep. Group mean±SD are indicated (black squares)
adjacent to each condition. None of the hypnotics significantly changed Pcrit compared to placebo. Data in all
four conditions were available in n=15 participants (insufficient flow-limited breaths to calculate Pcrit during
the placebo condition and/or additional nights in five individuals, one other individual only had Pcrit data
available during the placebo night).
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inhibit hypoglossal motoneurons [27] as reported with zolpidem in animals [28]. However, in rats,
systemic administration of zolpidem increases the arousal threshold to CO2 stimulation and genioglossus
muscle activity is higher immediately prior to arousal and during baseline non-REM sleep than placebo
[28]. This paradoxical excitatory motor activity produced by zolpidem in the current and previous study
[28] is consistent with case reports/studies in which zolpidem improves motor function in patients with
stroke, Parkinson’s and neurological disorders [29–33]. Recent evidence indicates a receptor target that is
unique for zolpidem [34]. However, further studies are required to determine the underlying mechanisms
mediating these effects.

The use of CPAP and its role in reducing pharyngeal muscle activity needs to be considered when
interpreting the magnitude of change in muscle responsiveness. Thus, it will be important to conduct
future studies without CPAP to determine if the three-fold increases in muscle responsiveness with
zolpidem in the current study translate to non-CPAP conditions and its effect on OSA severity. If so, this
size of increase could be quite important, at least for some OSA patients. In the current experiment
two-thirds of the healthy individuals and ∼40% of the OSA patients had poor genioglossus responsiveness
(<0.1% increase in maximal genioglossus activity in response to a 1 cmH2O increase in negative
pharyngeal pressure) during sleep at baseline. This confirms previous reports that many people with and
without OSA do not respond to mechanoreceptor feedback during sleep despite substantial respiratory
stimuli [7, 21, 35]. This finding is also consistent with the concept that a threshold level of respiratory
stimuli is required for pharyngeal muscle reflex activation [7, 36] which for many people is quite high and
may be close to the arousal threshold [7]. Rates of poor muscle responsiveness in the non-OSA
participants were higher in the current study than in our prior study [21]. While the reasons for the
disparity are unclear, this finding reinforces the importance of the interaction between anatomical and
non-anatomical factors in driving OSA pathogenesis [37].

Methodological considerations
This is the largest physiological study to determine the effects of common hypnotics in humans during
sleep. However, there are several limitations. Surprisingly, we did not detect a significant increase in
respiratory arousal threshold with temazepam. The mean change in arousal threshold of 2.3±5.1 cmH2O
from placebo was smaller than anticipated based on the changes detected using standard doses of other
hypnotics [6, 8, 9, 17]. Thus, a type 2 error for this comparison is possible. Nonetheless, a change in the
arousal threshold of this magnitude is unlikely to be clinically significant. Thus, the findings of the current
study suggest that any effects of 10 mg of temazepam on the arousal threshold are less pronounced than
standard doses of zolpidem and zopiclone. It is important to acknowledge, that while 10 mg of temazepam
is a standard clinical dose in Australia recommended under the National Pharmaceutical Benefit Scheme,
there are regional differences in temazepam dosing practices (standard doses range between 7.5 to 30 mg).
Thus, 10 mg of temazepam may not have an equivalent hypnotic effect compared to the doses of Z drugs
tested. It remains possible that a higher temazepam dose may yield similar changes in arousal threshold to
the doses of Z drugs used here.

Another consideration is that measurements were acquired across the night and averaged to maximise
signal-to-noise characteristics rather than at the point of peak concentration, which varies between agents.
Nonetheless, despite differences in the half-lives between drugs, we did not detect time of night differences
in arousal threshold or muscle responsiveness for any hypnotic (supplementary material). Thus, the
changes that we detected appear relatively stable throughout the night although this requires further
investigation.

Participants were heavily instrumented in this study, which may have affected the findings. However,
recent analysis from our laboratory (unpublished) has shown that sleep efficiency, arousal index and the
AHI are not different during standard polysomnography compared with a sleep physiology study
performed using a nasal mask, pneumotachograph and epiglottic catheter. Given the repeated measures
study design in which each individual acts as their own control, the study equipment is unlikely to have
impacted our key findings. Similarly, the study was not designed to look at spontaneous occurring
respiratory events, thus the effects of hypnotics on the respiratory event count, duration and oxygen
saturation could not be explored.

An overly sensitive ventilatory control system, or a high loop gain can also contribute to the pathogenesis
of OSA [21]. Whether benzodiazepines or Z drugs alter ventilatory control was not determined in this
study. Previously, OSA patients with higher chemosensitivity when awake had greater respiratory
depression with temazepam [38]. However, we found that all hypnotics increased breathing frequency
compared to placebo albeit by a small degree. This was unexpected but is consistent with increases in
breathing frequency that occur during REM sleep, a sleep stage that tends to be protected from respiratory
control instability [39]. The primary comparisons were also limited to non-REM sleep in the current
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study. Thus, the effects of hypnotics on the phenotypic traits that contribute to OSA during REM sleep
remain unclear.

Summary and clinical implications
These findings challenge the concept that hypnotics reduce central drive to pharyngeal and other
inspiratory muscles during sleep. Thus, the hypnotics tested in the current study are unlikely to worsen
OSA via a reduction in drive. Similarly, the existing evidence does not indicate that these doses of
common hypnotics systematically worsen hypoxaemia or OSA severity despite increases in the threshold
for arousal. This is favourable from a safety perspective [6, 8–12, 14, 17, 40, 41]. Nonetheless, despite the
present findings, caution remains warranted as some people with OSA do experience major reductions in
oxygenation with certain hypnotics. While there is currently limited evidence, poor outcomes tend to
occur more commonly at high doses [11], in people who already have high thresholds for arousal [9], and
in obese individuals with very severe OSA [6, 10]. Thus, further work is required to identify which
patients are most at risk of harm and with which agents and doses.

The paradoxical increase in genioglossus muscle responsiveness with zolpidem is intriguing. Improvements
in central sleep apnoea and daytime sleepiness have been observed with zolpidem [41]. These effects are
likely mediated via sleep promotion and arousal prevention rather than pharyngeal dilator muscle
activation. However, given the overlap in pathophysiology between central and obstructive sleep apnoea
[42, 43], a protective role of increased genioglossus muscle responsiveness with zolpidem in central sleep
apnoea cannot be dismissed. Thus, further mechanistic and clinical trials with zolpidem in people with
sleep disordered breathing in the absence of CPAP are required. Indeed, the current findings suggest that
zolpidem has the potential to target two common causes of OSA by increasing the threshold for arousal
and increasing pharyngeal muscle activation.
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