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ABSTRACT We recently demonstrated that desipramine reduces the sleep-related loss of upper airway
dilator muscle activity and reduces pharyngeal collapsibility in healthy humans without obstructive sleep
apnoea (OSA). The aim of the present physiological study was to determine the effects of desipramine on
upper airway collapsibility and apnoea-hypopnea index (AHI) in OSA patients.

A placebo-controlled, double-blind, randomised crossover trial in 14 OSA patients was performed.
Participants received treatment or placebo in randomised order before sleep. Pharyngeal collapsibility
(critical collapsing pressure of the upper airway (Pcrit)) and ventilation under both passive (V0,passive) and
active (V'0,active) upper airway muscle conditions were evaluated with continuous positive airway pressure
(CPAP) manipulation. AHI was quantified off CPAP.

Desipramine reduced active Perit (median (interquartile range) —5.2 (4.3) cmH,0O on desipramine versus
—1.9 (2.7) cmH,0 on placebo; p=0.049) but not passive Perit (—2.2 (3.4) versus —0.7 (2.1) cmH,0; p=0.135).
A greater reduction in AHI occurred in those with minimal muscle compensation (defined as V'0,active—V"0,
passive) on placebo (r=0.71, p=0.009). The reduction in AHI was driven by the improvement in muscle
compensation (r=0.72, p=0.009).

In OSA patients, noradrenergic stimulation with desipramine improves pharyngeal collapsibility and
may be an effective treatment in patients with minimal upper airway muscle compensation.
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Introduction

Obstructive sleep apnoea (OSA) is a state-dependent disease which occurs in at least 5-10% [1] of the
general population. People with OSA can breathe normally during wakefulness despite having a narrow,
compliant upper airway. During sleep, the withdrawal of drive to upper airway dilator muscles leads to the
collapse of pharyngeal structures with subsequent episodes of reduced ventilation plus intermittent
hypoxia and hypercapnia [2].

Continuous positive airway pressure (CPAP) is still the primary treatment for most patients. While CPAP
is virtually always effective (as it mechanically splints the airway open), approximately 25% of patients
refuse CPAP or discontinue it in the first 2 weeks. Furthermore, for those who continue for more than
1 month, adequate adherence can vary between 46% and 89% depending on definitions of adherence and
length of follow-up [3]. The low adherence to treatment is a major problem, as untreated OSA increases
morbidity and mortality [4-6].

While current evidence has demonstrated that OSA is caused by multiple factors including a highly
collapsible upper airway; clearly, there are also some individuals with OSA who have little or no ability to
activate their upper airway muscles during sleep (poor neuromuscular compensation) [7-9]. In these
patients, a key cause of OSA is the withdrawal of neural drive to upper airway dilator muscles during sleep
with inadequate neuromuscular compensation which leads to the collapse of pharyngeal structures.

Interestingly, animal studies [10] support the notion that the progressive withdrawal of noradrenergic tone,
from wakefulness to sleep, is the major mechanism causing non-rapid eye movement (NREM) sleep-
related pharyngeal hypotonia. Consistent with findings in animal research, we recently found that
desipramine, a tricyclic antidepressant (TCA) that inhibits the norepinephrine reuptake receptor in the
central nervous system with the highest affinity in this pharmaceutical class, reduces the sleep-related loss
of genioglossus activity and improves pharyngeal collapsibility in healthy humans without OSA [11].

However, it is not known whether desipramine similarly reduces the sleep-related loss of muscle activity and
improves the pharyngeal patency in OSA patients. The effect of another TCA (protriptyline) on OSA severity
was previously tested in observational studies [12-14] and small randomised controlled trials [15, 16] with
inconsistent results.

The primary goal of this study was to assess the effect of desipramine on pharyngeal collapsibility in OSA
(critical collapsing pressure of the upper airway (Pcrit)). As a secondary outcome, we also assessed the
impact of desipramine on OSA severity (apnoea-hypopnea index (AHI)) quantified on a portion of the
night without CPAP. We hypothesised that desipramine would effectively reduce OSA severity in patients
with mild-to-moderate upper-airway collapsibility and poor upper airway muscle compensation.

Methods

Participants

Patients with OSA (AHI>15 eventsh™" sleep) aged 18-65 years were included in the study protocol. Individuals
were excluded if they were taking medications known to influence breathing in sleep or wake states
(i.e. hypnotics, antipsychotics or anxiolytics), and psychostimulants, or muscle physiology (i.e. myorelaxant). All
patients were required to abstain from consuming alcoholic beverages 24 h before the study. Also excluded were
subjects with benign prostatic hyperplasia or urinary retention, which can be exacerbated by TCAs or individuals
taking psychiatric medications. The protocol was approved by the Partners Institutional Review Board at
Brigham and Women’s Hospital. All subjects provided written informed consent prior to enrolment in the study.

Protocol

Two overnight sleep studies were performed 1 week apart: a placebo night and a desipramine (200 mg by
mouth) night, in a double-blind, randomised, placebo-controlled design (clinical trial NCT02436031). Study
medications were prepared by Brigham and Women’s Hospital Investigational Drug Service (IDS) and were
placed in identical capsules that could not be identified by study personnel/participants. Randomisation was
performed by the IDS; all data analyses and subject exclusions were performed before unblinding of the
intervention allocation. For each night, the subjects arrived at the sleep laboratory at approximately 19:00 h.
Placebo or desipramine was administered approximately 2h before lights out. Time of lights out was
established according to the patients’ habitual schedule and kept constant between the two study nights.
Once the patient had been set up for overnight monitoring, the following procedures were performed.

Measurements and equipment

Anthropometric data were collected on both study nights. Circumference of the neck was measured at the
superior border of the cricothyroid cartilage and waist circumference was measured at the highest point of
the iliac crest.
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In addition to the standard clinical montage for polysomnography [17], subjects breathed through a sealed
nasal mask attached to a pneumotachometer (Hans-Rudolph, Kansas City, MO, USA) and a pressure
transducer (Validyne, Northridge, CA, USA) in order to measure airflow and mask pressure respectively.
Epiglottic pressure (Pepi) was determined with a small, flexible pressure-tipped catheter (Millar Instruments,
Houston, TX, USA) that was inserted through a decongested (oxymetazoline-HCI) and anaesthetised (4%
lidocaine) nostril until the tip of the catheter was located 1-2 ¢cm caudal to the base of the tongue. The
catheter was then securely taped in place after visual inspection through the mouth.

EMG activity from the genioglossus (EMGGG) muscle was measured using two unipolar intramuscular
electrodes to create a bipolar recording as described previously [8, 11, 18].

Sleep in supine position off CPAP
At least 3 h of data were collected in the supine position for calculation of the AHI. This data collection
occurred before and after upper airway physiology and the phenotype traits were quantified.

Upper airway physiology using CPAP manipulations during NREM

Subjects were asked to sleep supine and were connected to a positive/negative pressure source
(Philips-Respironics, Murrysville, PA, USA) to enable rapid switching between pressure levels. When stable
sleep was reached, the pressure in the mask was increased to the required level to abolish airflow limitation,
as determined by the airflow waveform and epiglottic pressure signals. Following a baseline recording period
of 5 min, the CPAP level was reduced to varying suboptimal pressures using two approaches (figure 1):
1) CPAP was lowered acutely to subtherapeutic levels to assess the upper airway collapsibility under eupnoeic
(i.e. “passive”) conditions; and 2) CPAP was lowered gradually (<1 cmH,O per min) to reduce ventilation
and thereby raise ventilatory drive and pharyngeal muscle activity. During this procedure we assessed the
EMGGG response to progressively-greater negative epiglottic pressure swings (genioglossus muscle
responsiveness) and upper airway collapsibility under maximally-active conditions without cortical arousal.

After approximately 2 h of upper airway physiology measurements, CPAP was removed and subjects returned
to spontaneous breathing in the supine position to collect additional data for AHI calculation at atmospheric
pressure. As much data were recorded from rapid eye movement (REM) and NREM sleep as possible.

Arousal

[ T

Veupnoea V'0,passive Viarousal

V°0,active

FIGURE 1 Determination of the four ventilatory parameters. When stable sleep is reached at a continuous positive airway pressure (CPAP) level
that abolishes flow limitation (9 cmH,0 in this example), ventilation on optimum CPAP (V'eupnoea) is determined by averaging several minutes of
ventilation during stable breathing. CPAP is then lowered to 0 cmH,0 acutely (passive drop) to assess ventilation under eupnoeic conditions (Vo
passive). Subsequently, the CPAP is lowered gradually (<1 cmH,0 per min) to slowly reduce ventilation and thereby raise ventilatory drive, increase
epiglottic pressure (Pepi) swings and pharyngeal muscle activity (represented here by electromyography of genioglossus (EMGeG)). During this
procedure we also assessed the average ventilation of the five stable breaths preceding the arousal if they are flow-limited (V'arousal), and the

ventilation at atmospheric pressure under maximally active conditions (V'0,active).
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Data analysis

The raw EMGGG was processed and quantified as % maximum (%max) as previously described [19].
Apnoeas and hypopneas were scored using standard American Academy of Sleep Medicine guidelines [20],
and the arousal index and AHI values refer to the supine sleep periods without CPAP.

As described in previous studies [11, 19], for each subject we also measured the following. 1) Genioglossus
responsiveness to negative pharyngeal pressure: the increase in peak EMGGG (%max) per unit change
(emH,0) in epiglottic pressure during each gradual pressure drop. 2) Passive upper airway collapsibility:
this was quantified by passive Pcrit, the x-intercept of the regression line fitted to the peak inspiratory flow
versus mask pressure obtained during abrupt CPAP drops (third to fifth flow-limited breaths). 3) Active
upper airway collapsibility: we calculated the critical pressure yielding zero flow when the upper airway
muscles were maximally activated during sleep without cortical arousal (active Perit). After
maximally-raising pharyngeal muscle activity (via gradual CPAP reduction), CPAP was switched acutely to
various lower CPAP levels (including 0 cmH,0), and the first breath was assessed if flow-limited. Similar to
passive Pcrit, the active Perit was taken as the x-intercept of the regression line fitted to flow-pressure data.
4) Arousal threshold: the arousal threshold was quantified as the mean of the nadir negative epiglottic
pressure immediately preceding an arousal at the end of an obstructive apnoea or hypopnea.

Ventilatory parameters

As previously described [21], we also quantified the ventilation on optimum CPAP (V'eupnoea), ventilation
at a nasal pressure of 0 cmH,O when the pharyngeal muscles were relatively passive (V'0,passive) or
maximally active (V'0,active) and the minimum tolerable ventilation leading to an arousal (V"arousal). Muscle
compensation was calculated as the improvement in ventilation due to increased compensatory upper
airway muscle activity (V'0,active— V' 0,passive).

Dynamic loop gain

Loop gain quantifies the magnitude of the ventilatory “response” that follows a ventilatory “disturbance”
(reduced ventilation with apnoea/hypopnoea). The magnitude of loop gain (response/disturbance), which
represents the sensitivity of the ventilatory control system was calculated from polysomnographic flow
signals as previously described [22] as the response to a l—cycle-min_1 disturbance; which was calculated
from the portions of the study off CPAP, the same parts used to calculate AHL

Statistical analysis

Based on previous data collected in healthy subjects, the current study was powered to detect a reduction
in the passive Pcrit by 1.2+1.5 cmH,O on desipramine compared to placebo (80% power and a 5% level of
significance). Variables were compared using a Wilcoxon matched-pairs signed rank test for paired data
and Mann-Whitney test for unpaired data, with a p-value <0.05 considered statistically significant. Data
are presented as a median (interquartile range). Statistical analyses were performed using Graph Pad Prism
6.0 (Graphpad Software, La Jolla, CA, USA).

Results

Participants

A total of 16 patients were enrolled in the study. One patient did not tolerate the study setup and another
was excluded because of insufficient sleep time. Therefore, 14 subjects were analysed for upper airway
physiology on both nights. The characteristics of these patients are described in table 1. None of the
patients were current smokers. One patient experienced mild dizziness in the morning after desipramine
administration. The symptom lasted for a few hours and the patient spontaneously recovered.

One subject could not sleep supine on the placebo night and, thus, AHI could not be calculated. However, we
asked this subject to come back for an additional night for a standard polysomnography without drug to
calculate AHI during supine NREM sleep. This value was only used for post hoc exploratory analysis
(relationships of change in AHI versus other variables). Two subjects without moderate-to-severe OSA (AHI
<15 eventsh™") were excluded from the post hoc exploratory analysis (see online data supplement for further
explanation).

Effects on upper airway collapsibility
Passive collapsibility was unchanged between nights while active Pcrit was significantly lower (i.e. less
collapsible airway) during the desipramine night compared to placebo (median change —3.1 (4.8)) (figure 2).
A post hoc analysis revealed that during active Perit drops, phasic EMGGG activity was higher on desipramine
(see online data supplement), indicating that desipramine increased upper airway stiffness by enhancing
phasic activity of the pharyngeal muscles.
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TABLE 1 Characteristics of the 14 patients analysed

Female 4 (29%)
Age years 55 (13)
BMI kg-m—2 31.1 (4.0)
Neck circumference cm 41.8(6.1)
Waist circumference cm 112.5 (12.3)
OSA treatment
CPAP 4 (29%)
Oral appliance 2 (14%)
Comorbidities
Hypertension 5 (35%)
Diabetes 2 (14%)
Hypercholesterolaemia 2 (14%)
Rheumatoid arthritis 1 (7%)
Medications
ACE-IARB 4 (29%)
Diuretic 1 (7%)
Beta blockers 1 (7%)
Ca™ channel antagonist 2 (14%)
Antilipidaemic 2 (14%)
Oral hypoglycaemic 1(7%)
NSAIDs 1 (7%)

Data are presented as or median (interquartile range), unless otherwise stated. BMI: body mass index;
OSA: obstructive sleep apnoea; CPAP: continuous positive airway pressure; ACE-I: angiotensin-converting
enzyme inhibitor; ARB: angiotensin receptor blocker; NSAIDs: non-steroidal anti-inflammatory drugs.

Effects on AHI, ventilatory traits and loop gain

Group data of NREM AH]I, arousal index and oxygen desaturation index during NREM sleep are shown in
table 2. REM sleep off CPAP was recorded in both nights only for two subjects and we did not consider it
for the comparative analysis. NREM AHI and oxygen desaturation index, were unchanged between nights
as a group, while nadir arterial oxygen saturation was significantly higher on desipramine compared with

placebo. Individual data describing the change in the NREM AHI are available in figure 3 and in the
online supplement.

V'eupnoea, V'arousal, V'0,active and V"0,passive were calculated during CPAP dial down (figure 1) for 14 subjects
and are shown in table 3. There was no significant difference in V"0,ctive, muscle compensation (V'0,active— V'
‘0,passive) or any other ventilatory traits on desipramine compared with placebo. However, desipramine
increased V'0,passive, V'0.active or both in 10 out of 14 subjects: in five subjects this was associated with a
reduction in AHI, with the abolition of OSA in two of these subjects. Additionally, three subjects had a
worsening in V'0,passive and V’0.active associated with an increase in NREM AHI. Loop gain was not different
on desipramine night compared with placebo night (0.60 (0.20) versus 0.61 (0.24); p>0.5).

a6 p=0.135 b 6 p=0.049
4 4
o, 2+ o 24
% 0 E 0
& -2+ QE -2
.% —4 %’ —4
é.mu -6 < .
-8 -8
-10 T T -10

T T
Placebo Desipramine Placebo Desipramine

FIGURE 2 Individual data showing the effect of desipramine on the a) passive and b] active critical closing
pressure (critical collapsing pressure of the upper airway (Perit)). Desipramine significantly reduced active Perit
by 3.1 cmH,0 (median change) compared with placebo. A smaller nonsignificant reduction in passive Pcrit
occurred on drug. Horizontal lines indicate median values.
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TABLE 2 Obstructive sleep apnoea severity in 13 patients who slept supine on both study nights

Placebo Desipramine p-value
AHI NREM supine events-h~" sleep 42.0 (30.8) 34.3 (54.9) >0.5
Arl NREM supine events-h~" sleep 54.6 (50.3) 56.2 (35.2) >0.5
% hypopneas 78 (37) 94 (16) 0.11
ODI NREM supine events-h™" sleep 28 (23) 4 (48) >0.5
Nadir Sa0, % 90 (3.8) 92 (3.8) 0.02

Data are presented as median (interquartile range), unless otherwise stated. AHI: apnoea-hypopnoea index;
NREM: non-rpaid eye movement sleep; Arl: arousal index; ODI: oxygen desaturation index; Sa0,: arterial
oxygen saturation. Individual data are shown in the supplementary data. One subject was excluded from this
analysis as he could not sleep while supine on the placebo night.

Post hoc exploratory analysis: physiological determinants of response to desipramine in
moderate-to-severe 0SA

In a subgroup of 12 subjects with AHI >15 events-h™', we performed an analysis to determine if baseline
phenotypic traits could predict the response to desipramine. Most notably, the improvement in NREM
AHI between nights correlated with the improvement in muscle compensation (V’0.ctive—V’0,passive)
between nights (r=—0.72, p=0.009; see online data supplement). Individual patient data demonstrating the
effects of desipramine on the OSA traits in this group of patients are shown in figure 4. Only V’arousal was
significantly increased on desipramine compared with placebo (p=0.03).

In order to determine the characteristics of those who gained the greatest benefit of desipramine, we
defined a responder to therapy as those whom displayed a reduction in AHI >20 events-h™'. We chose this
threshold because a change in AHI higher than 20 eventsh™ is considered generally beyond normal
night-to-night variability [23, 24] and the improvement is more likely due to the medication effect. Using
this criterion, we identified five responders (dashed line in the graphs in figure 4). Responders had a
significantly lower muscle compensation at baseline (0.6 (2.5) versus 2.4 (2.7); p<0.01). Complete data on
the remaining physiological determinants of a response to desipramine are available in the online
supplement. Univariate and multivariate analyses including all OSA traits measured during the placebo
night (table 3), showed that the baseline muscle compensation was the only significant independent
correlate of the change in AHI (figure 5).

Arousal threshold

Noradrenergic stimulation of the central nervous system could increase wakefulness and reduce the
ventilatory drive required to trigger an arousal from sleep. We sought to evaluate this by measuring the
arousal threshold on and off the drug. We found that there was a significant reduction in the arousal
threshold (waking up more easily) during desipramine compared with placebo night (—-13.1 (8.7) cmH,O
versus —16.1 (9.3) cmH,0; p=0.002) and a consistent trend for a reduced difference between V’eupnoea and
V'arousal on desipramine compared with placebo (p=0.07; table 3), meaning that the patients tended to
tolerate less reduction in ventilation without having an arousal from sleep on desipramine night (figure 1).
Notably, the three subjects who had a worsening of Perit values and NREM AHI on desipramine had a greater
reduction in arousal threshold compared with the other patients (34 (28) versus 21 (19) % baseline; p=0.024).

p>0.5
100

- 80
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g 60

3

= —_

& 40
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FIGURE 3 Individual data showing = 20
apnoea-hypopnea  index  (AHI) N
change from placebo to
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Placebo Desipramine

non-rapid eye movement sleep.
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TABLE 3 Physiology parameters during placebo and desipramine night (n=14)

Placebo Desipramine p-value
V'eupnoea L-min~" 7.3 (1.6) 7(1.3) >0.5
V' arousal L-min_1 4.8 [1.9] 5.4 [2.3] 0.1
V'0,active L-min~" 2.5(3.2) 4.0 (3.4) 0.33
V'0,passive L-min~" 0.7 (2.6) 1.0 (2.0) 0.39
V/eupnoea— V' arousal L-min‘1 2.7 [1.4] 1.8 [1.7] 0.07
V’arousal—V’O,active L-min‘1 2.1 [4.4] 0.6 [4.2] 0.33
V'0,active— V'0,passive [muscle compensation) L-min~" 1.5 (2.9) 2.4 (3.7) 0.24

Data are presented data as median (interquartile range), unless otherwise stated. V'eupnoea: eupnoeic
ventilation; V'arousal: ventilation that leads to arousals; V'0,passive: ventilation at a nasal pressure of 0 cmH,0
when the pharyngeal muscles are passive; Vb,active: ventilation at a nasal pressure of 0 cmH,0 when the
pharyngeal muscles are active.

Genioglossus responsiveness

Genioglossus muscle responsiveness to progressively greater epiglottic pressure swings was not different on
placebo versus desipramine (—0.25 (—0.31) wversus —0.24 (—0.33) %max cmH,O; p>0.5). However,
improvement in genioglossus responsiveness with desipramine was associated with improvement in muscle
compensation (V’0,active—V’0,passive; 1=0.74, p=0.003) and to the reduction in AHI (r=0.73, p=0.007; see
online data supplement).
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6 . 6
L4 L4 —
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Placebo Desipramine Placebo Desipramine
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-4 -4 T T
Placebo Desipramine Placebo Desipramine

FIGURE 4 Individual data showing changes to a) average ventilation of the five stable breaths preceding the
arousal if they are flow-limited (V'arousal), b) ventilation at atmospheric pressure under maximally active
conditions (V'0active), c] ventilation under eupnoeic conditions (V'0,passive), and d] muscle compensation
(V'0,active—V'0,passive] on placebo and desipramine night in the subgroup of patients with moderate-to-severe
obstructive sleep apnoea (apnoea-hypopnoea index (AHI) >15 events-h™'). Responders (AHI reduction
>20 events-h™" on desipramine compared with placebo) are highlighted with a dashed line.
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FIGURE 5 Muscle compensation (ventilation at atmospheric pressure under maximally active conditions
(V'0,active]—ventilation under eupnoeic conditions (V'0,passive]) during placebo night is related to the change in
apnoea-hypopnoea index (AHI) from placebo to the desipramine night. Responders had a lower muscle
compensation on placebo night (p<0.01) compared with the non-responders. Analysis of change in AHI was
performed on 12 subjects who had AHI values in the moderate-to-severe range (>15 events-h™'). The grey
filled circle indicates that the AHI value of placebo night was calculated during an additional diagnostic night
(see text for explanation). Note that this relationship persisted even when this subject was excluded.

Effects on sleep

Effects of desipramine on sleep architecture are shown in table 4. NREM stage 1, 2 and 3 were not
significantly changed between nights. REM sleep was significantly reduced on desipramine compared with
placebo (p=0.002).

Discussion

The main finding of this study was that desipramine significantly improves active upper airway
collapsibility in patients with OSA. In addition, those who have minimal muscle compensation on placebo
show the greatest reduction in AHI on desipramine.

It is noteworthy that active Pcrit represents the sum of the passive Perit and the active neuromuscular response
[9]. Although active Pcit was significantly higher on desipramine compared with placebo, the difference
between active and passive Pcrit was not significantly different (1.5 (3.0) on placebo versus 2.4 (3.8) cmH,0
on desipramine; p=0.24), suggesting that the observed reduction in the active Perit on desipramine is likely
due to a combination of improvements in passive Perit and active responses. Interestingly, desipramine was
able to reduce collapsibility under active conditions with a median change of —3.1 cmH,O (4.8), similar to
the change in collapsibility obtained with electrical hypoglossal-nerve stimulation [25] which is an effective
therapy in a subgroup of patients [26] that still requires better characterisation [27].

These results confirm, at least in part, what we recently observed in a group of 10 non-apnoeic control
subjects [11], for whom administration of desipramine 200 mg by mouth before sleep induced a consistent

TABLE 4 Sleep stages of the 14 patients analysed

Placebo Desipramine p-value
TST min 266.0 (71.5) 266.5 (124.0) >0.5
SE % 60.4 (16.5) 62.2 (15.4) >0.5
NREM1 %TST 28.5 (14.7) 34.0 (20.5) 0.110
NREM2 %TST 51.0 (4.0) 55.4 (17.2) 0.058
NREM3 %TST 4.5(13.1) 0.9 (4.2) 0.175
REM %TST 14.5 (10.9) 2.0 (6.1) 0.002

Data are presented as median (interquartile range), unless otherwise stated. TST: total sleep time; SE:
sleep efficiency; NREM1, NREM2 and NREM3: non-rapid eye movement sleep stages 1, 2 and 3; REM:

rapid eye movement sleep.
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increase in genioglossal tonic activity and a reduction in passive Perit. Here, in OSA patients, we found a
similar magnitude non-significant reduction in passive Pcrit whereas active Pecrit was significantly reduced.
There are several possibilities that may explain these differences. First, the small number of subjects studied
for passive Pcrit may have led to type II error; to detect a true difference of 1.3+2.4 cmH,O that we found in
this study with statistical significance if present, 17 more subjects would be required. Secondly, it might be
inappropriate to compare passive and active Perit in controls versus OSA patients because the ranges of CPAP
pressures used in the two studies were different (the median optimum CPAP pressure for controls was 3.5
(4.3) cmH,0O while for OSA patients it was 8.0 (3.3) cmH,0O; p<0.01) and different levels of optimum CPAP
could cause different degrees of upper airway muscle relaxation [28] or lung inflation [29], which could affect
passive Pcrit measurements. Third, most of the CPAP drops were performed in a sub-atmospheric (negative)
pressure range for controls, while pressure drops in OSA were predominantly in a positive pressure range; this
difference might lead to different behaviour of upper airway muscles in the two groups as constant
intrapharyngeal negative pressure increases EMGGG activity within and between breaths [30, 31].

Although desipramine significantly improved upper airway collapsibility, in the post hoc exploratory
analysis, we found that the only phenotype predictor of an AHI reduction was minimal upper airway
muscle compensation at baseline. On the contrary, patients with good muscle compensation off drug did
not show a reduction in OSA severity despite improvements in collapsibility. In contrast to our hypothesis,
the degree of collapsibility at baseline did not predict the outcome on drug in this small group of patients.
However, all but one of the patients included in the present study had a mild-to-moderate upper airway
anatomical defect. It would be interesting to study other patients with a wider range of Pcrit value to
confirm that only muscle compensation can predict desipramine outcome.

Three subjects in this study had a worsening of AHI and collapsibility on desipramine. The reason for this
observation is not clear. However, one possible explanation might be the reduced arousal threshold with
desipramine which could affect both OSA severity and collapsibility. Indeed, these three subjects had a
median reduction of arousal threshold of 34% versus 21% (p=0.024) in other patients. It has been shown
that a low arousal threshold may contribute to OSA pathogenesis because it does not allow time for an
adequate upper airway muscles response [32]. In patients with moderate-to-severe OSA, the only
ventilatory trait that was significantly increased on desipramine compared with placebo was the V’arousal,
consistent with the reduced arousal threshold that we measured with the epiglottic pressure catheter,
meaning that the patients could tolerate less ventilatory reduction on desipramine compared with placebo.
These observations suggest that desipramine at this dose (200 mg) might have significant wake-promoting
activity and that lowering the dose of this drug or combining desipramine with a non-myorelaxing
sedative to raise the arousal threshold might be a successful treatment strategy in certain individuals.

Two previous randomised controlled trials [15, 16] assessed the effects of the TCA protriptyline on OSA
severity. BROWNELL et al. [15] found no change in AHI during NREM sleep after 4 weeks of therapy with
protriptyline 20 mg in a group of 5 obese men with severe OSA. In another double-blind trial, WHYTE et al.
[16] found that administration of protriptyline 20 mg for 14 days in 10 moderate-to-severe OSA patients did
not change NREM AHI as a group but generated wide inter-individual variability in the change in AHI. Our
study is different from the previously cited ones in many respects. We administered a high dose of
desipramine for one night and evaluated the patients’ phenotypic traits. We chose desipramine rather than
protriptyline because of its potent adrenergic effect compared to the other TCAs [33]. Similar to previous
clinical trials testing TCAs [15, 16], we did not find systematic changes in AHI with desipramine treatment in
unselected patients. However, we did demonstrate a significant improvement in collapsibility with desipramine
and the measurement of phenotypic traits allowed us to identify a particular phenotype of OSA patient in
whom desipramine therapy was effective, namely those with minimal upper airway compensation at baseline.

Limitations

This study has several limitations. First, the small number of subjects studied in this trial does not allow
for precise conclusions regarding the OSA patient profile of those responding to desipramine, although we
were able to generate a working hypothesis to be tested in further studies. Second, given that the AHI
determined from our study was compiled from recordings taken both before and after the physiological
measurements, our values may be not representative of the true AHI and as such should be interpreted
with caution. However, in a recent study, CHou et al. [34] validated the split-night procedure in which
OSA is diagnosed only during half-night polysomnography [35] showing that partial-night
polysomnography (1 or 2h) can be as useful as whole-night polysomnography for OSA diagnosis,
especially for patients with severe disease. We note that the median value of total sleep time off CPAP for
both placebo and desipramine nights was over 2 h in our study.

Despite these considerations, at this time we cannot completely exclude that night-to-night variability of
OSA severity, rather than desipramine effect, influenced the change in AHI. Prospective administration of
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desipramine to a selected group of patients with minimal upper airway muscle compensation will answer
this question.

Third, the medication effect could also be different in different parts of the night given that desipramine
has shown different time to peak concentration between individuals, generally being between 4 to 6 h [36].
Although plasma concentration of desipramine was not measured in this trial, we believe that this
limitation is mitigated by the high affinity of desipramine for norepinephrine transporter, so that a small
plasma concentration would be expected to saturate these receptors [33]. Fourth, we measured the effects
of desipramine after a single-night administration, the effects of prolonged administration are unknown,
but it might further improve upper airway collapsibility. Indeed, in animal studies, chronic administration
of desipramine led to downregulation of the norepinephrine transporter on the presynaptic membrane,
which would additionally increase the availability of postsynaptic norepinephrine [37].

Conclusions

In this study, we showed that desipramine reduced upper airway collapsibility when the upper airway was
challenged with gradual reduction in airway pressure in OSA patients. In addition, measurement of OSA
phenotypes showed that the greatest reductions in AHI occurred in subjects with minimal upper airway
response at baseline. Despite these improvements, arousal threshold was reduced on desipramine and this
could be the reason for OSA worsening in some patients. These findings offer new insights for the
development of pharmacological treatments for OSA and in particular for the identification of a group of
OSA subjects who might respond to desipramine treatment.
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