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New knowledge of obstructive sleep apnea (OSA) pathophysiology has highlighted the heterogeneity of this common chronic health 
condition. Recent advances in OSA ‘phenotyping’ concepts have provided a novel framework in which to understand OSA 
pathophysiology on an individual patient basis. This has also provided new potential precision medicine strategies to optimize efficacy 
and success rates with current OSA treatments including mandibular advancement therapy. 

 

This review summarizes how different ‘phenotypes’ contribute to OSA pathophysiology and highlights the potential mechanisms by 
which mandibular advancement splints alter upper airway physiology according to an OSA phenotyping framework. In addition, it 
explains how understanding these phenotypes can facilitate novel and improved approaches to therapy, with a focus on phenotyping to 
improve mandibular advancement splint treatment prediction and efficacy. The potential to translate phenotyping concepts into the 
clinical setting is also discussed. 
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INTRODUCTION 

 

Obstructive sleep apnea (OSA) is a chronic and 

prevalent sleep-related breathing disorder.1,2 It is 

characterized by recurrent, transient narrowing (hypopnea) 

and collapse (apnea) of the upper airway during sleep. 

These breathing disturbances cause frequent oxygen 

desaturations and sleep fragmentation. Up to 50% of men 

and 23% of women aged 40 to 85 years have moderate to 

severe OSA defined as 15 or more breathing disturbances 

per hour of sleep.1 The estimated prevalence of OSA has 

increased by 14% to 55% over the past two decades.2 Most 

individuals have OSA that is undiagnosed, untreated, or 

undertreated.3 This is a major concern given the extensive 

range of symptoms and adverse health consequences 

associated with untreated OSA. These include daytime 

sleepiness, decreased concentration, fatigue, irritability and 

memory loss,4 reduced quality of life,5  increased risk of 

motor vehicle accidents,6 cardiovascular disease,7,8 

metabolic disorders,9 cognitive impairment,10 depression,11 

and cancer.12 Thus, there is a pressing need for effective 

treatment to reduce the significant health and safety burden 

associated with untreated OSA.  

However, there are major challenges associated with 

the current management of OSA. Conventional therapies 

can be effective in reducing the severity and symptoms of 

OSA.13-16 Yet, fewer than 50% of patients adequately 

tolerate the first-line therapy, continuous positive airway 

pressure (CPAP).17,18 Oral appliances such as mandibular 

advancement splints (MAS) are a common alternative. 

However, efficacy is more variable than with CPAP and 

predicting which patients will respond to oral appliance 

therapy remains a major clinical challenge for the field.19,20 

Indeed, various sophisticated assessments of upper airway 

anatomy during wakefulness and natural and drug-induced 

sleep as well as clinical, demographic, anthropometric and 

polysomnographic parameters have failed to consistently 

perform at satisfactory level to be incorporated clinically 

as prediction tools for MAS therapy outcome.19-23 

Nonetheless, despite variable and unpredictable efficacy, 

oral appliance therapy can yield similar health benefits to 

CPAP.24  This is because lower efficacy compared to CPAP 

is typically counterbalanced by higher rates of adherence 

to therapy.24  One barrier to improved treatment efficacy 

with oral appliance therapy is that the precise mechanism 

or mechanisms of action are incompletely understood.19 

This limits the ability to strategically alter oral appliance 

therapy design for improved efficacy and to target patients 

with clinical and physiological characteristics who are 

most likely to respond favorably. Other interventions for 

OSA are either difficult to achieve (such as weight loss) or 

also have variable efficacy (such as upper airway surgery 

or position therapy). Existing management guidelines rely 

on an inefficient trial-and-error approach that often begins 

with CPAP as the one-size-fits-all therapy.4,25 The current 

treatment journey is often costly, time consuming, and 

imprecise (Figure 1). As a result, many patients are lost to 

follow-up and are left untreated or undertreated.25 Thus, 

new treatment strategies that can accurately predict and 

optimize treatment outcomes for people with OSA are  
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Figure 1. Overview of current OSA management and severity categorization and an example of an 
alternative potential phenotype-based management model. 
 

 
Schematic of the current diaganosis and treament management pathway that involves multiple visits to a health care 
practitioner, associated costs, with a high risk of treatment failure. This trial and error approach is often frustrating and 
impractable for the patient. Diagnosis that relies on the AHI is not especially helpful in tailoring treatment decisions. 
Thus, a personalized approach using targeted therapy would be desirable (potential phenotype treatment 
management). The PALM scale32 (refer to the text for further details) categorizes patients according to their level of 
anatomical impairment (mild, moderate, or severe) based on Pcrit (phayryngeal critical closing pressure of the upper 
airway). Treatment decisions are further informed based on the contribution of nonanatomical impairment to OSA (e.g., 
arousal threshold, loop gain, and muscle responsiveness). Potential theapies that target nonanatomical phenotypes 
include: supplemental oxygen, pharmacotherapies and electrical stimulation.25 AHI = apnea/hypopnea index, MAS = 
mandibular advancement splint, CPAP = continuous postive airway pressure.  

 

 

required.  

The current diagnostic process for OSA also has 

limitations. The apnea-hypopnea index (AHI) is the main 

clinical measure used to define OSA severity. The AHI 

represents the number of breathing events per hour of sleep 

lasting ≥10 s that have either a ≥90% airflow reduction 

(apneas) from baseline or ≥30% airflow reduction 

(hypopnea) with an accompanying brief awakening from 

sleep (arousal) or oxygen desaturation (≥3%). Although a 

widely used metric, it has several shortcomings. The 

severity of OSA, as measured by total AHI, correlates 

poorly with the key symptoms and consequences of 

OSA.26-28 For example, a patient with longer but less 

frequent events may have a lower AHI than a patient with 

shorter but more frequent events.29 However, the patient 

with longer events may experience more severe hypoxemia 

and thus be more vulnerable to adverse cardiovascular 

events,30,31 despite having a lower AHI. Evidently, the AHI 

is inadequate to capture the heterogeneous presentations 

and consequences of OSA between individuals. Therefore, 

there is a need for new diagnostic approaches that can more 

comprehensively characterize OSA so that therapy can be 

tailored to the individual.  

To address these diagnostic and treatment challenges, 

recent advances have been made in understanding the 

characterization and management of OSA through a 

‘phenotypic’ approach.25,32,33 This precision medicine 

approach is the focus of the current review. More 

specifically, this review summarizes how different 

‘phenotypes’ contribute to the pathophysiology of OSA 

and how understanding these phenotypes can unlock new 

avenues for targeted therapy. The role of phenotyping in 
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MAS therapy to improve treatment and efficacy, and the 

potential to translate phenotyping concepts into the clinical 

setting is also covered. 

 
A PHENOTYPIC APPROACH TO OSA 

PATHOGENESIS 
 

OSA is a multifactorial condition. Just as its clinical 

manifestations are heterogeneous, so too is OSA 

pathogenesis. There are multiple factors or ‘phenotypes’ 

that can combine in different ways to cause OSA (Figure 

2). The heterogeneity of OSA pathogenesis is the reason 

that simple clinical measures, such as the AHI, are 

inadequate to characterize the multiple manifestations of 

OSA. This presents problems for current management 

approaches and the reliance on trial and error. However, 

the heterogeneity of OSA also presents an opportunity. 

Indeed, a more personalized approach has the potential to 

deliver targeted therapy or a combination of therapies to 

the individual as each phenotype represents a unique 

therapeutic target.25  

Although it is likely that there are other important 

phenotypes or mediating mechanisms that have yet to be 

determined, to date, four major phenotypes that contribute 

to OSA pathogenesis have been identified. A narrow, 

crowded, or collapsible upper airway is the key 

phenotype.32,34,35 Indeed, some degree of underlying 

anatomical susceptibility to airway narrowing or collapse 

during sleep is essential for the development of OSA. 

However, the extent of impairment varies widely between 

patients, even in those with similar severity of OSA as 

measured by AHI.32 Moreover, the anatomical structures 

surrounding the airway remain constant between 

wakefulness and sleep and yet OSA only occurs during 

sleep. Thus, clearly there is more to OSA than just 

impairment in pharyngeal anatomy. Indeed, non-

anatomical phenotypes are also key contributors to OSA 

pathogenesis. These include poor responsiveness or 

contractility of the upper airway dilator muscles during 

sleep; unstable respiratory control (high ‘loop gain’) 

causing large breathing oscillations; and a low respiratory 

arousal threshold to airway narrowing. Approximately 

70% of individuals with OSA have one or more 

nonanatomical phenotypes that contribute to their OSA.32 

The relative contribution of anatomical and each 

nonanatomical phenotype to OSA pathogenesis vary 

between individuals. This contributes to the heterogeneity 

of OSA, which can affect the clinical presentation and 

responses to therapy. 

Other factors such as inflammatory processes, 

cerebral blood flow changes, hormonal changes, and 

postural alterations as well as currently unknown variables 

may also contribute to OSA pathophysiology and/or 

interact with these four OSA phenotypes.36 Nonetheless, 

the current phenotypic description of OSA pathogenesis, 

even if incomplete, has the potential to inform more 

tailored and comprehensive therapeutic approaches than 

current treatment management pathways.  

 

THE KEY PHENOTYPE FOR OSA: ANATOMICAL 
IMPAIRMENT OF THE UPPER AIRWAY 

 
In addition to the mandible, maxilla, and hyoid bones, 

which are rigid structures, the upper airway is composed 

of soft tissues such as the tongue, upper airway muscles, 

and parapharyngeal fat pads. This mix of bony support and 

soft tissues allow the upper airway to quickly change its 

shape and size to perform its various key functions, 

including swallowing and speech. However, the malleable 

quality of the upper airway also renders it vulnerable to 

closure and collapse during sleep in susceptible 

individuals.  

Some degree of anatomical impairment in one or more 

of the components of the upper airway is necessary for the 

development of OSA. Imaging studies show that the cross-

sectional area of the upper airway is reduced in individuals 

with OSA compared with those without OSA.34 This 

narrowing renders the upper airway susceptible to collapse, 

which can occur laterally, anteroposteriorly, or 

concentrically,37 at one or multiple levels along the 

pharynx.38 Nonetheless, the site just behind the soft palate 

(velopharyngeal area) is a particularly common site of 

collapse for most people with OSA.39 Obesity is a major 

contributor to a narrow upper airway. Fat deposition in the 

structures surrounding the airway such as in the tongue, 

soft tissues, lateral pharyngeal walls, and other pharyngeal 

muscles can reduce the upper airway space in individuals 

with obesity and OSA.40 However, up to half of all patients 

in whom OSA is diagnosed do not have obesity.41 Thus, 

anatomical factors such as retrognathia and smaller 

mandible area can restrict the size of the bony compartment 

of the upper airway to cause upper airway narrowing and 

closure during sleep independent of obesity for many 

individuals with OSA.42 Relatively smaller increases in 

weight in individuals of Chinese ethnicity compared to 

Caucasians also tend to favor increased propensity to 

OSA.43 This is caused, in part, by differences in 

craniofacial structures.43 Thus, in addition to obesity-

related narrowing, the shape and position of the 

surrounding craniofacial structures can also contribute to a 

narrow or collapsible upper airway.34,44  

Anatomical impairment affects the collapsibility or 

functional anatomy of the upper airway during sleep, 

measured using the gold standard passive critical closing 

pressure (Pcrit) technique.32 On average, individuals with 

OSA have a more collapsible or anatomically impaired 

upper airway than individuals without OSA (they have a 

higher Pcrit).32 Thus, their upper airway closes at higher 

pressures and requires increased levels of CPAP to stay 

open during sleep. However, the degree of anatomical 

impairment varies greatly among individuals with OSA 

with Pcrit values ranging from -5 cmH2O to more than +5  
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Figure 2. Schematic of the phenotypic traits that cause OSA. 

 

 
 

 
Some degree of ‘impaired’ upper airway anatomy is a prerequisite for OSA (narrow/crowded/collapsible upper airway) 
indicated by the thick solid arrow and MRI (top panel). Impairment in the nonanatomical traits (i.e., low respiratory arousal 
threshold, poor pharyngeal muscle responsiveness, and high loop gain) also is an important contributor to OSA 
pathogenesis for most patients (dashed arrows that also represent therapeutic targets). Schematic representation of each 
of the nonanatomical traits (solid black lines with adjacent arrows) along with a more desirable response for each 
nonanatomical trait (grey lines) is shown (left, right, and bottom panels). EEG = electroencephalogram, EMG = pharyngeal 
electromyographic activity, MTA = moving time average (100 ms) of the rectified EMG signal. Adapted with permission 
from Carberry JC,  Amatoury J, Eckert DJ. Personalized management approach for OSA. Chest. 2018;153(3):744-755. 

 
 
 

cmH2O.32,35 Indeed, within the subatmospheric range (Pcrit 

from -5 cmH2O to 0 cmH2O), there is considerable overlap 

in Pcrit values between individuals with and without 

OSA.32 For individuals with OSA with a moderate or mild 

anatomical impairment, there are additional nonanatomical 

phenotypes that contribute to OSA pathogenesis and 

mediate OSA severity. Nevertheless, anatomical 

impairment is still a key contributor to OSA and thus 

remains an important target for therapy. Indeed, most 

existing treatments – such as CPAP, MAS, weight loss, 

surgery, and positional therapy – focus on rectifying the 

anatomical impairment. However, as described earlier, in 

individuals with OSA these methods have limitations and 

provide suboptimal treatment or no treatment25 (Figure 1). 

 

NONANATOMICAL PHENOTYPES AND THEIR 
ROLE IN OSA PATHOGENESIS 

 
Poor Upper Airway Muscle Function 
 

Because the pharynx lacks a rigid skeletal framework, 

upper airway patency is instead primarily maintained by 

the surrounding dilator muscles. These muscles receive 

complex neural drive from brainstem neurons that mediate 

different patterns of activation during quiet breathing.45 For 

example, the genioglossus, which is the largest upper 

airway dilator muscle at the base of the tongue, has 

increased activation during inspiration.45 The genioglossus 

also receives reflex input from pressure-sensitive 

mechanoreceptors in the upper airway as well as 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Amatoury%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28629917
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eckert%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=28629917
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chemoreceptor input.46,47 Sleep onset48,49 and different 

sleep stages50 also alter the neural drive to dilator muscles 

and contribute to upper airway collapsibility during periods 

of low drive. However, there are other mediators of dilator 

muscle activity beyond sleep-dependent neural control that 

also contribute to OSA pathogenesis. 

Even during sleep, respiratory stimuli (such as 

negative pharyngeal pressure changes or blood gas 

changes) can trigger increases in neural drive to increase 

upper airway dilator muscle activity.33,51 This response is 

referred to as muscle responsiveness. However, more than 

30% of individuals with OSA have negligible muscle 

responsiveness to airway narrowing during sleep 

(experimentally induced via negative pharyngeal pressures 

changes).32 These individuals do not have adequate dilator 

muscle recruitment until very high levels of respiratory 

stimuli are reached. On the contrary, enhanced muscle 

responsiveness is protective against OSA, even in 

individuals with obesity who have anatomical impairment 

of the upper airway.52 Poor muscle effectiveness can also 

contribute to upper airway collapsibility in some 

individuals with OSA.33 This is the inability of dilator 

muscles to adequately dilate the upper airway in response 

to airway narrowing despite adequate neural drive and 

muscle activation. Causes include poor coordination of 

neural drive to dilator muscles (which can result in 

counterproductive movements),53,54 mechanically 

inefficient orientation of muscle fibers,54 or snoring-

induced changes in the distribution of muscle fiber types 

(which can leave the upper airway more susceptible to 

fatigue).55,56 Thus, poor muscle responsiveness or 

effectiveness in individuals with pharyngeal anatomical 

impairment are important contributors to OSA 

pathogenesis (at least 30% of those with OSA).32 However, 

each component of the poor muscle function phenotype is 

potentially a novel target for therapy.   

For example, upper airway muscle training can help 

reduce OSA severity. A systematic review showed that 

muscle training reduces the AHI by almost 50% and 

improves oxygen saturation and daytime sleepiness.57 

However, efficacy varies widely among individuals. Thus, 

increased knowledge into the mechanisms of how 

pharyngeal training improves upper airway function is 

required to move beyond the current trial-and-error 

approach and to design targeted training regimes to 

optimize efficacy. Stimulation of the hypoglossal nerve, 

which provides drive to the muscles of the tongue, reduces 

the AHI by up to 70% or more with accompanying 

improvements in OSA symptoms.58,59 However, this 

approach is not suitable for all patients with OSA and up to 

one-third of those selected are nonresponders.58 As with 

any surgical procedure, potential safety and cost limitations 

should be considered. Pharmacotherapies to increase upper 

airway muscle activity have long been a therapeutic target 

for OSA. Recent studies have highlighted the potential 

importance of noradrenergic and anticholinergic targets.60 

For example, the antidepressant desipramine prevents 

sleep-related reductions in genioglossus muscle activity 

and reduces upper airway collapsibility in healthy 

individuals and those with OSA.61,62 The combination of 

reboxetine and hyoscine butylbromide also improves upper 

airway function during sleep, albeit via different 

mechanisms than via increased genioglossus muscle 

activity.63 Most recently, combination therapy with 

atomoxetine and oxybutynin, which have strong 

noradrenergic and anticholinergic effects, increased 

genioglossus muscle responsiveness during sleep and 

reduced the AHI by approximately 75% (with all patients 

with OSA having a ≥50% reduction in AHI).64 Although 

further clinical trials are needed, pharmacotherapies are 

revealing novel and exciting potential approaches for 

management of OSA. This approach may prove to be 

especially fruitful in those with a poor upper airway muscle 

responsiveness phenotype.  

 

Low Respiratory Arousal Threshold 
 

It was previously thought that arousal from sleep was 

necessary to reopen the upper airway during a respiratory 

event.65 On the contrary, it is now understood that up to 

75% of respiratory events in OSA are resolved without an 

arousal, or the arousal occurs after the respiratory event is 

resolved.66 In other words, arousals are not necessarily 

crucial for airway reopening and may be detrimental. 

Thirty percent to 50% of individuals with OSA wake from 

sleep to very small increases in breathing effort (as 

measured via negative esophageal or epiglottic pressure 

swings).32 These individuals are repetitively aroused from 

sleep to minimal stimuli and exhibit the phenotype of a low 

respiratory arousal threshold. This can contribute to their 

OSA pathogenesis for several reasons. One reason is that 

frequent arousals prevent deeper, more stable stages of 

slow wave sleep and destabilize breathing patterns as a 

result of rapid changes in blood gases, both of which can 

hinder adequate recruitment of upper airway dilator 

muscles.50,67  Indeed, as the stimuli for arousals are the 

same as those for upper airway muscle recruitment 

(negative pharyngeal pressure changes or blood gas 

changes), premature arousals limit the buildup of stimuli 

that is required to activate these muscles and reopen the 

airway.68 Accordingly, a low respiratory arousal threshold 

is another nonanatomical phenotype that can play a crucial 

role in OSA pathogenesis for some patients.  

Frequent arousals also lead to fragmented sleep, 

which can cause sleep deprivation and a common 

consequence of OSA, excessive daytime sleepiness. 

Common hypnotic drugs such as eszoplicone, zoplicone, 

zolpidem, and trazodone all raise the respiratory arousal 

threshold69-72 and can reduce the AHI by up to 50%69,70,73 

in certain patients. Although genioglossus activity is not 

impaired,71,72 some hypnotic drugs at high doses may 

lengthen apneas and worsen oxygen saturation.71,74 In 
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contrast, a recent 30-day randomized trial with zopiclone 

in patients with OSA with low and moderate respiratory 

arousal thresholds did not worsen overnight oxygenation or 

next-day sleepiness or objective alterness.75 However, 

there was also no therapeutic benefit on OSA severity.75 

Thus, questions remain as to the risk versus harm profile of 

hypnotic drugs in OSA. This balance likely varies among 

patients according to their underlying phenotypes and 

between different classes of hypnotic drugs. Of the studies 

conducted to date, eszopiclone has yielded the greatest 

therapeutic benefit for OSA.70,76 However, a recent detailed 

physiology study with zolpidem showed improvements in 

two of the key phenotypic traits, an increase in the 

respiratory arousal threshold and also an unexpected 

threefold increase in genioglossus muscle responsiveness 

during sleep.72 Thus, this agent has therapeutic potential 

and additional studies are warranted. 

 

High Loop Gain 
 

A characteristic trait of OSA is the propensity to 

fluctuate between wake and sleep with periods of unstable 

breathing. Breathing during sleep is regulated by partial 

pressure of carbon dioxide, or PaCO2. A person’s 

sensitivity to changes in PaCO2 is mediated via negative 

feedback mechanisms that can be explained by the 

engineering concept of loop gain. In simple terms, loop 

gain is the ratio of the magnitude of a ventilatory response 

to a ventilatory disturbance. The key components that 

determine loop gain are: (1) plant gain (lungs, blood, and 

tissues where CO2 is stored in the body), (2) mixing gain 

(circulatory delay, i.e., the time it takes for a change in CO2 

to mix with existing blood and be detected by the 

chemoreceptors), and (3) controller gain (sensitivity of the 

chemoreceptors, e.g. carotid body). A high loop gain (large 

ventilatory response to a small ventilatory disturbance) 

reflects an overly sensitive ventilatory control system. This 

phenotype perpetuates further breathing instability via 

excessive changes in CO2. Conversely, a more stable 

system occurs when the ventilatory response is 

proportionate to the disturbance.33,77 High loop gain is 

thought to play a key role in OSA pathogenesis for at least 

30% of patients.32,78,79 Treatment strategies to lower loop 

gain and reduce the AHI (typically by approximately 50%) 

include supplemental oxygen and acetazolamide.80,81 

 

MAS THERAPY: MECHANISMS OF ACTION 
 

To determine how MAS therapy can best fit into a 

personalized, phenotyping approach to treat OSA, the first 

crucial step is to understand exactly how MAS therapy 

alters the key OSA phenotypes. In addition to improved 

understanding of the mechanisms, phenotyping approaches 

should help to identify which patients with OSA will 

benefit most from MAS therapy. 

 

Upper Airway Anatomical Impairment 
 

MAS devices protrude the mandible with the aim of 

stiffening the surrounding upper airway structures to 

prevent pharyngeal narrowing or collapse during sleep. 

Most studies to date have focused on how oral appliances 

alter upper airway anatomy and collapsibility (anatomical 

impairment). Imaging studies show that MAS therapy 

increases the total volume of the upper airway in 

responders to treatment.82-84 This is predominantly due to 

changes at the level of the velopharynx as reflected by 

increased cross-sectional area, especially in the lateral 

dimensions.82,83,85 A direct soft-tissue connection between 

the ramus of the mandible and the lateral walls of the 

velopharynx may account for these changes.86 Lateral 

displacement of the parapharyngeal fat pads may also 

contribute to the increase in cross-sectional area.82 

Contrary to traditional thinking,87 MAS devices do not 

appear to systematically increase the oropharyngeal 

dimensions (section of upper airway at the level of the 

tongue).82 However, MAS devices can pull the entire 

tongue forward and prevent it from obstructing the upper 

airway in individuals with lower AHIs.86 MAS devices also 

elevate the hyoid bone.82 These anatomical changes are 

associated with improvements in OSA severity82 and 

reflect some of the key mechanisms by which MAS therapy 

improves upper airway anatomy. MAS devices also 

improve functional upper airway collapsibility during 

sleep.88-90 Indeed, depending on the level of advancement, 

on average, MAS therapy improves upper airway 

collapsibility by 2 to 6 cmH2O.88,90 However, the precise 

mechanisms mediating these improvements and the 

reasons why the magnitude of change differs markedly 

between individuals remains unclear. Nonetheless, the 

predominant role of MAS therapy is to improve anatomical 

impairment of the upper airway.  

 

MAS and Nonanatomical Phenotypes 
 

In addition to a direct role on anatomical impairment, 

MAS therapy may also improve upper airway muscle 

function to reduce OSA severity. There are two key 

possible mechanisms: (1) MAS therapy may stimulate 

local reflex afferents to increase upper airway muscle 

activity or, (2) changes in airway anatomy with MAS 

therapy may result in increased mechanical efficiency of 

the airway dilator muscles such that a given level of neural 

drive results in greater improvements in airflow (improved 

muscle efficiency). To date, the few studies that have been 

conducted to investigate these two potential mechanisms 

have yielded contrasting results. Consistent with the first 

mechanism, two earlier studies that used surface recording 

electrodes showed acute increases in upper airway dilator 

muscle activity (genioglossus and geniohyoid) awake 

(seated and upright)91 and asleep during respiratory events 

with mandibular advancement.92 Another study also 
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showed that the baseline activity of the submandibular and 

masseter muscles measured supine during quiet breathing 

and the activity of the submandibular and posterior 

temporalis muscles with mandibular advancement were 

higher in responders versus nonresponders to MAS 

therapy.93 However, two more recent studies using gold 

standard intramuscular electromyography recordings of the 

genioglossus muscle during sleep did not detect increases 

in muscle activity with MAS therapy. Rather, one study 

found that consistent with improved upper airway 

anatomy, MAS therapy reduced negative epiglottic 

pressure and  consequently genioglossus muscle activity.94 

The other study specifically investigated genioglossus 

muscle responsiveness to negative airway pressure swings 

and did not detect systematic changes in muscle 

responsiveness with increasing levels of mandibular 

advancement.90 However, the sample size was relatively 

small.   

Two studies have investigated the second potential 

mechanism, increased mechanical efficiency with MAS 

therapy.  Edwards and colleagues89 assessed changes in 

ventilation (upper airway airflow) as a surrogate measure 

of muscle function. No difference in this parameter was 

found with the MAS device in place versus without. 

Bamagoos and colleagues90 systematically investigated 

changes in minute ventilation and airflow in conjunction 

with genioglossus EMG in response to experimentally 

induced airflow limitation using transient reductions in 

CPAP at different levels of mandibular advancement. 

Similar to the study by Edwards and colleagues,89 there was 

no evidence for improved muscle efficacy with mandibular 

advancement.90 A limitation of both of these studies was 

that the sample size was quite small; therefore, the potential 

for some individuals with certain phenotypes to have 

improved muscle function with MAS therapy remains. 

Accordingly, additional appropriately designed studies to 

investigate the effects of MAS therapy on upper airway 

muscle function are required.  

Thus, although there are clear theoretical reasons as to 

why MAS therapy could improve upper airway muscle 

function to complement the anatomical benefits, the 

available evidence to date shows contrasting effects of 

MAS therapy on upper airway muscle activity and no 

evidence for systematic improvements in upper airway 

muscle function. Thus far, there have been limited studies 

into how MAS therapy alters the other two nonanatomical 

phenotypes – loop gain and arousal threshold. Edwards and 

colleagues89 found that wearing a MAS device did not 

affect these two phenotypes. However, the study 

participants were already on MAS therapy for varying 

amounts of time, potentially influencing the expression of 

these two non-anatomical phenotypes. Thus, future studies 

in treatment-naïve individuals with OSA would be 

insightful.  

 

 

A PHENOTYPIC APPROACH TO OSA THERAPY: 
THE PALM SCALE 

 
As highlighted, it is evident that OSA is a 

multifactorial disorder. Nonanatomical phenotypes interact 

with an underlying anatomical impairment to cause OSA 

and mediate its severity, or protect against OSA if 

favorable. The combination of these phenotypes vary 

between individuals with OSA, with some primarily 

having an anatomical impairment whereas others may also 

have impairment in multiple nonanatomical phenotypes.32 

These recent insights into the pathophysiology of OSA 

have led to the development of a scale to characterize the 

four key phenotypic causes of OSA to inform tailored 

treatment: the Pcrit, Arousal threshold, Loop gain and 

Muscle responsiveness (PALM scale).32,33 Briefly, 

because impaired anatomy is the main driver of OSA, 

patients are first categorized into one of three groups 

according to their upper airway anatomy/collapsibility 

(Pcrit). PALM scale 1 patients (23%) have severely 

impaired anatomy (Pcrit> + 2 cmH2O) and likely require a 

major anatomical intervention to treat their OSA (e.g. 

CPAP). Most individuals with OSA (58%) are categorized 

as PALM scale 2. These patients have moderately impaired 

anatomy  (Pcrit between -2 and + 2 cmH2O) and are 

potential candidates for one or a combination of targeted 

anatomical (such as MAS, upper airway surgery, or supine 

avoidance device) and/or nonanatomical interventions 

(e.g., a hypnotic increase the arousal threshold and reduce 

OSA severity in those with a low arousal threshold; O2 to 

reduce unstable ventilatory control in those with high loop 

gain; or a drug to increase pharyngeal muscle contractility 

in those with poor muscle responsiveness during sleep). 

Finally, the remaining 19% of patients are PALM scale 3. 

These individuals have only mild anatomical impairment 

(Pcrit between -2 and -5cmH2O), similar to many 

individuals without OSA. All patients categorized as 

PALM scale 3 have impairment in one or more 

nonanatomical phenotypes. These patients are candidates 

for one or more targeted therapies with nonanatomic 

interventions likely to be particularly beneficial (see 

Figures 1 and 3). Importantly, using this conceptual 

framework and the known effect sizes for non-CPAP 

interventions, it is estimated that more than 50% of all 

patients with OSA could be treated with one or more non-

CPAP interventions if appropriately directed at the 

abnormal trait(s).95 

 

Application of the PALM Scale Approach to MAS 
Therapy 
 

Consistent with the variable treatment responses to 

MAS therapy in OSA, the PALM scale predicts that MAS 

therapy will improve the impaired anatomy phenotype to 

yield therapeutic benefit in some but not all patients with 

OSA. Specifically, given that on average MAS therapy  
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Figure 3. Schematic summary of existing and evolving targeted therapies to treat OSA. 
 

 
 

Existing anatomical therapies (clockwise from left to right, inner peach-colored circle) include: continuous positive 
airway pressure (CPAP), oral appliance therapy (e.g., mandibular advancement splint), positional therapy, weight loss, 
and upper airway surgery. Nonanatomical therapies (blue outer circle) to improve pharyngeal muscle function include: 
hypoglossal nerve stimulation, pharmacotherapies and pharyngeal muscle training; sleep promotion agents to increase 
the respiratory arousal threshold; and O2 therapy and pharmacotherapies to decrease loop gain. Adapted with 
permission from Carberry JC, Amatoury J, Eckert DJ. Personalized management approach for OSA. Chest. 
2018;153(3):744-755. 

 

 

improves Pcrit by 2 to 6 cmH2O,88,90 patients who have less 

impairment in upper airway anatomy at baseline (PALM 

scale 2 and 3) are expected to have a larger therapeutic 

response with MAS therapy than those with highly 

impaired anatomy (patients categorized as PALM scale 1) 

in whom minimal or no change is expected. Indeed, in 

order to resolve the anatomical impediment of OSA, the 

goal of therapy is to reduce Pcrit below -5cmH2O.33 

Furthermore, the PALM scale predicts that nonanatomical 

traits will be important mediators of treatment response to 

MAS therapy. Specifically, with its primary role to 

improve upper airway anatomy, and to a lesser extent, a 

potential role on upper airway muscle function, consistent 

with the available data,89 MAS therapy is not anticipated to 

alter the other two nonanatomical traits (loop gain and 

arosual threshold). Thus, in patients who have high levels 

of impairment in one or more of the nonanatomical traits 

(e.g., low arousal threshold or high loop gain), repetitive 

awakenings and unstable respiratory control, and therefore 

OSA, are expected to persist with MAS therapy. In support 

of this mechanistic rationale, a recent retrospective study 

in which the four phenotypic traits were estimated in 14 

patients with OSA with and without MAS therapy 

demonstrated greater therapeutic efficacy in those with 

minimal anatomical impairment (mild upper airway 

collapsibility) and minimal respiratory instability (low loop 

gain).89 As discussed in the next paragraphs, the current 

challenge is how to translate these concepts to the clinical 

setting. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Amatoury%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28629917
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eckert%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=28629917
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TRANSLATION OF OSA PHENOTYPING 
CONCEPTS TO THE CLINICAL SETTING 

 
To overcome the barriers associated with current gold 

standard phenotyping techniques (e.g., invasive overnight 

in-laboratory studies limited to research investigations),33 

there have been recent advances in the development of 

simplified phenotyping tools for clinical implementation. 

For example, brief breathing tests acquired during 

wakefulness correlate well with upper airway collapsibility 

(Pcrit) during sleep.96,97 Similarly, automated measures of 

peak flow obtained via a standard overnight PSG provide 

good estimates of Pcrit.98 An individual’s therapeutic 

CPAP level (≤8.0 cmH2O) also shows good sensitivity 

(89%) and specificity (84%) to identify a patient with a 

mildly collapsible upper airway.99 Thus, these approaches 

may be helpful clinically to differentiate the extent of 

anatomical impairment (i.e., those with highly versus 

minimally collapsible airways), the main contributor to 

OSA, to facilitate targeted treatment decisions using 

PALM scale concepts. Similarly, inspiratory airflow 

profiles during flow limitation from an overnight sleep 

study may provide information on the site of upper airway 

collapse.100 

Recent strategies have also been developed to 

estimate the nonanatomical phenotypes. This includes 

estimates of loop gain and arousal threshold from PSG 

recordings using sophisticated analysis methods,101,102 or 

via simple breath hold maneuvers,103 or simply using 

standard clinical PSG variables.104 Although a simple 

clinically useful estimate of upper airway muscle function 

is yet to be determined, recent advanced signal processing 

techniques have been used successfully to estimate all four 

phenotypes including muscle compensation from standard 

PSG recordings.105  

From a clinical perspective, some of these methods 

rely entirely on data (i.e. AHI, nadir oxygen saturation, 

fraction of events that are hypopneas, therapeutic CPAP 

levels) that are already routinely collected during 

diagnostic or titration sleep studies for OSA.99,104 Thus, 

these strategies can be incorporated into the current 

recommended diagnostic pathway for OSA106 with 

negligible additional cost to help guide patient selection 

decisions for MAS therapy. Conversely, others still require 

advanced signal processing analysis or specialized 

equipment before they can be implemented into the current 

diagnostic pathway. However, the computations for some 

of these methods can be completed within 10 minutes for 

each patient on a standard personal computer and there is 

scope for automation.101,102 Other methods can be 

performed relatively quickly during wakefulness and do 

not require entire overnight PSG.96,97 Therefore, 

considering the potential health and safety benefits from 

achieving treatment success via tailored therapy with fewer 

treatment failures and associated costs (Figure 1), the cost-

effectiveness is likely to be superior compared to the 

current diagnostic pathway. However, formal cost-benefit 

analyses will clearly be required as phenotyping 

approaches continue to be developed, refined, and 

improved. Nonetheless, these concepts and evolving tools 

offer promise that the goal of clinically feasible, accurate 

tools to tailor therapy to individual patients with OSA will 

be a reality in the not-too-distant future. This includes new 

approaches to optimize MAS therapy and improved 

prediction of treatment success.      

 

SUMMARY AND CONCLUSIONS 

 
OSA phenotyping concepts offer potential to facilitate 

realignment of the current treatment management approach 

for OSA, which is too frequently time consuming, costly, 

and ineffective. In the context of dental sleep medicine, 

detailed OSA phenotyping can help to determine the 

mechanisms of MAS therapy, which may help to optimize 

MAS therapy design for greater efficacy. Phenotyping 

approaches also have the potential to assist in the accurate 

identification of the characteristics of responders to MAS 

therapy. Indeed, the ideal candidate based on current 

phenotyping concepts and the available evidence is a 

patient with a mild to moderately collapsible upper airway 

with minimal or no impairment in the other non-anatomical 

phenotypes (i.e., the patient does not have high loop gain). 

Clinical implementation of these concepts could improve 

current prediction approaches and reduce MAS therapy 

failure rates, which has long been a major clinical 

challenge for the field. Finally, as simplified phenotyping 

approaches and novel non-CPAP therapies continue to 

develop and evolve, there is also scope for phenotyping 

approaches to be used to inform targeted combination 

therapy for those with major impairment in the 

nonanatomical phenotypes and in those who do not 

respond to MAS therapy alone.107   
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