Singh GD, J Sleep Disor: Treat Care 2018, 7:2
DOI: 10.4172/2325-9639.1000213

Research Article

Journal of Sleep Disorders:
Treatment & Care

A SCITECHNOL JOURNAL

Physiologic Remodeling of the

Upper Airway: Pneumopedics
Dave Singh G *

Abstract

There are several studies in the medical literature on upper airway
remodeling in pathologic conditions such as asthma, chronic
obstructive pulmonary disease, emphysema, etc. In contrast, there
is a dearth of studies that have documented physiologic upper
airway changes per se. This review includes recent studies on
the adult and pediatric upper airways, in both health and Sleep
disordered breathing, and has been able to identify morphologic
changes. Using various techniques, such as lateral cephalometry,
computerized axial tomographic scans and other methods, changes
in the antero-posterior, transverse and vertical axes of the upper
airway have been assessed. These parameters translate into
surface area, volumetric and functional changes of the upper
airway. In addition, these changes have been evaluated during
normal growth and development in the nasopharynx, as well as
in other regions further distally. In fact, studies during the ageing
process, and with various treatment modalities, using both non-
surgical and surgical approaches have also been undertaken, which
describe various size- and shape-changes of the upper airway.
These naturally-occurring and treatment-induced changes of the
upper airway might be described as physiologic remodeling of the
upper airway or Pneumopedics. Therefore, this review summarizes
current evidence on physiologic remodeling of the upper airway,
specifically with respect to the treatment of sleep disordered
breathing, including obstructive sleep apnea. It is concluded that the
mechanisms that underlie developmental dynamics of upper airway
remodeling are not fully understood, and require further scientific
investigation.
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Introduction

Adult and pediatric obstructive sleep apnea (OSA) are relatively
common upper airway disorders, which consist of repetitive upper
airway collapse during sleep. This perturbation of upper airway
function is associated with oxygen desaturation and disruption
of the normal sleep architecture. Although the patho-etiology of
upper airway collapse during sleep is not fully understood, various
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predisposing factors including a smaller upper airway size [1],
abnormal central respiratory control, and dysfunction of the upper
airway/pharyngeal constrictors muscles have been postulated. In
addition, other factors that may influence upper airway morphology
include obesity, male gender [2], ages, and adenotonsillar hypertrophy,
inter alia. Clinically, OSA is associated with excessive daytime
sleepiness, systemic hypertension, myocardial infarction, congestive
heart failure, stroke, diabetes mellitus, and road traffic accidents.
Therefore, a thorough understanding of the upper airway’s structural
and functional behavior is imperative in the successful treatment of
both adult and pediatric OSA.

During normal growth and development, various changes in
upper airway morphology have been described. For example, in a
study investigating developmental changes of the pharyngeal airway
structures, it was found that the upper pharyngeal depth increased
with age, principally by vertical extension, and these developmental
changes were greater in males than in females [4]. Gongalves et
al. [5] investigated the effects of age and gender on upper airway
antero-posterior (AP) width during growth in Brazilian youths.
They reported that while the airway width increased with age, the
upper airway width was similar in both genders. As for the pattern
of growth, the upper airway width exhibited: incremental growth
between the ages of 6 to 18yrs; a growth plateau between the ages of
6 to 9yrs.; growth acceleration from 9 to 16 yrs., and then another
plateau between the ages of 16 to 18yrs (Figure 1). Indeed, Zhang
et al. [6] further investigated the relationship between AP upper
airway morphology and craniofacial growth patterns in teenagers
with normal occlusion. Although they also found no differences in
the AP width of the upper airway between adolescent Chinese males
and females, their analysis showed that upper airway morphology was
associated with craniofacial growth patterns. Thus, the human upper
airway appears to show some degree of heterogeneity according to
phenotypic variation. In this regard, Tarkar et al. [7] evaluated the AP
upper pharyngeal airway width in young Indian adults with different
craniofacial growth patterns. Their results showed that subjects with a
vertical skeletal pattern had narrower upper airways than those with
a horizontal growth pattern. Consequently, in another study [8], the
AP upper pharyngeal airway distance in young Indian adults with
Class II malocclusion was compared with normal controls. It was
reported that subjects with a Class II phenotype showed a narrower
upper pharyngeal width when compared to the normo-divergent
facial phenotype. This narrowing of the upper pharyngeal airway
is considered to be a predisposing factor for mouth breathing, and
likely increases the risk of sleep disordered breathing (SDB), since
the retrognathic mandible in Class II cases might impinge on the
functional space of the upper airway.

In another study, changes in the pediatric upper airway in the
midsagittal plane were assessed during 1-1lyrs of age [9]. It was
found that the upper airway underwent developmental changes,
measured along the clivus-menton axis, which demonstrated that
the size of the nasopharyngeal airway increased with age. Indeed,
this study suggested that the upper airway grows proportionally to
the skeletal jaw structures, which ostensibly appears to support the
concept of craniofacial pneumatization [10]. In terms of function,
however, it appears that while children have smaller upper airways
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Figure 1: Upper airway growth between the ages of 6yrs to 60yrs. The
plot shows incremental growth between 6yrs to 18yrs (7cm®15cm?); a
growth plateau between the ages of 6yrs to 9yrs. (7cm3-8cm?®); growth
acceleration from 9yrs to 16 yrs. (8cm3-15cm?®); and then another plateau
between the ages of 16yrs to 21yrs (15cm?) with a slow decline at around
30yrs ((13cm?®). All values are approximate. After Schendel et al. (2012)
and Gongalves et al. (2011).

dimensionally during growth, functionally, children have a less
collapsible upper airway during sleep compared to adults [11]. By
contrasting the upper airway pressure-flow relationship during sleep
in normal children and adults, it was found that the pediatric upper
airway had a lesser tendency to collapse during sleep. These children
exhibited a robust response to both a relative-negative (collapsing)
airway pressure and hypercapnia, making the pediatric upper airway
more resistant to nocturnal collapse. The corollary of this inference
is that while pharyngeal airway responses present in normal children
might compensate for a relatively smaller upper airway, children
with a deficient or compromised upper airway may have an impaired
ability to breathe efficiently while asleep, predisposing them to an
increased risk of SDB. In this respect, it is worth noting the role of
rapid palatal expansion (RPE). It is broadly accepted that widening
of the nasal cavity occurs after RPE in children [12]. These widening
permits a reduction in nasal airway resistance, presumably with a
concomitant improvement of respiratory behavior; for example,
Changes a mouth-breather into a nasal breather. In fact, there are
some preliminary studies documenting nasal airway changes in
adults also, using a novel protocol somewhat similar to RPE [13].
However, the effects of RPE on the upper airway further distally are
less well documented. Therefore, other consequences of RPE apart
from dentofacial characteristics need to be further addressed.

Antero-Posterior Changes of the Upper Airway

There are several variants of the generic protocol often referred to
as RPE in the medical, dental and orthodontic literature. For example,
Hiyama et al. [14] studied the effects of maxillary protraction, a
modification of RPE, on craniofacial structures and upper airway
dimensions in the AP plane. The sample consisted of Japanese children
aged about 10yrs old with Class III malocclusions. The authors
claimed to have increased maxillary growth in the AP plane, although
this would be difficult to substantiate using lateral cephalometry
alone [15], but consequent beneficial effects on the dimension of the
superior upper airway were reported. In support of these findings,
a similar study on Korean children of a comparable age with Class
III malocclusions [16] also found improved nasopharyngeal airway
measurements. The Korean study concluded that the nasopharyngeal
airway could be enhanced, at least in the short term, with maxillary
protraction in children. These results have been further substantiated
recently in a study on slightly older Turkish children with Class III
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malocclusions [17]. Using variations of RPE (different, alternate
rapid maxillary expansion protocols), an increase in maxillary growth
allied with an increase in upper pharyngeal airway dimensions was
found, even using different protocols. Therefore, it appears that a
range of protocols that address midfacial development [18,19] appear
to enhance the nasopharyngeal airway, at least in children, However,
the efficacy of this approach in adults in not fully known.

In adults, an alternative option to positive airway pressure therapy
is the use of mandibular advancement devices for the treatment of mild
to moderate OSA. In fact, historically, various mandibular devices
have also been used to treat children with Class II malocclusions
exhibiting mandibular retrognathia [20]. More recently, the effects
of several treatments of Class II malocclusion on the AP upper
pharyngeal airway distance have also been investigated. In one study
[21], three different Class II treatments (headgear, activator, and a
bite-jumping appliance) were used to determine changes in AP
upper airway width. All three modalities enabled small increases
in pharyngeal width after treatment. Nevertheless, these modest
enhancements in the pharyngeal airway might potentially decrease
the risk of developing SDB in later life. Indeed, Ciavarella et al. [22]
hypothesized that AP repositioning of the mandible might alter the
position of the tongue and hyoid bone, leading to a remodeling of the
upper airway space. The results of their study in children aged about
9yrs. showed an increase in the width of the superior pharyngeal
airway space, and they concluded that an enhanced posterior
airway space could consequently improve respiratory function.
More specifically, Restrepo et al. [23] evaluated changes in airway
dimensions in pre-pubertal children with a retrognathic mandible
who received treatment with functional appliances (either a Klammt
or a Bionator). After 1 yr., the only airway dimensions that increased
were located in the adenoidal region of the nasopharynx. Bearing in
mind the contribution of adenotonsillar hypertrophy to the increased
risk of developing SDB [3], these protocols may be able to target
the site or perhaps the severity of the upper airway obstruction.
Consequently, in a similar study in Korean adolescents with Class
II malocclusions [24], long-term changes in the pharyngeal airway
dimensions after functional appliance treatment were assessed. Prior
to treatment, it was found that the length of the upper pharyngeal
region and the pharyngeal airway area were smaller in Class II
adolescents when compared to matched controls. However, following
treatment with a functional appliance, the Class II adolescents
showed increased pharyngeal airway dimensions, which were
similar to those of the control group. Thus, it appears that not only
do functional appliances increase the pharyngeal airway dimensions
in adolescents, but also that this effect appears to be maintained,
at least until the completion of the pubertal growth spurt. Despite
these advantages, one of the drawbacks of functional appliance
therapy is its heavy reliance on excellent patient compliance. In the
absence of ideal compliance, fixed appliances are often favored by
the orthodontic profession. In one study [25], the pharyngeal airway
effects of a skeletally-anchored appliance (using bilateral miniplates
inserted onto the mandibular symphysis) were compared to a control
group treated using a dentally-fixed (Herbst) appliance. The sample
consisted of teenage patients with skeletal Class II malocclusion and
mandibular retrusion. Post-treatment, there were significant changes
in the maxillo-mandibular relationship, and the pharyngeal airway
dimensions were increased in both groups. In addition, however,
the oropharyngeal area also increased in both groups. Thus, skeletal
changes produced by these fixed appliances were associated with
both linear changes in the sagittal plane as well as an increased cross-
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sectional area of the pharyngeal airway. Therefore, it appears that a
range of protocols that address mandibular development appear to
enhance the pharyngeal airway in both children and adolescents. That
these changes might be beneficial in the treatment and prevention of
SDB in pediatric patients remains promising.

Medio-Lateral Changes of the Upper Airway

In terms of patho-etiology, an anatomically-narrow airway in the
AP plane is considered to be a predisposing factor for obstruction of
the upper respiratory tract. This deficiency appears to be amenable
to maxillary protraction in children, which often results in increased
AP width and area of the pharyngeal airway [26]. In addition, there
appears to be a correlation between the upper airway and craniofacial
morphology [27]. There is, however, a dearth of studies of the upper
airway in the transverse dimension. One study [28] noted that the
nasopharynx is transversely larger in prognathic subjects compared
to retrognathic counterparts. Moreover, the interaction appears to
be of a linear nature, as alluded to below. While it is not disputed
that midfacial development appears to improve nasal volume, with
current developments in 3D imaging technology and mathematical
modeling [29], the deficiencies of lateral cephalometric analysis have
become more apparent [30]. In another recent study [31], cone-
beam computed tomography (CBCT) was used assess changes in
the upper airway after RPE in children aged about 10.5 yrs. old. As
with previous 2D studies, an increase in width of the nasal floor was
found. In addition, however, similar to an adult CBCT study [13]
the nasal airway volumes were also increased. These are pertinent
findings since a prior study that assessed the relationship between
nasal cross-sectional area and nasal airway volume [32] determined
that a linear relationship might exist between nasal airway area and
volume, and that upper airway resistance is likely present in adults
with a nasal airway surface area < 0.4 cm? In other words, the nasal
cross-sectional area might alter upper airway volume. Therefore, 3D
changes in the upper airway further distally need to be considered.

Volumetric Changes of the Upper Airway

The notion that RPE in children can enhance nasal cavity
volume and decrease upper airway resistance is becoming more
widely accepted. For example, when acoustic rhinometry was used
to evaluate nasal cavity volume, it was found that the palatal area and
volume increased [33]. In this respect, a study using CBCT scans [34]
evaluated skeletal, oropharyngeal airway, and nasal airway volume
changes after RPE in teenagers. As might be expected in growing
adolescents, transverse skeletal parameters (medial orbital width,
lateral nasal width, maxillary width, and mandibular width) were
enhanced. However, while there was an increase in nasopharyngeal
airway volume for the RPE group, there were no significant changes in
the oropharyngeal airway volume. Therefore, specific sites within the
craniofacial complex might exhibit heterogeneity during allometric
changes associated with various treatment modalities. For example,
in another CBCT study in 11 yr. olds [35], favorable changes in the
retroglossal region and in the oropharyngeal airway volume were
reported in the correction of Class II malocclusion, using a mandibular
device. But, since the nasal cross-sectional area also often increases,
newer morphometric and functional analyses are needed to elucidate
the effects of upper airway growth and remodeling, and their impact
on the quality of sleep and breathing. One such study [36] correlated
morphologic (CBCT) changes of the upper airway with functional sleep
data obtained by polysomnography after RPE in 8yr. old children. Not
surprisingly perhaps, RPE was associated with both an increase in total
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airway volume as well as respiratory performance in pediatric cases.
Therefore, it appears that in actively growing patients, various maxillo-
mandibular protocols are advantageous in the treatment of SDB.

On the other hand, the adult upper airway is less well understood
in terms of its developmental and structural dynamics. Sutherland et
al. [37] investigated changes in adult upper airway size and regional fat
with weight loss in men with OSA. It was reported that, in addition to a
reduction in weight, the AHI also fell. In contrast, the velopharyngeal
airway volume increased while craniofacial and parapharyngeal fat
volumes decreased. The authors concluded that while weight loss
increases velopharyngeal airway volume in men, changes in upper
airway length appear to have a greater influence on the reduction in
the AHI. Therefore, changes in upper airway architecture might be a
possible mechanism for addressing sleep issues in adults [38] (Figure
2). Indeed, anatomic components predisposing to an increased risk
of OSA may be the result of interaction between craniofacial skeletal
tissues [39], soft tissues, dental tissues [40] and functional spaces
[2]. Thus, the pathogenesis of OSA is complex and may vary, in fact,
according to ethnicity [41] inter alia. In a study of Japanese-Brazilians
and Caucasians, it was found that the Japanese-Brazilians had
smaller craniofacial skeletal dimensions (cranial base, maxillary, and
mandibular lengths), whereas the Caucasians had larger craniofacial
soft tissues (tongue length and volume). These recent findings
corroborate the work of Singh et al. [42-44] who reported on the
craniofacial heterogeneity of Asian and Caucasian children, and the
implication of cranial base morphology on upper airway behavior in
terms of SDB [45]. Therefore, a deeper understanding of development
dynamics of upper airway remodeling is warranted.

Mechanisms of Physiologic Airway Remodeling

The medical literature reveals numerous studies on upper
airway remodeling in pathologic conditions such as asthma, chronic
obstructive pulmonary disease, emphysema, etc. In contrast, there
is a dearth of studies that have documented physiologic airway
remodeling. However, in one study [46], it was suggested that
after RPE, improvements in nasal breathing and spontaneous
forward repositioning of the mandible might occur. These maxillo-

Figure 2: Size- and shape-changes in the 3D morphology of the upper
airway. The 3D models show size- and shape-changes in the morphology
of the upper airway of a 60yr. old patient who underwent biomimetic oral
appliance therapy for the treatment of mild obstructive sleep apnea. The
red model on the left is the pre-treatment upper airway; the blue model on
the right shows an increased volume upper airway the post-treatment
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mandibular effects might enhance the upper airway volume with a
concomitant repositioning of the tongue after treatment. Surprisingly
however, in that study on children age about 7.5 yrs. no differences in
oropharyngeal airway and mandibular displacement after RPE were
detected. The authors suggested that improvement in upper airway
and breathing after RPE might instead be related to nasopharyngeal
and nasal airway changes, as noted above. In contrast, a recent case
study in an adult diagnosed with OSA found that spontaneous
forward repositioning of the mandible occurred after midfacial
redevelopment, and that the AHI returned to within normal limits
even with no device in the mouth while sleeping [47]. Therefore,
various maxillo-mandibular protocols in both pediatric and adult
cases of SDB might need to more precisely selected to target the
suspected site and severity of the upper airway obstruction, once the
craniofacial phenotype has been evaluated.

While it has been argued that the adult craniofacial is not
amenable to (orthodontic) growth modification techniques, it is well-
known that the facial skeleton under goes changes with age. Indeed, in
an early study, Harris et al. [48] reported that dentofacial dimensions
continue to change throughout adulthood. Thus, evidence is also
emerging that the adult upper airway may also be subject to the ageing
process. For example, Schendel et al. [49] assessed changes in the
upper airway during growth and development using 3D CBCT data.
They reported that the upper airway size and length increase until
age 20yrs. then plateau similar to findings reported previously [5] .
With further ageing, however, the upper airway appears to decrease
in size slowly, and then more rapidly after age 40yrs. These data
suggest that there may be an inherent, physiologic mechanism for
upper airway remodeling. In fact, a cephalometric study investigated
morphological changes in the pharynx in adults with age [50]. It
was found that while the AP depth of the nasopharynx increased,
the depth of the oropharyngeal airway decreased, and the soft palate
became longer and thicker with age. These findings suggest that
pharyngeal morphology is not immutable, and although the structure
of the upper airway develops during childhood and adolescence, its
form changes throughout adult life. It can, therefore, be suggested
that these age-related upper airway changes might represent a form
of physiologic upper airway remodeling, and it might be further
ventured that the development mechanisms underlying these
changes could be harnessed for clinical purposes in the context of
SDB (Figure 2). For example, in a CBCT study in Japanese adults,
the influence of aging on the oropharynx was investigated [51]. In
men, the airway lengthened with age and, more specifically, the lower
oropharynx soft tissue volume increased with age. These changes
might lead to a more collapsible upper airway in males, which could
subsequently contribute to the development of OSA. On the other
hand, retardation of the ageing process might prevent the early onset
of OSA or provide an alternative option in terms of treatment.

While some literature suggests that a potential relationship exists
between RPE and upper nasal airway changes [52,53], other studies
do not provide precise corroboration of the nature of this relationship
[54]. Physiologic upper airway remodeling, in this context, refers to the
development of specific but potentially reversible structural changes
in the tissues of the upper airway, which lead to clinically-identifiable,
morphologic changes [38,55,56] (Figure 2). In chronic rhinosinusitis,
however, a recent study showed that remodeling appears to occur in
parallel rather than subsequent to inflammation. Furthermore, several
factors are thought to modulate phases of pathologic upper airway
remodeling, including coagulation factors, cytokines, growth factors,
and proteases [57]. In fact, both inflammatory and remodeling factors
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have been found in chronic rhinosinusitis, including TGF-f1 and
its receptors, as well as TNF-a and IL-1 B inter alia. These findings
suggest that these cytokines play a central role in the remodeling
processes associated with inflammatory rhino-sinusitis [58]. Thus,
research on human nasal epithelial stem cells might shed further
light on the patho-etiology of upper airway diseases, since this
remodeling includes migration, proliferation, and differentiation of
epithelial cells [59]. However, the interactions between epithelial and
mesenchymal cells is not yet fully understood, and the contribution
of epithelial remodeling in physiologic upper airway remodeling
remains to be elucidated. For example, Polotsky et al. [60] studied
the effects of leptin and obesity on upper airway function in mice.
Obese, leptin-deficient mice showed dulled ventilatory control,
which could worsen neuromechanical upper airway function, and
predispose to increased airway collapsibility during sleep. However,
this mechanism might not explain structural changes that might be
perceived as upper airway remodeling. On the other hand, since
age, obesity and male sex are risk factors for the development of
SDB, Skelly et al. [61] investigated both structure and function of
the sternohyoid muscle in male rats. They reached the conclusion
that, during ageing, the sternohyoid muscle shows indefinite growth,
and is protected from oxidative stress in rats. Presumably, this type of
growth potential, in conjunction with epithelial remodeling, could
conceivably account for clinically-identifiable, morphologic changes
of the human upper airway also. Indeed, it is thought by some [62,63]
that SDB is a generalized abnormality, that may involve the upper
airway from the nasopharynx to the larynx. Thus, techniques that
address both abnormal pharyngeal structure and function, perhaps
deploying physiologic airway remodeling, may be preferential in the
treatment of SDB [64].
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