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Key points summary 

 Protective reflexes in the throat area (upper airway) are crucial for breathing   

 Impairment of these reflexes can cause breathing problems during sleep such as 

obstructive sleep apnoea (OSA) 

 OSA is very common in people with spinal cord injury for unknown reasons 

 This study shows major changes in protective reflexes that serve to keep the upper 

airway open in response to suction pressures in people with tetraplegia and OSA 
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 These results help us understand why OSA is so common in people with tetraplegia 

and provide new insight into how protective upper airway reflexes work more broadly  

 

Abstract 

More than 60% of people with tetraplegia have obstructive sleep apnoea (OSA). However, 

the specific causes are unknown. Genioglossus, the largest upper-airway dilator muscle, is 

important in maintaining upper-airway patency. Impaired genioglossus muscle function 

following spinal cord injury may contribute to OSA. This study aimed to determine if 

genioglossus reflex responses to negative upper-airway pressure are altered in people with 

OSA and tetraplegia compared to non-neurologically impaired able-bodied individuals with 

OSA.  

Genioglossus reflex responses measured via intramuscular electrodes to ~60 brief (250ms) 

pulses of negative upper-airway pressure (~-15cmH2O at the mask) were compared between 

13 participants (2 females) with tetraplegia plus OSA and 9 able-bodied controls (2 females) 

matched for age and OSA severity. 

The initial short-latency excitatory reflex response was absent in 6/13 people with tetraplegia 

and 1/9 controls. Genioglossus reflex inhibition in the absence of excitation was observed in 

3 people with tetraplegia and none of the controls. When the excitatory response was present, 

it was significantly delayed in the tetraplegia group compared to able-bodied controls: 

excitation onset latency (mean ±SD) was 32±16 vs. 18±9ms, p=0.045; peak excitation 

latency was 48±17 vs. 33±8ms, p=0.038. However, when present, amplitude of the excitation 

response was not different between groups 195±26 vs. 219±98%baseline, p=0.55.  

There are major differences in genioglossus reflex morphology and timing in response to 

rapid changes in airway pressure in people with tetraplegia and OSA. Altered genioglossus 

function may contribute to the increased risk of OSA in people with tetraplegia. The precise 

mechanisms mediating these differences are unknown. 

 

Abbreviations 

AHI- Apnoea/hypopnea index 

OSA- Obstructive sleep apnoea  
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AIS- American Spinal Injury Association impairment scale 

Introduction 

Obstructive sleep apnoea (OSA) is highly prevalent following spinal cord injury. Indeed, 

more than 60% of people with tetraplegia have OSA (Burns et al., 2000; Berlowitz et al., 

2005; Chiodo et al., 2016). Increases in adipose tissue and neck circumference, altered 

neuromuscular and respiratory function, autonomic dysfunction, high nasal resistance and 

certain medications (e.g. CNS depressants) that are commonly used in people with spinal 

cord injury may increase the risk of OSA in people with tetraplegia (Fuller et al., 2013). 

However, while recent studies indicate a potential role for increased nasal resistance as a 

contributor to OSA for certain people with tetraplegia (Gainche et al., 2016; Wijesuriya et al., 

2017), the specific pathophysiological factors that place people with tetraplegia at such a high 

risk of OSA are poorly understood.  

OSA is characterised by recurrent upper airway collapse that leads to complete or partial 

cessation of breathing. Upper airway dilator muscles, including the largest airway dilator, 

genioglossus, are pivotal in the maintenance of upper airway patency (Horner et al., 1991a; 

White, 2005; Horner et al., 2014). Negative pressure during inspiration caused by diaphragm 

contraction can cause the upper airway to narrow. Both central and reflex activation of 

pharyngeal dilator muscles help to keep the upper airway open.  

Able-bodied people with OSA have increased genioglossus electromyographic (EMG) 

activity awake compared to those without OSA (Mezzanotte et al., 1992; Fogel et al., 2001). 

Increased genioglossus muscle activity in people with OSA may be, at least in part, a 

neuromuscular compensatory response to having a narrow upper airway (Mezzanotte et al., 

1992). Genioglossus activity is reduced during sleep onset in non-neurologically impaired 

able-bodied individuals (Worsnop et al., 2000). The reduction in activity at sleep onset is 

greater in people with OSA compared to those without OSA (Fogel et al., 2005). Thus, sleep-

related reductions in genioglossus muscle activity contribute to OSA pathogenesis. One 

mechanism that contributes to genioglossus activity is reflex activation from pressure 

sensitive mechanoreceptors in the upper airway (Horner et al., 1991a; Horner et al., 1991b). 

Other lung and chest wall stretch receptors may also be involved (Eckert et al., 2007; 

Carberry et al., 2015). Rapid changes in pharyngeal pressure cause an initial short-latency 

activation followed by a sleep-stage dependent inhibition phase (Eckert et al., 2007; Carberry 
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et al., 2015). Poor genioglossus reflex function can impair airway dilation and contribute to 

OSA (Eckert et al., 2013). 

The genioglossus muscle and its sensory inputs are innervated by the cranial nerves. Thus, 

reflex function to changes in upper airway pressure should remain intact in people with spinal 

cord injury downstream from these local mechanisms. However, if the input from these 

afferents is altered after spinal cord injury or if other afferents, below the level of the injury 

are also involved, genioglossus reflex responses may be altered in people with spinal cord 

injury and contribute, at least in part, to the high rates of OSA in this population. There is no 

data on genioglossus reflex responses to changes in upper airway pressure in people with 

spinal cord injury. Accordingly, this study aimed to carefully quantify genioglossus reflex 

responses (i.e. peak amplitude, latency and morphology) to rapid pulses of negative pressure 

in people with tetraplegia and determine potential differences in genioglossus reflex 

responses and airway collapsibility in people with tetraplegia and OSA compared to able-

bodied (non-neurologically impaired) people with OSA.  

 

Methods 

Ethical approval 

The study was performed in accordance with the ethical principles outlined in the Declaration 

of Helsinki (2013) for medical research involving humans, except for the registration in a 

database. All participants provided informed written or verbal consent as appropriate. The 

protocol was approved by the South Eastern Sydney Local Health District and Austin 

Health’s Human Research Ethics Committees 14/032 (HREC/14/POWH/133). 

Participants  

Sixteen people with tetraplegia plus OSA and 9 able-bodied individuals with OSA were 

recruited from outpatient clinics from two spinal cord centres (Austin Health, Melbourne and 

Prince of Wales Hospital, Sydney) and from people living with spinal cord injury in the 

community via advertisement. OSA was defined as an apnoea/hypopnea index (AHI) of 10 

events/h sleep or above (Berry et al., 2012). Tetraplegia was defined as an injury to the spinal 

cord at or above the level of T1 vertebra. All participants with tetraplegia were defined as 
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motor complete injuries (American Spinal Injury Association Impairment Scale [AIS] A or 

B, Table 1). Prior to the study, standard overnight polysomnography was conducted to assess 

OSA severity in each participant.  

Equipment and measurements 

Genioglossus EMG was measured using two intramuscular bipolar electrodes. The electrodes 

were stainless steel Teflon-coated wires (0.33mm in diameter), with approximately 1.5mm 

length of the coating removed at the tip to create the recording site.  The wires were inserted 

into the genioglossus muscle per-orally (approximately 4mm either side of the frenulum to a 

depth of 1-1.5cm) (Eckert et al., 2007) or per-cutaneously (Eastwood et al., 2003). The site 

was anesthetised prior to insertion with 1-2% topical lignocaine. Wires were inserted using a 

25-gauge needle and secured to the skin using Tegaderm™ tape. 

Two pressure transducers (pressure-tipped catheters, Millar, Houston, TX, USA) were 

introduced via the nostril to measure upper airway pressures as described previously 

(Carberry et al., 2015; Gainche et al., 2016). One catheter was advanced to the level of 

epiglottis with the tip positioned at 1-2cm below the base of the tongue. The other was placed 

to the back of the nose with the tip positioned 0.5-1cm distal to nasopharyngeal wall to record 

pressure at the choanae. Each catheter was secured to the nose with tape. Participants were 

instrumented with a non-vented nasal mask (modified ResMed Mirage, Sydney, Australia or 

a modified Philips Respironics Profile Lite, Murrysville, PA, USA) connected to a two-way 

breathing valve (Hans Rudolph, Series 1410, Kansas City, MO, USA) with the inspiratory 

valve placed upstream (Figure 1). A heated pneumotachograph (Hans Rudolph Inc, model 

3700 or Fleisch No.3, Phipps & Bird, Richmond, VA, USA) attached to the nasal mask and a 

differential pressure transducer (Validyne Corporation, MP45, Northbridge, CA, USA) was 

used to measure airflow. An additional differential pressure transducer referenced to 

atmosphere was attached to measure mask pressure.  

Experimental protocol  

Experiments were conducted during wakefulness confirmed via electroencephalogram. 

Participants were studied supine. Brief (250ms), rapid negative-pressure pulses were 

delivered to the mask during early inspiration using a computer-controlled solenoid (Sydney) 

or balloon (Melbourne) valve systems. One arm of the valve was connected to room air 
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(atmospheric pressure) while the other was connected to a large negative pressure reservoir 

evacuated to approximately -100cmH2O. A spring adjustable valve was placed in series to 

limit the pressure delivered to the mask to approximately -15cmH2O (Figure 1). Negative 

pressure pulses were triggered by custom-written software that monitored the inspiratory 

flow rate. Pulses were delivered randomly every 2-10 breaths during early inspiration when 

airflow reached 2l/min.  

Data were acquired on a personal computer using a 16 bit analogue to digital converter (CED 

1401; Cambridge Electronic Design Ltd, Cambridge, UK) and Spike2 software (version 2.7; 

Cambridge Electronic Design). CED 1902 amplifiers were used to record EMG data at a 

sample rate of 2000 Hz with a band pass filter of 30-1000Hz. Pressure channels were 

sampled at 1000Hz. Remaining channels were sampled at 250Hz.  

Data analyses 

Pulses were analysed using customised software (Spike 2, CED, Cambridge, UK) which 

detected the steepest slope in mask pressure during the negative pressure pulses. This point 

was used to time lock pressure and genioglossus EMG signals for ensemble averaging. Pulses 

were excluded from analysis if they were delivered during a swallow, or if movement or 

signal artefact were present. All other pulses in which mask pressure was ≤-10cmH2O were 

included in the analysis. The point immediately before the sudden decline in choanal pressure 

was defined as stimulus onset (time zero) as described previously (Carberry et al., 2015).  

EMG signals were rectified and ensemble averaged for 200msec before and 1 second after 

the sudden drop in mask pressure for each participant to quantify reflex responses to negative 

pressure pulses. Similarly, pressure signals (mask, choanal and epiglottic) were averaged to 

assess upper airway collapsibility and negative pressure pulse stimulus characteristics. Upper 

airway collapsibility was calculated as the pressure difference between nadir mean choanal 

and epiglottic pressures during negative pressure pulses as described previously (Hilditch et 

al., 2008; Carberry et al., 2015). The collapsibility index was calculated as: (choanal pressure 

nadir – epiglottic pressure at the point of choanal pressure nadir)/ choanal pressure)*100.  

Reflex amplitude was expressed as a percentage of the mean pre-stimulus (100ms) EMG and 

in absolute units (µV). To be classified as reflex excitation or suppression of genioglossus 

EMG, the EMG response to the negative pressure pulses had to increase/decrease by at least 
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two standard deviations above or below the mean pre-stimulus EMG for greater than 10ms 

(see Figure 2). When present, excitation onset, excitation peak amplitude, suppression onset 

and suppression nadir of the genioglossus EMG were quantified as described previously 

(Eckert et al., 2007). In cases where there was no short-latency excitation peak according to 

the established criteria outlined above, the maximal value on the averaged rectified EMG 

within the 20-60ms post-stimulus window was used as a conservative estimate of excitation 

amplitude to enable data from all participants in each group to be compared (“alternate 

criteria”). 

Statistical analyses 

Key study outcomes were compared between groups using either two-tailed, Student’s t-tests 

or Mann-Whitney U tests as appropriate. Data are presented as either means ± standard 

deviation for normally distributed variables or medians, 25
th

 and 75
th

 centiles for non-

normally distributed variables. The incidence of the short-latency excitatory reflex was 

compared between groups with a Chi-squared test. P<0.05 was considered statistically 

significant without correction for multiple comparisons. Analyses were performed in SPSS 

statistical analysis software, version 23 (IBM, Armonk, NY, USA). 

 

Results 

Participant characteristics 

Sixteen participants with tetraplegia and 9 able-bodied participants with no neurological 

injury completed the study. N=3/16 participants with tetraplegia had an AHI below 10 

events/h sleep and they were excluded from group (tetraplegia vs. able-bodied) comparisons. 

The remaining 13 participants with tetraplegia (2 females) and 9 able-bodied controls (2 

females) were well matched for age (49±13 vs. 48±12 years, p=0.8), body mass index (27±5 

vs. 30±6 kg/m
2
, p=0.3) and AHI (37±19 vs. 33±25 events/h sleep, p=0.6). Equal numbers of 

participants were recruited from the Sydney and Melbourne sites. Injury characteristics, 

medication use, demographic, anthropometric and reflex summary data for the participants 

with tetraplegia are displayed in Table 1. Two of the participants with tetraplegia were 

prescribed continuous positive airway pressure therapy but were non-complaint (<2h night 
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objective compliance). All of the other participants were untreated for their OSA at the time 

of the study. 

Genioglossus reflex responses to negative pressure pulses 

Stimulus characteristics 

The magnitude of the negative pressure pulses delivered to the mask and choanae was similar 

between groups (Table 2). Similarly, the latency from the onset of the first sudden dip in 

choanal pressure (stimulus onset, Figure 2) to choanal pressure nadir was not systematically 

different between people with tetraplegia and able-bodied participants (p=0.85, Table 2), nor 

was the rate of change in choanal pressure from stimulus onset to choanal pressure nadir 

(p=0.96, Table 2). Stimulus magnitude was also not different between the Sydney and 

Melbourne sites (e.g. nadir choanal pressure= -14.3±2.6 vs. -12.6±2.2 cmH2O, p=0.09).  

Reflex morphology and EMG responses 

Genioglossus reflex excitatory responses to negative pressure pulses were present in only 7 

out of the 13 (54%) participants with tetraplegia and OSA. Phasic genioglossus EMG was 

clearly present in all but one participant during quiet breathing (Figure 3). However, the 

participant who did not display clear phasic EMG during quiet breathing had a robust 

excitatory reflex response to negative pressure pulses. Five of the 6 participants with 

tetraplegia who had no excitatory response were classified as having complete motor and 

sensory impairment (AIS A). Most able-bodied participants with OSA (8/9 or 89%) had a 

short-latency reflex excitatory response. However, the difference in incidence for the two 

groups did not reach statistical significance (p=0.083).  

Baseline pre-stimulus genioglossus EMG was not different between tetraplegia and able-

bodied participants (20±11 vs. 17±14µV, p=0.5). When present, reflex excitation onset was 

significantly delayed in the tetraplegia group compared to able-bodied controls (32 ± 16 vs. 

18 ± 9, p=0.045). Similarly, peak excitation latency was delayed by ~15s in the tetraplegia 

group (Figure 4A). This delayed excitatory response was also observed in the 2 participants 

with tetraplegia without OSA (43ms and 48ms). However, when present, the amplitude of the 

genioglossus excitation peak was not different between the tetraplegia and able-bodied 

groups (Figure 4B) or between Sydney and Melbourne sites (200 [169,234] vs. 165 [150,228] 

% baseline, p=0.58 for the site comparison). However, when peak values from the averaged 
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rectified EMG within the 20-60s post-stimulus period were included for participants who did 

not have a short-latency reflex excitatory response (“alternate criteria”), peak amplitude was 

less in people with tetraplegia compared to able-bodied participants (161±43 vs. 231±91% 

baseline, p=0.035).    

One able-bodied participant had a subsequent suppression of genioglossus EMG in addition 

to the initial excitation (Figure 2), while no one from the tetraplegia group had this response 

pattern. Three of the participants with tetraplegia and OSA had reflex suppression of the 

genioglossus EMG without any preceding initial excitation phase (Figure 5, see also Table 3). 

Two of the three participants with tetraplegia but without OSA (AHI below 10 events/hour) 

had an excitatory response, while the other did not have any detectable reflex response. 

Upper airway collapsibility in response to negative pressure pulses 

There was no systematic difference in upper airway collapsibility between people with OSA 

and tetraplegia versus able-bodied controls (34 [3, 81] vs. 39 [22, 67]%, p=0.95).  

 

Discussion 

The main findings of this study are that genioglossus reflex responses to brief pulses of 

negative airway pressure are fundamentally different in people with tetraplegia and OSA 

compared to well-matched able-bodied controls with OSA. Firstly, almost half of the 

tetraplegia cohort did not have any detectable genioglossus reflex excitatory response despite 

receiving pulses of upper airway suction in excess of -10cmH2O. Secondly, in participants 

with tetraplegia who had a genioglossus reflex excitatory response (54%), reflex onset and 

peak genioglossus excitatory activity (peak amplitude) were markedly delayed (almost 

double the control group). Thirdly, three of the participants with tetraplegia had reflex 

suppression of the genioglossus EMG in the absence of an excitatory response. Genioglossus 

EMG suppression with no accompanying excitation was not observed in any able-bodied 

participants with OSA and has not been reported in previous studies of healthy people 

without OSA (Eckert et al., 2005; Eckert et al., 2007; Carberry et al., 2015). These findings 

provide new insight into the potential mechanisms mediating reflex responses to changes in 

airway pressure in humans and have implications for people with tetraplegia and OSA as 

described below.   
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Delayed genioglossus excitatory reflex response to negative pressure in people with 

tetraplegia  

Transient pressure changes in the upper airway stimulate pressure-sensitive receptors. 

Afferent information is relayed to the nucleus of the solitary tract via superior laryngeal 

nerve. The motor output to genioglossus originates in the hypoglossal motor nucleus and 

arrives at the muscle via the hypoglossal nerve (Mathew et al., 1984; Chamberlin et al., 2007; 

Eckert et al., 2007). This pressure sensitive reflex arc also receives input from hypoglossal 

premotor neurons in the medullary reticular formation that project to genioglossus motor 

neurons (Chamberlin et al., 2007). These components of the reflex should remain intact in 

people with sustained injuries to the spinal cord in the region of C4-C7.  Thus, in the current 

study, delayed excitatory reflex response (when present) in participants with tetraplegia, 

despite a similar amplitude of excitation, is consistent with delayed sensory processing or 

demyelination.  

Inflammation and upper airway oedema is common in untreated people with OSA and 

contributes to pharyngeal sensory impairment (Kimoff et al., 2001; Boyd et al., 2004). 

However, chronic inflammation may occur to a greater extent after tetraplegia (Wang et al., 

2007). Spinal cord injury induces reorganisational changes within cortical and subcortical 

(i.e. brain stem and spinal cord) structures (Raineteau & Schwab, 2001; Forster, 2003). These 

changes, or unopposed parasympathetic drive, may have contributed to the delay in reflex 

activation detected in the current study. For example, autonomic dysfunction following spinal 

cord injury increases upper airway oedema (Karlsson, 1999; Weaver et al., 2006) and airway 

resistance (Gainche et al., 2016; Wijesuriya et al., 2017), both of which are associated with 

altered sensory/afferent information processing in able-bodied people (Butler et al., 1996; 

Banzett et al., 2000; Tun et al., 2000; Eckert et al., 2004; Jeffery et al., 2006; Chou & 

Davenport, 2007; Saboisky et al., 2007; Ruehland et al., 2017). Consistent with impaired 

respiratory sensation, we have recently shown poor perception of increased nasal resistance 

in people with tetraplegia compared to able-bodied controls (Wijesuriya et al., 2017). 

Medication use in the people with tetraplegia that we studied may have also contributed to 

changes in genioglossus reflex function that we detected. A majority of participants with 

tetraplegia were taking multiple medications at the time of the study including 

antidepressants and antispasmodics, both of which can affect respiratory/muscle function 

(Berlowitz et al., 2005). For instance, some antidepressants increase genioglossus muscle 
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activity in able-bodied participants during sleep (Taranto-Montemurro et al., 2016). Recent 

data indicate that common benzodiazepine and non-benzodiazepine hypnotics do not impair 

genioglossus reflex activity during sleep (Carter et al., 2016; Carberry et al., 2017). Baclofen, 

an antispasmodic muscle relaxant commonly used in people with spinal cord injury, has a 

dose-dependent respiratory effect (Finnimore et al., 1995; Bensmail et al., 2006) which may 

reduce genioglossus muscle activity. However, baseline genioglossus activity (pre-stimulus) 

during quiet breathing was not different between groups. Baclofen also reduces reflex activity 

through presynaptic mechanisms involving the primary afferents (Ono et al., 1979; Li et al., 

2004). However, there were no clear differences in genioglossus activity or reflex responses 

between those on versus not on antispasmodic medications. Thus, it is unlikely that the 

observed delay in reflex latency to negative pressure pulses in people with tetraplegia was 

related to medication use.    

Changes in reflex morphology to negative pressure pulses in people with tetraplegia 

Negative pressure pulses delivered to a breathing mask stimulate multiple afferents 

throughout the respiratory system beyond the upper airway receptors, including subglottic 

intra- and extra thoracic receptors (i.e. tracheal, lung receptors) and receptors in the muscles 

of the chest wall (Davis & Sears, 1970; Horner et al., 1991b; Butler et al., 1995). For 

instance, genioglossus reflex responses to negative pressure pulses are greater when pulses 

are delivered with an open glottis (in the presence of afferent input from both upper airway 

and subglottic receptors), compared to when the glottis is closed (Horner et al., 1991b). 

Genioglossus reflex morphology is also maintained following dense upper airway anaesthesia 

with lignocaine (Carberry et al., 2015). Thus, the absence of an excitatory reflex response in 

genioglossus in a substantial proportion of people with tetraplegia may suggest a disruption 

of afferent pathways below the level of injury. 

The hypoglossal motor neurons which innervate the genioglossus muscle receive both 

excitatory and inhibitory inputs (Chamberlin et al., 2007; Eckert et al., 2007). A state-

dependent suppression of the genioglossus EMG, subsequent to the initial excitatory 

response, has been reported in able-bodied people (Eckert et al., 2007, 2008; Eckert et al., 

2010) with similar latency to other respiratory pump muscles in response to brief pulses of 

negative pressure (e.g. (Davis & Sears, 1970; Butler et al., 1995). The inhibitory component 

was particularly dominant during rapid eye movement sleep (Shea et al., 1999; Eckert et al., 

2007). The presence of reflex suppression of genioglossus EMG without preceding excitation 



 

 

 

This article is protected by copyright. All rights reserved. 

 
 

to negative pressure pulses that occurred in almost one in three of the people with tetraplegia 

during wakefulness in the current study indicates a predominance of inhibition to transient 

negative pressure pulses in many people with tetraplegia. This reflex morphology has not 

been reported in awake able-bodied individuals (Eckert et al., 2007, 2008; Eckert et al., 2010; 

Carberry et al., 2015). A similar inhibitory predominant reflex response occurs in response to 

transient loads to breathing in several other inspiratory muscles, including the scalene, 

parasternal intercostal and diaphragm muscles. These respiratory reflexes are believed to be 

mediated by intramuscular receptors within the inspiratory muscles via intersegmental neural 

pathways (Davis & Sears, 1970; Butler et al., 1995; Butler et al., 1997; De Troyer et al., 

1999; Murray et al., 2012; McBain et al., 2016). 

The short-latency inhibitory response to respiratory loading in the scalene muscles and 

diaphragm is absent in most people with tetraplegia, likely due to lack of intercostal muscle 

afferent input (McBain et al., 2015; McBain et al., 2016). The lack of/reduced afferent input 

from intercostal muscle receptors in people with tetraplegia may impair genioglossus muscle 

responses to negative pressure. In addition, the contrasting findings of genioglossus reflex 

suppression in tetraplegia in the current study compared to absence reflex inhibition to the 

pump muscles to respiratory loading in previous studies suggests that the mechanism for 

inhibition in the genioglossus may be different to that in other respiratory muscles. The 

current study consisted of people both with complete motor-sensory tetraplegia (AIS A) and 

incomplete sensory tetraplegia (AIS B). The large variation in the extent of injury in the 

present group may have contributed to the variation in genioglossus reflex morphology 

observed in our study. Nonetheless, the source of the genioglossus reflex dysfunction in 

people with tetraplegia in wakefulness is unclear. 

Altered genioglossus reflex function in people with tetraplegia: Implications for sleep 

disordered breathing. 

Delayed or absent genioglossus reflex excitation as well as more pronounced reflex inhibition 

in response to brief pulses of negative upper airway pressure in people following tetraplegia 

may contribute to a discoordination of tongue muscles with other pharyngeal and respiratory 

pump muscles, which subsequently may affect airway patency. Indeed, genioglossus reflex 

inhibition to suction pressure in the airway without excitation as observed in some of the 

tetraplegia participants during wakefulness, has previously only been observed during rapid 

eye movement sleep (Eckert et al., 2007), a time at which OSA severity tends to be most 
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severe (Okabe et al., 1994; Shea et al., 1999).  Discoordination of neural drive to 

genioglossus may be an important contributor to airway narrowing during sleep in OSA 

(Dotan et al., 2013; Dotan et al., 2015). This may contribute to the counterproductive motion 

of genioglossus that has recently been reported in some able-bodied people with OSA using a 

MRI tagging technique (Brown et al., 2013). It remains unknown if counterproductive 

motion of genioglossus is more common in people with tetraplegia.  

The upper airway collapsibility index was similar between the able-bodied participants with 

OSA and people with spinal cord injury and OSA in the current study.  This is not surprising 

given that the two groups were well-matched for OSA severity, baseline EMG was similar 

and airway collapse under the current experimental conditions occurs prior to the 

genioglossus reflex and serves as the trigger for the reflex rather than a modifier of airway 

collapsibility. Recent pharyngeal critical closing pressure (Pcrit) findings measured during 

sleep also showed increased upper airway collapsibility in people with cervical and thoracic 

spinal cord injury and OSA compared to healthy controls without OSA (Sankari et al., 2014).  

Conclusions 

In summary, the present study has provided novel insights into abnormal genioglossus reflex 

responses in people with tetraplegia and OSA in response to rapid changes in negative airway 

pressure. These findings identify potential mechanisms for the high rates of OSA in people 

with tetraplegia.  Further research is required to understand how features of short latency 

reflexes manifest during sleep. 
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Table 1. Individual characteristics for the participants with tetraplegia 

# Age 

(years) 

Sex AHI 

(#/hour) 

Injury level AIS Medications Reflex activity 

(Yes/No) 

1 44 M 41 C4 B antispasmodic Yes 

2 65 M 30 C4 A antispasmodic No 

3 57 M 36 C5-C6 B  Yes 

4 29 M 45 C5-C6 B  Yes 

5 62 M 66 C6 B  Yes 

6 46 M 36 C6 B antispasmodic Yes 

7 47 M 16 C5 A  Suppression only 

8 44 F 16 C5 A antispasmodic/ 

benzodiazepam 

Suppression only 

9 37 M 35 C4 A antidepressant No 

10 65 M 12 C7 A antidepressant Yes 

11 69 M 47 C6 B antidepressant Suppression only 

12 36 M 76 C5 A antispasmodic Yes 

13 40 F 31 C5 A  No 
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AHI=apnoea/hypopnea index, AIS= ASIA (American Spinal Injury Association) impairment 

scale, F= female, M= male. 

 

Table 2. Reflex morphology and stimulus characteristics 

 

 Able-bodied 

(n=9) 

Tetraplegia 

 (n=13) 

Mask pressure nadir (cmH2O) -14.4 ± 1.9 -15.0 ± 2.2 

Choanal pressure nadir (cmH2O) -14.0 ± 2.9 -13.0 ± 1.9 

Stimulus onset-choanal pressure nadir latency (ms) 107 ± 91 110 ± 74 

Rate of change in choanal pressure (cmH2O/ms) -0.25 ± 0.21  -0.26 ± 0.22 

Epiglottic pressure nadir (cmH2O) -9.2 ± 2.9 -8.6 ± 4.4 

No reflex n=1  n=3 

Excitation n=8 n=7 

a. Excitation only n=7 n=7 

b. Excitation followed by suppression n=1 n=0 

Suppression only n=0 n=3 

 

 

Table 3. Characteristics of the reflex suppression of genioglossus electromyography 

 Able-bodied 

(n=1)  

Tetraplegia 

(n=3) 

Suppression onset latency (ms) 35  24 ± 04   

Suppression nadir amplitude (% baseline)  44  50 ± 10 

Suppression duration (ms) 12 53 ± 26 

 

Figure Legends 
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Figure 1. Schematic of the experimental set-up. Participants lay supine connected to a 

solenoid valve system on the other side of a sound proof wall while breathing through a nasal 

mask attached to a pneumotachograph and an expiratory valve. A differential pressure sensor 

(mask pressure) and two nasal pressure catheters (choanal pressure and epiglottic pressure 

sensors) were used to measure stimulus characteristics and airway collapsibility. One arm of 

the solenoid was connected to room air (atmospheric pressure) and the other was connected 

to a negative pressure reservoir evacuated to approximately -100cmH2O. Brief pulses 

(250ms) were delivered every 2-10 breaths during early inspiration when airflow reached 

2L/min. An adjustable valve limited the pressure delivered to the mask to approximately -

15cmH2O.   
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Figure 2. Example of a genioglossus reflex response in an able-bodied control. The lower 

trace indicates an ensemble average of the rectified genioglossus electromyogram (EMG) of 

75 negative pressure pules in a 31 year old male with obstructive sleep apnoea 

(apnoea/hypopnoea index= 15 events/h sleep). The top trace shows the ensemble averaged 

choanal pressure tracing. 
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Figure 3. Examples of phasic genioglossus electromyographic activity (EMG) during quiet 

breathing in two people with tetraplegia (top two tracings) and two able-bodied controls 

(lower two tracings). Each example shows 15s of data (4 breaths) including the mask 

pressure tracing, airflow signal and raw genioglossus electromyogram (EMGraw). An example 

of a transient negative pressure pulse delivered during early inspiration in each example is 

also displayed. The dashed horizontal line indicates zero flow.  

 

 

Figure 4. Scatter plots of excitation peak latency (A) and amplitude (B) in people with spinal 

cord injury and able-bodied participants.  Horizontal lines indicate mean±SD. 
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Figure 5. Example of a suppression-only genioglossus reflex response in an individual with 

tetraplegia and OSA. The lower trace shows the ensemble average of the rectified 

genioglossus electromyogram (EMG) in response to 44 negative pressure pulses in a 69 year 

old male with an apnoea/hypopnoea index of 47 events/h sleep. The top trace shows the 

ensemble average of the choanal pressure tracing. 
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