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Study Objectives: Obstructive sleep apnea (OSA) is common in individuals with tetraplegia and associated with adverse health outcomes. The causes

of the high prevalence of OSA in this population are unknown, but it is important to understand as standard treatments are poorly tolerated in tetraplegia.
Nasal congestion is common in tetraplegia, possibly because of unopposed parasympathetic activity. Further, nasal obstruction can induce OSA in healthy
individuals. We therefore aimed to compare nasal resistance before and after topical administration of a sympathomimetic between 10 individuals with
tetraplegia (T) and 9 able-bodied (AB) controls matched for OSA severity, gender, and age.

Methods: Nasal, pharyngeal, and total upper airway resistance were calculated before and every 2 minutes following delivery of =0.05 mL of 0.5% atomized
phenylephrine to the nostrils and pharyngeal airway. The surface tension of the upper airway lining liquid was also assessed.

Results: At baseline, individuals with tetraplegia had elevated nasal resistance (T = 7.0 + 1.9, AB = 3.0 £ 0.6 cm H,OI/L/s), that rapidly fell after phenylephrine
(T=2.3+0.4, p=0.03 at 2 min) whereas the able-bodied did not change (AB = 2.5 £+ 0.5 cm H,O/L/s, p = 0.06 at 2 min). Pharyngeal resistance was
non-significantly higher in individuals with tetraplegia than controls at baseline (T =2.6 £ 0.9, AB = 1.2 £ 0.4 cm H,0O/L/s) and was not altered by
phenylephrine in either group. The surface tension of the upper airway lining liquid did not differ between groups (T =64.3 + 1.0, AB = 62.7 + 0.6 mN/m).
Conclusions: These data suggest that the unopposed parasympathetic activity in tetraplegia increases nasal resistance, potentially contributing to the high

occurrence of OSA in this population.
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INTRODUCTION

Sleep is an integral component of a healthy and productive life,
yet a good night’s sleep is a rare event for people with tetraple-
gia.'? Obstructive sleep apnea (OSA), as defined by an apnea-
hypopnea index (AHI) of > 10 events per hour, is two to seven
times more prevalent in chronic tetraplegia than in the general
population.>” Untreated OSA is a significant issue in tetraple-
gia as it is associated with significant neurocognitive deficits,
sleepiness, and reduced quality of life.>-63°

Tetraplegia is likely to compromise the patency of the
nose because sympathetic outflow to the upper airway is
typically disrupted after cervical spinal cord injury. In an
animal model, unopposed parasympathetic activation of the
upper airway was observed to increase nasal airflow resis-
tance.'” Consistent with this, subjective nasal obstruction and
stuffiness is frequently reported as a clinically significant
symptom in tetraplegia."" In the able-bodied, nasal obstruc-
tion increases pharyngeal resistance'? and the frequency of
upper airway collapse during sleep."”® Furthermore, in tetra-
plegia, this nasal obstruction has been specifically identified
by patients with OSA as a predominant reason for non-ad-
herence with the mainstay treatment for OSA, continuous
positive airway pressure (CPAP).” Despite these observations,
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BRIEF SUMMARY

Current Knowledge/Study Rationale: Patients with tetraplegia
often report nasal congestion and suffer from obstructive sleep
apnea (OSA). High nasal resistance contributes to OSA in the
able-bodied and may therefore predispose people with tetraplegia
to the condition. Until now, nasal resistance has not previously been
documented in tetraplegia.

Study Impact: This paper found that nasal resistance was higher in
patients with tetraplegia and OSA compared to OSA alone and was
reduced with topical phenylephrine, possibly providing a reason and
a line of therapy for OSA in tetraplegia.

measurement of nasal resistance in tetraplegia has not
previously been reported.

Upper airway patency and collapsibility are also influ-
enced by the surface tension of the liquid lining the upper air-
way." Patients with OSA have a stickier airway lining liquid
(higher surface tension) than healthy controls,”” and reducing
this improves OSA." Breathing route also influences the sur-
face tension, with oral breathing drying out the airways and
making the liquid lining stickier.'® This partially explains the
increased likelihood''® and severity' of OSA in mouth breath-
ers. Individuals with tetraplegia may have altered surface ten-
sion of their airway lining liquid due to either altered route of
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breathing, their autonomic disturbance altering salivary output
and/or consistency, or due to medications further predisposing
their airways to collapse. However, this has not been tested.
Thus, the aims of this experiment were to measure the sur-
face tension of the upper airway lining fluid and the nasal,
pharyngeal, and total upper airway resistance in people with
tetraplegia compared to able-bodied controls. We also exam-
ined whether the application of a topical sympathomimetic
vasoconstrictor would alter the resistance of the upper airway.

METHODS

Thirteen spontaneously breathing patients with chronic (> 1 year
since injury), motor and sensory complete (as classified by the
American Spinal Injuries Association Impairment Scale (AIS A)
at the time of initial post-injury discharge) traumatic tetraplegia
(T1 or higher) were recruited from the Victorian Spinal Cord Ser-
vice in Melbourne, Australia. Seventeen able-bodied (AB) con-
trols were recruited through advertisements. Participants were
aged between 1870 years. Able-bodied participants were ini-
tially matched to participants with tetraplegia (T) by gender and
age (within 10 years) and subsequently by supine AHI. Exclusion
criteria for both groups included allergy to lignocaine or phen-
ylephrine and preexisting medical conditions beyond OSA and
tetraplegia. No participants reported any anatomical reasons for
nasal obstruction (e.g., nasal polyps, deviated septum). All par-
ticipants gave informed consent, and the study procedures were
approved by the Austin Health human research ethics committee.

Screening Polysomnography
Full overnight polysomnography (PSG) was conducted in the
home (SomtePSG, Compumedics, Abbottsford, Australia) for
all participants, except when full PSG had been performed
within 6 months prior, when the screening study was omitted.
For the participants with tetraplegia, 2 sleep scientists attended
the home approximately 3 h prior to usual bedtime. All equip-
ment was attached, data recording commenced and the sci-
entists left. The study ended in the morning at approximately
06:30 when the participants’ carers would arrive and remove
the equipment. Able-bodied participants attended the institu-
tional sleep laboratory approximately 2 h before their usual
bedtime, were instrumented, data recording commenced, and
they returned home by taxi. The study ended in the morning
when the participant removed the equipment. A staff member
collected the equipment on the same day.

Able-bodied controls whose supine AHI did not match to
a tetraplegia participant within 15 events/h were excluded at
this point because people with tetraplegia typically sleep su-
pine all night. Eight able-bodied participants could not be AHI
matched and were excluded from further study. Three partici-
pants with tetraplegia became unwell or declined to continue,
leaving 10 tetraplegic and 9 able-bodied participants to com-
plete the physiology study.

Physiology Study Procedure

Any participant who used nasal decongestion chronically, ab-
stained from use for the week prior to the study (Table 1; T4,
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T6 and AB?7). Participants arrived at the physiology labora-
tory around 16:00 and were given an early dinner before being
transferred to a bed with the back raised to approximately 45
degrees. At least 60 min after dinner was finished, two 5-10 uL
upper airway lining liquid samples were collected from under
the tongue using polyethylene tubing attached to a 1 mL sy-
ringe. Sampling from under the tongue was chosen because it is
easier to obtain than posterior pharyngeal wall samples and the
surface tension (y) of fluid under the tongue and posterior wall
do not differ during nasal breathing."” To ensure a sample was
obtained even if the participant did not usually breathe through
the nose, liquid was sampled first without control of breathing
route and then after 15 minutes of enforced nasal breathing.

Samples were stored in the polyethylene sample tubing inside
a 1.5 mL tube (Safe-Lock micro test tubes, Eppendorf), frozen
(—80°C) until packed in dry ice and shipped for assessment (Lud-
wig Engel Centre for Respiratory Research, Westmead Hospital,
Sydney, Australia). The y of the upper airway lining liquid was
measured via the “pull-off” force technique.” This approach
evaluates the force required to separate 2 silica surfaces bridged
by a droplet (~0.2 pL) of the test liquid to estimate y in mN/m.

A leak-proof nasal mask (modified profile-lite gel, Respiron-
ics, Murrysville, PA) was fitted to the subject, secured with a
head strap and suspended to minimize facial discomfort and
muscle activity. A heated pneumotachograph (model 3700;
Hans Rudolph, Shawnee, KS) was attached to the mask and to-
gether with a differential pressure transducer (Validyne Model
CD223 city) monitored inspiratory airflow. The inspiratory
side of the pneumotachograph was open to atmosphere and the
total deadspace of the nasal mask and pneumotachograph was
approximately 125 mL. The mask and pneumotachograph con-
figuration was kept constant within participants and pre- and
post-phenylephrine administration.

Two pressure transducer tipped catheters (Mikro-tip cath-
eter transducers Model MPC-500 Millar Instruments, Inc.,
Houston, TX) were inserted into one nostril at least 3 h after
the participant finished dinner to reduce the risk of regurgita-
tion and aspiration. The tip of one catheter was passed until
it reached the level of the epiglottis (about 1.5 cm below the
tongue base as viewed through the mouth), the other to the
level of the choanae. Catheters were secured at the nose using
tape. Mask pressure was measured from a port in the mask. An
electroencephalogram and an electrooculogram were recorded
to confirm the participant did not fall asleep. All data were
acquired on Spike2 (Cambridge Electronic Design, Cambridge,
UK) at 1,000Hz.

Ten minutes of quiet, resting breathing was recorded to
determine baseline airflow and resistance measurements be-
fore ~0.05 mL 0.5% phenylephrine (Minims Phenylephrine
Eye Drops, Bausch & Lomb (Australia) Pty Ltd) atomised
decongestant was administered to each nostril and directly
onto the posterior pharyngeal wall via the mouth. Another 10
minutes of resting breathing was recorded immediately after
decongestant administration.

Analysis
All sleep studies were sleep staged and respiratory events
scored by a single, experienced sleep scientist using the
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Table 1—Demographic characteristics of the participants.

Code | Lesion | Gender Age BMI AHI Medications

™ C4 M 20 244 17.8 Analgesic, Benzo/Baclofen, Laxative, topical antifungal.

T2 C5 M 47 223 15.8 Analgesic, Allergy, Laxative.

T3 C5 F 44 251 16.3 Analgesic, Allergy, anti-Muscarinic, Benzo/Baclofen.

T4 C4 M 37 30.5 35.3 Allergy, Laxative, antidepressant, antihypertensive, Benzo/Baclofen,
decongestant.

T5 C5 F 31 19.9 5.2 Analgesic, antibiotic, laxative, benzo/baclofen, bronchodilator,
contraceptive, decongestant.

T6 C7 M 65 254 1.8 Anticoagulant, anti-inflammatory, decongestant, herbal supplement.

T8 C5 M 30 17.6 4.8 benzo/baclofen, laxative.

T9 C5 M 36 25.0 76.1 Analgesic, benzo/baclofen, laxative.

T10 C5 F 40 36.3 30.8 Laxative, herbal supplement.

™ C5 M 39 19.5 47 Benzo/Baclofen, Laxative, herbal supplement.

Mean+ SEM | 389+3.8 |246+1.7 |21.9%6.9

AB2 - M 46 24.8 6.5 -

AB3 - M 26 23.1 72 -

AB4 - F 29 25.0 8.8 -

AB5 - M 27 258 294 -

AB6 - M 65 23.2 18.8 -

AB7 - M 61 223 325 Decongestant.

AB8 - M 28 34.9 5.7 Analgesic, anticoagulant.

AB9 - F 47 36.2 10.7 Antihypertensive, bronchodilator.

AB10 - F 40 418 24.7 CPAP, corticosteroid, thyroid hormone replacement.

Mean £ SEM | 41£5 286+24 | 16341

Participant code, lesion level, gender age (years), body mass index (BMI, kg/m?), apnea-hypopnea index (AHI, in events/h) and current regular medications

in the 20 participants in whom physiologic data were obtained.

“Chicago criteria.”'*? Sleep indices of primary interest in-
cluded: sleep quality (sleep efficiency, number of awakenings,
arousal index, REM and sleep latency, % of sleep in each
stage of sleep), sleep apnea severity (AHI, oxygenation (% of
sleep with SpO, < 90%, oxygen desaturation index) and peri-
odic limb movement index. Disease severity was classified as;
no OSA AHI < 10, mild OSA 10 > AHI < 30, moderate OSA
30 > AHI < 60, and severe OSA AHI > 60 events/h sleep.
Nasal and pharyngeal resistances were calculated at an
inspiratory flow rate of 0.2 L/s (APressure/Flow) on a breath
by breath basis using custom Spike2 software. Breathing fre-
quency, minute ventilation, and peak inspiratory flow rate
were calculated for each breath. Data were averaged within a
participant for the baseline 10 minutes and over each 2 minutes
after phenylephrine administration. Breaths during swallows,
talking, and body movements were excluded. Separate 2 x 6
repeated measures ANOVA (2 subject groups, 6 time points)
were used to assess resistance changes over time for nasal, pha-
ryngeal, and total upper airway resistance. A 2 x 2 repeated
measures ANOVA was also used to compare surface tension
between patient groups and measurement routes. If significant
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asphericity was observed, the Huynh-Feldt correction was em-
ployed. Student’s t-tests were used for post hoc testing. Statis-
tics were calculated using SPSS (version 22). Means + SEM are
presented and p < 0.05 was considered statistically significant.

RESULTS

Patients with tetraplegia did not differ from able-bodied con-
trols in terms of age, BMI, AHI, or gender (Table 1). Patients
with tetraplegia were taking more medications. Overall, the
majority of participants were of normal weight and had mild
obstructive sleep apnea.

Surface Tension

Two participants with tetraplegia had insufficient volume
of lining liquid sampled in the natural breathing condition.
Similarly, two able-bodied controls had insufficient samples
for analysis following the enforced nasal breathing period.
Analysis is therefore limited to 8 tetraplegic and 7 able-bodied
participants. The surface tension of the airway lining liquid
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Figure 1—Airway resistance in people with tetraplegia (T)
and the able-bodied (AB) before and after phenylephrine.
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Mean nasal (Rna), pharyngeal (Rph), and total upper airway (Rua)
resistance before and after ~0.05 mL of 0.5% phenylephrine was
atomized into the nostrils and pharyngeal airway in 10 individuals with
tetraplegia (T) and 9 able-bodied (AB) volunteers.

did not differ between groups during natural (62.7 = 1.0 and
62.0 £ 0.7 mN/m in T and AB, respectively) or enforced na-
sal breathing (64.3 = 1.2 and 62.7 £ 0.5 mN/m, no significant
ANOVA main effect for group or interaction). However, sur-
face tension was higher following enforced nasal breathing in
both groups (ANOVA main effect of breathing route p = 0.015,
group p = 0.37, interaction p = 0.36).
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Figure 2—Peak inspiratory flow in people with tetraplegia
(T) and the able-bodied (AB) before and after phenylephrine.
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Peak inspiratory flow (PIF) before and after ~0.05 mL of 0.5%
phenylephrine was atomized into the nostrils and pharyngeal airway in
10 individuals with tetraplegia (T) and 9 able-bodied (AB) volunteers.

Resistance
The pharyngeal pressure trace in one tetraplegic participant was
consistently unacceptable due to nasal secretions obscuring the
catheter tip prior to and after phenylephrine administration. An-
other tetraplegic participant and one able-bodied control subject
fell asleep during the post phenylephrine period. These subjects
were awoken but any data obtained during sleep was omitted. As
a result, nasal resistance was measured in 10 tetraplegic partici-
pants and 9 able-bodied controls while pharyngeal and total re-
sistance in 9 tetraplegic participants and 9 able-bodied controls.
Nasal, pharyngeal, and total upper airway resistance are il-
lustrated in Figure 1. Nasal resistance fell significantly over
time (p < 0.01) and tended to differ between groups over time
(interaction p = 0.05). There was no significant main effect for
group (p = 0.28). Post hoc t-tests indicated that resistance fell
significantly in the group with tetraplegia between baseline and 2
minutes (p = 0.03), whereas the change in able-bodied was non-
significant. In contrast to nasal resistance, pharyngeal resistance
showed no time or group by time interaction effects, but showed
a trend towards pharyngeal resistance being higher in tetraple-
gia (p = 0.08). Total upper airway resistance also showed a sig-
nificant main effect for time (p < 0.01). There were no significant
group (p = 0.10) or group by time interaction (p = 0.10) effects.
The ventilatory changes that occurred following adminis-
tration of phenylephrine were small. Tidal volume and duty
cycle did not differ between groups nor change with time. Both
groups increased peak inspiratory flow following phenyleph-
rine (Figure 2). The increase was larger in the able-bodied
than the tetraplegic participants; time (p < 0.01) and group
(p = 0.04) effects but no interaction (p = 0.91).

DISCUSSION

The main finding of this study was that nasal resistance was high
in tetraplegia and that topical phenylephrine administration



reduced this to the same level as that observed in matched
able-bodied controls. Pharyngeal resistance was not different
between the participant groups and was not significantly modi-
fied by topical vasoconstriction. Notwithstanding this, the na-
sal resistance reduction over time was large enough to also
reduce total upper airway resistance. The upper airway lining
liquid in people with tetraplegia was not found to be different
to their able-bodied counterparts.

As highlighted above, OSA is common in individuals with
tetraplegia and adherence to CPAP is often poor.’ It is likely
that the increased nasal resistance observed in this study con-
tributes to both of these observations. In otherwise healthy
individuals, nasal packing” can give rise to OSA and nasal
decongestion with steroids and an a-adrenergic agent (dexa-
methasone and tramazoline) can reduce OSA severity in the
able-bodied.” Taken together these data suggest that pharma-
cological nasal decongestion may be an effective management
approach for OSA in tetraplegia.

In an isolated feline upper airway model, unopposed, para-
sympathetic activation of the upper airway was observed to
increase nasal airflow resistance.' It is believed that a similar
autonomic derangement is present in people with high, com-
plete tetraplegia. The marked elevation in nasal resistance and
the immediate reduction with phenylephrine in the current
study of people with tetraplegia and OSA is consistent with
this. In a recent study that examined upper airway mechan-
ics in people with tetraplegia, paraplegia and controls,? upper
airway resistance was three times higher in those with tetraple-
gia compared with paraplegia and controls; however, the dif-
ference was not significant (p = 0.24). The lack of statistical
significance was likely attributable to the small sample and the
wide variance in measured response.

We were unable to demonstrate a significant reduction in
pharyngeal resistance with phenylephrine in either of our par-
ticipant groups. This contrasts with the data of Wasicko,? who
found a small (approximately 0.7 cm H,O/L/sec) but statistically
significant reduction in pharyngeal resistance. Our participants’
overall pharyngeal resistance reduced by only 0.3 cm H,O/L/sec.
However, the effective “dose” of phenylephrine delivered in the
Wasicko paper was approximately 10 times larger than that ad-
ministered in the current study. The participants with tetraple-
gia had a tendency towards higher pharyngeal resistance and a
larger relative reduction with phenylephrine (Figure 1B). Fur-
ther research could explore whether a larger dose or an alterna-
tive preparation may result in a clinically important effect.

There was no difference between the groups in upper airway
lining liquid surface tension measured either before or after
enforced nasal breathing. There was an overall increase in sur-
face tension observed when we enforced nasal breathing. This
finding contrasts with previous research, where 120 minutes of
oral rather than nasal breathing increased lining liquid surface
tension by 13 mN/m."® Further, Kirkness et al.** demonstrated
that a reduction in surface tension by approximately 15 mN/m
with surfactant gave rise to an average reduction in the respi-
ratory disturbance index of 15 events per hour. Our observed
increase in surface tension of approximately 1 mN/m is thus
unlikely to be clinically relevant, may represent a type I error
and requires replication.
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Methodological Considerations

Studies involving people with tetraplegia are both clinically
and technically challenging. A larger sample size would have
been desirable but was simply not feasible. Despite the limited
sample size, the results we obtained in our able-bodied con-
trols are similar to previous studies and the tetraplegia data are
consistent with the clinical impression, patient report and the
theoretical effect of isolated parasympathetically mediated up-
per airway vascular engorgement. As anticipated, there were
clear differences in the medication profiles of the groups. The
group with tetraplegia included more participants with a his-
tory of using allergy and decongestion medications (Table 1).
If these medications blunted the response in the people with
tetraplegia, the group differences observed may have been un-
der estimated. There was no matching for body mass index un-
dertaken in this trial. People with tetraplegia have substantially
altered body composition after injury,? such that typical indi-
ces such as BMI are not comparable with the able-bodied. Spe-
cifically, people with tetraplegia have more fat for any given
BMI and as such the greater BMI in the control participants
may not signify more adiposity.

Summary and Clinical Implications

People with tetraplegia and OSA have deficits in the areas
of attention, concentration, memory, and learning skills.® In
acute tetraplegia, these deficits are likely to prolong rehabili-
tation, and in chronic tetraplegia these same deficits will re-
duce independence and limit vocational outcomes."** CPAP is
poorly adhered to in people with tetraplegia, and as such alter-
native effective therapies are urgently needed. The identified,
modifiable contributor to OSA of increased nasal resistance
may present a therapeutic target for future research.

ABBREVIATIONS

AB, able bodied

AHI, apnea-hypopnea index

AIS, American Spinal Injuries Association Impairment Scale
BMI, body mass index

CPAP, continuous positive airway pressure
OSA, obstructive sleep apnea

PIF, peak inspiratory flow

PSG, polysomnography

Rna, nasal resistance

Rph, pharyngeal resistance

Rua, upper airway resistance

T, tetraplegia

SEM, standard error of the mean

v, surface tension
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