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Abstract
Oropharyngeal swallowing is a complex sensorimotor phenomenon that has had decades of
research dedicated to understanding it more thoroughly. However, the underlying neural
mechanisms responsible for normal and disordered swallowing remain very vague. We consider
this gap in knowledge the result of swallowing research that has been broad (identifying
phenomena) but not deep (identifying what controls the phenomena). The goals of this review are
to address the complexity of motor control of oropharyngeal swallowing and to review the
principles of motor learning based on limb movements as a model system. We compare this
literature on limb motor learning to what is known about oropharyngeal function as a first step
toward suggesting the use of motor learning principles in swallowing research.
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Introduction
Swallowing disorders (dysphagia) can be the devastating consequences of many different
disorders or diseases, including neurological damage, accidental trauma to head or neck
structures, or head and neck cancer treatments. Oropharyngeal swallowing is a complex
sensorimotor phenomenon involving numerous meticulously timed events that require the
peripheral and central nervous systems and many paired muscles. Given the complexity of
the oropharyngeal swallow, in-depth and rigorous scientific inquiry is needed to improve our
understanding of the system.
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Dysphagia research has examined many phenomena that impact the success or failure of a
swallow. This research allows us to understand more about the kinematics of the many
structures involved in oropharyngeal swallowing (i.e., jaws, tongue, velum, pharynx, larynx,
esophagus), the impact of bolus properties (i.e., consistency, taste, volume, chemesthesis),
and the many etiologies of dysfunctional swallowing. Despite this knowledge, our field is
open to critiques of being shallow because our understanding of the neural mechanisms
responsible for those phenomena is deficient. In other words, scientific inquiry into
swallowing and swallowing disorders has been broad, in that it describes many phenomena
(i.e., what do we see happening?), but not deep, because it rarely delves into how these
phenomena are controlled (i.e., what is controlling what we see?). A complete discipline
rests on each of these aspects; effective evidence-based medicine requires both.

A well-defined model of normal and disordered swallowing control has remarkable potential
for transforming how we care for our patients with dysphagia. However, when comparing
the research in dysphagia with other areas of sensorimotor function, such as movements of
the eyes, arms, or legs, those subdisciplines have a deeper comprehension of underlying
neural mechanisms. In particular, they have defined the neurological control of accurate
movements (motor control) as well as the ways in which inaccurate movements are
improved (motor learning). Studies of oropharyngeal function could benefit greatly from
understanding how other movements are controlled by the central nervous system.

In this review we first address the complexity of motor control of oropharyngeal
swallowing. Then we review the principles of motor learning based on limb movements as a
model system. We also compare this literature on motor learning to what is known about
oropharyngeal function as a first step toward suggesting using motor learning principles in
swallowing research.

Motor Control
Motor control is a very broad discipline that encompasses all of the neurologic aspects of
movement. It is the process of creating movement, including the interaction between the
central and peripheral nervous systems (CNS and PNS) for creating coordinated and skilled
actions. Work in the field of motor control, as applied to swallowing physiology, can be
traced back through the last two centuries [1–3]. Wise and Shadmehr [4] present a relatively
modern review of the field of motor control, which is accessible to nonspecialists.

Decades of research on motor control in swallowing and swallowing disorders have
addressed a broad range of issues related to normal and disordered swallowing, yet we still
have a limited understanding of motor control in oropharyngeal swallowing. Although little
is known about swallowing behavior relative to important principles of motor control, such
as sensory feed-back and levels of control, we discuss some concepts below.

Sensory Feed-Back and Prediction
According to Shadmehr et al. [5], “motor control is the study of how organisms make
accurate goal-directed movements.” They expand on this definition by explaining that
producing accurate movements over the course of a lifetime is possible because we are born
with an adaptable nervous system. This adaptable nervous system recognizes its limitations
and continuously compensates for them to prevent systematic movement errors [5].

So how are these limitations perceived and adapted regularly with seemingly little conscious
effort? Experts in motor control emphasize the importance of sensory input for accurate
motor control. One important concept is that ease of movement is possible due to the steady
stream of sensory information that is being processed while planning, executing, and
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evaluating an action. Thus, constant sensory feed-back is necessary for correcting
movement. In addition to using sensory feed-back, the human nervous system also has the
capacity to predict sensory consequences of motor commands. According to Shadmehr et al.
[5], this means that we make sensory predictions so that the brain will not have to wait for
actual sensory feed-back before it can act. Thus, we can estimate the movement and the
environment first by predicting what should happen and then by receiving information from
our sensory system about what did happen to make comparisons.

These concepts about sensory feed-back and making predictions prior to sensory
confirmation are particularly significant for oropharyngeal swallowing. For instance, many
of the movements needed to break down a solid bolus in the oral cavity through mastication
require a steady stream of constant sensory feed-back about the state and position of the
bolus relative to the masticators [6]. Such feed-back ensures that pressure between the teeth
is applied to the bolus and not to the tongue or cheeks. Sensory feed-back also ensures that
the bolus is propelled into the pharynx with proper timing and force, considering the unique
properties (i.e., size, viscosity, texture) of the bolus; this is necessary to trigger a swallow
that is appropriate for the bolus. If the swallow is triggered and the swallowing motor plan is
not appropriate, it is unlikely that online corrections may be made midswallow, although this
has not been directly tested using scientific methods. This suggests that while the bolus is
still in the oral cavity, some sensory predictions about bolus readiness for the pharyngeal
swallow are being made before pharyngeal or laryngeal sensory feed-back can confirm a
successful or unsuccessful swallow [7].

Levels of Control: CNS
The brain is commonly considered to be hierarchical, with cortical regions responsible for
volitional, higher-level tasks, and the brain stem is associated with nonvolitional tasks and
heavily influenced by cortical input [8]. In other words, a hierarchical model assumes that
the direction of control moves from higher to lower centers, with no reciprocity of control,
such as brain-stem influence on cortical centers [9]. However, debates over pure hierarchical
theories of the human brain are ongoing, with alternative views that the CNS is likely
heterarchical and not hierarchical [10]. Heterarchical control, described by Turvey et al. [9,
10], is the principle that control in the CNS is circular so that multiple brain regions at
various levels modulate one another, leading to control reciprocity. In other words, although
the cortex is responsible for most higher-level tasks (i.e., executive function), it still receives
input from lower centers and uses it to derive the best possible commands.

Empirical evidence on swallowing supports the theory of reciprocity of central control or
heterarchical control, as multiple levels of the brain, including the cortex, subcortex,
cerebellum, and brain stem, may drive swallowing behavior [11–14]. For instance,
swallowing behavior can be modified by top-down input (intention-based, i.e., cortical drive
to peripheral structures), where the cortex influences lower brain centers, demonstrated by
an altered swallowing response by the peripheral structures. An example of top-down
modification is evident when reflexive components of oropharyngeal swallowing are altered
on command with a Mendelsohn maneuver, a breath hold, or an effortful swallow, which are
associated with more cortical involvement [15, 16]. Alternatively, bottom-up input
(stimulus-based, i.e. peripheral input to the cortex) is shown by the finding that cortical
activity during swallowing is modulated by reflexively initiated swallowing behavior (bolus
delivered directly to pharynx) or by targeting peripheral sensory receptors (i.e., sour or
flavorful bolus, cutaneous electrical stimulation, air puff) [17–19].
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Levels of Control: Reflexive to Volitional Behaviors
One significant issue in motor control is defining movements or systems as reflexive or
volitional [20]. Oropharyngeal swallowing is multifaceted, having both volitional and
reflexive components [21]. The volitional component is often described as the oral phase,
where the bolus is prepared and then transferred to the pharynx. The reflexive component is
typically considered the pharyngeal phase where a cascade of events such as pharyngeal
squeeze, hyolaryngeal movement, and upper esophageal sphincter opening occur only after a
sufficient sensory trigger elicits them [22].

One current view is that rather than two distinct categories of reflex or volition, there is a
continuum on which many sensorimotor tasks can be placed. Prochazka et al. [20] provide a
thorough overview of this debate in their review. The authors agree that reflexive
movements require a trigger to be initiated, are difficult to suppress once in motion, and can
be controlled primarily by lower brain areas (i.e., brain stem or spinal cord). While
volitional movements differ because they do not require a trigger, they can be interrupted at
any time and they are controlled primarily by the cortex [20].

One challenge in understanding oropharyngeal swallowing is that, as mentioned previously,
its components fall on more than one place on this reflex-to-volition continuum. For
instance, mastication follows the criteria for volitional movement wherein no stimulus is
needed—one can simulate chewing without a bolus—and the behavior can be volitionally
interrupted at any time. However, it is possible that mastication might move toward the
reflexive end of the continuum under certain circumstances. A good example was given by
Gibbs and Suit [23], who showed that contact with an unexpected hard bolus during normal
mastication caused participants to immediately discontinue mastication. Thus, peripheral
sensory input to the central nervous system for mastication (central pattern generator) likely
resulted in suppression of this rhythmic behavior. Gibbs and Suit [23] then noted that
mastication cycles that immediately followed the unexpected hard bolus were slow and
cautious. This careful mastication suggests greater cortical involvement (moving back
toward the volitional end of the continuum), given the potential danger, thus temporarily
modulating chewing behavior while continued sensory feed-back confirmed that no more
hard particles remained. Therefore, during the course of feeding, masticatory behavior
moved along the continuum of low and high voluntary control due to the presence of a
perturbation. Similar conclusions may be made for components of the pharyngeal swallow
that might move toward the volitional end of the continuum during a Mendelsohn maneuver.

Motor Control Summary
There are a number of resources that form a basis of our current understanding of the motor
control for swallowing and should be familiar to all researchers and clinicians in the field.
Miller's text, The Neuroscientific Principles of Swallowing and Dysphagia [24] (and its
subsequent update [25]) is an invaluable resource in its thorough review of the literature.
More recently, Steele and Miller [6] reviewed sensory input and motor control of
swallowing. Multiple methodologies, including functional magnetic resonance imaging and
transcranial magnetic stimulation, have enhanced our understanding of which portions of the
cortex are associated with swallowing behavior [12, 26, 27]. Others have provided insight
into the relationship between cortex and brain stem [21, 28–31].

Swallowing motor control is understudied compared to the motor control of the limbs, partly
because the tongue, larynx, and pharynx are more difficult to access and measure. Although
complex, understanding swallowing motor control is critical for better dysphagia treatment
and concepts such as sensory feed-back, and levels of control for swallowing movements
need to be examined more deeply in scientific experiments.
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In the following sections, we discuss motor adaptation, an important and well-studied
component in the field of motor learning. These concepts are intriguing for swallowing
because they might lead to new discoveries that reveal the mechanism responsible for
various types of dysphagia and lead to treatments that directly target those
pathophysiologies.

Motor Learning
Motor learning is a field of study that aims to elucidate how motor performance improves
and is subsequently retained. Many of its fundamental theories have been investigated
through studies of motor adaptation of the limbs. Specific definitions of motor learning,
however, are still debated. In fact, one major textbook chooses not to define motor learning
explicitly [4]. Generally, though, motor adaptation is the short-term process of reducing
errors (or improving accuracy) in a sensory–motor task [32]. It is described further as a
gradual or incremental process based on reduction of error with the goal of returning to
accurate movements (baseline behavior) using a model that predicts the outcome (feed-
forward model, described further below) [33, 34]. In the following subsections we focus on
the research supporting motor adaptation and how the principles of motor learning can
improve knowledge about swallowing and swallowing disorders.

Motor Adaptation
Motor adaptation is the process by which our neuromuscular system makes accurate
movements throughout our lifetime. It is based on the idea that our nervous system
constructs a model of a movement and predicts the outcome. After the movement, the
nervous system compares the predicted outcome to what actually happened. The difference
is called error and adaptation is often called error-based learning [5, 35]. Much of this work
is based on pointing or reaching experiments, where research subjects experience an
unexpected displacement through devices such as prism glasses or a robot arm changing
their trajectory. The subjects see or feel the difference between goals and actions and
gradually, over repeated trials, reduce this error (feed-forward adaptation). This type of
learning is a robust, well-studied phenomenon seen in different motor behaviors, with the
cerebellum as one of the critical neural substrates [36–40].

Motor adaptation can also be demonstrated in the following example of a real-life scenario.
You are test-driving a new car. You notice that the car's brakes are much more sensitive than
those of your old car and the first several braking instances result in alarming halts in
vehicle motion. So, to avoid this error feed-back, you might make trial-by-trial adjustments
by tapping the brakes more tentatively throughout the test drive rather than using the same
force that you would use with your own car. If you have overcome the braking error by the
time you have finished the test drive, then motor adaptation to the new vehicle has occurred.
Now, upon returning to your old car, you might discover that you are not using enough force
when braking and thus you are braking too slowly. This is evidence of an after-effect that
requires deadaptation to brake more appropriately in your own vehicle by recalibrating
gradually once again. So, motor adaptation (and deadaptation) can occur over several
minutes or hours and involves a continued process of gradual adaptation and deadaptation.

Another example of motor learning is the process that happens with speech following the
placement of an orthodontic or oral dental plate [41]. Such a device effectively lowers the
palate and initially tongue movements for correct speech are not accurate. However, an
individual quickly adjusts to the device and their tongue movements, and speech, return to
normal. Following removal of the device, however, the tongue movements are not quite
enough, as the individual has learned to accommodate to the oral device. However, in only a
short time, the individual adjusts and speech is once again back to normal.
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An example of experimental testing of motor adaptation is described in Fig. 1. In this
example the task requires a subject to rapidly lift a barbell to shoulder height over several
trials where new demands from the weight of the barbell are unexpectedly introduced
throughout three consecutive phases, including (1) preperturbation (5 lb.), (2) perturbation
(15 lb.) with an unexpected catch trial (5 lb.), and (3) post-perturbation (5 lb.).

Feed-Back and Feed-Forward Control Loops (Fig. 2)
Feed-back and feed-forward control loops are often used to explain how the brain sends and
receives information in expected and unexpected states. A feed-back loop shows how the
outcome is integrated into the control command signals [42]. Expected input and output
circuits have a hard-wired loop. An expected state could be described as an outcome that
matches the predictions. Consider the example of the first bite into a hard candy that has the
same texture throughout, such as a peppermint, which requires some force to crack. An
expected state could occur when biting into a hard candy and experiencing what was
predicted (Bite 1; Fig. 2a). If the candy is uniformly hard, as expected, then excessive force
to crack the candy was necessary.

An unexpected state could be described as an outcome that does not match the predictions.
For instance, if a uniformly hard texture is expected again for candy number 2, but instead,
the candy has a hard shell with liquid inside, an error occurs in this unexpected state. In this
circumstance, accuracy is compromised because the neural signal for motor output and the
actual movement are not perfectly matched because of an unexpected physical property of
the candy [5]. As a result, the bite is immediately slowed or stopped when the candy shell
easily breaks with excessive force to avoid potential damage to the teeth. Slowing or
stopping in the midst of a bite is also evidence of a feedback loop because the outcome
(easily breaking candy due to excessive force) was used to modify the control command
signals (Fig. 2b).

To make accurate movements, the brain must compensate for sensory input that can be
relatively slow and noisy. In candy number 2, the liquid inside of the candy was detected
and compensation occurred after the bite had been initiated. To avoid this problem in candy
number 3, an internal predictive model is constructed by the neural system called a feed-
forward loop (dotted line, Fig. 2c). A feed-forward loop does not integrate the actual
outcome into the control command signals. In other words, when biting candy number 3, an
unexpected state will be assumed and incorporated into the motor command without regard
for the outcome of biting candy number 3. Feed-forward control estimates the state of the
mismatch between the motor command and the predicted outcome, with the goal of reducing
errors by matching them. In other words, the outcome of biting candy number 3 will not be
used to influence the motor command for this bite. The bite into candy number 3 will be
slow and careful because of the predictions that the candy is not uniformly hard and that it
will require less force to crack. The system learns, or adapts, by comparing the errors in
prediction with the sensory feed-back information [43]. The map of this schema onto
specific parts of the neural system and its application to limb control has proved useful for
understanding normal function and perceiving and predicting the outcomes of pathological
neural deficits [5, 35].

Feed-forward loops, or predictive internal models, are thought to be the basis of motor
adaptation. In motor adaptation studies, the goal is to measure trial-by-trial error reduction
that occurs after a perturbation to learn more about the predictive internal model that is
being used to adapt. Much of the research of motor adaptation has focused on the limbs,
particularly the arms and hands. This work requires research participants to move a lever or
have a device on their forearm that limits or modifies movement. A classic paper in this field
[44] first shows that over several repeated reaching trials, people learn that the lever was
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impeding their movements and then gradually correct to reach a specified target by moving
away from the force of the perturbation and toward their baseline. Second, when the
impediment was unexpectedly removed, people over-corrected, i.e., they overshot the target
in the direction away from the perturbation and beyond the baseline target. This is called an
after-effect. The conclusions from these experiments were that a subject would build an
“internal model” to predict changes in the environment, and that the model, which could be
used for motor activities, is rooted in neurologically based feed-forward loops (Fig. 1).

Advances and Sophistication of Adaptation Models
The advances and sophistication of adaptation models for understanding reaching has grown
tremendously since Shadmehr and Mussa-Ivaldi [44]. A wide range of review articles use
reaching as a paradigm to understand how motor control works and how the CNS functions
to produce accurate movements [5, 33, 34, 45, 46]. Shadmehr et al. [5] use an engineering
problem-solving approach to define two significant dilemmas that individuals face in
making accurate movements. One is a sensory problem: that feed-back to the CNS is slow
and noisy. The other is a motor problem: that the signals from the CNS to the muscles are
subject to a changing environment and body. After decades of experimental work, they
clearly lay out the current consensus that a feed-forward computational model provides a
mechanism for determining accurate motor behavior.

Adaptation in Head and Neck Functions
Adaptation is known to occur in two areas of oropharyngeal function: mastication, speech
and swallowing. Speech and chewing do rely on the same anatomical substrates as
swallowing, including hard tissue structures, muscles, and peripheral nerve supply [47–49].
Differences in central neurological processing are considerable and likely to produce
differences in motor control [49]. Yet understanding what is possible with the peripheral
anatomy can give us some insights into swallowing motor control.

Feed-forward models exist for the control of jaw movement during mastication [50–57]. The
force generated by the muscles of mastication does rely on feed-back mechanisms through
the periodontal ligaments, muscle spindles, and joint receptors [52]. However, the delays in
sensory feed-back are significant relative to masticatory cycles and can produce errors
because the conditions at the periphery are changing [52]. As Ross et al. [52, 53] emphasize,
feed-forward loops relying on periodontal afferents to predict and avoid chewing errors
likely minimize tooth wear and risk of tooth breakage during the trituration of food items
[54, 58, 59]. Avoiding chewing errors might also prevent damage to softer tissues, including
the cheeks and tongue.

Adaptive models for learning speech are better developed than those for mastication [60–
63]. Houde et al.'s original work [61] drew an explicit analogy between reaching movements
with a forelimb and articulatory movements associated with speech. They perturbed what
subjects heard when they produced a particular formant and determined that not only did
adaptation occur for the particular perturbed vowel sound, but also for that sound in other
words. Subsequent work [63] has refined these original results, indicating that it is not just
motor learning and output but auditory representations of the speech sounds that are
modified during the learning process. In contrast to these results, work with motor learning
in profoundly deaf individuals [64] suggests that adaptation occurs even without auditory
sensory feed-back.

Little is known about adaptation in swallowing or oropharyngeal function. Some of the
extensive literature on neuroplasticity in the oral cavity touches on related subjects by
examining the amount of neuroplasticity in cortical motor representations with changes in
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sensory input [65–68]. Overall, results showed changes in the cortical representations of
digastric and genioglossus muscles after modifications due to tooth extraction or trimming.
These muscles are significant in swallowing and there are links between sensation in the oral
cavity and pharyngeal function [69].

The only explicit work that tested motor adaptation in swallowing is Humbert et al. [7]. We
continuously reduced peak hyolaryngeal elevation using electrical stimulation over the
course of multiple volitional swallows in healthy adults. Evidence of adaptive motor
learning of hyolaryngeal movements was evident when participants showed systematic,
gradual increases in peak elevation against the force of electrical stimulation. Feed-forward
adaptation was evident when the electrical stimulation was unexpectedly removed and
subsequently peak hyolaryngeal elevation overshot the baseline (preperturbation) peak
elevation means, showing behavioral after-effects. We concluded that hyolaryngeal
kinematics demonstrate adaptive, error-reducing movements in the presence of changing and
unexpected demands. Thus, the promise and potential of motor learning is evident for
swallowing based on these findings, because patients may be taught to predict the presence
of perturbations and reduce errors in swallowing before they occur (feed-forward
adaptation).

Adaptation was also tested in swallowing kinematics in our published work that investigated
the effects of repeated swallowing of the same liquid bolus on hyoid bone and laryngeal
kinematics. In that investigation, the bolus was delivered either to the oral cavity or directly
to the pharyngeal cavity [7]. Our findings showed that only repeated pharyngeal bolus
delivery resulted in gradual adaptation of hyolaryngeal kinematics, suggesting that without
oral sensory information, the events of the pharyngeal phase vary over time. Also, our
results show that the oral cavity plays a crucial role in providing a motor plan for
hyolaryngeal movements of the pharyngeal phase so that its response during swallowing can
be consistent and perform optimally. On the other hand, hyolaryngeal kinematics responded
to bolus volume differences only with oral delivery and not pharyngeal delivery. This again
shows the importance of oral sensory-motor integration for kinematics of the components of
the pharyngeal swallow [7].

Motor adaptation is important for rehabilitation processes. We want patients to show
adaptation for improved accuracy for a motor task, even though there is a process of error
reduction associated with adaptation. By the end of rehabilitation, the best outcome would
be for patients to exhibit motor learning where they no longer exhibit errors but can access
what they have learned during motor adaptation processes for full rehabilitation. For a
thorough review of motor adaptation for rehabilitation, read Bastian [32].

Discussion
Dysphagia research will benefit from the application of the motor learning paradigm in
several ways. Unlike the paradigm of hand movement, where the understanding of the
relevant aspects of the CNS are well understood, swallowing is complex in that we do not
understand the various levels of CNS control. Furthermore, the role of sensory feed-back in
swallowing motor control is only somewhat understood. The neurophysiologic basis of
oropharyngeal function lacks an overall model that can be used to predict the outcomes of
specific insults or disruptions. This emphasizes the need for swallowing research that
examines both the phenomena (what do we see happening?) as well as the underlying
mechanism that controls the phenomena (what is responsible for what we see?)

The effects of taste on swallowing behavior highlight the need for studies of both the
phenomena as well as the underlying mechanisms responsible for them. For example, many
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previous studies have reported differences in submental electromyography (EMG)
recordings when swallowing a sour bolus compared to water [70–74]. Then the underlying
neural mechanism for these taste effects was investigated with functional neuroimaging
studies that showed differences in cortical responses with sour taste or flavor compared to
water during swallowing [18, 19]. This evidence has led to the conclusion that significant
taste effects are found in swallowing kinematics. However, when hyoid bone kinematics,
which are subject to submental muscle activity, were examined for taste effects using
videofluoroscopic imaging, no significant differences were found [7]. Therefore, it is
possible that both the EMG signal and the cortical signal are more sensitive to taste effects;
hyoid bone kinematics does not show the same effects. This dissimilarity is peculiar
considering the expected role of the cortex and submental muscles on hyoid bone
movement. We suggest that these differences do not reflect problems in design or execution
but rather are like the blind men describing different parts of the elephant.1 The differences
in findings for taste effects may be in the measurement specificity of the aspects of
oropharyngeal swallowing.

An example of measurement specificity is arm movement, where the EMG of the biceps and
triceps are much more precisely linked to arm movements than is the EMG of hyoid
musculature to hyoid movements [75]. Thus, while bicep contraction often corresponds with
lifting the arm in a particular trajectory, submental activity could reflect lingual movement,
hyoid movement, or stabilization against infrahyoid musculature. Both hyoid and lingual
kinematics might have clear taste effects that correspond to submental EMG, while hyoid
bone kinematics alone might not. These concerns strongly support the need for study
designs and measures that respect the complexity of oropharyngeal swallowing in a deeper
way.

The field of motor learning for arm movements is deep because the understanding and
prediction of movements are based on solid research about the neurophysiology and motor
control that governs those movements. This depth of understanding provides an underlying
physiologic mechanism for those movements, changes in those movements, and the
potential for external modification in the form of post-insult or injury rehabilitation. Such
depth is possible because of the simplicity of the system (fewer moving parts) and its ease of
study (it is easier to visualize movements of the arm without instrumentation). In fact, arm
movements have become the mouse model of the motor learning world because of it is
straightforward function (fewer movement trajectories than the hyoid bone). This “effector
chauvinism” is based on the idea of using a model system from which generalizations can
easily be extracted [33]. However, just as not all diseases in mice translate directly to
humans, so the model of arm movement does not necessarily generalize to motor learning
for all neurogenic issues and physiologic systems.

Currently, there are tantalizing data that suggest various facets of oropharyngeal motor
control and the interactions at various levels of the CNS during the normal swallow [76].
However, the debate of whether the pharyngeal portion of the swallow is a reflex continues
because our study designs do not delve into these issues to the depth that investigators on
motor learning in hand or eye movement have. Given our argument above that there are
multiple levels of control for oropharyngeal swallowing that can be anywhere on the
continuum from reflex to control, we first need to define each of the components of
oropharyngeal swallowing along these axes. Motor learning experimental paradigms deeply

1An old tale, common to Jain, Buddhist, Sufi Muslim, and Hindu traditions, tells of three blind men who describe an elephant. The
first, feeling the trunk, said that an elephant is like a snake, a muscular rope. The second, feeling an ear, said that an elephant is like a
soft piece of cloth and very flexible. The third, feeling a leg, said that an elephant is like a strong pillar, covered in tough material.
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probe a particular movement of a particular system in multiple ways to understand it more
completely, both in isolation and within a larger system.

In other fields, the integration of basic experiments and knowledge about motor learning has
been explicitly connected to clinical studies and the ultimate design of successful
rehabilitation [32, 77, 78]. We maintain that bringing these concepts to dysphagia research
will not only broaden our knowledge but provide the basis for a synthesis of existing data.
Most importantly, this depth of understanding will be the basis for the development of
successful rehabilitation strategies for the complex pathophysiologies associated with
dysphagia.
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Fig. 1.
Adaptive learning example showing a typical study design used to explore evidence of
adaptation in a resistance task of lifting a barbell to a shoulder-height target level in the
presence of ongoing perturbations. Participants are not expecting the onset of the
perturbation, the catch trial, or the onset of the post-perturbation changes [7] (image: http://
fitnessanddefense.com/upright-rows/)
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Fig. 2.
Feed-forward and feed-back loops are shown. a Hard-wired feedback loop where what is
expected occurs. b Another feed-back loop where the unexpected texture was used to
modify the motor command. c Predictive feed-forward loop with no consideration of the
outcome provided by sensory input
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