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Abstract
The transformation of the upper aerodigestive tract – oral cavity, pharynx and larynx – serves the
functions of eating, speaking and breathing during sleeping and waking hours. These life-
sustaining functions may be produced by a central neural sensorimotor system that shares certain
neuroanatomic networks while maintaining separate neural functional systems and network
structures. Current understanding of development, maturation, underlying neural correlates and
integrative factors are discussed in light of currently available imaging modalities and recently
emerging interventions. Exercise and an array of additional treatments together appear to provide
promising translational pathways for evidence-based innovation, novel habilitation and
rehabilitation strategies and delay, or even prevent neuromuscular decline cross-cutting functions
and supporting quality of life throughout increasingly enduring lifespans.
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Introduction
The physical acts of eating, speaking, and breathing during sleep and waking, can be viewed
as a series of transformations of the upper aerodigestive tract. The oral cavity, pharynx and
larynx collectively serve the functions of respiration, swallowing and speech production. A
set of neural effector commands, activating more than 100 muscle contractions, control
various peripheral structures (Fig. 1a and 1b) that perform the bulbar innervated functions of
swallowing, speaking and/or breathing. A primary interest of clinicians and researchers
concerned with the head and neck is to comprehend muscle tone, forces/pressures and
structural movements in terms that permit inferences about the nature of underlying control
mechanisms. Such understanding holds promise for translation to enhanced treatment
development with the potential for transference across specific head and neck functions. The
movements of the semi-independent parts of the peripheral mechanism(s) act to generate air
pressures and flows with aerodynamic measurement, and, for instance, in the case of speech
production, speech acoustics and phonetics provide levels of the process from which
simultaneous measures may be obtained. While biological and biophysical levels of
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measurement also provide insights into the processes of swallowing, the peripheral
mechanism(s) in fact, ceases air pressure generation and flow and alternative outcomes
measures specific to bolus flow (direction, duration and clearance) prove of great value in
understanding the system’s properties and function from acquisition through maturation to
senescence in humans.

Studies of anatomic and physiologic development have demonstrated age-related changes
from infancy to adulthood that serve as a critical background for clinical assessment and
treatment of disorders of the aerodigestive tract. Improved understanding of acquisition of
upper aerodigestive tract functions may shed light on common underpinnings that explain
shared features of the speech, swallowing and respiratory sensorimotor systems, such as the
subconscious manner with which movements are made. In the speech domain, traditionally
considered to be a sequence of discrete units or segments, attempts to impose segment
boundaries on articulatory events quickly are confounded by the fact that movements
overlap one another in complex fashion and gave rise to the concept of co-articulation,1

emerging with maturity, now fairly well documented and accepted. In swallowing,
analogous phenomena are recently emerging2 and shedding light on temporal courses and
attainment of adult neuromuscular control of bulbar innervated functions. seeming to a great
extent dependent on the individual’s peripheral, structural and nervous system maturation.
Oral and pharyngeal phases of swallowing are more accurate references to bolus location
than the oral, pharyngeal and laryngeal co-varying, anticipatory and sometimes co-occurring
physiologic events responsible for bolus flow direction, timing and clearance. The study of
neural maturation is challenging.

Yakolev’s distinction (1962) between development, growth and maturation form a working
definition of neural maturation.3 Yakolev explained growth and maturation as subordinate
and additive to his concept of development:

The development of the nervous system follows a sequence of morphological
events which reflect and correlate with the changes in the internal state, outward
form and dynamic relations of the organism to the environment. All these changes
are subsumed in the conceptions of growth and maturation of the biological action
systems. The conception of maturation, however, has a broader connotation of an
exponential process of the progressive organization of functions and of their
morphological substrata which go on through the life span of the individual… (p. 3,
italics added)3

Yakolev’s definition on neural maturation contains both morphologic and functional
components (i.e., a process of “progressive organization of functions and their
morphological substrata”). This definition fits well with the concept of “systemogenesis”.4

Anokhin hypothesized that motor behavior was governed by a number of functional systems
within the nervous system.4, 5 A functional system was made up of a group of nervous
system structures that developed an “action-system specificity” not unlike Davenport et al’s
behavioral central assembly system.5 For example, the neuroanatomy and neurophysiology
subserving swallowing would constitute a functional system and that subserving speech
production would be another. Given this conception, swallowing and speech and even sleep-
related breathing may be produced by a central neural motor system that share certain
neuroanatomic networks while maintaining separate neural functional systems and network
structures. These systems are said to develop on different schedules, according to the needs
of the organism. The functional system for speech motor control, and emerging evidence in
support of such findings for human swallowing, indicate that aspects performed by the
mature adult are not present at birth. Further, aspects of sleep regulation show profound
changes during development, “significant maturational changes in sleep patterns occur after
birth in mammals6…” Indeed, work over recent decades indicates morphologic features and
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anatomical relationships (i.e., protected airway at birth which repositions) evolve over years
of life with acquisition, and moreover, lifelong performance, a continuous and nonlinear
process (Figure 2). Sensitive periods of nonlinearity occur when neural, musculoskeletal,
environmental and cognitive changes merge in the individual. With regard to early
development, the point in time at which a particular number of these factors combine can
result in changes in performance that occur as quantum leaps and have been referred to as
critical periods.7

While critical or sensitive periods for acquisition of oropharyngeal sensorimotor control
have received attention over recent decades, the concept has been emphasized for childhood
development when neuroplasticity and synaptogenesis were believed most available and
much more limited in its application to the middle and late years of the lifespan.
Acknowledgement of the status of the adult’s neurosensorimotor maturation,
musculoskeletal system, and related functional capabilities reflecting “sensitive periods” for
upper aerodigestive tract precision in performance of bulbar innervated functions is
becoming more prominent in the literature as the world’s population lives longer. Changes
in performance are becoming apparent and taking their toll on health status and quality of
life in the senior years, placing extraordinary demands on healthcare globally. The
prominence of aspiration pneumonia as the third leading cause of death from infection in the
US in people over the age of 80 years seems to signal senescent neuroplasticity losing its
potency in the face of diminished control and decoupling of the otherwise tightly integrated
neuromuscular underpinnings that facilitate precise coordination of the expression of the
bulbar innervated functions of the oropharynx and airway maintenance mechanisms.8

Underlying “Integrative” Factors
In the US alone, nearly 8000 Americans are turning 60 every day.9 While the capacity to
swallow, communicate effectively, and sleep soundly are basic human needs and pleasures,
nearly 40% of Americans over 60 experience dysphagia,10 18 million suffer from sleep
apnea11 and 51% of adults with acquired communication disorders demonstrate motor
speech impairments.12 Awareness of these circumstances is coincident with a growing
health concern regarding sarcopenia: the age-related reduction in skeletal muscle mass and
cross-sectional area reduction in the number or size of muscle fibers and a transformation or
selective loss of specific muscle fiber types.13 Muscle size appears to be related to changes
in neuromuscular function across the lifespan, with age-related atrophic changes
contributing to strength reductions.14, 15

Sarcopenia in cranial muscles contributes to age-related decline in the critical functions of
the head and neck.16–19 The tongue is a major contributor to speech, swallowing and
respiratory activity and therefore has become a focus of research on aging effects. Specific
lingual findings in persons over age 60, compared to younger cohorts, include significantly
increased fatty and connective tissue and increased amyloid deposits in blood vessels
located in tongue muscle and sub-epithelial layers. Further, compared with young adults,
aged individuals show decreased tongue mobility and lingual suction pressure, decreased
thickness,20 decline in perceived intensity of local pressure on the tongue,21 and decrease in
maximum voluntary isometric tongue pressures.22 It is likely that these age-associated
lingual changes reflect the underlying condition of sarcopenia in head and neck muscles.
That is, diminished muscle mass may be causally related to diminished lingual strength with
aging, affecting temporal patterns of muscular action (weak muscle cannot move as quickly
as strong23) and leading to age-related changes in bolus flow outcomes. Variability in
oropharyngeal airway size and shape, blood flow, and tissue characteristics likely play a role
in susceptibility to motor speech disorders and obstructive sleep apnea (OSA). However,
sarcopenia has been largely ignored as a contributing factor and warrants attention,
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particularly with regard to OSA and the otherwise augmented activities of particularly key
contributors such as genioglossus during wakefulness and interactions with pharyngeal
dilators.24

Neural Correlates
Upper aerodigestive tract maturation appears to be centrally as well as peripherally driven.
Fine and gross motor functions slow with age as does the reaction time to sensory
stimuli.25, 26 The healthy older swallow is slow.18, 27–29 Lengthened duration of swallow is
observed largely before the more automatic pharyngeal phase of the swallow is initiated,
which indicates that the more volitional oral phase or a brainstem-mediated transitional
period from oral to the more “hardwired” pharyngeal events, or both, are particularly
affected. In those over age 65, the initiation of laryngeal and pharyngeal events, including
laryngeal vestibule (and hence, airway) closure, are significantly delayed relative to bolus
flow compared to adults younger than 45 years of age.27 Although the specific neural
underpinnings are not yet confirmed, it can be hypothesized that the more voluntary oral
events become “uncoupled” from the more “neurally hardwired” brainstem pharyngeal
response which includes airway protection. Thus, in older healthy adults it is not uncommon
for the bolus to be adjacent to an open airway by pooling or pocketing in the pharyngeal
recesses, for more time than in younger adults, increasing the risk of aspiration and
associated adverse consequences due to ineffective deglutition [Figure 3a–c (young) and 3d–
f (old)].

Neuroimaging studies using cranial MRIs in healthy adults show a relationship between
slower swallowing and the increased number and severity of periventricular white-matter
hyperintensities (PVHs) in the brain, supporting the concept that voluntary control of
swallowing is mediated by corticobulbar pathways within the periventricular white matter.30

The appearance of and the degree of these PVHs increase with age and may explain, at least
in part, the relatively asymptomatic decline in oropharyngeal motor performance observed
in older people. Cerebral atrophy, blood flow changes, and other age-related conditions must
also be factored into the process of presbyphagia progression. Thus, central as well as
peripheral contributions may modify bulbar innervated functions across the life span.

While muscle growth occurs with youthful development, muscle atrophy occurs with aging
and is likely a key determinant in the reductions in strength and endurance observed in
senescent muscles. In the upper airway, aging is often associated with functional declines in
swallowing status,17, 31, 32 phonatory ability33, 34 and upper airway maintenance during
sleep.35 The underlying mechanism for these observed changes with aging may be a loss of
skeletal muscle mass and strength that affects both magnitude and timing of muscle force
generation and timing.18, 36 Despite findings of decreased isometric maximum lingual
strength with aging, no significant differences are found between young and older groups in
specific maximum pressure generation during swallowing22, 37 indicating that swallowing
pressure reserve, the relationship between isometric (maximal) and swallowing
(submaximal) pressures, is reduced with age.

While implications of these reserve reductions remain unclear, decreased functional
swallowing reserve may leave older individuals more vulnerable and without the capacity to
compensate like younger individuals, when insults occur along the length of the neuraxis to
the neural networks for the oropharynx (e.g., stroke). It has been suggested that the observed
changes in lingual anatomy and function from anterior to posterior tongue may reflect
property changes such as increased number of muscle fibers per motor neuron (as in other
muscle tissue)37 or smaller maximal protrusive tetanic forces.38 Such changes may lead to
enlarged larger regions of muscle fibers acting as a unit, which may decrease the lingual

Robbins Page 4

Head Neck. Author manuscript; available in PMC 2013 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



“degrees of freedom”.37 These changes may lead to decreased adaptability of the
oropharyngeal system to other cumulative effects of healthy aging increasing risk for
diminished homeostenosis across bulbar innervated functions including swallowing, sleep-
related breathing and perhaps, in some cases of increased neurophysiologic aging, include
speech production.

Although the mechanisms responsible for oropharyngeal dysphagia, dysarthria and OSA are
apparently complex, those for the latter conditions do appear to compensate for etiologies
during wakefulness, including increased activity in a number of upper airway muscles such
as the genioglossus and tensor palatini. The available evidence suggests that during
wakefulness there is neuromuscular compensation in dilator muscles. Unfortunately the
basic neural mechanisms during compensation are not well understood and are even less
clear during sleep.

Exercise
Work elucidating age-related changes within the oropharyngeal mechanism has provided the
foundation for treatment strategies that may reduce, retard or quite possibly reverse the
decline that was once believed to be inevitable. Data are accumulating indicating a capacity
for increased tongue strength with specific, systematic isometric lingual exercises in
young,39 healthy old40 and stroke patients.41 There appears to be a threshold of intensity
(overload)42 required to elicit strength and neural changes.43 Evidence is building indicating
that the intensity of strengthening therapy and additional fundamental exercise parameters
including repetition,44 which have proven successful for striated limb musculature42 are
now contributing to important outcomes for the bulbar integrated striated system. The
evidence suggests that low intensity treatment is unlikely to support maximum behavioral or
neural plasticity. The solutions are to discover optimal treatments that have proven
successful for striated limb musculature based in sports medicine literature and then to
translate them to delivery models that allow achievement of intensity and repetition most
consistent with progressive resistance tongue exercise programs that have been successfully
applied to individuals with oropharyngeal swallowing impairment.40, 41

In patients post-stroke, an 8-week isometric lingual exercise regimen resulted in decreased
airway invasion, decreased post-swallow residue and more rapid bolus transit.41

Improvements in swallowing outcomes have been reported in studies as limited in duration
as four weeks,39 however studies of longer duration (8–9 weeks), report continued
improvements in pressure gains through protocol completion.40, 41, 45 It has been
hypothesized that the initial rise in pressure generation and reduction in aspiration observed
after the first 4 weeks of exercise reflect changes in the neural underpinnings of swallowing,
whereas their later improvements in lingual strength and associated outcomes at 8 weeks
implicate the positive effects of the intervention on muscle hypertrophy.41, 46 These results,
along with recent functional magnetic imaging findings47 (see Malandraki et al, this issue)
indicate that exercise protocols, when of sufficient duration, intensity and repetition
capitalize on central as well as peripheral changes. Additionally, the transference of
progressive isometric resistance lingual exercises to swallowing and speech intelligibility48

suggest modification of neuromuscular underpinnings that transcend specificity of function.
The potential for exercise induced airway remodeling, as evidenced by at a minimum,
change in muscle fiber cross sectional area15 and lingual volume41, 49 holds promise for
modifying airway patency during sleep.50 Oropharyngeal exercises recently have been
demonstrated to reduce OSA severity and symptoms and are put forth as “a promising
treatment for moderate OSA”.50
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Future Directions
We are living in times that are characterized by a surge in new imaging techniques, novel
physiologic recording methods and creative systematic behavioral interventions directed at
modifying bulbar innervated functions, to date, orthogonally applied and interpreted. The
generalization of systematically translated oropharyngeal exercises along with an array of
other interventions including electrical and transmagnetic stimulation, must be viewed with
caution and conducted with all of the scientific rigor that new pharmaceutical and
technologically-based treatment trials warrant. Defining groups of individuals who may
benefit from relatively non-invasive, yet systematically designed, carefully controlled,
rigorous exercise programs that positively affect quality of life, which certainly breathing,
sleeping, eating and speaking comprise, provides a potential and promising pathway for
innovation and evidence-based investigation.

Experiments designed to answer hypotheses based questions will play an important role in
elucidating the integrative neural systems underlying vital aerodigestive tract functions.
While facilitating developmental coupling/habilitation, and injury-related rehabilitation,
such an approach will perhaps in the not-too-distant future even prevent the eventual
neuromuscular decoupling that appears to be emerging along an increasingly extensive
continuum, translating into improved function and increased endurance38, 51 throughout the
currently evolving lifespan.
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Figure 1.
The upper aerodigestive tract has two primary functions: breathing and swallowing. (A)
Upper aerodigestive tract valves positioned (open) for directing airflow through systems. (B)
Upper aerodigestive tract valves positioned (closed) for safely directing bolus flow.
(Adapted from Easy to Swallow, Easy to Chew Cookbook: Over 150 Tasty and Nutritious
Recipes for People Who Have Difficulty Swallowing by Weihofen D, Robbins J, and
Sullivan PA. 2002, with permission of John Wiley & Sons, Inc.)
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Figure 2.
The continuous and non-linear lifelong evolution of morphologic features represented by
MRIs of distinct individuals of different ages.
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Figure 3.
Healthy young swallowing documented with videofluoroscopy. (A) Bolus in oral cavity,
ready to be swallowed. (B) Bolus appears as a “column” of material swiftly moving through
the pharynx. (C) Oropharynx cleared of material when the swallow is completed. Healthy
old swallowing documented with videofluoroscopy. (D) Bolus in mouth ready for
swallowing. (E) Bolus pooled in vallecula and pyriform sinus during delayed onset of
pharyngeal response. (F) Bolus cleared of material when the swallow is completed.
(Adapted with permission from Robbins JA. Normal swallowing and aging. Semin Neurol.
1996; 16(4):309.)
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