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Abstract

Background: Swallowing inefficiency is a prevalent but understudied problem in individuals
with Amyotrophic Lateral Sclerosis (ALS). Although reduced pharyngeal constriction has been
identified as a mechanism contributing to swallowing inefficiency following stroke, this
relationship has not been empirically tested in the ALS population. This study sought to
characterize profiles of swallowing efficiency in a sample of ALS patients and investigate
relationships between pharyngeal constriction and swallowing efficiency.

Methods: Twenty-six adults with ALS underwent videofluoroscopic swallowing studies,
involving 3mL-thin, 20mL-thin, and 3mL-pudding boluses. Full-length recordings were
segmented into bolus clips and randomized for analysis. We recorded the total number of swallows
per bolus and obtained normalized pixel-based measures of pharyngeal constriction area and post-
swallow residue in the vallecular and pyriform sinuses. Linear mixed models with Spearman’s
correlations were used to determine relationships between pharyngeal constriction and swallowing
efficiency, with added factors of bolus volume and thickness.

Key Results: Individuals with ALS demonstrated reduced pharyngeal constriction and increased
vallecular and pyriform sinus residue, compared to norms. Reduced pharyngeal constriction had a
significant effect on the presence of vallecular and pyriform sinus residue, as well as the number

of swallows per bolus. Increased bolus thickness was associated with increased vallecular residue,
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while increased bolus volume was associated with reduced pharyngeal constriction. Results were
significant at p<0.05.

Conclusions & Inferences: Our results suggest that reduced pharyngeal constriction is a
significant physiological parameter related to swallow inefficiency in ALS. Future work is needed
to corroborate these preliminary results and investigate factors to mitigate such impairments.

Abstract

Abbreviated abstract: This study was conducted to 1) characterize swallowing efficiency and
pharyngeal constriction in a sample of individuals with ALS and 2) explore reduced pharyngeal
constriction as a potential mechanism for swallowing inefficiency. Our results showed a high
prevalence of inefficient swallowing in the sample, and identified that reductions in pharyngeal
constriction are associated with inefficient swallowing (i.e., post-swallow pharyngeal residue,
multiple swallows).
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Dysphagia, or swallowing impairment, is a serious consequence of bulbar disease in
Amyotrophic Lateral Sclerosis (ALS) and manifests with functional impairments in both
swallowing safety and efficiency.1=3 Swallowing inefficiency (i.e., the presence of post-
swallow pharyngeal residue and/or the need to take multiple swallows per bolus) is
particularly challenging for individuals with ALS, leading to prolonged mealtimes, mealtime
fatigue, and reduced quality of life.#° Still, it remains unclear which physiological
mechanisms contribute to impaired swallowing efficiency in this complex patient
population. Further, in individuals with ALS, post-swallow pharyngeal residue has been
identified as an independent risk for subsequent aspiration events®=8 and is linked to the
development of malnutrition®-11 that is noted to increase the risk of death by 7.7 times.12
Despite these concerns, the majority of ALS dysphagia research has focused on studying
swallowing safety with only 29.9% of published literature on dysphagia in ALS addressing
problems with swallowing efficiency.! In order to identify treatments with the potential to
improve swallowing efficiency, it is first important to identify the pathophysiological
mechanisms behind inefficiency.
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Potential mechanisms of impaired swallowing efficiency in ALS can be posited based on
findings from manometry data in ALS that document decreased pharyngeal pressures,
reduced base of tongue contact to the posterior pharyngeal wall, and overall reduced
pharyngeal motility during swallowing.8:13-17 Higo et al. explored pharyngeal pressure
generation profiles in patients with ALS,14 grouping patients by disease duration and onset
type (i.e., bulbar vs. spinal/”’classic”). The authors identified differences in pharyngeal
pressure generation during swallowing for patients with a bulbar-onset, within 6 months
following the onset of symptoms. Similarly, Tomik et al. identified reduced base of tongue
pressure and prolonged bolus transit times in patients with bulbar ALS.1® Using combined
manometry and videofluoroscopy, Goeleven and colleagues reported converging evidence of
low tongue driving force and reduced pharyngeal contraction amplitudes during swallowing,
and noted co-occurrence of these impairments and the presence of post-swallow pharyngeal
residue.® Therefore, physiological impairments in pharyngeal pressure generation have been
postulated as mechanisms contributing to swallow inefficiency, thus leading to post-swallow
residue in patients with ALS.

Reduced pharyngeal strength and constriction have been implicated as factors contributing
to the presence of pharyngeal residue in other clinical populations of individuals with
dysphagia.1%-23 Research quantifying pharyngeal area during swallowing, using 2-
dimensional (2-D) lateral videofluoroscopy in individuals with dysphagia following stroke,
identified associations between larger (i.e., less constricted) measures of pharyngeal area at
the point of maximum constriction and the amount of post-swallow residue.24 Despite the
inherent limitations of using a 2-D measurement to make inferences about 3-dimensional (3-
D) anatomical regions, the validity of this analysis method is supported by previous work.
Strong correlations have been identified between fluoroscopic measurement of pharyngeal
constriction area and concurrent manometric readings of pharyngeal swallowing pressures.
25,26 Fyrther, 2-D measures of pharyngeal residue area on lateral videofluoroscopic images
have been shown to have a high correlation with 3-D measures of pharyngeal residue
volume on computed tomography.2’ On this basis, it is likely that a similar relationship can
be expected between lateral measures of pharyngeal area and actual pharyngeal volume.

The objectives of the current study were twofold. First, we sought to quantify and
characterize various metrics of swallowing efficiency and pharyngeal constriction profiles in
a sample of individuals with ALS and explore whether bolus properties (i.e., volume,
thickness) modulated measures of pharyngeal constriction and/or swallow efficiency.
Second, we aimed to determine whether impaired pharyngeal constriction (i.e., larger
unobliterated pharyngeal area during swallowing) is associated with impaired swallowing
efficiency in ALS. Based on existing manofluorographic and manometric studies with
patients who have ALS, we hypothesized that measures of pharyngeal area during
swallowing would show larger unobliterated pharyngeal area at maximum constriction (i.e.,
less constriction) compared to healthy normative data, correlating with disease severity and
presence of bulbar symptoms. Further, we hypothesized that larger or thicker boluses may
evoke larger pharyngeal constriction areas (i.e., reflecting less constriction) compared to
smaller/thinner boluses,?8 due to increased bolus weight and/or an inability for the
swallowing mechanism to adapt to such bolus properties.
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In terms of residue, we hypothesized that larger and thicker boluses would be associated
with increased post-swallow residue and number of swallows required to clear the bolus,
29,30 and finally, that the amount of post-swallow residue and the number of swallows
needed per bolus would be greater (i.e., less efficient) for individuals with larger pharyngeal
constriction area (i.e., less constricted).24:3

Materials and Methods:

Data Collection & Processing

This study involved retrospective analysis of videofluoroscopic swallow studies (VFSS)
collected from 26 adults (14 male) with a confirmed diagnosis of ALS (definite or probable),
based on revised El-Escorial criteria. Eight participants in this analysis presented with
bulbar-onset ALS, 17 with spinal-onset ALS, and 1 had a mixed-onset ALS profile. The
mean age of participants was 63 years (range: 30-75 years), and average symptom duration
was 24 months (range: 1-54 months). ALS Functional Rating Scale-Revised (ALSFRS-R)
scores were available for a subset of the sample (7=21), with a mean ALSFRS-R total score
of 32.7 (range: 16-45) and a mean ALSFRS-R bulbar sub-score of 8.8 (range: 2-12).

Each participant swallowed pre-measured volumes of thin liquid (3mL, 20mL), and
pudding-thick liquid (3mL), using 40% weight-to-volume concentration barium preparations
(VARIBAR® barium sulfate, Bracco Diagnostics Inc., Monroe Township, NJ). VFSS were
recorded on a KayPENTAX Digital Swallowing Workstation at 30 frames per second. Using
MatLab (The MathWorks, Inc., Natick, MA), the full-length recordings were segmented into
bolus-level clips, stripped of audio and patient identifiers using screen scrubbers, and
randomized for blinded rating. All collected and analyzed data were approved by the
governing academic institutional review boards.

Videofluoroscopic Rating

Four speech-language pathologists experienced in videofluoroscopic analysis completed
blinded ratings of each bolus-level clip using ImageJ software (National Institutes of Health,
Bathesda, MD), following a standard protocol. This protocol follows a two-step process: 1)
identification of events (frames) and the total number of swallows, and 2) pixel-based
tracing of pharyngeal area and residue.

Identification of Events.—Frame-by-frame review of each bolus trial was conducted to
count the total number of swallows per bolus and select frames utilized to measure
pharyngeal constriction (i.e., Maximum Pharyngeal Constriction Frame, defined as the
frame showing the least amount of bolus flow and/or airspace in the pharynx) and post-
swallow residue (i.e., Swallow Rest Frame, defined as the frame when the pyriform sinuses
are at their lowest position after the swallow, relative to the cervical spine). To obtain
estimates of inter-rater reliability for Maximum Pharyngeal Constriction Frame
identification, 30% of clips (/7=21) in this analysis were rated in duplicate. For Swallow Rest
Frame identification, we calculated inter-rater reliability based on a larger set of videos rated
in duplicate (/7=76 bolus clips; 197 swallows in total), which included 19 videos from the
current analysis (i.e., 27% of the dataset). Any differences in frame selection which
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exceeded >5 frames were reviewed and resolved through consensus with a third rater. For
cases where the difference between two raters was <5 frames, the later frame between the
two was selected as the final tracing frame. Once agreement was achieved on frame
selection, pixel-based measures of pharyngeal constriction area and post-swallow residue
were taken.

Pixel-Based Tracing.—Pharyngeal area was traced (in pixels) at the previously identified
Maximum Pharyngeal Constriction Frame, following the procedure outlined by Stokely et
al.2% The total number of pixels measured from the unobliterated pharyngeal space was
divided by the squared length of an anatomical scalar (i.e., cervical spine: C2—4)32 and
multiplied by a factor of 100 to yield a normalized measure of pharyngeal constriction area
(MPCAy) in %C2-4 units. The Normalized Residue Ratio Scale3® (NRRS) was used to
quantify the amount of residue remaining in the valleculae (NRRSV) and pyriform sinuses
(NRRSp) at Swallow Rest Frame. Duplicate ratings were completed for 30% of MPCAy,
and NRRSv and NRRSp to calculate inter-rater reliability. Example pixel tracings are shown
in Figure 1.

For each bolus trial, we recorded the total number of swallows as well as MPCAy, NRRSv
and NRRSp following the first swallow. All ratings were completed for 3mL thin, 20mL
thin, and 3mL pudding bolus trials, yielding up to 78 bolus trials. However, 7=7 bolus trials
were not available or excluded for the following tasks: 1mL thin (7=1), 20mL thin (7=5),
3mL pudding (7=1), adjusting the total 7=71 bolus trials for analysis.

Statistical Analysis

To characterize pharyngeal constriction and swallow efficiency in this sample, we calculated
the group mean and 95% confidence intervals (CI) for MPCAy, NRRSv and NRRSp, and
average number of swallows for each bolus task. NRRSv and NRRSp scores were compared
against published thresholds34 to calculate the proportion of the sample with clinically
significant residue. MPCAy values obtained for the 3mL thin task were compared against
normative reference data (based on a 5mL thin liquid barium task)24 using independent
samples t-tests. Spearman’s correlations were used to illustrate associations between metrics
of disease severity (i.e., months since initial symptom, ALSFRS-R total and bulbar sub-
scores) and average MPCAn NRRSv and NRRSp values.

To explore associations between pharyngeal area and the total number of swallows per
bolus, we tested mean differences in MPCA using Mann-Whitney U'tests for each bolus
type, comparing trials with only 1-2 swallows to trials with 3 or more swallows. To
investigate relationships between pharyngeal constriction and post-swallow residue, we ran
linear mixed models between MPCA\ and pharyngeal residue at each anatomical site
(NRRSv, NRRSp), with an added factor of bolus type (i.e., 3mL thin, 20mL thin, 3mL
pudding). The direction and magnitude of significant associations were illustrated using
Spearman’s correlations. All statistical analyses were completed using IBM SPSS Statistics
version 24, with statistical significance set at p<0.05. A Bonferroni correction was applied
for repeated (3) Mann-Whitney U'tests (i.e., p<0.05/3=0.016).
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Inter-rater Reliability

For frame selection, we calculated the proportion of videos rated in duplicate which
exceeded the a priori agreement threshold (>5 frames). For the frame of maximum
pharyngeal constriction, all ratings fell within the 5-frame threshold; therefore, none of the
videos required secondary review through consensus for Maximum Pharyngeal Constriction
Frame selection. For Swallow Rest Frame, 27% of all 7=197 swallows rated in duplicate
exceeded the a priori agreement threshold, requiring resolution through consensus.

Inter-rater reliability for pixel-based measures was evaluated using Intraclass Correlation
Coefficients (two-way fixed, consistency). The ICCs for pixel-based videofluoroscopy
measures were good-to-excellent for MPCAy (0.843, 95%CI: 0.613-0.936), NRRSv (0.914,
95%Cl: 0.801-0.963) and NRRSp (0.928, CI: 0.832-0.929).

Swallowing Efficiency and Pharyngeal Constriction Profiles

Descriptive statistics for all obtained measures are summarized in Table 1. Fifteen
participants (i.e., 58% of the sample) presented with significant vallecular residue (NRRSv
>0.09) and 35% displayed significant pyriform sinus residue (NRRSp >0.2) on at least one
bolus trial. A previous report characterizing pharyngeal residue using NRRS measures
identified these cut-off levels (i.e., NRRSv>0.09 and NRRSp>0.2) as being clinically
meaningful, due to an increased risk of aspiration on subsequent swallows.3* The median
number of swallows per bolus was 2 (range: 1-6).

When we compared MPCA\, for the 3mL thin task against normative reference data (5mL
thin),24 we identified significantly larger pharyngeal area (i.e., less constriction) in patients
with ALS, with a large effect size (£4.03, p<0.001, Cohen’s ¢=1.141). When stratified by
bulbar- versus spinal-onset cases, we identified that individuals with spinal-onset showed
smaller pharyngeal constriction areas (i.e., greater constriction) compared to bulbar cases,
however this was not statistically significant (p=0.054). MPCAy in spinal-onset cases
remained above the upper 95% CI obtained from normative data (i.e., >2.2% C2-42).24
Group comparisons of MPCA\ are illustrated in Figure 2.

Spearman’s correlations revealed statistically significant relationships between lower
(worse) ALSFRS-R bulbar subscores and higher (less constricted) mean MPCA, (7=
-0.766, p<0.001), NRRSv (rs= —0.650, p=0.001), NRRSp (r&= —0.513, p=0.017) and number
of swallows (r&= —0.526, p=0.014). No significant relationships were identified with respect
to symptom duration or with ALSFRS-R total score. Linear mixed models exploring bolus
factors (volume, thickness) on pharyngeal constriction and residue revealed a main effect of
bolus volume on MPCA (F=10.729, d/=1,18.505, p=0.004) and a main effect of thickness
on NRRSv (/=4.304, df=1,22.387, p=0.05). Pairwise comparisons illustrated larger
pharyngeal constriction area (i.e., less constriction) with the larger 20mL thin liquid task,
and greater vallecular residue with the pudding-thick bolus.
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Exploration of Relationship between Pharyngeal Constriction and Swallow Efficiency

Results of the Mann-Whitney Utests revealed that 3mL thin bolus trials with fewer than 3
swallows per bolus had smaller MPCA values (mean rank = 8.75) than trials with 3 or
more swallows (mean rank = 20.00), shown in Figure 3; this difference was statistically
significant (U=4.00, Z=-3.674, p<0.001). A similar result was found for the 20mL thin task
(mean rank <3 swallows = 7.22; mean rank =3 swallows = 12.50); however, once we applied
a Bonferroni correction for running multiple tests, this difference did not reach statistical
significance (U=20.00, z=-2.041, p=0.041). The relationship between MPCAy and number
of swallows was not statistically significant for the 3mL pudding task ((=27.00, z=—1.342,
=0.180).

Linear mixed models exploring the influence of pharyngeal constriction on vallecular
residue, with a repeated factor of bolus type, revealed main effects of MPCAy (/=92.600,
af=1,29.594, p<0.001) and task (/=4.340, df=2,31.881, p=0.022). Increased vallecular
residue was seen with larger pharyngeal constriction areas (i.e., less constriction) and with
3mL pudding compared to 3mL and 20mL thin tasks. Similarly, in terms of pyriform sinus
residue, a main effect of MPCAp was identified on NRRSp (F=66.878, d/=1,33.085,
p<0.001), showing increased residue with larger (worse) pharyngeal constriction areas.
Significant interaction effects between MPCAy and bolus type were identified for both
NRRSv (F=12.669, df=2,32.499, p<0.001) and NRRSp (/=6.139, d=2,31.664, p=0.006),
reflecting differences in the magnitude of the association between pharyngeal constriction
and residue, related to bolus type (i.e., 3mL thin, 20mL thin, 3mL pudding). Therefore, we
ran post-hoc Spearman’s rank correlations stratified by bolus task.

Spearman’s correlations revealed moderate-to-strong associations between MPCAy and
NRRSy, by task (3mL thin: r=0.821, p<0.001; 20mL thin: r~=0.921, p<0.001; 3mL
pudding: 7s=0.631, p=0.001). Similar associations were observed between MPCAy and
NRRSp (3mL thin: r=0.773, p<0.001; 20mL thin: r=0.852, p<0.001; 3mL pudding:
r=0.552, p=0.006). These associations are illustrated in Figure 4.

Discussion:

Swallowing inefficiency is often the first clinical sign and patient report of dysphagia in
individuals with ALS.8 Still, our understanding of the mechanisms contributing to swallow
inefficiency is limited given the lack of focus in this area.l Extending from previous reports
of poor pharyngeal constriction contributing to post-swallow residue in post-stroke patients,
24 our study aimed to profile pharyngeal constriction during swallowing in patients with
ALS and explore relationships between maximum pharyngeal constriction, disease metrics
and bolus flow. Our results demonstrate that measures of pharyngeal constriction area in
patients with ALS are markedly larger (i.e., reduced constriction) compared to published
data from healthy adults.2# These data support previous descriptions of swallowing
inefficiency from videofluoroscopy,'6 as well as studies using manometry that have
demonstrated reduced pharyngeal swallowing pressures in individuals with ALS.6:13-15.18
Our data suggest that the degree to which pharyngeal constriction is reduced is more
pronounced in bulbar-onset ALS patients compared to spinal-onset, and is associated with
ALSFRS-R bulbar sub-scores. Although not as severe as bulbar onset ALS patients, we also
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identified reduced pharyngeal constriction in individuals with spinal-onset ALS. This later
finding is in agreement with reports by Murono et al. who identified reductions in
pharyngeal constriction in patients with ALS irrespective of the overt presence of other
bulbar signs or symptomology.16 Interestingly, a study by Higo et al. failed to find
differences in pharyngeal pressures during swallowing between spinal (“classic”) onset
patients and healthy controls.1” These differences may reflect the inherent heterogeneity of
ALS, differences in study samples and disease duration in spinal onset cases, and
methodologic differences in instrumental assessment technique and outcome metrics (i.e.,
measuring pharyngeal pressure via manometry versus constriction via videofluoroscopy).

In this cohort of ALS patients, 58% of swallows demonstrated inefficiency post swallow at
the vallecular anatomical site compared to inefficiency in the pyriform sinus anatomical site
on 35% of swallows. Interestingly, upon further inspection of the data, all (100%) of trials
with pyriform sinus residue a/so demonstrated residue in the vallecular anatomical site with
no swallows demonstrating residue only at the pyriform sinus site. This finding aligns with a
proposed hypothesis of a rostrocaudal pattern of ALS bulbar disease progression, wherein
oral and oropharyngeal impairments precede hypopharyngeal impairments.3> Atypical
tongue function is commonly reported as the earliest clinical sign of bulbar involvement,
(e.9.2736) and instrumental assessments of the pharyngeal stage of swallowing have
identified differential impairments between the oro- and hypopharyngeal regions.%14.17 Still,
many of these findings — including those from the current study — are based on cross-
sectional studies with small samples and require confirmation by future prospective
longitudinal studies to determine the evolution and development of swallowing impairment
throughout the ALS disease progression.

Our results illustrate a strong relationship between pharyngeal constriction area and the
accumulation of post-swallow residue, such that larger unobliterated pharyngeal areas during
the swallow coincide with greater post-swallow residue. This finding was true for both
vallecular and pyriform sinus residue, across all bolus types. The pudding-thick bolus also
led to greater post-swallow residue in the vallecular space. Thicker boluses have been
implicated as a potential risk factor for post-swallow residue, as they require greater driving
force through the pharynx.29:30.37.38 gti||, as thicker liquids flow more slowly and are shown
to reduce aspiration in many populations,€9- 29.39-41) the prescription of thickened liquids
to individuals with ALS who aspirate may still be clinically justified. More work exploring
additional liquid viscosities and textural features (e.g., cohesiveness, stickiness) is necessary
to determine which bolus types are optimal for patients with ALS who have impaired bolus
clearance, in terms of both safety and efficiency.

In this study of individuals with ALS, we identified an inverse relationship between bolus
volume on measures of pharyngeal constriction area (i.e., less constriction with 20mL thin,
compared to 3mL thin boluses), while no differences in MPCAy were observed when
comparing 3mL thin and 3mL pudding-thick boluses. Although Leonard et al. identified a
similar effect of bolus volume on pharyngeal constriction area in healthy individuals, this
was only true when comparing 1mL vs. 20mL thin boluses (i.e., 3mL vs. 20mL were not
statistically different).28 It is possible that the influence of bolus volume on pharyngeal
constriction area in ALS may be exacerbated by reduced strength/control of the pharyngeal
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musculature due to ALS neuropathology (e.g., atrophy/wasting from lower motor neuron
degeneration; spasticity related to upper motor neuron degeneration) such that the motor
plan and/or pharyngeal muscles are unable to accommodate to larger bolus volumes. Current
understanding of the role of bolus volume and thickness on pharyngeal constriction and
pharyngeal pressures in healthy swallowing is inconsistent, as some studies identify higher
pharyngeal pressures with increasingly larger or thicker boluses,©9- 42-44) while other
studies show the opposite effect?845 or no differences based on bolus properties.(©9- 22,46-48)
Although further research is needed to elucidate these physiological patterns, the presence of
unexpected variability and/or the absence of known bolus effects in the ALS population may
indicate loss of flexibility in swallowing function, which is imperative to accommodate to
the range of stimuli we encounter when eating and drinking.

There are several limitations to this study. First, it is possible that the degrees of association
we have illustrated are inflated due to small sample size and a limited range of disease
severity. Future studies with larger sample size and/or additional observations per participant
are needed to fully explore these correlations. Further, for the purpose of this preliminary
study, we stratified by ALS onset-type when exploring differences in pharyngeal
constriction. This poses an important limitation, as many patients with spinal-onset ALS
also experience a decline in bulbar function;17:49 this was true to a varying degree for at least
11/17 of the spinal-onset patients included in this study, based on available ALSFRS-R
bulbar sub-scores. Unfortunately, due to the retrospective nature of this analysis, further
details describing the bulbar involvement in this sample are limited. In an effort to normalize
the degree of bulbar involvement across both onset-types, future work investigating
swallowing physiology in ALS may consider using the duration of bulbar symptoms?’ or
articulatory/speaking rates*® to characterize the study sample in greater detail.

Previous work has described piecemeal swallowing as a common behavior in patients with
ALS.(6936.1550) Ertekin and colleagues, and others, have reported on the clinical utility of
repeated swallows to detect the presence of dysphagia (e.g., dysphagia limit: the volume of
liquid >20mL which evokes repeated swallows).>0-53 In the current study, we frequently
observed repeated swallows per bolus, even for small ImL and 3mL volumes. In 55% of all
bolus trials, repeated swallows were piecemeal swallows (i.e., the bolus was divided into
smaller volumes in the oral cavity, and each division was swallowed separately). As our
results indicated an influence of bolus volume on measures of pharyngeal area and bolus
volume effects have also been reported on other kinematic variables (e.g., hyolaryngeal
movement), published elsewhere,(¢-9-54-56) an important consideration and potential
limitation may exist when it comes to the amount swallowed during each piecemeal
swallow. It would be difficult to account for variability related to the volume of bolus
swallowed when it is piecemealed into smaller (unknown) amounts. By reporting results
following only the first swallow per bolus, we aimed to minimize the influence of variability
seen in later swallows, with presumably smaller bolus volumes. Further, the proportion of
boluses which required piecemeal or multiple swallows was not significantly different by
task, leading us to infer that piecemeal swallowing did not influence the overall findings we
reported.
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For this study, we maintained a narrow focus to explore the specific role of pharyngeal
constriction on swallowing efficiency. This decision was made based on previous descriptive
links described in ALS dysphagia research,(€9-6) and findings from other clinical
populations.?4 Such a discrete focus does pose some inherent limitations. First, we focused
exclusively on the pharyngeal phase of swallowing, without regard to the oral or esophageal
phases. Future work may consider exploring the interaction between the various phases of
swallowing, in addition to the discrete features within each individual phase of swallowing.
Similarly, we concentrated upon one physiological feature (i.e., pharyngeal constriction) and
reported on a limited selection of bolus consistencies (thin, pudding) and volumes (3mL,
20mL) which may impact swallowing efficiency. Future work will be needed to incorporate
additional physiological mechanisms into the model (e.g., UES function, epiglottic
deflection, tongue strength), and include a broader representation of the textures that patients
encounter at mealtimes.

Future Research

Although this analysis points to pharyngeal constriction as a key mechanism contributing to
the accumulation of post-swallow residue and to overall swallow inefficiency in ALS, it does
not present a perfect correlation, suggesting that other parameters are also involved and
further research is needed. Additional factors that may be involved include function of the
upper esophageal sphincter (i.e., timeliness and degree of relaxation, maximum distension)
and bolus properties such as cohesiveness or stickiness. Further, the metric of pharyngeal
constriction area in this paper does not capture the true strength of the pharyngeal
musculature nor the patterning of pharyngeal contractions. It is possible that either
reductions in pharyngeal strength or changes in the rostral-caudal pharyngeal stripping wave
may affect the association identified in the current paper. Future research using combined
manometry and fluoroscopy may help us further understand the role of the timing patterns,
sequence, and strength of pharyngeal musculature as they relate to swallowing inefficiency
in ALS.

Conclusions

Swallowing inefficiency is a common concern for individuals with ALS. Results from this
preliminary work indicate that impaired pharyngeal constriction is one mechanism
associated with impaired swallowing efficiency in ALS, across selected bolus volumes and
consistencies. These data support the assumption that reduced pharyngeal constriction
contributes to the presence of post-swallow residue and is a key parameter in the
pathophysiology of dysphagia in ALS. Future work is needed to explore these relationships
in greater detail, across a wider range of bolus textures, considering additional physiological
mechanisms which may also affect swallowing efficiency. Longitudinal research studies will
also be beneficial to elucidate how these observations change throughout ALS disease
progression.
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Key Points:

. Swallowing inefficiency is a common problem for individuals with ALS,
characterized by an increased number of swallows per bolus and post-swallow
pharyngeal residue.

. In this study, reduced pharyngeal constriction was associated with swallow
inefficiency in patients with ALS. Pudding-thick boluses were also associated
with increased residue in the valleculae.

. These results add to a limited dataset exploring mechanisms of dysphagia in
ALS. By understanding such physiological changes, future research can
explore ways to modulate and compensate for subsequent impairment.
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Figure 1.
Example pixel-based measures of pharyngeal constriction (left) and post-swallow residue

(right), with cervical C2—C4 scalar.
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95% confidence intervals comparing normalized pharyngeal constriction area in a) patients

bulbar-onset ALS cases (3mL thin only).
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Figure 3.
Box-and-whisker plots showing increased pharyngeal area at maximum constriction and

increased number of swallows per bolus (i.e., =3 swallows for a single bolus), for 3mL thin
task.
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Figure 4.
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Associations between normalized pharyngeal constriction area and a) vallecular residue
(NRRSv), and b) pyriform sinus residue (NRRSp).
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Mean and 95% confidence intervals (CI) for measures of pharyngeal constriction and swallowing efficiency.

Table 1.

3mL thin 20mL thin 3mL pudding ALL
Mean 95%ClI Mean 95%ClI Mean 95%ClI Mean 95%Cl
MPCAy 8.78 5.22-12.34 13 36¢ 7.79-18.94 7.95 3.77-12.12 9.81 7.36-12.26
NRRSv | 0.16 0.07-0.25 0.34 0.13-0.66 0 29¢ 0.11-0.48 0.25 0.15-0.35
NRRSp 0.16 0.03-0.30 0.28 0.00-0.57 0.12 0.01-0.23 0.17 0.08-0.26
# of swallows 1.88 1.52-2.24 2.86 2.11-3.61 1.92 1.48-2.36 2.18 1.88-2.49

MPCAN = Maximum Pharyngeal Constriction Area (normalized to squared length of C2-4), displayed in %C2-42 units; NRRSv = Normalized

Residue Ratio Scale (Vallecular Space); NRRSp = Normalized Residue Ratio Scale (Pyriform Sinuses).

iPairWise comparisons revealed statistically significant difference (p<0.05), compared to 3mL thin task.
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