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Swallowing is complex at anatomical, functional, and neurological levels. The

connections among these levels are poorly understood, yet they underpin mechanisms

of swallowing pathology. The complexity of swallowing physiology means that multiple

failure points may exist that lead to the same clinical diagnosis (e.g., aspiration). The

superior laryngeal nerve (SLN) and the recurrent laryngeal nerve (RLN) are branches

of the vagus that innervate different structures involved in swallowing. Although they

have distinct sensory fields, lesion of either nerve is associated clinically with increased

aspiration. We tested the hypothesis that despite increased aspiration in both case,

oropharyngeal kinematic changes and their relationship to aspiration would be different

in RLN and SLN lesioned infant pigs. We compared movements of the tongue and

epiglottis in swallows before and after either RLN or SLN lesion. We rated swallows for

airway protection. Posterior tongue ratio of safe swallows changed in RLN (p= 0.01) but

not SLN lesioned animals. Unsafe swallows post lesion had different posterior tongue

ratios in RLN and SLN lesioned animals. Duration of epiglottal inversion shortened

after lesion in SLN animals (p = 0.02) but remained unchanged in RLN animals. Thus,

although SLN and RLN lesion lead to the same clinical outcome (increased aspiration),

the mechanisms of failure of airway protection are different, which suggests that effective

therapies may be different with each injury. Understanding the specific pathophysiology

of swallowing associated with specific neural insults will help develop targeted, disease

appropriate treatments.

Keywords: dysphagia, superior laryngeal nerve, recurrent laryngeal nerve, kinematics, animal model

INTRODUCTION

Many different types of neurological damage lead to similar outcomes of dysphagia or deglutive
disorders, such as failure to propel the bolus, aspiration, or pharyngeal residue. For example,
dysphagia is often associated with cortical injuries or conditions, such as stroke, amyotrophic
lateral sclerosis, and cerebral palsy, and with midbrain conditions, such as Parkinson’s disease
(1). Dysphagia may also result from disorders that affect the myoneural junctions, such as
myasthenia gravis. Similarly, injury to branches of the vagus nerve, whose axons synapse within
the medulla and pons of the brainstem, also frequently result in dysphagia (2–4). Swallowing
is a complex, coordinated process involving 25 paired muscles, and five cranial nerves (sensory
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and motor) all coordinated by multiple brainstem and cortical
loci (5). The temporal sequence of events is critical for the
efficient passing of a bolus from the oral cavity into the
esophagus, while simultaneously avoiding the airway (6, 7). It is
this complex and integrated process that presents many different
failure points leading to the same outcome. Yet understanding
where and how that process is interrupted and compromised
is necessary to design interventions to correct the outcome.
Furthermore, the where and how is likely to be specific to the
type of neurological insult, even if the outcome is not.

The laryngeal branches of the vagus nerve, which arise from or
send fibers to several nuclei within the medulla of the brainstem,
have different roles in swallowing. The superior laryngeal nerve’s
(SLN) sensory branch innervates the valleculae and structures
superior to the vocal folds. The sensory signals from the SLN
are carried in the vagus nerve to the nodose ganglion, and
then synapse in the nucleus of the solitary tract. Clinical and
experimental data demonstrate that stimulation of the SLN can
initiate the swallow (5, 8–11). The recurrent laryngeal nerve
(RLN) innervates the muscles of the vocal folds and laryngeal
mucosa below the vocal folds. Motor neurons innervating the
laryngeal muscles are located in the nucleus ambiguous. Sensory
signals from the lower laryngeal mucosa travel to the nucleus of
the solitary tract in the brainstem. The sensory portion of the
RLN is known to be important in eliciting the cough reflex (12).
Both clinically and experimentally, lesion of either the RLN or the
SLN leads to increased aspiration (13–15).

Although insult to either SLN or RLN results in increased
aspiration (16, 17), these two lesions impact the size and shape
of the bolus in infant animal models differently (13, 18, 19).
After surgical transection of the right SLN, the volume of the
bolus was greater (13), although bolus size was not associated
with increased aspiration. When the right RLN was cut, however,
the bolus area was smaller post lesion, with evidence suggestive
of an airway protection effect. Before RLN lesion, bolus size,
and the success or failure of airway protection were unrelated.
After lesion, however, smaller bolus size was associated with safer
swallows (19).

Bolus size prior to a swallow is a result of oropharyngeal
kinematics, and how the tongue processes food to form that
bolus. Thus, the movements of the tongue are also part of
the biomechanics that drive the swallow. How such kinematics
differ between these two lesions is not clear, and how those
kinematics produce the performance failure that is dysphagia is
also unknown. The movements of the tongue are intricately tied
to the kinematics of the hyoid bone and jaw during swallowing
(20), as well as bolus volume (21). In this chapter, we present
unpublished data comparing swallow duration and tongue
movement during the swallow before and after transection of the
SLN or RLN in infant pigs. Because bolus size prior to a swallow is
a result of oropharyngeal kinematics, we hypothesize that tongue
movement and swallow duration will also differ between SLN and
RLN lesions.

METHODS

The data used for this paper were collected in two locations
over 5 years, with resulting slight differences in protocols, which

are described below where relevant. We will indicate where this
impacts on our conclusions.

Animals
Data on SLN lesions were collected at Johns Hopkins University
School of Medicine on five infant pigs (Tom Morris farms,
Reisterstown, MD) in 2010 and 2011. Pigs were delivered to the
vivarium at 2–3 weeks of age and weighed 4–5 kg at the start of
experiments. Pigs were trained to drink a pig milk replacement
solution (Land O’ Lakes Solustart, St. Paul, MN) five times a day
via a bottle fitted with a modified nipple. All procedures were
approved by the Johns Hopkins University IACUC (protocol
SW10M212). Some raw data from these pigs were generated for
previous publications (13, 22), but a fifth pig that had not hitherto
been digitized was added for this paper.

Data on the RLN lesions was collected at Northeast Ohio
Medical University (NEOMED) in 2014 on six infant pigs
(Michael Fanning Farm, Howe, IN) aged 5–14 days on arrival.
Pigs were trained to feed on the same milk replacer and bottle as
the pigs used for superior laryngeal nerve studies. All procedures
were approved by the NEOMED IACUC committee (protocol
13–011). Data presented in this paper were originally generated
for a previous publication (23).

Procedures and Surgeries
Pigs in both groups underwent similar procedures as the studies
were designed to mirror each other. Under isoflurane anesthesia
(2–5%), radiopaque markers were implanted intraorally into
the tongue, soft palate, and the gingiva under the hard palate.
A radiopaque hemoclip (Weck Ligation Solutions, NC) was
attached to the tip of the epiglottis. Subsequently, pigs underwent
surgery under full aseptic conditions to implant EMG electrodes
and identify the relevant nerve on the right side (RLN or
SLN). Pigs were intubated and maintained in a stable plane of
anesthesia throughout (0.5–3% isoflurane). During the surgery,
radiopaque markers were sutured to the hyoid bone and thyroid
cartilage. Prior to implantation of electrodes, the appropriate
nerve was located and marked with loosely tied suture. For the
SLN lesion, the nerve was identified on the right side originating
from the vagus nerve in the carotid sheath and followed caudally
on the surface of the thyrohyoid membrane. Two pieces of
loose suture were tied close to where the SLN emerged from
the carotid sheath in the carotid triangle (13, 22). For the RLN,
the recurrent portion nerve was identified on the right side
coursing lateral and dorsal to the trachea, deep to the infrahyoid
muscles. The nerve was traced until it was seen entering the
larynx by passing deep and dorsal to the cricothyroid muscle
under the thyroid shield. In its long section close to the trachea,
the nerve was loosely tied with suture for future identification.
After nerve identification, marking of the hyoid and thyroid and
EMG electrode implantation, the incision was closed with suture.
One to four hours after surgical recovery, animals were taken to
the fluoroscopy suite for recording as detailed below. As these
recordings were pre-lesion, they constituted control recordings
for each animal.

Thirty-six to seventy-two hours after the initial surgery,
animals underwent a second surgery. A second incision wasmade
on the right side lateral to the initial incision above the area
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TABLE 1 | Summary of the IMPAS scale.

Score What happens

1 Normal swallow

2 Some penetration that is cleared during the swallow

3 Some penetration that is not cleared during the swallow

4 A lot of penetration that is not cleared during the swallow

5 Aspiration with a successful attempt to clear

6 Aspiration with an unsuccessful attempt to clear

7 Aspiration with no attempt to clear

where the nerve had been located. Using the suture placed around
the nerve, the target nerve in each case (SLN, including both
internal and external branches, or RLN) was located, then ligated
in two places and fully transected with scissors, and the ends
displaced to prevent regrowth. Data collected after this surgery
were postlesion data. Animals received analgesics and antibiotics
from before the first surgery and continuously throughout the
experiments as needed.

Videofluoroscopy
Pigs were recorded in lateral view feeding unrestrained in a
plexiglass box. The SLN pre- and post-lesion pigs were filmed
at either 60 frames per second (Allura FD20, Philips Healthcare,
Best, The Netherlands) or 30 frames per second (Infinix-I,
Toshiba Corporation, Tokyo, Japan). The RLN pre- and post-
lesion pigs were filmed on a modified C-arm (GE9400 C-Arm)
connected to a high speed (100 frames per second) digital video
camera (XC 1M digital video camera, Xcitex, Cambridge, MA).
Pigs were filmed drinking milk mixed with barium to visualize
swallows. Videos were saved as AVI files for subsequent analysis.

Scoring of Swallows for Airway Protection
Control and lesion swallows for both groups of pigs were
assessed for effectiveness of airway protection using the Infant
Mammalian Penetration Aspiration Scale (IMPAS) (24). This
validated, ordinal ranking scale scores infant liquid swallows
for penetration and aspiration from 1 (no milk enters the
airway at any point) to 7 (silent aspiration: milk passes below
the vocal folds and no attempt is made to clear the milk)
(Table 1). Swallows were scored by individuals trained together
in using the IMPAS scale at NEOMED. Training followed the
protocol described in Holman et al. (24) to ensure agreement
between raters.

Digitizing of Markers
One hundred and seventy-seven control and lesion swallows
were identified from the SLN lesion pigs, and 113 control
and lesion swallows for the RLN pigs. X and Y coordinates
of the tongue, epiglottis, hard and soft palate, hyoid, and
thyroid cartilage markers were digitized using either manual or
automated marker tracking in specialized software (ProAnalyst,
Xcitex, MA) for all frames of each swallow. Marker coordinates
were then translated, rotated, and scaled to the two markers in
the hard palate so that the hard palate became the horizontal axis
with the anterior hard palate marker as the origin of the reference
system. This transformation ensures that movements of the other

markers are now described relative to a fixed hard palate, which
removes the effect of full head motions during feeding (23, 25).

After rotation, two swallow-specific kinematic metrics were
calculated from the digitized X/Y coordinates. Duration of
epiglottal flip was calculated as the time between when the
epiglottis begins its caudal movement to when it returns to its
resting position, which is considered to be equivalent to the
duration of the pharyngeal swallow (22). Posterior tongue ratio
was calculated as the ratio of the distance traveled by the posterior
tongue marker from the beginning of epiglottal movement to the
time when the epiglottis reaches its most caudal point to the total
distance traveled by the posterior tongue marker throughout the
duration of epiglottal flip (23).

Analysis
Because of the low number of aspiration events seen in the
SLN sample, we combined IMPAS scores of 3, 4, and 7 into
a single category for subsequent analysis. No scores of 5 or
6 were observed. Furthermore, because of the low number of
more serious penetration and aspiration levels in control animals
(scores 3–7), we subdivided our test of the effect of lesion on
kinematics into two subtests, following Gould et al. (23). First,
we tested the hypothesis that the impact of RLN and SLN lesion
on posterior tongue ratio in safe (IMPAS 1 and 2) swallows
would differ, using a mixed model with nerve (SLN or RLN),
condition (control or lesion), and airway protection outcome
(1 and 2) as fixed factors and individual as a random factor.
Secondly, we tested the hypothesis that the relationship between
swallow safety and posterior tongue ratio in post lesion swallows
only would be different for RLN and SLN groups. Once again
we used a mixed model, with airway protection outcome (safe
swallows with IMPAS scores of 1 or 2 vs. unsafe swallows with
IMPAS scores of 3–7) and nerve group (SLN and RLN) as
fixed factors and individual as a random factor. Because of the
differences in the treatment of the SLN and RLN groups of pigs,
we nested condition and airway protection within nerve group
in all analyses. Where significant main effects were observed, we
used post hoc pairwise Tukey tests on the least squares means to
determine what the significant differences were. We carried out
an identical set of analyses on swallow duration (i.e., duration of
epiglottal flip).

To test our hypothesis that epiglottal flip duration would differ
between RLN and SLN lesion, we used a mixed model with
condition (control or lesion) nested within nerve (SLN or RLN),
and individual as a random factor. All analyses were done in
R (26), using the packages lme4, lmerTest, and emmeans. We
reported the variance of the random factor as an absolute and
a percentage of total variation in the model for each test.

RESULTS

The Effect of Nerve Lesion on Posterior
Tongue Ratio for Safe Swallows Is Different
for RLN and SLN Lesions
There is a significant main effect of nerve group (SLN vs. RLN)
and the nerve group-condition interaction (pre- vs. post-lesion
for each nerve group) on posterior tongue ratio in safe swallows
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TABLE 2 | Results of mixed model analysis of the effects of RLN vs. SLN lesion

on posterior tongue ratio in safe swallows (IMPAS 1 or 2).

Factor F (numerator df, denominator df) P-value

Nerve group 7.85 (1, 10.17) 0.018

Nerve group: condition 5.16 (2, 137.2) 0.007

Nerve group:IMPAS 0.02 (2, 139.79) 0.985

Nerve group:condition:IMPAS 0.67 (2, 136.64) 0.513

Bold indicates statistically significant effects.

(Table 2). Post hoc pairwise tests on the least squares means
of treatment within nerve group reveal a significant effect of
RLN lesion on posterior tongue ratio [t ratio (138.53) = −2.577,
p = 0.01], but no effect of SLN lesion [t ratio (135.88) = 1.897,
p = 0.06]. Furthermore, the polarity of change between the
pre and post lesion means is different between the two groups:
posterior tongue ratio tends to increase in RLN lesion (pre
lesion mean 0.43 ± 0.037 standard error (SE); post lesion mean
0.51 ± 0.039 SE), and tends to decrease in SLN lesion (pre
lesion mean 0.27 ± 0.05 SE; post lesion mean 0.21 ± 0.05 SE)
(Figure 1). The controls for the two treatments are different,
reflecting the significant nerve group factor. The variance of the
individual factor was 0.006, representing 9.31% of total variation
in the model.

Post Lesion, the Difference in Posterior
Tongue Ratio in Safe and Unsafe Swallows
Is Not the Same in SLN vs. RLN Lesioned
Animals
Posterior tongue ratio differed significantly between SLN and
RLN lesions. After the lesion surgery, the posterior tongue
ratio was higher in the RLN lesion group compared with the
SLN lesion group. Furthermore, nerve group—airway protection
interaction on posterior tongue ratio in lesioned animals was also
significant (Table 3 and Figure 2). Post hoc pairwise tests within
nerve group indicate a significant difference between swallows
with an IMPAS score 1 (mean 0.51± 0.051 SE) and swallows with
IMPAS score of 3 to 7 (mean 0.38 ± 0.042 SE) in RLN lesioned
animals [t ratio (109.63)= 2.657, p= 0.044] but in SLN lesioned
animals there is no significant difference in posterior tongue ratio
between swallows with different airway protection outcomes. The
variance of the individual random factor was 0.006, representing
20% of the variation in the total model.

Epiglottal Flip Duration Shortens in SLN
Lesioned Swallows, Not RLN Lesioned
Swallows
There is a significant effect of nerve group-condition interaction
on epiglottal flip duration (Table 4 and Figure 3). Post hoc tests
within nerve group reveal a significant shortening of epiglottal
flip duration in SLN lesioned animals [t-ratio (277.08)= 2.343, p
= 0.02, pre lesion mean 0.24± 0.022 SE, post lesion mean 0.23±
0.022 SE], but no significant effect in RLN lesioned animals. The
variance of the individual random factor was 0.003, representing
56.52% of the variation in the sample.

FIGURE 1 | Box plot comparing posterior tongue ratio pre- and post lesion in

SLN or RLN lesioned animals. Note that the data presented here includes only

safe swallows (i.e., IMPAS 1 and 2). The box represents 50% of the data, with

the line near the middle representing the median. Whiskers extend to 1.5 times

the interquartile range from the median. Dots are outliers.

TABLE 3 | Results of mixed model analysis of the effect of RLN and SLN lesion on

posterior tongue ratio and airway protection in lesion swallows only.

Factor F (numerator df, denominator df) P-value

Nerve group 13.57 (1, 16.37) 0.002

Nerve group: IMPAS 2.52 (4, 115.2) 0.045

Bold indicates statistically significant effects.

DISCUSSION

Despite Both Resulting in Increased
Aspiration, RLN and SLN Lesions Have
Different Effects on Swallowing Physiology
The results of this study show that similar patterns to what
is found with bolus size also apply to swallowing mechanics
and kinematics, namely movement of the posterior tongue and
duration of epiglottal inversion. Our results agree with previous
studies that documented that RLN and SLN lesion affected bolus
size differently (13, 19). Furthermore, how all these swallow
parameters relate to airway protection deficits after lesion of
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FIGURE 2 | Box plot of posterior tongue ratio for IMPAS 1, 2, and 3–7 in post

lesion swallows of RLN and SLN lesioned animals. The box represents 50% of

the data, with the line near the middle representing the median. Whiskers

extend to 1.5 times the interquartile range from the median. Dots are outliers.

either nerve also differs, indicating the specific mechanism of
aspiration in SLN and RLN lesion is different.

Based on the results of this study, and the work by Ding
et al. (13) and Gould et al. (19), we can propose hypotheses
associated with the specific neurological functions of the SLN and
RLN that could explain these differences. The increase in bolus
size following SLN lesion matches the SLN’s role as a swallow
trigger (5, 9–11). Unilateral SLN lesion will therefore result in
decreased sensitivity to the swallow stimulus by reducing the pool
of available sensory receptors, thus requiring a bigger bolus to
trigger the swallow. Large boluses are generally associated with
longer swallow transit times (27); while our data indicated that
swallow duration after SLN lesion was shorter, the study by Ding
et al. (22) found longer swallow durations after transecting the
SLN. Our own contradictory result around swallow duration
likely resulted from using some different individuals in the
analysis. Such variation was consistently found in all of the RLN
lesion studies (14, 19, 23) as well as other studies of sensory
disruption (25). Thus, in these animals, variation in response to
insult seems to characterize dysphagia.

However, although the SLN is important in triggering the
swallow response, its sensitivity is highly modulated by oral

FIGURE 3 | Box plot of duration of epiglottal flip in RLN and SLN lesioned

animals. The box represents 50% of the data, with the line near the middle

representing the median. Whiskers extend to 1.5 times the interquartile range

from the median. Dots are outliers.

TABLE 4 | Results of mixed model analysis of the effect of RLN and SLN lesion on

duration of epiglottal flip.

Factor F (numerator df, denominator df) P-value

Nerve group 0.016 (1, 11.03) 0.9

Nerve group: condition 3.32 (2, 277.15) 0.037

Bold indicates statistically significant effects.

sensation arising from the trigeminal and glossopharyngeal
nerves. For example, palatal anesthesia modifies both swallowing
kinematics and airway protection (24), and oral stimulation
through rhythmic delivery affects bolus volume that trigger
swallowing (28). Thus, the impact of unilateral SLN lesion on
swallowing function, bolus volume, and airway protection in
otherwise neurologically intact animals will be modified by other
oral sensory pathways. Further studies looking at the impact of
different oral sensory stimuli on animals with SLN lesion will be
necessary to clarify these relationships.

High levels of inter-individual variability itself has
implications for neural control (29). Posterior tongue ratio
does not seem to change pre- to post-lesion in the SLN lesioned
animals, nor to differ between safe and unsafe swallows. This
suggests that the relative timing of the movements of different
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structures during the early stages of the pharyngeal swallow is not
affected by SLN lesion. Indeed, none of the parameters examined
in this study are strongly associated with airway protection,
suggesting that the mechanism of aspiration after SLN lesion is
related to physiological parameters not captured in this study,
and are more likely linked to increased bolus sizes (13). These
results suggest that the larger bolus, coupled with the sensory
deficit resulting from unilateral SLN transection, is simply more
difficult to control. This hypothesis requires further testing.

In contrast, the pattern for the RLN suggests a more subtle,
but more widespread disruption of swallowing coordination
(6). Bolus volume is on average smaller post lesion, and here
larger boluses are associated with failure of airway protection
after RLN lesion (19). Furthermore, there is a change in the
relative timing of tongue movement post lesion, which is also
associated with airway protection, particularly to achieve safe
swallows. Thus, in the RLN lesioned animals, we see changes
in efficiency (as safe swallows require smaller boluses) tied to
changes in the relative timing of movements in the early part
of the pharyngeal swallow. Because these changes are related
to airway protection outcomes, it seems more likely that the
mechanism of aspiration is related to kinematics and bolus
formation early in the swallow. Indeed, work on the effects
of RLN lesion on patterns of muscle activation, both duration
and timing, in swallowing has shown changes in the timing
of muscle contraction for muscles located in the floor of the
mouth, and which are active early in the swallow sequence before
bolus formation (30). However, a complete comparison requires
similar data for the SLN lesion animals.

Further supporting the idea that the mechanism of aspiration
in RLN and SLN lesion animals are different, the time of
aspiration in each case differs. In SLN lesioned animals,
aspiration tends to occur during the swallow (22). However, in
RLN lesioned animals aspiration can occur either during or after
the swallow (14). Here again, differences in the details of the
timing of events suggest differences in underlying mechanism of
airway protection failure.

These hypotheses for the neural origin of kinematic
differences between RLN and SLN lesioned pigs also suggest that
different interventions may be effective to modify swallowing
in each case. If the reduced sensitivity hypothesis is correct for
explaining the patterns we see in the SLN lesioned animals,
then either controlling bolus volume directly through regulated
feeding, or increasing sensitivity of the valleculae by using other
stimuli in conjunction with volume [i.e., capsaicin (31, 32)] are
likely to be most effective for restoring normal swallow function.
In the case of RLN lesion, however, restoring something like
normal function is likely to involve interventions that harness
sensory motor mechanisms that establish coordination between
tongue and pharyngeal components of swallowing, such as
entrained milk delivery (28) or motor learning (33–35).

Limitations of This Study and Unknowns
The way in which the data presented in this study were collected
means that some caution must be taken in interpreting these
results. The two groups of pigs are different in their control
kinematics. As these groups of animals were collected several

years apart in two different locations, a number of factors may
account for this. The SLN lesioned pigs were older by several
days then the RLN lesioned pigs. Pigs reach weaning age in about
25 days, and show maturation of certain feeding behaviors in
that time (36, 37). In particular, the (younger) RLN pigs were
considerably variable in all studies (14, 19, 23). Thus, the younger
age of the RLN pigs may account for the greater variation in
control kinematics seen in this study. The specific statistical
model used here, which controls for individual variation and, by
using nesting, does not pool the RLN and SLN control data, goes
some way to mitigating this variation. As a proportion of total
variance in the model, the importance of individual variation
varies depending on what aspect of oropharyngeal function is
being measured (tongue vs. epiglottal flip) and whether post-
lesion only animals are being examined.

Technical differences, most notable the different maximum
frame rate available for the SLN vs. the RLN pigs, also are a
limitation. In particular this means that meaningful differences in
kinematics between SLN and RLN pigs can only be measured to
the precision of the slower frame rate (30–60 fps). Finally, airway
protection, a major variable in our data set, is not experimenter
controlled, but occurs ad hoc among animals. Rates of aspiration
after RLN lesion are quite irregular among individuals (14).
This variability limits our ability to look at fine grain differences
between penetration and aspiration in this study, as the SLN
lesioned pigs available for this work, while showing penetration,
showed limited aspiration.

A Better Etiology of Dysphagia Is Needed,
One That Is Based on Functional Damage
Effects Instead of Gross Outcomes
When discussing dysphagia in the context of neurological
disorders, a significant list of conditions where dysphagia occurs
is often presented (as indeed at the beginning of this paper).
Knowing the prevalence and occurrence of dysphagia across
different patient populations is important for epidemiology and
public health. Yet, as this study shows, a diagnosis of dysphagia
is insufficient for understanding the specific pathophysiology
behind dysphagia in a given condition. Furthermore, the
diagnostic endpoint (e.g., aspiration or residue), may result from
very different processes going wrong within the swallow. On
the other hand, when pathophysiology is identified and studied,
for example tongue weakness in Parkinson’s disease (38–40),
its relationship to the diagnostic symptoms, again aspiration or
residue, is often unclear. What is missing is a classification of
dysphagia that accounts for the steps between neurological insult,
pathophysiology, and diagnostic criterion, so that therapies can
be developed that specifically target the disordered physiology.

Clinically, our work suggests that knowing how specific nerve
lesions affect swallowing function in the context of aspiration
could help inform treatment selection. As an example, the
difference in bolus size between SLN and RLN lesioned suggests
that bolus size restriction might be more useful in one type of
lesion than another to prevent aspiration. Thus, when evaluating
treatments, studies need to account as best as possible for the
etiology of the dysphagia, as different etiologies may respond
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better or worse to different treatments. Further, the category
“dysphagia,” or even “deglutitive disorders,” is very broad. Sorting
out the specific, and possibly different, functional deficits in
conditions that appear superficially similar is a critical first step
in determining differences in the mechanisms that generate
the pathophysiology. Understanding the mechanism, in turn, is
critical for the design of effective interventions.

Our work on SLN and RLN lesions shows how a strictly
experimental, systematic, basic science approach can provide
the framework for beginning to understand these issues (6,
13, 14, 19, 22, 23). Animal model work is particularly well-
suited to the hierarchical study of insult, pathophysiology,
and disease (41). Indeed, the literature on animal models of
neurological disorders increasingly combines attempts to model
the complete disorder with targeted approaches seeking to
reproduce a particular part of the neurological disorder to test
hypotheses about pathophysiology (42). In our own work, we are
currently working on steps to test interventions in infant pigs
based on what we have learnt through the systematic analysis of
the relationship between specific nerve lesions, pathophysiology,
and dysphagic outcomes (43, 44). In order to build this
systematic understanding of the relationship between specific
neural insults, pathophysiology, and dysphagia in a context that
will ultimately improve human health, collaborations between
clinical researchers, human physiologists, and animal model
workers are essential.
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