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Abstract

Swallowing impairment or dysphagia has many possible causes with severe sequelae. One major
mediator of the relationship between cause and sequelae is the physiologic impairment of the swallowing
mechanism. The characterization of physiologic swallowing impairment is therefore of great importance in
that treatment can target physiology to mitigate sequelae. The measurement of swallowing physiology is
primarily conducted through Modified Barium Swallow Studies (MBSS), where Videofluoroscopy (VFS) of
a patient swallowing an x-ray opaque bolus is recorded and interpreted by a Speech Language
Pathologist (SLP). On the one hand, the goals of this assessment are objective in that they are aimed at
understanding impairments to the physiologic biomechanics of the swallowing mechanism. On the other
hand, the methods of this assessment are subjective in that clinicians must choose what boluses to give,
what physiologic aspects of the swallow to assess, and how to score impairment for those physiologic
aspects. The Modified Barium Swallow Impairment Profile (MBSImMP™®) is a measurement method that
standardized the subjective elements of the assessment, and subsequently enjoyed widespread clinical
uptake. This widespread uptake of MBSImP resulted in the accumulation of over 50,000 patient records
in a Swallowing Data Registry (SDR), a dataset that forms the basis for the analyses of this dissertation.
Chapter 1 assesses the degree to which MBSImP’s standardization of the subjective side of MBSS has
resulted in a valid and reliable measurement tool as it is used in real-world and generalizable samples.
Chapter 2 leverages MBSImP’s standardized approach to conduct a high-level comparison of the
physiologic impairment profiles of five diagnoses commonly associated with dysphagia, i.e. Stroke, Head

and Neck Cancer, Dementia, Parkinson’s Disease, and Chronic Obstructive Pulmonary Disorder.
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Dissertation Introduction

Swallowing impairment or dysphagia is caused by an astonishing variety of conditions, including
Stroke, Head and Neck Cancer, Pulmonary disorders, Gastric disorders, spinal injuries, etc., and has
severe sequelae including increased risk of pneumonia, higher mortality rates, reduced quality of life, and
increased cost of care (Altman et al., 2010; Bonilha et al., 2014; Eglseer et al., 2018; Guyomard et al.,
2009; Kawashima et al., 2004; Kidambi et al., 2012; Lo et al., 2019; D. A. Patel et al., 2018). Driven by
the ubiquity and severe consequences of dysphagia, clinicians and researchers have together developed
a science of dysphagia to which this dissertation contributes. This field of dysphagia science is relatively
young as can be seen in Figure 1 which shows that before 1990 there were less than 100 papers per
year being published on dysphagia or swallowing impairment, and that has grown to nearly 3000 papers
per year since 2020 (query from Web of Science: dysphagia OR swallowing impairment). This
dissertation is therefore situated in a rapidly evolving and growing science that is attempting to

understand how the causes of dysphagia lead to its consequences.
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Figure 1 The number of publications per year pertaining to dysphagia or swallowing impairments.

One major potential mediator of this cause-to-sequelae connection is physiologic impairment. The
physiology of swallowing and dysphagia is complex, requiring the coordination of multiple organ systems

(i.e. neuromuscular, digestive, pulmonary) to generate a cascade of physiologic actions that ideally



moves a bolus from the oral cavity to the esophagus safely (without aspiration) and efficiently (without
residue) (Logemann, 1988; Miller, 1986; Walton & Silva, 2018). It is the measurement and
characterization of this physiology that is the focus of this dissertation.

The most commonly used method of assessing physiologic impairments of dysphagia is through
Modified Barium Swallows Studies (MBSS) using a Videofluoroscopy (VFS) approach. In these
assessments, a patient is given a series of barium-infused x-ray opaque boluses to swallow and
videofluoroscopic imaging of their swallowing is acquired and recorded. It is then up to the clinician to
interpret this videofluoroscopic recording in all of its physiologic complexity and determine which
treatments, diet modifications, etc. to recommend. There are thus two sides to this form of assessment:
the objective physiologic side and the subjective interpretive side. The objective physiologic side is the
actual physical (possibly compromised) biomechanics of the swallowing mechanism. As mentioned
above, this involves a cascade of physiologic actions which all contribute to the safe (airway protective)
and efficient (bolus clearance) swallow. Therefore to assess “swallowing physiology” inherently means to
measure these components of swallowing and their interaction, i.e. it requires a sense of the profile of
physiological impairments. The subjective element of MBSS primarily comes from three sources: 1) what
bolus volumes, consistencies, and methods of administration one chooses for the assessment, 2) what
physiologic components of the swallow one chooses to assess or focus on, and 3) how one chooses to
rate severity of those physiologic components. These sources of subjectivity have resulted in the
proliferation of many non-standardized measurement methods that are often specific to the lab, clinic, or
research question (see Swan et al., 2019 for review of methods). This heterogeneity of methods impedes
communication across clinicians and comparison across research studies. It was, in part, this
heterogeneity of methods and its consequences that led to a need for standardization of the
measurement of swallowing physiology.

In response to this need for standardization, the standardized Modified Barium Swallow
Impairment Profile (MBSImP) measurement method was developed (Martin-Harris et al., 2008). MBSImP
provided a standardized protocol for all three subjective elements of MBS assessments, i.e. the bolus
administration and instruction protocol, the physiologic components, and the scoring protocol. The bolus

protocol was developed such that the smallest boluses could be safely ingested by even the most severe
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patients; the remaining boluses spanned a set of consistencies and methods of administration that each
had a known effect on swallowing physiology as later confirmed by their independent predictive value for
overall oral and pharyngeal severity (Martin-Harris et al., 2008). A proposed set of physiologic
components and scoring rules was chosen using a strong theoretical and empirical basis in the existing
literature (Martin-Harris & Jones, 2008). This set of proposed components and scoring rules were
discussed and revised using the Delphi method where 10 experts from across disciplines including
speech-language pathology, otolaryngology, gastroenterology, and radiology, in the presence of a
content-neutral facilitator until 100% consensus was reached. The measurement method underwent
rigorous testing of its validity in a sample of 300 patients and was shown to be internally and externally
valid on all accounts (Martin-Harris et al., 2008; See Chapter 1 below for details). The result was, and is,
a measurement method that consists of: 1) a standardized bolus protocol of 12 swallows with specific
volumes, consistencies, and methods of administration, 2) a set of 17 physiologic components each with
3-5 precisely defined levels of impairment that together span the Oral, Pharyngeal, and Esophageal
Domains of the swallowing mechanism, and 3) rules for scoring individual swallows as well as for
aggregating scores across those 12 swallows into “Overall Impression” (Ol) scores. The measurement
method was deployed along with an online training that required clinicians to reach 80% agreement to a
reference-standard rater to be registered to use the tool. Once registered, clinicians could gain access to
an online patient-record system with the option of submitting their de-identified patient records to a
centralized database, i.e. the Swallowing Data Registry (SDR) whose data are the foundation that this
dissertation is built upon.

MBSImP has had and continues to have widespread uptake. As of April 2023, over 8000
clinicians have been trained and registered to use MBSImP, and the SDR has reached over 85,000
patient records. These records come from clinicians and patients from all 50 states and over 40 countries
all over the globe. The SDR was designed to be a clinical tool for clinicians to easily enter, access,
compare, and track their patients’ MBSImP scores and therefore all patient records include these
standardized physiologic scores. The MBSImP SDR therefore represents the largest ever dataset to date
on the physiology of swallowing impairment and presents an opportunity for research that goes far

beyond what can be completed in a single dissertation. This dissertation is therefore intended to be the
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first steps in a larger arm of research that leverages the uniqueness of the MBSImP SDR to provide real-
world characterizations of the measurement and physiology of swallowing impairment. In Chapter 1, we
focus on testing the subjective side of MBSImP by examining the degree to which the chosen
components and the clinical use of the method, i.e. its psychometric structural validity and psychometric
reliability, are maintained in its real-world clinical use following wide-scale dissemination and
implementation. In Chapter 2, we focus on the physiologic side of MBSImP to characterize the
physiologic swallowing impairment profiles of five of the most commonly dysphagia-associated
diagnoses.

Chapter 1 of this dissertation extends the study by Martin-Harris et al. (2008) mentioned above
that introduced MBSImP to the field. That study tested the internal and external validity of MBSImP using
a sample of 300 patients. Those validity tests included tests of the predictive value of single swallows for
Overall Impression (Ol) scores, the external validity of MBSImP’s relation to swallowing-related outcomes,
and the structural validity of the Oral and Pharyngeal Domains. These were all shown to be satisfactory
indicating that MBSImP’s standardization of the subjective elements of MBS assessment had produced a
tool ready for clinical and research implementation. Here we use the SDR to test MBSImP as it is used in
real-world clinical practice. Specifically, we reexamine the structural validity of MBSImP in this large
clinical dataset, and we extend the validity testing to a test of the internal consistency of these domains.
We also use the SDR to guide a smaller-scale study of the reliability of MBSImP so that the results are
generalizable to the clinicians who use MBSImP and to the patients who are assessed.

Chapter 2 capitalizes on the unique opportunity afforded by the SDR due to its large scale,
physiologic nature, standardized metrics, and in particular, its inclusion of dysphagic patients across
many diagnostic populations. Most prior research on dysphagia physiology has been in small studies of
single diagnoses using heterogeneous and non-standardized methods (e.g. Barbon et al., 2020; Bingjie
et al., 2010; de Deus Chaves et al., 2014, Fattori et al., 2022; Hutcheson et al., 2012; |. S. Kim & Han,
2005; Y. H. Kim et al., 2019; Y. Kim & McCullough, 2010; Langmore et al., 2007; Lee et al., 2015;
Mancopes et al., 2020; Miarons et al., 2018; Minagi et al., 2018; Mokhlesi et al., 2002; Namasivayam-
MacDonald et al., 2021; Namasivayam-MacDonald & Riquelme, 2019; Park et al., 2010; N. M. Rogus-

Pulia et al., 2016; Seo et al., 2016). These limitations make comparison across studies, and therefore
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across diagnoses, difficult. The long-term opportunity that the SDR affords is to identify the role that
diagnosis plays in the physiology-mediated pathway from cause to sequelae for dysphagia. Chapter 2 of
this dissertation takes the first steps toward this goal by characterizing the degree to which different

diagnoses have similar or differing impairment profiles.
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Chapter 1

Structural Validity, Internal Consistency, and Rater Reliability of the Modified Barium Swallow Impairment
Profile (MBSImP): Breaking Ground on a 52,726-Patient, Clinical Dataset
Introduction

The modified barium swallow study (MBSS) using videofluoroscopic (VFS) imaging is the most
commonly used diagnostic approach for instrumental assessment of swallowing impairment (Martino et
al., 2004; Pettigrew and O’'Toole 2007; Rumbach et al. 2018). MBS studies are assessed by Speech
Language Pathologists and Radiologists who use visual inspection and their clinical judgement to make
informed decisions about the nature of each patient’s swallowing impairment and about an appropriate
management plan. The use of visual inspection and clinical judgement means that there is a perceptual
and subjective aspect to clinician appraisals of MBS studies. Thus, it is of critical importance to verify that
MBSS assessments satisfy the requirements of subjective tests, i.e. that they satisfy the required
psychometric properties. In particular, it is important to test that MBSS assessments are measuring what
they intend to measure, referred to as psychometric validity and that there is agreement across and within
clinicians on scoring, referred to as psychometric rater reliability (Lambert et al., 2002, Souza et al.,
2017). Testing these psychometric properties becomes especially important when clinicians are using
standardized assessment methods. Standardized dysphagia assessments provide several benefits to
clinicians and researchers including increased ease of comparing impairment across patients and of
tracking impairment trajectories within patients. However, for these benefits to come to fruition,
assessment methods must be held to a high standard that includes rigorous testing of their psychometric
properties. The present study represents a continuation of the effort to examine the psychometric
properties of the standardized Modified Barium Swallow Impairment Profile (MBSImP ™), specifically its
structural validity, internal consistency, and rater reliability.

MBSImP includes a standardized scale for identifying the nature and severity of physiologic
swallowing impairment based on clinician ratings of videofluoroscopic images obtained during MBSS and
has had broad, global uptake in the field of dysphagia (Northern Speech Services, 2016). MBSImP
includes 17 physiological components rated across 12 swallowing tasks of varying bolus consistencies,

bolus volumes, and presentation methods of standardized, customized, commercially prepared, and
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stable contrast materials (see Methods for further details). The 17 components are each rated on an
ordinal scale, where the scale ranges from no impairment (score of 0) to severe impairment (score of 2, 3,
or 4, depending on the component). Both clinically and in research studies, the most common scoring
method is referred to as Overall Impression (Ol) scoring (e.g., Gullung et al., 2012; Martin-Harris et al.,
2015; Wilmskoetter et al., 2018; Xinou et al., 2018; Hutcheson et al., 2012; O’'Rourke et al., 2017; Arrese
etal., 2017; Arrese et al., 2019; Im et al., 2019; Im and Ko, 2020; Clark et al., 2020). An Ol score is
determined separately for each MBSImP component by selecting the worst performance (highest score
on an ordinal scale) across all the swallowing tasks, which for a single MBSS, results in one Ol score for
each of the 17 MBSImP components. As Ol scoring represents the primary method for using MBSImP
both clinically and in research studies, it is these Ol scores that will form the basis of all analyses in the
present chapter.
Structural Validity

Structural validity refers to the extent to which statistical groupings of items adhere to
hypothesized groupings of items (Lambert et al., 2002). For MBSImP, there are 17 components,
hypothesized to form three domains: components 1-6 form the Oral domain, components 7-16 form the
Pharyngeal domain, and component 17 forms the Esophageal Domain. The structural validity of the multi-
component domains, i.e. the Oral and Pharyngeal Domains, was tested and confirmed by factor analysis
in a study by Martin-Harris et al. (2008) in a cohort of 300 patients. In the present study, we use a much
larger sample (N = 52,726) of clinical patient visits to provide a large-scale test of the structural validity of
MBSImP.
Internal Consistency

Internal consistency represents the degree to which sets of items cohere together to measure
single constructs. No prior studies have directly investigated the internal consistency of the MBSImP
scale. As mentioned above, Martin-Harris et al. (2008) conducted a factor analysis in which MBSImP
scores showed a two-factor structure, congruent with the two hypothesized, multi-component domains of
the scale: Oral and Pharyngeal. The separation of the components into their hypothesized domains tells
us that the domains are valid but does not tell us how well the components of each domain cohere

together to form a unified construct. It is common practice in both clinical settings and in research to
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assume that each domain forms a unified construct and to then sum up the component scores of each
domain into “total” scores, i.e., an Oral Total and a Pharyngeal Total, to characterize the “overall
impairment” of each domain (e.g. Hutcheson et al., 2012; Arrese et al., 2017; O’'Rourke et al., 2017; Clark
et al., 2020; Im and Ko, 2020). This assumption of a unified construct and use of total scores relies on
each domain having good internal consistency. Thus, to test whether this assumption holds, here we
assess the internal consistency of each of the multi-component domains of MBSImP.
Inter-Rater and Intra-Rater Reliability

Rater reliability, in general, is the degree to which there is agreement between repeated ratings of
the same MBS study, where inter-rater reliability representing the agreement between different raters
rating the same study and intra-rater reliability represents within-rater agreement when re-rating a
previously rated study. In a clinical setting, good inter-rater and intra-rater reliability of an assessment
method provides assurance that one can trust both another clinician’s ratings and one’s own previous
ratings to be similar to what one would judge. In a research setting, poor reliability of an assessment
method results in false reductions in the maximum possible effect size and sensitivity/specificity when
examining the relationship between that assessment method and any outcome measure (Lachin 2004).
Thus, good rater reliability is of critical importance to clinicians and researchers and should be known for
any assessment method. At the time of writing, inter-rater and intra-rater reliability of the MBSImP rating
scale is ensured by requiring clinicians to train and reach at least 80% agreement with a gold-standard
rater’s scores before they can be certified to use the method. This current method of training to a
reliability threshold with a gold-standard guarantees that the clinicians using the method at least agree
with the standards set by the MBSImP development team. However, although requiring clinicians to train
to reach 80% agreement to a gold standard assures some level of agreement across raters, it remains to
be examined to what degree this train-to-a-threshold method translates to good inter-rater and intra-rater
reliability. We will thus be assessing the inter-rater and intra-rater reliability of MBSImP.
Intent of the Present Study

A recent review of the dysphagia literature showed that, in general, there is a lack of formal
reporting of psychometric properties for existing VFS (and fiber endoscopic) swallowing assessment tools

(Swan et al., 2019). This general lack of reporting led those authors to conclude that, “there is insufficient
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evidence to recommend any individual measure included in the review as valid and reliable to interpret
VFSS...”. The present work acknowledges the importance of assessing and reporting the psychometric
properties of VFS measures of swallowing impairment. The present study therefore represents both an
extension of prior work on the psychometric properties of MBSImP (Martin-Harris et al., 2008) and a
response to the review by Swan et al. (2019). In particular the aims of this chapter are to 1) provide a
further assessment of the structural validity and internal consistency of MBSImP, 2) provide a formal

assessment of the inter-rater and intra-rater reliability of MBSImP.

Methods

The present study consists of 1) a retrospective structural validity and internal consistency
analysis of patient records, and 2) a prospective study of the inter-rater and intra-rater reliability of
MBSImP trained clinicians. Structural validity and internal consistency were assessed based on 52,726
patient records drawn from a centralized repository, the MBSImP Swallowing Data Registry (MBSImP
SDR). Inter- and intra-rater reliability were assessed based on the ratings of 4 SLP clinicians on 50
videofluoroscopic (VFS) recordings from MBS studies and re-ratings of 12 such recordings (24% of total
cohort).
52,726-Patient Dataset

The dataset for the structural validity and internal consistency analyses was drawn from the
MBSImP Swallowing Data Registry (MBSImP SDR). The MBSImP SDR is a centralized electronic health
record system that allows MBSImP-registered clinicians to easily store the MBSImP and other de-
identified patient data that comes from clinical practice. Thus, the MBSImP SDR consists of data from
patient visits entered by clinicians trained and registered to use MBSImP. See Appendix 1 (Supplemental
Figures 1-3) for screenshots of the data-entry forms used by clinicians to enter data into the MBSImP
SDR. We only included initial visits for each patient to prevent within-subject correlations from affecting
the analysis. This left us with a sample size of N = 52,726. Table 1 shows the demographic information

for this sample.
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N = 52,726

Male 27,282 | 52% Not Hispanic/Latino 35,317 | 67%

Sex Female 23,828 | 45% | Ethnicity | Hispanic/Latino 2,206 4%
Unknown 1,616 3% Unknown/Not-Reported 15,203 | 29%
18-30 1,204 2% White 35,879 | 68%
31-40 1,571 3% Black/African American 6,243 12%
41-50 3,046 6% Asian 1,050 2%
51-60 6,987 13%

Age | 61-70 11,243 | 21% Race American Indian/Alaskan Native 269 0.5%
71-80 12,605 | 24%
81-90 9,827 19% Native Hawaiian/Pacific Islander 148 0.3%
91 + 4,115 8% More than one race 289 0.5%
Unknown 2,128 4% Unknown/Other/Not Reported 8,848 16.7%

Table 1 Demographic information for the 52,726-patient dataset drawn from the MBSImP Swallowing
Data Registry (SDR).

experience. The median number of years treating patients as an SLP was 10 years (5" percentile = 2

The clinicians who entered data into the MBSImP SDR (N = 6,532) had a wide range of clinical

years, 95 percentile = 30 years). The median number of years since completing training and becoming

registered to use MBSImP was 3 years (5™ percentile = <1 year, 95" percentile = 9 years).

diagnosis, however, was an optional field for clinicians to enter. Thus, diagnosis information was only

The data derive from patients with a wide range of dysphagia associated diagnoses. Patient

available for a subset of patients. Of the patients for whom diagnosis information was available, five of the

most common diagnoses were head and neck cancer (N = 2,157), stroke (N = 3,791), chronic obstructive

pulmonary disorder (N = 2,033), Parkinson’s disease (N = 1,053), and dementia (N = 1,424). The 30 most

prevalent diagnoses and their respective sample sizes can be viewed in Supplemental Table 1. The data

also come from hospitals and medical centers across the world. These include all 50 states, multiple

Canadian provinces, Australia, Norway, the United Kingdom, Singapore, South Korea, among many

others. The full list of the geographic locations can be viewed at https://www.mbsimp.com/clinicians.cfm.

The data were collected over 9 years, starting in 2008 with a steady increase in rate of data

collections through the present. The number of patient visits input into the dataset from the beginning of

2008 to March of 2020 are shown in Figure 2.
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Figure 2. A bar chart of the number of patients entered into the present sample as a function of the year
their data was input into the MBSImP Swallowing Data Registry (SDR). Note that the data for 2020 was
only that which was collected up until March of that year.
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50-Patient Dataset

The second dataset for the present study consists of 50 VFS recordings from modified barium
swallow studies. These 50 VFS recordings were randomly drawn from the “high-framerate” (30 fps)
recordings of a prior study that was designed to assess possible differences in swallowing assessment
between high and low framerate VFSs. The only inclusion criterion for patients was that they were
referred for an MBSS and there was no exclusion criterion. The 50 patients fell into the following seven
diagnostic categories: General Medicine (N = 24), Head and Neck Cancer (N = 15), Neurology (N = 5),
Gastroenterology (N = 4), General Ear-Nose-Throat (N = 2), Pulmonary (N = 2), and Cardiac (N = 1). See
Table 2 for the demographic information of the 50-patient sample.

Four SLPs were selected to rate these 50 VFS recordings. In selecting the four SLP raters, we
intentionally selected raters with widely varying levels of clinical experience and familiarity with MBSImP.
All raters held Master’s degrees, were ASHA certified and MBSImP registered. The amount of clinical
practice experience ranged from 4-30 years and MBSImP registration ranged between 2-10 years. The
number of monthly MBS studies conducted by the raters varied between 0-25 and 0-20 during in clinical
practice and clinical research, respectively. These raters also came from differing institutions. Two raters
were based in the Medical University of South Carolina, one rater was from Northwestern University, and

one rater was based in private practice. See Table 4 for details on each rater.

N = 50

Sex Male 26 | 52% Not Hispanic/Latino 46 | 92%
Female 24 | 48% | Ethnicity | Hispanic/Latino 4 | 8%
18-30 2 4% Unknown/Not-Reported 0 | 0%
31-40 2 4% White 47 | 94%
41-50 5 10% Black/African American 3 6%

Age 51-60 7 14% Asian 0 | 0%
61-70 13 | 26% Race American Indian/Alaskan Native 0 | 0%
71-80 9 18% Native Hawaiian/Pacific Islander 0 | 0%
81-90 10 | 20% More than one race 0 | 0%
91 + 2 4% Unknown/Other/Not Reported 0 | 0%

Table 2 Demographic information for the 50-patient reliability dataset.
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Reliability sample size justification

To choose the number of patients for this study, we focused on what size sample would allow our
results to generalize across dysphagic patient populations. In generalizability theory, generalizability is
assured when the variability (the variance) of the patient sample accurately estimates the variability of the
entire patient population (Webb and Shavelson 2005). We do not have data from the entire dysphagic
patient population, we do, however, have a patient database of 52,726 patients that we can use to
estimate the generalizability of smaller samples. In order to estimate these smaller sample’s
generalizability, we have done the following: 1) assumed the variability of the 52,726-patient database
represents the true population variance of MBSImP scores of dysphagic patients, 2) calculated the
variance of the population MBSImP scores for each component, 3) took 10,000 subsamples (with
replacement) of the big dataset with varying sample sizes (10 — 100 patients in steps of 10), 4) calculated
the variance of MBSImP component for each subsample, 4) calculated the absolute difference and
percent difference between the population variance and each subsample variance. 5) plotted the median
difference and median percent difference (error bars represent the 51 and 95t percentile) as a function of
sample size (Figure 3A and 3B, respectively). Note that the median difference (Figure 3A) is roughly
centered on zero for all sample sizes, showing the subsamples are not systematically over or
underestimating the variance of the population. However, also note that in Figure 3A, the range of values
(i.e. the size of the error bars) decreases with sample size. This decrease in the range of values can also
be seen in the percent difference plot (Figure 3B), where the median percent difference of the subsample
vs population variance decreases as a function of sample size.

In Figures 3A and 3B, we observe that sample sizes above 50 patients provide diminishing
returns in terms of improving accuracy of variance estimates. Further, with 50 patients, the subsamples
had only a median 6% difference in variance relative to the variance of the 52,726-patient dataset,
meaning that the variance of a 50-patient sample has a 94% accuracy in estimating the variance of a
52,726-patient sample. We deemed a median of 94% accuracy acceptable for the present study and

therefore chose a sample size of 50 patients.
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Figure 3. A) The median difference (error bars represent the 95th and 5th percentile) between the
variance of the 52,787-patient dataset and the variance of subsamples with sample sizes ranging from 10
to 100. B) The median percent difference between the variance of 52,726-patient dataset and the
variance of the subsamples, demonstrating that large sample sizes provide better estimates of the
between-subjects variance, but have substantially diminishing returns for sample sizes great than ~50
patients.

Similarly to choosing our number of patients, in selecting our raters, we considered how to best
estimate the variance between raters that occurs in our rater population of interest, i.e. clinicians and
clinical researchers. Our total number of raters (N = 4) was limited by logistical constraints, but we
attempted to best estimate the variance between raters by selecting raters with the widely varying levels
of expertise and familiarity with MBSImP. We have confidence that our raters are representative of the
true rater population since the present raters’ range of experience (4-30 years practicing clinically; 2-10
years MBSImP registered) mirrors the 51-95" percentiles of experience of raters in the MBSImP SDR (2-
30 years practicing clinically; 0-9 years MBSImP registered).

Protocols
MBSImP Protocol - Clinicians must be trained in the use of the Modified Barium Swallow

Impairment Profile (MBSImP) and meet a baseline threshold of scoring reliability (Martin-Harris et al.,

2008) before they are permitted to enter data into the MBSImP SDR in order to maintain fidelity of the
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data. This training in MBSImP includes both the MBSImP rating scale and the MBSImP bolus
administration protocol.

The MBSImP rating scale is a standardized and validated scale of the severity of impairment for
17 physiologic components of swallowing (See Table 3 for list of components). Scores on the rating scale
range from 0 to 2, 3, or 4 depending on which physiologic component is being assessed. The number of
impairment levels for each component was determined by an expert-panel consensus. For each MBSImP
component these experts identified ordered levels of impairment severity that each represented a unique
structural movement, bolus flow, or both, related to the physiology of that component. As some
components had fewer unique levels than others, this resulted in differing number of impairment levels for
different components (Martin-Harris et al., 2008).

The MBSImP bolus administration protocol consists of 12 swallow trials with the following
consistencies, volumes, and presentation methods: four thin-liquid (<15 cps) trials (two 5mL via teaspoon,
a cup sip [20mL], and sequential swallow from cup [40mL]), four nectar-thick (150-450 cps) trials (two
5mL via teaspoon with one from the typical lateral view and one from an anterior/posterior view, a cup sip,
and a sequential swallow), one thin-honey (800-1800 cps) trial (5mL via teaspoon), two pudding (4500-
7000 cps) trials (two 5mL via teaspoon with one from the typical lateral view and one from an
anterior/posterior view), and one solid trial (a half-portion of a Lorna Doone cookie coated with 3mL of
pudding barium). All trials are administered using standardized, “ready-to-use” barium contrast
(VARIBAR®, barium sulfate 40% weight/volume; Bracco Diagnostics, Inc., Monroe Township, NJ).

Furthermore, each component is only scored for the swallow trials for which it can be assessed.
For example, for the sequential swallow trials, patients are not asked to hold a liquid bolus in the oral
cavity, therefore component 2 (tongue control during bolus hold) cannot be assessed and is not scored.
Similarly, Component 3 (bolus preparation/mastication) is only scored for the solid bolus trial. For the two
swallow trials in the anterior/posterior (A/P) view, the viewing plane provides a perspective ideal for
scoring components 13 (pharyngeal contraction) and 17 (esophageal clearance), but this also means no
other components are scored from this view.

In clinical practice and typically in research, the MBSImP scores from the individual swallow trials

are represented by the “Overall Impression” or Ol score for each of the 17 components which is the most
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severe score on that component across all swallowing tasks/bolus consistencies. As such, the analyses
in the present study are based on Ol scores. See Supplemental Figure 4 for the distribution of Ol scores
per component in the 52,726-patient dataset and Supplemental Figure 5 for the distribution of Ol scores

per component in the 50-patient dataset.

Inter-Rater and Intra-Rater Protocol

Four SLPs rated ~5 MBS studies per week over a 10-week period. Raters scored each patient’s
MBSS using the Swallow By Swallow (SbS) method where a score is given for each relevant MBSImP
component for each swallowing task given during the protocol. This scoring method results in a total of
127 possible SbS scores for a single MBSS. From these scores an Ol score, i.e. the most severe score
across swallowing tasks, was computed for each MBSImP component. All analyses in the present study
were conducted using Ol scores.

The two raters with the least experience with MBSImP (Rater 1 and 4) were allowed to meet with
the gold-standard rater once a week to ask questions about scoring for continuing education purposes,
but no scores could be changed post-hoc based on these meetings. This question-asking protocol was
allowed because in “real-world” settings MBSImP registered clinicians also have the opportunity to send
questions to Northern Speech Services and receive guidance on scoring. After all 50 studies were
scored, each rater waited 2 weeks and then re-rated 12 studies (~24% of the total) in a like manner to the

initial rating for use in the intra-rater analysis.

Statistical Analysis

The data from the 52,726-patient dataset were used to assess the structural validity and internal
consistency of MBSImP. Structural validity was assessed by submitting the 17 MBSImP component
scores of all patients in the dataset to an exploratory factor analysis. The exploratory factor analysis was
computed using polychoric correlations and minimum residuals estimation appropriate to MBSImP
components scores as ordinal (Holgado-Tello et al., 2008) and non-normally distributed (Cudek 2000),
respectively. Further, an oblimin rotation was used since the hypothesized Oral and Pharyngeal domains

were expected to be correlated. The number of factors (2) was chosen based on the hypothesized
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number of multi-component domains in the scale, i.e. the Oral and Pharyngeal domains, and also based
on a prior study which showed a two-factor solution for MBSImP was adequate (Martin-Harris et al.,
2008). An MBSImP component was considered to be a substantive part of a factor if it had a factor
loading of >0.4, a criterion set after loadings were computed. To assess the internal consistency, two
values of Cronbach’s alpha (Cronbach, 1951) were computed: one Cronbach’s alpha from the
components in the Oral Domain (components 1-6) and one Cronbach’s alpha for the Pharyngeal Domain.

The data from the 50-patient dataset were used to assess the inter-rater, and intra-rater reliability
of MBSImP. Inter-rater and intra-rater reliability were assessed using the intraclass correlation coefficient
(ICC) (Fleiss and Cohen, 1973). ICC was used because it is calculated based on differences in variances
across and within raters, and this approach is well suited handling the differing number of severity levels
across the 17 components of MBSImP. To compute the ICC, we used a two-way random effects model at
the single-rater level, with absolute agreement as the measure of interest. We chose to use a two-way
random-effects model as the goal of the model was generalization of the results to clinicians outside of
the present sample; this model was chosen to be at the “single-rater” level as our intention was to assess
agreement between individual clinicians; and finally the model was chosen to have “absolute agreement”
as its basis since our goal is to assess to what extent clinicians have precisely the same score, and not
just whether the relative position of scores is consistent across clinicians (Koo and Li, 2016).

All statistical analyses were conducted using the “psych” package (Revelle, 2021) in the R

programming language (R Core Team, 2019).
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Results

Structural Validity An exploratory factor analysis revealed that MBSImP has a two-factor solution
that exactly corresponds to the hypothesized Oral and Pharyngeal domains. Factor 1 had loadings
between 0.52 and 0.77 for oral-related components (1-6) and loadings of at most 0.18 for all other
components. This factor accounted for 19% of the total variance in MBSImP scores. Factor 2 had
loadings between 0.46 and 0.81 for all pharyngeal-related components (7-16) and loadings less than 0.26
for all other components. This factor accounted for 32% of the total variance. Component 17, the only
esophageal-related component, had loadings of at most 0.19 for both factors. Exact loadings for each
factor and MBSImP component are shown in Table 3. The two factors were correlated with a strength of r
= 0.56.

Internal Consistency Cronbach’s alpha was 0.81 (95% CI = 0.808-0.812) for the Oral Domain,
and 0.87 (95% CI = 0.868-0.872) for the Pharyngeal Domain.

Inter-Rater and Intra-Rater Reliability Inter-rater reliability across all four clinicians as measured
by the intraclass correlation coefficient (ICC) was 0.78 (Cl = 0.76-0.80). Intra-rater reliability, also

measured by ICC for the four clinicians ranged from 0.82 to 0.87 (See Table 4).
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Hypothesized Factor Factor 2
Domain Comp. # Component Name 1

1 Lip closure 0.77 -0.08

2 Tongue control during bolus hold 0.74 -0.02

Oral 3 Bolus preparation/mastication 0.72 0.07

4 Bolus transport/lingual motion 0.76 -0.01

5 Oral residue 0.71 0.05

6 Initiation of pharyngeal swallow 0.52 0.18

7 Soft palate elevation 0.1 0.46

8 Laryngeal elevation 0.08 0.75

9 Anterior hyoid excursion 0.05 0.76

10 Epiglottic movement -0.08 0.81

Pharyngeal 1 Laryngeal vestibular closure 0.05 0.75
12 Pharyngeal stripping wave -0.05 0.81

13 Pharyngeal contraction (A/P view) -0.01 0.64

14 Pharyngoesophageal segment opening -0.11 0.75

15 Tongue base retraction 0.26 0.59

16 Pharyngeal residue 0.04 0.81

Esophageal 17 Esophageal clearance upright position -0.05 0.19

(A/P view)

Table 3. The hypothesized domains and the factor loadings of each MBSImP component. Factor loadings
greater than 0.4 are marked bold and indicate which components can be considered a substantive part of

each factor.

MBSS
performed/rated each

month

Graduation Years Years For For Intra-rater |CC 95%
Year of MBSImP  Practicing  Clinical Research Reliability  Confidence
Rater Masters Registered  Clinically  Purposes Purposes ICC Interval

1 2016 2 4 0 10-15 0.82 0.77-0.86
2 2014 6 6 20-25 0-10 0.83 0.79-0.87
3 2007 10 14 5 10-15 0.87 0.83-0.90
4 1990 3 30 0 20 0.87 0.83-0.90

Table 4. The clinical, research, and MBSImP experience along with the intra-rater reliability scores and
associated confidence intervals of the four SLP raters in the present study.
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Discussion

The assessment of the Modified Barium Swallow Study using videofluoroscopic imaging by
clinicians requires the use of clinical judgement. Codifying clinical judgement into standardized
assessment methods offers a range of benefits including ease of comparison between patients and of
tracking of patient trajectories. However in order to reap the benefits of standardization requires that
these methods have the necessary psychometric properties (Lambert et al., 2002). A previous
investigation of MBSImP showed that multiple aspects of the psychometric validity of MBSImP were quite
good, including content validity, hypothesis testing, and structural validity (Martin-Harris et al., 2008; N =
300). The present study complements this prior study by extending the analysis of structural validity and
internal consistency to a large-scale, clinical dataset (N = 52,726) and by adding a formal assessment of
rater reliability. Both the prior study and the present study use Overall Impression (Ol) scores as the basis
for analysis due to Ol scoring being the main way that MBSImP is used both clinically and in research
studies. Thus, the results here show that MBSImP as it is used clinically and in research studies has good
structural validity, internal consistency, and inter-rater and intra-rater reliability.

Structural Validity and Internal Consistency

Reports of the structural validity and internal consistency of VFS assessment methods are rare.
In part, this may be because many studies of the psychometric properties of VFS assessment methods
only examine one or two physiological outcomes (e.g. Rosenbek et al., 1996; Mann et al., 2000; Karnell
and Rogus, 2005; Kelly et al., 2006; Hind et al., 2008; Rommel et al., 2015; Hutcheson et al., 2017). Only
examining one or two items in a study means that it is either impossible or not very meaningful to
examine the correlations between multiple items, which is the basis of structural validity and internal
consistency analyses. Even in psychometric studies of VFS assessment methods that examine multiple
items (e.g. Gibson et al., 1995; Scott et al., 1998; McCullough et al., 2001; Stoeckli et al., 2003; Frowen et
al., 2008, Martin-Harris et al., 2008; Kim et al., 2012; Lee et al., 2017), few examine structural validity and
internal consistency (i.e. only Frowen et al., 2008 and Martin-Harris et al., 2008 in the cited examples).
Therefore, the present study may serve as a cue to other researchers developing and using VFS

assessment methods that it is important to assess structural validity and internal consistency.
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The present examination of the structural validity and internal consistency of MBSImP represents
a large-scale extension of the work done by Martin-Harris et al. (2008). This prior study showed that in a
sample of 300 patients, MBSImP had a two-factor structure, corresponding to the hypothesized Oral and
Pharyngeal domains. However, due to missing data and small factor loadings, four components were
removed from the analysis (component 1 for inconsistent visualization of lips, component 7 for lack of
sufficient variability in sample, and components 13 & 17 for small sample size due to omission of A/P
view). The present study extends the analysis of structural validity to a substantially larger sample (N =
52,726), allowing us to include all 17 components in the structural validity analysis and to assess the
internal consistency of each of the multi-component domains.

The results of this analysis show that in a large-scale, clinical dataset, MBSImP demonstrates
good structural validity and good internal consistency. The present results suggest that MBSImP is
structurally valid, as shown by a two-factor structure corresponding to the Oral and Pharyngeal Domain
components, respectively, with component 17 (Esophageal clearance, representing the Esophageal
Domain) being separable from both of those domains. The good structural validity demonstrated here
provides further evidence that the statistical structure of MBSImP is very much aligned with the
hypothesized structure of MBSImP.

The present results also show that MBSImP has good internal consistency in that Cronbach’s
alpha reaches sufficiently high levels for each of the multi-component domains. The good internal
consistency of each domain suggests that the components of each domain, as a group, are measuring a
latent “overall impairment” variable. This existence of a latent “overall impairment” variable for each
domain provides support for the legitimacy of using Oral Total and Pharyngeal Total scores (summed
scores of the components of each domain), which are designed to measure this overall oral and
pharyngeal impairment, respectively.

The Oral and Pharyngeal domains are structurally valid, but they alone do not fully characterize a
patient’s impairment. This is evident in the result that the total explained variance of the Oral and
Pharyngeal factors accounted for 51% of the variance in the MBSImP assessment method, leaving 49%
of the variance to be accounted for by the individual components. This split in the sources of variance in

MBSImP means that a patient’s impairment is operating at two relatively separable levels: 1) the domain
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level characterized by the Oral and Pharyngeal total scores, and 2) the component level characterized by
which components are impaired. Each of these levels can potentially be independently influenced by
patient-specific factors. This result highlights the importance of conducting assessments and analyses at
both the domain level (Oral and Pharyngeal total scores) and at the individual-components level.

Furthermore, although the Oral and Pharyngeal Domains form separable factors, they should be
considered separable but related, as the correlation between the factors was r = 0.56. Esophageal
function, i.e. component 17 Esophageal Clearance, however, was clearly separable from the Oral and
Pharyngeal domains in this data set, since it did not load onto either factor, and showed weak, though not
necessarily null, correlations with each oral or pharyngeal component of MBSImP (Table 3 and
Supplemental Figure 6). The existence of potentially non-null correlations between the esophageal
domain and the oral and pharyngeal domains is consistent with the detection of such correlations in a
small case series study by Gullung et al. (2012).

These structural validity and internal consistency results are likely to be highly generalizable due
to the dataset’s large sample size, clinical nature, wide variety of diagnoses, representative
demographics, and diversity of data collection locations. The large sample size of the dataset helps
ensure that the correlations that form the basis of these results are not being driven by sampling errors
like being overly affected by individual patient scores. The present dataset is also derived from clinical
patient visits, which means that the results are likely to be generalizable to our population of interest, i.e.
any patient referred to an MBSS conducted by an MBSImP registered clinician. In addition, the 52,726-
patient dataset includes scores of patients with any and all diagnoses entered into the MBSImP SDR
including but not limited to, head and neck cancer, stroke, chronic obstructive pulmonary disorder,
Parkinson’s disease, and dementia. This wide variety of diagnoses allows the results to be generalized
across populations with differing diagnoses. Furthermore, the demographics of the present data are
roughly representative of the demographics of the US population (United States Census Bureau, 2021),
admittedly with some underrepresentation of patients who are Hispanic, female, or Asian. This rough
representativeness of the present data suggest that the present results are fairly generalizable across US

demographics (See Limitations for further discussion). Finally, the present data were collected from a
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wide array of locations and institutions across the world. This diversity of data collection locations lends
support to the applicability of the present results regardless of geographic location.
Inter-Rater and Intra-Rater Reliability

The literature on the reliability of MBSS assessment scales is quite heterogeneous. Depending
on the structures of the scale, studies use a variety of statistics to describe reliability including kappa for
dichotomous/binary scales (Gibson et al., 1995; McCullough et al., 2001; Stoeckli et al., 2003; Bryant et
al.,, 2012; Kim et al., 2012; Lee et al., 2017) weighted kappa for ordinal scales with uniform number of
levels across items (Bryant et al., 2012, Hutcheson et al., 2017) and ICC for continuous variables, ordinal
scales with varying numbers of levels, or in one case a single ordinal item (Frowen et al., 2008; Kim et al.,
2012; Rommel et al., 2015). Similarly to the present study, Kim et al. (2012) assessed the inter-rater
reliability of the Videofluoroscopic Dysphagia Scale (VDS) using ICC for items with varying numbers of
severity levels. That study found that, for VDS, ICC = 0.556, which was deemed a “moderate” level of
agreement. Relative to the moderate level of agreement of VDS with ICC = 0.556, the inter-rater ICC of
0.78 for MBSImP found in the present study can be deemed “good”. In addition, the present inter-rater
reliability in the present study of ICC = 0.78 (Cl = 0.76-0.80) can also be considered “good” as per the
guidelines set out by Koo and Li (2016) where an ICC can be deemed “good” if it is >0.75 and <0.9. Along
these same lines, the intra-rater ICCs in the present study ranging from 0.82-0.87 can all be considered
“good”. The intra-rater ICCs range of 0.82-0.87 is only slightly greater than the inter-rater ICC of 0.78,
suggesting that each of the present raters agreed with other raters only slightly less than they agreed with
themselves. Furthermore, the two raters with more years of clinical experience (14 and 30 years) showed
higher intra-rater ICCs (0.87 and 0.87) than the two raters with fewer years of experience (4 and 6 years),
potentially suggesting that SLP’s intra-rater agreement may improve with experience. However, this result
should be interpreted with caution because the confidence intervals of all raters are overlapping. A future
study could specifically aim to test this hypothesis that intra-rater reliability improves with years of clinical
experience.

Together, these results suggest that the standardized MBSImP training that requires clinicians to
reach 80% agreement with a gold-standard rater translates to good inter-rater and intra-rater reliability on

previously unseen MBSS. Furthermore, these SLPs had widely varying levels of experience across a
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range of domains (i.e. years as a SLP, years MBSImP certified, number of studies rated per month, home

institution) providing evidence that for these clinicians, it was possible for all experience levels and

backgrounds to demonstrate good intra-rater reliability using MBSImP.

In summary, we have shown in a large-scale, clinical dataset that MBSImP has excellent

structural validity and internal consistency. In addition, we have provided a formal test of the rater

reliability of MBSImP-trained raters and demonstrated that the standardized MBSImP training can result

in good inter-rater and intra-rater reliability.

Limitations

1)

All results in the present chapter are based on Overall Impression (Ol) scores representing the
worst performance (highest score on an ordinal scale) across all the swallowing tasks in the
MBSImP method. Thus, the results show satisfactory psychometric properties of these Ols, but
caution should be applied before generalizing these findings to the psychometric properties of
MBSImP ratings for individual swallows. As Swallow By Swallow (SBS) scoring is likely confined
to research contexts, the authors recommend that researchers using SBS scoring conduct their
own independent rater reliability testing. Furthermore, as the hypothesized structure of MBSImP
is at the component level and thus at the level of Ol scores, structural validity and internal
consistency do not apply to SBS scoring level.

The present rater reliability assessment of MBSImP represent the reliability of the entire MBSImP
scale. A future study with a larger sample of raters and patients would be necessary to
investigate the reliability of the individual MBSImP components and would provide substantial
value to the field.

There is some underrepresentation of Asian, Hispanic, and female populations relative to the US
Census (United States Census Bureau, 2021). Interestingly, the representation of Asians in the
present sample is quite similar to that seen in the dysphagic population of a study on the
prevalence of dysphagia that used a professional survey company to obtain a representative
sample of the US population (Adkins et al., 2020). Furthermore, in the present sample 29% of

patients did not have their ethnicity input into the MBSImP SDR. It is then possible that the
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apparent underrepresentation of Hispanics/Latinos may be due to non-reporting rather than true
underrepresentation. In addition, it has been reported that men are more likely to seek care for
dysphagia than women (Adkins et al. 2020). This difference in care-seeking behavior may at least
partially account for the apparent underrepresentation of women in the present sample.
Nonetheless, the apparent underrepresentation of patients who report being Asian, Hispanic, and
female could impose a limitation on the generalizability of the results. However, this limitation
would only occur if there were systematic differences in MBSImP scores for populations with
versus without these demographic identifiers. Future work should compare the MBSImP scores of
populations with different demographic identifiers to uncover whether such systematic differences

exist.
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Chapter 2

Characterizing the Swallow-Physiology Impairment Profiles of Head and Neck Cancer, Stroke,

COPD, Dementia, and Parkinson’s Disease Using a Large Clinical Database

Introduction

Clinical data registries derived from electronic health records have become a cornerstone of
research across the medical sciences. They have been utilized for many purposes including but not
limited to the estimation of prevalence and risk factors of disease, the identification patient
subpopulations, pragmatic clinical trials, and comparative effectiveness studies (Casey et al., 2016;
Cowie et al., 2017). However, clinical data registries are typically not designed to answer specific
research questions; rather they are designed for the storage of health records. Therefore, when
answering research questions using clinical data registries, the data available in the registry shape the
research questions that we can answer.

In the field of dysphagia research, clinical data registries have primarily been used to answer
questions about the prevalence, risk factors, and sequalae of dysphagia (Altman et al., 2010; Bonilha et
al., 2014; Bray et al., 2017; Cancienne et al., 2016; Eglseer et al., 2018; Guyomard et al., 2009; Henke et
al., 2017; Joundi Raed A. et al., 2017; Kawashima et al., 2004; Kidambi et al., 2012; Lo et al., 2019; Patel
et al., 2018; Singh et al., 2013) likely because these types of questions only require information on the
presence or absence of dysphagia, which can often be found in general-purpose electronic health records
or openly available hospital administrative data. These types of large-scale studies provide crucial
information that can guide clinical expectation of dysphagia prevalence and risk, and also can be used to
assess the severity of dysphagia as a public health issue. The power of large-scale studies, however, has
yet to be leveraged toward understanding the swallowing physiology of dysphagia as measured by
instrumental assessment. The present study is such a large-scale study of the physiology of dysphagia.

Dysphagia is a disorder that has many possible etiologies whether they be neurologic, oncologic,
respiratory, etc. These etiologies each have within them heterogeneous populations and have between
them maijor differences in the nature and severity of their impairments. However, they all have the

potential to converge on the swallowing mechanism to cause dysphagia. Any ways in which these



34

diagnoses differently affect swallowing physiology could reveal important diagnosis-specific issues that
could become targets for diagnosis-specific treatments. And conversely, any ways in which these
diagnostic categories are similar in how they affect the swallowing mechanism could point towards
methods to standardize treatment targets regardless of diagnosis. Furthermore, characterizing these
commonalities and differences in swallow-physiology impairment profiles across diagnoses would allow
the generation of hypotheses about the varying ways dysphagia manifests. Thus, the research question
we sought to answer here was: to what extent do swallow-physiology impairment profiles differ across five
of the most commonly dysphagia-associated diagnoses, i.e. Head and Neck Cancer, Stroke, Chronic
Obstructive Pulmonary Disorder, Parkinson’s Disease, and Dementia? To answer this question we built
our analysis around the Modified Barium Swallow Impairment Profile Swallowing Data Registry
(MBSImMP™® SDR; see below for details), which is a large, de-identified clinical data registry that was
expressly built to store physiologic swallowing impairment scores (i.e. MBSImP scores). Our analysis
approach consisted of partial proportional odds models, which were used to retain maximal information
on all levels of impairment for each diagnosis, along with inverse probability weighting, which aimed to
correct for any potential bias introduced by missingness in the dataset. This combined research question
and analysis approach was developed based on a clinical and scientific need to understand swallowing
physiology that was shaped by the nature of the data that are contained in the MBSImP SDR.
Clinical and Scientific Motivations

Understanding the physiology of swallowing impairment is critical to helping clinicians identify
effective targets for treatment. Existing instrumental measures of physiologic swallowing impairment have
been shown to be associated with airway protection (swallow safety) and bolus clearance (swallow
efficiency) (Barbon et al., 2021), functional swallowing status (Hazelwood et al., 2022), swallowing-
specific quality of life (Arrese et al., 2017; Hazelwood et al., 2022; Wishart et al., 2022), and pneumonia
risk (Kooi et al., 2019). These associations suggest that treating and improving a patient’s physiologic
impairments may be a way of broadly improving their outcomes and quality of life. Importantly, however,
the “physiology of swallowing impairment” is not a monolith. Swallowing is a complex mechanism that
involves multiple organ systems (e.g. neural, muscular, respiratory) and requires the coordinated action of

a cascade of physiologic and anatomic movement to control the flow of a bolus safely and efficiently from
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mouth to esophagus (Logemann, 1988; Miller, 1986; Walton & Silva, 2018). There are many methods and
scales to characterize dysphagia physiology (e.g. temporal measures, kinematics, severity scores), but a
common thread between them is that each method includes measures of multiple different physiological
actions of the swallow mechanism (Speyer et al., 2021). This consistent inclusion of multiple physiological
components of the swallow underlines that swallowing is a multi-faceted and coordinated action of
physiology. Thus, when examining the physiology of dysphagia, it is important to characterize a profile of
impairments, i.e. which components of the swallow mechanism are impaired and to what degree.

Characterizing the commonalities and differences in swallow-physiology impairment profiles
across diagnoses has the potential to generate hypotheses about the nature and severity of dysphagia in
different populations. However, cross-diagnosis comparisons have only been conducted in a handful of
studies (Dumican & Watts, 2022; Garand et al., 2018; Mehraban-Far et al., 2021; Tadavarthi et al., 2020).
Thus far, in these studies, differences across diagnoses have been detected in penetration/aspiration
rates (Dumican & Watts, 2022; Garon et al., 2009; Mehraban-Far et al., 2021; Miles et al., 2019), oral
transit times (Dumican & Watts, 2022; Mehraban-Far et al., 2021), pharyngeal swallow reflex impairment
(Mehraban-Far et al., 2021), laryngeal vestibular closure temporal measures (Dumican & Watts, 2022),
and esophageal transit times (Miles et al., 2019). These studies suggest that comparing across
diagnoses may indeed reveal differences in impairment profiles, and therefore may provide a source of
characteristic difference for hypothesis generation. The clinical and scientific reasoning for choosing the
five diagnoses in the present study, i.e. HNC, Stroke, COPD, PD, and Dementia, was that they are each
associated with a high prevalence of dysphagia (Garcia-Peris et al., 2007; Gonzalez-Fernandez et al.,
2013; Good-Fratturelli et al., 2000; lkeda et al., 2002; Kalf et al., 2012; Lindh et al., 2017; Rogus-Pulia et
al., 2015).
Data-based Considerations

Theoretically, a comparison of physiologic impairment profiles across different diagnoses could
be investigated with meta-analyses of the existing dysphagia literature. There are many studies that
investigate the physiology of these diagnoses (e.g. (Curtis et al., 2020; de Deus Chaves et al., 2014b;
Fattori et al., 2022; K. L. Garand et al., 2018; Horner et al., 1991; J. S. Kim et al., 2015; Langmore &

Krisciunas, 2010; Lin & Shune, 2020; Mancopes et al., 2020; Minagi et al., 2018; Namasivayam-
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MacDonald & Riquelme, 2019; N. M. Rogus-Pulia et al., 2014). If these studies could be aggregated, they
might readily provide generalizable insights into the physiology of dysphagia. However, there is a
substantial amount of heterogeneity in the choice of what physiologic components to measure and how to
quantify them (Swan et al., 2019). Review articles that attempt to summarize the literature are limited to
reporting lists of typically impaired physiology, which does not allow for direct comparison of the relative
severity of diagnoses on those aspects of physiology (Lin & Shune, 2020; B. Patel et al., 2020b; N.
Rogus-Pulia et al., 2015; Tjaden, 2008; Wall et al., 2013). The present study is able to side-step this issue
of heterogeneity of methods and allow direct comparison of impairment severity by using a single
standardized, validated, and reliable physiologic measurement method, i.e. the Modified Barium Swallow
Impairment Profile (MBSImP™®). Using this standardized method means data can be easily aggregated
and compared. Furthermore, the present study is able to ensure generalizable results by using a large
clinical data registry, i.e. the MBSImP Swallowing Data Registry (MBSImP SDR), which has a large
sample of patients collected from thousands of clinicians across the world.

MBSImP itself provides a standardized, validated, and reliable method for measuring swallow-
physiology impairment profiles (Clain et al., 2022; Martin-Harris et al., 2008). MBSImP has a standardized
bolus administration protocol of 12 swallowing tasks and scoring protocol with 17 physiological
components, each with 3-5 levels of impairment severity. MBSImP has shown good content validity,
external validity, and structural validity, along with good internal consistency (See Chapter 1: Clain et al.,
2022; Martin-Harris et al., 2008). MBSImP also has an online training protocol that requires clinicians to
reach 80% agreement to a reference-standard rater, a requirement that has been shown to result in good
reliability across clinicians (Clain et al., 2022). The standardization and validity ensure that the data are
comparable enough across patients, clinicians, clinics, regions, etc. to justify aggregation into a single
cohesive dataset. The clinical training and reliability requirements help to ensure the quality and fidelity of
data collected from any clinicians who use the MBSImP SDR.

The MBSImP SDR was created for two main purposes: 1) to provide MBSImP-trained clinicians a
convenient way to store, access, and track their patients’ MBSImP scores, and 2) to generate a large,
centralized, de-identified dataset for swallowing research. These purposes together mean that the data

contained in the MBSImP SDR consist of clinical patient data from modified barium swallowing studies
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entered by clinicians trained and registered to use MBSImP. These data are likely representative of
patients referred for MBSS because the data are from patients referred for standard-of-care MBSS
without exclusion, the demographics of the dataset roughly match that of the general dysphagic
population (Adkins et al., 2020), and the sample size is large (N = 8190 for the five diagnoses). This
representativeness and large sample size confer a variety of benefits to the present study. The benefits of
these properties are made most clear by examining how the present study extends a proof-of-concept
study published by Garand et al. (2018).

Garand et al. (2018) provided evidence that MBSImP provides sufficient sensitivity to detect
differences in profiles of impairment of different diagnoses. They found significant differences in MBSImP
component impairment rates across patients in five broad medical diagnostic categories, i.e
cardiothoracic, head-and-neck cancer, gastroenterologic, neurologic, and pulmonary. Differences were
detected mainly when comparing the gastroenterologic category to the other categories. These
differences were detected despite the limitations of the study that included its sample size (N = 235), its
use of broad diagnostic categories (with small sample sizes within those categories), not controlling for
age, sex, and race differences, and dichotomizing MBSImP component scores. The present study
addresses each of the limitation of the Garand feasibility project by leveraging the large sample size to
allow more specific categories of diagnoses (e.g. COPD vs. Pulmonary), larger sample sizes within
diagnoses (>900 per diagnosis), and the use of cumulative logistic regression to allow controlling for age,
sex, and race along with the modeling of multiple impairment levels for each MBSImP component.

Using the MBSImP SDR, however, also provides challenges. As mentioned above, MBSImP is a
set of 17 physiologic variables each with 3-5 levels of impairment severity. The large sample size of the
MBSImP SDR allows us to retain and characterize multiple levels of impairment for each of these
physiologic components, rather than dichotomizing each component. However, in order to accomplish
this, a statistical approach is required that can account for multiple levels of severity. To this end, we
chose to use the proportional odds model (Bender & Grouven, 1997) which, at each possible split of the
levels of the scale, estimates the (log) odds of having a score above vs below the split. The proportional
odds model, however, requires the assumption that the effect of each covariate is the same regardless of

where the cutoff is placed on the ordinal scale. If violated, this assumption can be relaxed for particular
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covariates so that the effect of a particular covariate can vary across the cutoffs (Peterson & Harrell Jr.,
1990). When this assumption is violated, it can be for a clinically meaningful reason and the relaxing of
this assumption can (and in the present study, will) reveal clinically relevant information about the
distribution of scores for particular covariates.

Another challenge that arises from using the MBSImP SDR, common in many clinical data
registries and electronic health records, is missing data (Kruse et al., 2018; C. H. Lee & Yoon, 2017;
Mack et al., 2018a). In the MBSImP SDR, there are two primary sources of missingness. Since the
primary purpose of the MBSImP SDR is the storage of MBSImP scores and swallowing-related
information for use in clinical practice, non-swallowing-specific medical information was often missing
from patient records. This missingness of general medical information informed our decision to investigate
across diagnoses simply because diagnosis information was one of the medical fields that had the least
missingness. This missingness of medical information means that the MBSImP SDR is best suited for
high-level characterization of heterogeneous groups. This type of high-level analysis will inform more
controlled smaller-scale studies of the influences on physiologic impairments within individual diagnoses
and across diagnoses.

The other source of missingness was within the 17 physiologic MBSImP components. In the
MBSImP protocol, two of the MBSImP components (C13: Pharyngeal Contraction & C17: Esophageal
Clearance) require the patient to be turned from a lateral viewing plane (wherein 15 of the 17 of
components are evaluated) to an anterior/posterior view (Martin-Harris et al., 2008). These two
components had high levels of missingness, and based on years of field testing with MBSImP, we
hypothesized that this was due to clinicians being less likely to turn patients with higher severity or those
that are difficult to reposition. If so, this would mean that patient’s swallowing impairment would be
systematically biased toward lower severity. Thus, we tested this hypothesis by examining the
relationship between patient severity and missingness and corrected for potential bias by using inverse
probability weighting (Seaman & White, 2013). Penetration/Aspiration Scale scores and MBSImP
component 3 (Mastication) also showed substantial missingness, and so we applied the same inverse

probability weighting procedure to them as well.
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All taken together, these considerations resulted in the present study being aimed at answering
the following question: to what extent do swallow-physiology impairment profiles differ across five of the
most commonly dysphagia-associated diagnoses, i.e. Head and Neck Cancer, Stroke, Chronic
Obstructive Pulmonary Disorder, Parkinson’s Disease and Dementia? This research question and
analysis approach are thus the result of using the data available in the large, representative MBSImP
SDR to address the clinical and scientific need to understand the physiology of dysphagia, while also
addressing the methodological challenges inherent to such a dataset.

Methods

The present study is a cross-sectional analysis of the swallow-physiology impairment profiles of
five diagnoses across the 17 components of MBSImP and the Penetration/Aspiration Scale (PAS). The
data are derived from the MBSImP Swallowing Data Registry (SDR), which is a real-world clinical
database of Modified Barium Swallow Study patient records. The analysis consists of partial proportional
odds models with physiologic outcomes as the dependent variables and diagnoses and demographics as
the independent variables. Inverse Probability Weighting was used to correct for bias due to missingness
for physiologic outcomes with >5% missingness (Seaman & White, 2013). A novel metric related to
Stochastic Dominance was used for comparing across diagnoses (Cerchiello et al., 2010).

Dataset

The data for the present analysis were drawn from the MBSImP Swallowing Data Registry
(MBSImP SDR) from its inception in 2008 until March of 2020. The data in the SDR come from all 50
states and over 40 countries across the globe. These data are input by MBSImP-trained clinicians who
use the MBSImP electronic record system and opt to send a de-identified copy of their patients’ records
to the MBSImP SDR. Clinicians entering data into the SDR have the option to enter data via an “express
form” or a “long form”. The express form contains required fields for MBSImP and Penetration-Aspiration
Scale (PAS) scores (see below for details), as well as the patient’s Primary Diagnosis and demographics.
The long form includes additional fields on comorbidities, past medical history, functional swallowing
measures, patient reported outcomes, treatment strategies, diagnosis-specific information, etc., however

data for these fields were entered much less frequently. Therefore MBSImP scores, PAS scores, Primary
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Diagnosis and demographics formed the basis of the present analysis. See Supplemental Figures 1-3 for
screenshots of the data-entry forms used by clinicians to enter data into the MBSImP SDR.

Of the many diagnoses in the SDR, five diagnoses were chosen to form the basis of the present
analysis due to their high rate of occurrence in the SDR and their known association with swallowing
impairment (Garcia-Peris et al., 2007; Gonzalez-Fernandez et al., 2013; Good-Fratturelli et al., 2000;
Ikeda et al., 2002; Kalf et al., 2012; Lindh et al., 2017; Rogus-Pulia et al., 2015). These five diagnoses are
stroke (N = 3,342), Head and Neck Cancer (HNC; N = 2399), Dementia (N = 1066), Chronic Obstructive
Pulmonary Disorder (COPD; N = 995), and Parkinson’s disease (PD; N = 923). If there were multiple
visits in the SDR for a single patient, only the record of the first visit was included. The distribution of sex,
race, and age among the selected diagnoses is displayed in Table 5; also shown are tests of
independence that show that there are significant differences across the diagnoses for each of those
demographic variables. Hispanic/Latino status had a much larger amount of missingness than the other
demographics (26% vs < 1%) as it was often reported as “Unknown/Unreported” and therefore was
excluded from the analysis but is included in the table for reference. Distributions of diagnosis-specific
information (e.g. subtype of Dementia, the lesion location for Stroke, and cancer staging and treatment for

HNC) are included in Supplemental Tables 2-4.
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Protocols

MBSImP Protocol - Clinicians must be trained in the use of the Modified Barium Swallow
Impairment Profile (MBSImP) and meet a baseline threshold of scoring reliability (Martin-Harris et al.,
2008) before they are permitted to enter data into the MBSImP SDR in order to maintain fidelity of the
data. This training in MBSImP includes both the MBSImP rating scale and the MBSImP bolus
administration protocol.

The MBSImP rating scale is a standardized and validated scale of the severity of impairment for
17 physiologic components of swallowing (See Table 3 for list of components). Scores on the rating scale
range from 0 to 2, 3, or 4 depending on which physiologic component is being assessed (Martin-Harris et
al., 2008). The Penetration-Aspiration Scale (PAS) is also typically scored as part of the MBSImP scoring
protocol. PAS is an 8-point scale developed separately from MBSImP that describes the degree to which
the bolus entered the airway and whether it was subsequently ejected.

The MBSImP bolus administration protocol consists of 12 swallow trials with the following
consistencies, volumes, and presentation methods: four thin-liquid (<15 cps) trials (two 5mL via teaspoon,
a cup sip [20mL], and sequential swallow from cup [40mL]), four nectar-thick (150-450 cps) trials (two
5mL via teaspoon with one from the typical lateral view and one from an anterior/posterior view, a cup sip,
and a sequential swallow), one thin-honey (800-1800 cps) trial (5mL via teaspoon), two pudding (4500-
7000 cps) trials (two 5mL via teaspoon with one from the typical lateral view and one from an
anterior/posterior view), and one solid trial (a half-portion of a Lorna Doone cookie coated with 3mL of
pudding barium). All trials are administered using standardized, “ready-to-use” barium contrast
(VARIBAR®, barium sulfate 40% weight/volume; Bracco Diagnostics, Inc., Monroe Township, NJ).

Furthermore, each component is only scored for the swallow trials for which it can be assessed.
For example, for the sequential swallow trials, patients are not asked to hold a liquid bolus in the oral
cavity, therefore component 2 (tongue control during bolus hold) cannot be assessed and is not scored.
Similarly, Component 3 (bolus preparation/mastication) is only scored for the solid bolus trial. For the two
swallow trials in the anterior/posterior (A/P) view, the viewing plane provides a perspective ideal for

scoring components 13 (pharyngeal contraction) and 17 (esophageal clearance), but this also means no
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other components are scored from this view. When no A/P view is captured, Component 17 can be
scored in the lateral view.

In clinical practice and typically in research, the MBSImP scores from the individual swallow trials are
represented by the “Overall Impression” or Ol score for each of the 17 components and PAS, which is the
most severe score on that component across all swallowing tasks/bolus consistencies. As such, the
analyses in the present study are based on Ol scores.

Model-Specification

For each component we followed the same procedure for determining the final model. We first
determined that the appropriate model for the present data and research question was 1) a cumulative
logistic regression model where 2) the outcome variable is an MBSImP component and 3) the
independent variables are the diagnoses, age, and demographic variables (i.e. race and sex).

We used a cumulative logistic regression to retain the maximal amount of information from the
component scores, allowing all of the potentially clinically meaningful variability in severity of impairment
to be available for differentiating between diagnoses. Oftentimes MBSImP scores are either summed into
Oral Total and Pharyngeal Total scores (e.g. Clark et al., 2020; Garand et al., 2018; Im et al., 2019; Kooi
et al., 2019; Wilmskoetter et al., 2019) or dichotomized into unimpaired vs impaired (e.g. Garand et al.,
2018; Vose et al., 2019; Wilmskoetter et al., 2019). Using Oral or Pharyngeal total scores prevents
identification of the specific physiology driving difference in severity and dichotomizing scores means that,
among impaired patients, any differences in severity are ignored. Therefore, we opted to use the
cumulative logistic regression for each component to allow for analysis of each specific physiologic
component and for to allow for differences in severity amongst impaired patients to influence the
impairment estimates of each diagnosis.

We included age, race, and sex as independent variables as their distributions differed across
diagnoses (as mentioned above) and there is some evidence that each of these variables may have an
association with physiologic impairment (Ahn et al., 2020; Daniels et al., 2017a; Dozier et al., 2006; Gall
et al., 2010; Gonz et al., 2011; Hiss et al., 2004; Mehraban-Far et al., 2021; Mogensen et al., 2013),

though the evidence for sex differences is mixed.
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Co-occurrence of these five diagnoses was generally rare in the present dataset. Co-occurrence of
any two (of the five) diagnoses was defined as when a patient had both of those diagnoses in their
record, regardless of whether they were listed as Primary Diagnosis (of which there could be multiple),
Comorbidities, or were in their past medical history. Co-occurrence between each pair of diagnoses was
less than 6% except for between Dementia and Parkinson’s, where there was 13% co-occurrence (N =
267 patients with both). To account for this 13% co-occurrence, we added an interaction term between
Parkinson’s Disease and Dementia, which allows for the estimation of the impairment levels of patients
specifically with Parkinson’s with Dementia (PDwDem).

We also included age x diagnosis interactions in our models. Across the five diagnoses, there were
substantial differences in the distribution of ages (See Table 5). In addition, age has been shown to be
associated with increased impairment of swallowing physiology within healthy populations (Feng et al.,
2013; Hiramatsu et al., 2015; Jardine et al., 2020; Mancopes, Gandhi, et al., 2021; Wang et al., 2015) and
in diagnostic populations (Ahn et al., 2020; Mehraban-Far et al., 2021). We therefore decided to test
whether allowing the effect of age to differ for each diagnosis (i.e. including an interaction term between
age and each diagnosis) would significantly improve the model fit compared to a model where the effect
of age is consistent across all diagnoses (i.e. no interaction term). We compared model fit using likelihood
ratio tests and found that for all components, the model with the age interaction had higher likelihood than

the model without age interactions (using a <0.1; See Table 6).



Component Df Chisqg Pr(Chisq)

C1 - Lip Closure 5 323 53x10°
C2 - Bolus Hold 5 16 0.007
C3 - Mastication 5 267 6.5x10°%
C4 - Lingual Motion 5 132 0.022
C5 - Oral Residue 5 16.5 0.006
C6 - Ph. Swall. Init. 5 519 55x10710
C7 - Soft Palate Elev. 5 105 0.063
C8 - Laryn. Elev. 5 432 34x108
C9 - Hyoid Excursion 5 246 1.7 x 10
C10 - Epiglot. Move. 5 18.6 0.002
C11 - Laryn. Vest. Clos. 5 464 7.6x10°
C12 - Phary. Strip 5 342 22x10°
C13 AP - Phary. Contract. 5 15 0.010
C14 - PES open. 5 123 0.031
C15 - Tongue Base Ret. 5 1641 0.006
C16 - Phary. Residue 5 235 27x10*
C17 AP - Esoph. Clear 5 194 0.002

Penetration / Aspiration 5 442 2.1 x108

Table 6 Likelihood ratio tests for each outcome variable comparing models with versus without age x
diagnosis interactions.
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For all components, we first fit cumulative logistic regressions using a proportional odds assumption
across all covariates. However, when HANC patients were included in the models for the other
components, there were substantial deviations from the proportional odds assumption in the binary score
residuals (Harrell, 2015). When the HANC patients and covariates were removed from the model, the
deviations in the binary score residuals either disappeared or were reduced to acceptable levels for all
other variables. Therefore, we relaxed the proportional odds assumption for HANC and left the
proportional odds assumption intact for all other covariates. The only components where the we left the
proportional odds assumption intact for all covariates (including HNC) were Oral Residue (C5),
Pharyngeal Contraction (C13), Tongue Base Retraction (C15), Esophageal Clearance (C17), and
Penetration/Aspiration.

For nine of the seventeen components, in order to allow model fit to converge, some scores needed
to be combined. If a component’s severity score for any diagnosis contained less than ~30 patients, that
severity score was combined with the next less severe score. Due to the most severe scores invariably
being the least prevalent, when this score-collapsing procedure was necessary, it typically resulted in the
two most severe ordinal levels being collapsed into a single score. Specifically the two most severe
scores were collapsed into a single severity score for Lingual Motion (C4), Oral Residue (C5), Pharyngeal
Swallow Initiation (C6), Laryngeal Elevation (C8), Pharyngeal Stripping Wave (C14), Tongue Base
Retraction (C15), Pharyngeal Residue (C16), and Esophageal Clearance (C17); the three most severe
scores were collapsed into a single score for Soft Palate Elevation (C7). These collapsed scores were
treated as the most-severe ordinal value in the regression analyses. For computing the Normalized Mean
Ol Score (see below for details), however, the score of the collapsed category was taken as the average
of the uncollapsed scores across the full dataset. For example, if scores of 3 and 4 were collapsed and
there were three times as many 3s as 4s in the dataset, the collapsed score would be 3.25. In addition,
Penetration Aspiration Scale Scores were collapsed into three levels to ensure ordinality: 1-2 for healthy-

normal, 3-6 for penetration, and 7-8 for aspiration.
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All analyses were conducted using the R programming language (R Core Team, 2022). Initial
proportional odds models were fit using the ‘rms’ package (Harrell Jr., 2023); partial proportional odds
models were fit using the VGAM’ package (Yee & Moler, 2023).

Missing Data in Outcome Variables

Four of the seventeen MBSImP components had greater than 5% missing data. Furthermore,
these rates of missingness varied across diagnoses and across patient severity as quantified by Oral
Total and Pharyngeal Total scores (omitting the five components above). This association between
diagnosis/severity and missingness suggests that the pattern of missing data in the MBSImP SDR is not
completely random. Rather it could be considered “Missing at Random” where the variables in the
MBSImP SDR can potentially predict which patients are likely to have missingness for which components
(Mack et al., 2018b).

We leveraged this potential association to use Inverse Probability Weighting (IPW) to attempt to
correct for any bias introduced in the non-random pattern of missingness (Seaman & White, 2013). For
each of the four components with >5% missingness (C3, C13, C17, and PAS), we derived inverse
probability weights from a logistic regression where the outcome variable was whether the data were
complete (0 vs 1) and the explanatory variables were diagnosis, an oral sum score, and a pharyngeal
sum score derived from the remaining 13 MBSImP components (oral sum = sum[C1, C2, C4, C5, C6],
pharyngeal sum = sum[C7, C8, C9, C10, C11, C12, C14, C15]). These explanatory variables were
chosen because we expected that more severe patients (as determined by sum scores) would have
higher missingness. This was found to be the case, especially for c3, c13, and c17, as can be seen in
Figure 4. The weights derived from these logistic regressions, i.e. the inverse of the probability of having
complete data, were truncated if any of the weights were >100 such that weights larger than 100 were
truncated to the 99™ percentile of the weights (Seaman & White, 2013). This was necessary for
component 3 (Bolus Preparation / Mastication) and PAS such that their max weights of 103 and 154 were
truncated to 18 and 33, respectively. These weights were then applied to the data of each of their
respective MBSImP/PAS models to produce final estimates.

Logistic regressions for the IPW models were conducted using ‘stats’ package in the R

programming language (R Core Team, 2022).
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Figure 4 For the four components with >5% missingness, here is plotted the proportion of missing data
versus the sum of the remaining components scores (a proxy for patient severity). A) The plot where the
severity sum is for Oral components. B) The plot where the severity sum is for the Pharyngeal

Due to the violation of the proportional odds assumption by the HNC group, we could not use odds
ratios as the overall statistic for comparing diagnoses as the odds ratio would differ depending on the
impairment level of the components. Instead, for each component, we computed a statistic that we will

refer to as the Normalized Mean Overall Impression (Ol) Score. To compute the Normalized Mean Ol

Score for a particular MBSImP component, we first acquire the predicted probabilities for each impairment

level unconditional on race and sex (see below for details). We then multiply those predicted probabilities

by their respective MBSImP scores and normalized to (i.e. divide by) the max score for that component.

This provides a statistic that is bounded between 0 and 1 where 0 means every patient is predicted to

have no impairment, i.e. a score of 0, and 1 means that every patient is predicted to have the max score

for that component. This metric can also be thought of as a normalized version of the stochastic

dominance index presented by Cerchiello et al., (2010) that is altered so it is bounded between 0 and 1
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and so that higher values mean worse impairment. The Normalized Mean Ol score can therefore be

K 1 _p.
equivalently defined as follows: Normalized Mean Ol Score = % where i is the impairment score, K

is the max impairment score, and F; is the cumulative distribution function of the predicted probabilities at
impairment level i.

The predicted probabilities required to calculate this normalized score were generated from the fitted
cumulative logistic regression models. To ensure that any comparisons of the Normalized Mean Ol
Scores were unconditional on age, race, and sex, we computed these predicted probabilities as weighted
averages across race and sex for each diagnosis (Harrell, 2015). In practice, this meant that for each
diagnosis we first acquired the predicted probabilities of each impairment level for each race and sex
combination (e.g. Asian-Male, Black-Male, etc). For each impairment level, we then computed a weighted
average of the probabilities across all race-sex combinations, where the weight was the frequency of the
race-sex combination in the entire dataset. Normalized Mean Ol Scores were then calculated based on
the resulting weighted averages of probabilities.

Age, sex, and race variables did not violate the proportional odds assumption and thus their
differences could be compared directly using odds ratios. As there were significant improvements in
model fit when age x diagnosis interactions were included in the models, we extracted an age-related
odds ratio for each diagnosis for each component. As race and sex were independent of diagnosis and
age in the present model, we computed a single odds ratio for each of these variables for each
component. Using odds ratio for the categorical variables of race and sex requires an arbitrary choice of a
“baseline” group for each; “Asian” was chosen as the baseline for race and “female” was chosen as the
baseline for sex.

Confidence Interval & P-value Estimation

Confidence intervals and p-values for all variables were computed using custom bootstrapping to
estimate the variability of model estimates (Efron & Hastie, 2016). Custom bootstrapping conferred two
benefits: 1) confidence intervals could be estimated for the Normalized Mean Ol Scores which would
otherwise be difficult to obtain given that the proportional odds model more naturally produces estimates

of odds ratios; and 2) for the components with substantial missingness, the uncertainty from the model-
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based IPW weights could be incorporated in the width of the confidence intervals and the resulting p-
values. We incorporated the IPW-based uncertainty into our confidence intervals by re-calculating IPW
weights for each bootstrap sample and using those weights to compute the estimates for each bootstrap,
thus allowing sampling error in the IPW estimation to impact the overall sampling error represented in the
final confidence intervals.

Ten thousand bootstrapped samples were used to calculate both the confidence intervals and the
p-values. Final confidence intervals were calculated from these bootstraps using the bias-corrected and
accelerated method (DiCiccio & Efron, 1996). P-values were calculated in two steps: first, subtracting the
model estimate from each bootstrap estimate to produce a distribution of bootstrapped estimates
centered on the null; second p-values were calculated as the percentage of null-centered bootstrap
estimates whose absolute value was greater than or equal to the absolute value of the main model
estimate, i.e. as extreme or more extreme than the observed value. For comparing Normalized Mean Ol
Scores, the threshold for significance was set at a = 0.01 to balance the exploratory nature of this
analysis with the potential false positives due to the substantial number of paired comparisons between
diagnoses [270 comparisons = (17 components + PAS) x (all possible comparisons between 5 diagnoses
+ PDwDem)]. As age, sex, and race were primarily just control variables, the threshold for significance for
these variables was at a = 0.05.

Results
MBSImP Impairment Rates and Score Distributions

Figure 5 presents the model-predicted distributions of scores for each component and diagnosis.
This figure serves as a reference for the underlying distributions that produce the Normalized Mean Ol
score, and also illustrates the reason for the deviation of HNC from the proportional odds assumption. In
addition, Table 7 presents the impairment rates of each component as calculated from the raw data of
each diagnostic group.

In Figure 5, the order of the diagnoses on the x-axis is a ranking from least to most severe
impairment, as measured by their Normalized Mean Ol score. The size of each colored bar within each
diagnosis represents the expected proportion of patients with that impairment level. The violation of the

proportional odds assumption can be seen most clearly in Laryngeal Elevation (C8). For Laryngeal



Elevation, HNC’s impairment rate (and by definition, its odds of impairment) is lower than Stroke and
PDwDem, but HNC is ranked higher in severity. The reason for this is that HNC has higher rates (and
thus odds) of the most-severe score, despite having lower impairment rates. HNC’s higher rates of the

most severe score can also be seen clearly for Mastication (C3).
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Diagnosis Impairment Profiles

In the Oral Domain, the five diagnoses (and PDwDem) appear to be separable into the three
following groups: 1) Stroke, Dementia, and PDwDem, 2) PD and COPD, and 3) HNC. Stroke, Dementia,
and PDwDem patients consistently had significantly worse impairment than COPD or PD without
Dementia [all p < 0.007]. The exception to this was for Oral Residue (C5), where Dementia patients and
PDwDem patients were not significantly different from PD [p = 0.96 and p = 0.02 respectively]. Among the
Stroke, Dementia, and PDwDem patients, Stroke patients had significantly worse impairment than
Dementia patients for Lip Closure (C1) and Oral Residue (C5) [both p < 0.0001], otherwise they were not
significantly different [all p > 0.01]. On the other hand, patients with PDwDem had worse impairment than
those with either Stroke or Dementia for Lingual Motion (C4) [all p < 0.005], and otherwise were not
significantly different from patients with Stroke or Dementia [all p > 0.02]. Between PD and COPD, the PD
group had significantly worse impairment than the COPD group for Lip Closure (C1), Lingual Motion (C4),
and Oral Residue (C5) [all p < 0.0003]; and were not significantly different otherwise [all p > 0.02]. HANC
appeared to show its own characteristic impairment profile, sometimes having high impairment not
significantly different from the Stroke and PDwDem groups as with Mastication (C3) and Oral Residue
(C5) [all p > 0.1], while other times having lower impairment either not significantly different from PD as
with Bolus Hold (C2) [p = 0.99] or significantly lower than PD as with Lingual Motion (C4) [p = 0.0002],
and in the cases of Lip Closure (C1) and Pharyngeal Swallow Initiation (C6) having impairment
significantly below Stroke and PDwDem [all p < 0.004], but still above COPD and PD J[all p < 0.0003].

In the Pharyngeal Domain, the five diagnoses (plus PDwDem) appear to separate into the four
following groups: 1) HNC, 2) Stroke and PDwDem, 3) PD, COPD, and Dementia,. The HNC group had
consistently worse impairment than every other diagnosis for nearly all components [all p < 0.006]; the
exceptions were Laryngeal Elevation (C8) and Pharyngeal Stripping Wave (C12) where HNC was not
significantly different from PDwDem [p = 0.03 & p = 0.04, respectively], along with Pharyngeal
Contraction (C13) where HNC was not significantly different from Stroke [p = 0.31]. Stroke showed
consistently worse impairment than both COPD and PD [all p < 0.006]. The exceptions to this were Soft
Palate Elevation (C7) and Pharyngoesophageal Segment Opening (C14), where Stroke was not

significantly different from either COPD or PD, and Pharyngeal Residue (C16) where it was not
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significantly different from PD [all p > 0.1]. PDwDem had a similar profile to Stroke, though its confidence
intervals often overlapped with other diagnoses where Stroke did not. Similar to Stroke, it had significantly
worse impairment than PD and COPD for Laryngeal Elevation (C8) and Tongue Base Retraction (C15)
[all p < 0.0001]; in other cases, it was only significantly worse than COPD as with Pharyngeal Residue
(C16) [p = 0.0003] or only significantly worse than PD as with Laryngeal Vestibular Closure (C11) [p <
0.0001]. One uniqueness PDwDem had was that it was significantly worse than all other diagnosis except
HNC for Pharyngoesophageal Opening (C14) [all p < 0.007]. In the remaining components, it was not
significantly different from Stroke, PD, COPD, or Dementia [all p > 0.01]. Dementia, PD, and COPD were
generally not significantly different from each other with the exceptions of Laryngeal Elevation where
Dementia had significantly worse impairment than COPD and PD [p = 0.0042 & p = 0.0009, respectively],
Laryngeal Vestibular Closure (C11) where COPD and Dementia had significantly worse impairment than
PD [p = 0.0016 & p = 0.0089, respectively], and Pharyngeal Residue (C16) where PD had significantly
worse impairment than COPD [p = 0.0051].

In the Esophageal Domain, i.e. Esophageal Clearance (C17), Stroke had significantly lower
impairment than all other diagnoses [all p < 0.004], except Dementia [p = 0.42]. Otherwise there were no
significant differences between the remaining diagnoses [all p > 0.02].

For Penetration / Aspiration, Stroke and HNC patients showed the worst impairment, significantly
above the other diagnoses [all p < 0.003], and not significantly different from each other [p = 0.18].
Dementia was the next most impaired with significantly worse impairment than PD or COPD [p = 0.0073
and p = 0.001 respectively], but not significantly different from PDwDem [p = 0.63]. PDwDem, COPD, and

PD were all not significantly different from each other [all p > 0.04].
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Oral Components

Diag. 1 Diag. 2 1-LC 2-BH 3-BP/M  4-BT 5-OR 6-IPS

COPD Dementia | <0.0001 <0.0001 <0.0001 <0.0001 0.002 <0.0001

COPD HAN <0.0001 0.0025 <0.0001 <0.0001 <0.0001 <0.0001

COPD PD 0.0002 0.0228 0.3551 <0.0001 0.0001 0.723

COPD PDwDem | <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

COPD Stroke <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Dementia HAN 0.0657 <0.0001 0.0331 <0.0001 <0.0001 0.037
Dementia PD <0.0001 <0.0001 <0.0001 0.0066 0.9644 <0.0001
Dementia | PDwDem | 0.114 0.2212 0.3358 0.0048 0.0297 0.1349
Dementia Stroke <0.0001 0.1973 0.949 0.4744 <0.0001 0.0123

HAN PD 0.0002 0.9887 <0.0001 0.0002 <0.0001 <0.0001
HAN PDwDem | 0.0035 <0.0001 0.4999 <0.0001 0.1164  0.0004
HAN Stroke <0.0001 <0.0001 0.0001 <0.0001 0.0157 <0.0001
PD PDwDem | <0.0001 <0.0001 <0.0001 <0.0001 0.0202 <0.0001
PD Stroke <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

PDwDem Stroke 0.072 0.6023 0.2564 0.0038 0.4577  0.8471
Table 8 The p-values for the pairwise comparisons between each pair of diagnoses for each
MBSImP component and Penetration/Aspiration. Bold/italics indication significant differences
between diagnoses at for an a = 0.01 significance threshold.




58

‘ploysa.y1 souedliubls |00 = D Ue Joj Je sesoubelp usamiaq seouslallip Wedlubis uoneolpul soljel/plog ‘uonelidsy/uoljesusd
pue jusuodwod Jw|SgIN Yoes Joy sesoubelp Jo Jied yoes usamiaq suosuedwod asimied ayj Joj sanjea-d sy ‘panunuod g s|qe

20 9l¥0'0 9000 98100  80EVO L€E6'0 81660 ¢006'0 €€090 ¢vSlo ayols | weadmdd

87LL'0 £000°0> 8SE9'0 L000°0> 90000 L0O000> SS000 L0O0O0'0> L000°0> 19060 oIS ad

8L90°0 (000°0> L9000 86650 €CL00 L0000> 9¢0C0 ¥9¢0'0 £(000°0> 8LLLO0 | Weadmadd ad
L000°0> 1000°0> L0O000> /90€0 L000°0> L0OOO0> L0O0O00> LOOOO> L000°0> L000°0> | ®3ois NVH
L000°0> £€000°0 ¢0000 €S000 Vvv¥0'0O  €S00°0 L000°0> L0000> 96200 [000°0 | wesadmdd NVH
L000°0> 1000°0> L000°0> L0000> L0O000> LOOO0> LOOO0> LOO00> L000°0> L0000> ad NVH

€280'0 89900 ¢9/¢0 L0000> L2000  9GL00  L9YL°0 91100 ¥G0°0 8¢8.°0 a)oJls | eljusweg

€8€00 2000 €000 6G¢y'0 ¢€L00  vI0L'0  Zlev’'0  9vel0 c010 L€9L°0 | weadmdd | enlusweg

18960 LI9Y'0 98¢50 ClE90  ¥9G8'0 68000 L¥cS0 S.¥¥'0 60000 ¢80 ad eljuswag

L000°0> 1000°0> L0O00°0> L0000> LOOOO0> LOOOO> LOOOO> LO0OO0> L0O000> LOOOO> NVH efjuswed

L000°0> 10000> V¥.90 L0000> 6L000 LOO0OO £0000 L0000> L000°0> VvELO 9)ois adoo

€000°0 L000°0> 19000 L0S6°0 19¢0'0 60¥00 /8YL'0 LvilO0O £0000> L0SO00 | wsdMdd | ddOO

16000 18€00 88260 ¥SO¥'0 L1990 91000 G180 ¢80 cesy’'o 2lveo ad adoo

L000°0> 1000°0> L000°0> L0000> L0O000> LOOO0> LOOO0> LOO0'0> L000°0> L0000> NVH adoo

¥9¢L'0  v¢c0’0 L9/¥'0 ¢89¢°0 ¢Cle¥0 1180 ¥r¥8€'0 ¢6¢€0 Zr00°0 L9€G0 | eyusweg | daAdOO

dd-91 d91-Gl S3ad—+vlL Od—€L MSd—¢l OAT-LL W30l 3IHV-6 378 3dS—. Z ‘beig | "beig

sjusuodwo?) |eabuiieyd



Diag. 1 Diag. 2 17-EC  Pen/Asp
COPD Dementia | 0.1336  0.0073
COPD HAN 0.2614 <0.0001
COPD PD 0.5629 0.3018
COPD PDwDem | 0.1485 0.129
COPD Stroke 0.0001 <0.0001
Dementia HAN 0.3931 0.0001
Dementia PD 0.2964 0.001
Dementia | PDwDem | 0.0257  0.6298
Dementia Stroke 0.4259 0.0007

HAN PD 0.696  <0.0001

HAN PDwDem | 0.0445  0.0005

HAN Stroke 0.0006 0.1776
PD PDwDem | 0.0817  0.0442
PD Stroke 0.0039 <0.0001

PDwDem Stroke 0.0011  0.0022
Table 8 continued. The p-values for the pairwise comparisons between each pair of diagnoses
for each MBSImP component and Penetration/Aspiration. Bold/italics indication significant
differences between diagnoses at for an a = 0.01 significance threshold.
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Age-Associated Changes in Impairment Profiles

As age did not violate the proportional odds assumption, for each diagnosis & component we
represent the association of age and impairment using an odds ratio that represents the increase or
decrease in the odds of having worse impairment per 1-year increase in age, as shown in Figure 7; the
associated p-values are shown in Table 9.

COPD and HNC were the only two diagnoses for which a majority of components showed
significant age-associated increases in the odds of having worse impairment. For COPD, three of the six
Oral components, six of the ten Pharyngeal components, as well as Esophageal Clearance (C17) and
Penetration/Aspiration all showed significant age-associated increases in odds of having worse
impairment [all p <0.05]. For HNC, four of six Oral components, nine of ten Pharyngeal Components, the
Esophageal Domain (C17) and Penetration-Aspiration all had significant increases in odds with
increasing age [all p < 0.05].

PD and PDwDem both primarily showed age-associated increases in the odds of having worse
impairment in the Pharyngeal Domain, with Mastication (C3) having the only odds ratio significantly
greater than 1 in the Oral Domain for PD [p = 0.019], and no other Oral components being significant
across the two diagnoses [all p > 0.15]. In the Pharyngeal Domain, Soft Palate Elevation (C7), Epiglottic
Movement (C10), Pharyngeal Stripping Wave (C12), and Pharyngeal Residue (C16) all had significant
age-associated increases in odds of having worse impairment across both PD and PDwDem [all p <
0.05]. For PD, but not PDwDem odds ratios for Anterior Hyoid Excursion (C9) and Penetration/Aspiration
were significantly greater than 1 [p = 0.037 & p = 0.007, respectively]. For PDwDem, but not PD, the odds
ratio for PES Opening (C14) was significantly greater than 1 [p = 0.037].

For Stroke, age was significantly associated with increased odds of having worse impairment for
Mastication (C3), Lingual Motion (C4), and Esophageal Clearance (C17) [all p < 0.05], and significantly
associated with decreased odds of having worse impairment for Lip Closure (C1), Oral Residue (C5), and
Pharyngeal Swallow Initiation (C6) [all p < 0.04]; no other components for Stroke showed significant
associations with age [all p > 0.05]. For Dementia, age was significantly associated with decreased odds
of having worse impairment for Lip Closure (C1) [p < 0.0001], but was otherwise not significant [all p >

0.06].
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MBSImP Component

Figure 7 shows the odds ratios associated with a 1-year increase in age for each diagnosis across the 17
MBSImP Components and Penetration/Aspiration. The horizontal black line represents no age-associated
change in odds of having worse impairment. Error bars represent 95% confidence intervals.
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Sex- and Race-Associated Differences in Impairment Profiles

Sex and Race were primarily included as control variables in the present study. Nonetheless
there were significant differences across sexes and races for many of the MBSImP components. Figure
8A shows the odds ratios for Male verus Female patients, and Figure 8B shows the odds ratios for each
race versus Asian patients. Table 10 shows the p-values of each sex- and race-associated odds ratio for
each MBSImP component. For sex, Male patients had significantly worse odds of having worse
impairment than Female patients for Lip Closure (C1) and Bolus Hold (C2) in the Oral Domain, for all
Pharyngeal components (with the exception of Soft Palate Elevation — C7), and for Esophageal
Clearance (C17) and Penetration/Aspiration [all p < 0.02]. For race, one consistent finding was that in the
Oral Domain, Black/African American patients had significantly higher odds of having worse impairment
than Asian patients for all components except Mastication (C3) [all p < 0.05]. In addition, in the
Pharyngeal Domain Black/African American and White patients, as well as patients all other patients (i.e.
“Other” and Not Reported) had significantly higher odds of having worse impairment than Asian patients
for Soft Palate Elevation (C7), Tongue Base Retraction (C15), and Pharyngeal Residue (C16) [all p <

0.02].
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Figure 8 The odds ratios for sex and race across MBSImP Components and Penetration/Aspiration. The
horizontal black line represents no difference from the baseline comparison category. A) Odds ratios for
male patients versus female patients. B) Odds ratio for who reported their race as Black/African
American, White, and Unknown/Not Reported versus Asian.
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MBSImPP®t for Comparing Populations and Individuals

Using the models we developed to compare the diagnoses, we can also compare the impairment
profiles of individual patients to the model-expected impairment profile for a patient with the same
diagnosis and age. Figure 9 shows an example of such a plot for a 79-year-old Dementia patient. We can
see that the patient has higher than average impairment for Lip Closure (C1), Mastication (C3), Lingual
Motion (C4), Oral Residue (C5), Hyoid Excursion (C9), Laryngeal Vestibular Closure (C11), and
Pharyngeal Stripping Wave (C12); they had approximately average impairment for Bolus Hold (C2), Soft
Palate Elevation (C7), Laryngeal Elevation and (C8); and they had below average impairment for
Pharyngeal Swallow Initiation (C6), Epiglottic Movement (C10), Pharyngeal Contraction (C13), PES
Opening (C14), Tongue Base Retraction (C15), Pharyngeal Residue (C16), Esophageal Clearance (C17),

and Penetration/Aspiration.
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Figure 9 The MBSImP'"t showing the measured impairment levels and the model-expected impairment
levels for a 79-year-old patient with Dementia across the 17 MBSImP components and
Penetration/Aspiration.
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Discussion

The present study characterized swallow-physiology impairment profiles of five dysphagia-
associated diagnoses using a standardized, validated, and widely used clinical method. The
characterizations of swallow-physiology impairment profiles in the present study can be used to generate
hypotheses and data-driven predictions about the nature and severity of dysphagia in clinical patient
populations. The general findings of the present study include 1) COPD and PD having similar
impairment profiles, 2) Stroke, Dementia and PDwDem having significantly worse Oral Impairment than
PD or COPD, 3) Stroke having worse Pharyngeal Impairment than COPD or PD, 4) HNC have a unique
Oral Impairment profile as well as having the worst Pharyngeal Impairment on nearly every component, 5)
HNC and Stroke having the worst Penetration/Aspiration scores, and 6) Dementia having worse
Penetration/Aspiration scores than COPD or PD.

In the following discussion, we will show how the present results relate to the general literature on
swallowing-physiology impairments in our five diagnoses, as well as prior studies that have directly
compared those diagnoses. We will also discuss evidence for the clinical significance of our findings and
then highlight key commonalities and differences found between diagnoses, along with hypotheses
generated by those results. In addition, we will highlight results that support the importance of acquiring
the AP view. We will conclude with cautions in the interpretation of the age/race/sex results, a discussion
of the potential uses of the MBSImP'°!, and limitations of present work.

Prior Studies on Swallowing Physiology

Much of the prior research on the physiology of swallowing in the five diagnoses examined here
has focused on examining the diagnoses alone or comparing the diagnoses (or subpopulations thereof)
to controls (e.g. Barbon et al., 2020; Bingjie et al., 2010; de Deus Chaves et al., 2014; Fattori et al., 2022;
Hutcheson et al., 2012; I. S. Kim & Han, 2005; Y. H. Kim et al., 2019; Y. Kim & McCullough, 2010;
Langmore et al., 2007; Lee et al., 2015; Mancopes et al., 2020; Miarons et al., 2018; Minagi et al., 2018;
Mokhlesi et al., 2002; Namasivayam-MacDonald et al., 2021; Namasivayam-MacDonald & Riquelme,
2019; Park et al., 2010; N. M. Rogus-Pulia et al., 2016; Seo et al., 2016). This research approach is quite

valuable because it reveals which physiologic components are impaired in which populations, and thus
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which physiologic components have the potential to be targets for treatment. However, due to
heterogeneity in which physiologic components are measured and how impairment is defined, direct
comparison of diagnoses is difficult. Reviews of this swallow-physiology literature are typically limited to
lists of impairments that are characteristic of a particular diagnosis (e.g. Lin & Shune, 2020; Patel et al.,
2020; Rogus-Pulia et al., 2015; Tjaden, 2008). The issue is that these lists of impairments tend to be
highly overlapping, which on the one hand could mean diagnoses have similar impairment profiles, or on
the other hand that all diagnoses have some impairment for the components in the lists, but particular
diagnoses have worse impairment than others.

A few prior studies have directly compared diagnoses and found results that are either fully
consistent with or can be reconciled with the findings of the present study. Mehraban-Far et al. (2021)
found that Dementia and Stroke had longer Oral Transit Times (OTT) and more frequent Premature
Pharyngeal Entry than HNC; similarly, Garand et al. (2018) found a Neurologic group had worse Bolus
Hold (C2) than HNC. Both of these studies are thus consistent with our finding that Dementia and Stroke
have generally worse Oral impairments than HNC. In addition, Dumican & Watts (2022) found Stroke had
longer OTT than PD, which is consistent with our finding that Stroke patients have worse Oral
impairments than PD patients. There are nonetheless some apparent discrepancies between prior
studies and the present study. These discrepancies, however, can be potentially explained by differences
in study samples and by what variables were or were not controlled. For example, Dumican & Watts
(2022) found that PD had worse pharyngeal impairments than Stroke, including worse vallecular residue,
laryngeal elevation, and laryngeal vestibular closure, contrary to Stroke being worse or not significantly
different than PD for these physiologic components in the present study. This apparent discrepancy is
likely explained by 1) the separation of PD from PDwDem in the present study with no such separation in
the prior study, which is relevant given that PDwDem was significantly more impaired than PD for these
components, and 2) differences in the way these were physiologic components were measured since the
prior study did not provide operational definitions for how physiologic impairments were judged. In
addition, Garand et al., (2018) found that for Bolus Hold (C2) and Mastication (C3), a Pulmonary category
had worse rates of impairment than the HNC category. Although this may appear inconsistent with our

finding that COPD (the only pulmonary diagnosis in our study) was significantly less impaired than HNC
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for both of these components, it is likely the Pulmonary category in the prior study contained non-COPD
pulmonary diagnoses (e.g. Pneumonia) that would skew the results to much higher rates of impairment.
Clinical Significance of Present Study

Comparing the impairment rates in the present study to impairment rates in healthy adults by
Garand et al. (2022) provides evidence that each of the five diagnoses in the present study show
substantial and clinically significant impairment. That prior study showed that for 11 of the 17 MBSImP
components, 0% of patients (N = 195) were impaired (i.e. all patients had scores of zero). In contrast, our
results showed that regardless of diagnoses, for 15 of the 17 components at least 25% of patients were
impaired, and for 8 of the 17 components at least 50% of patients were impaired (See Figure 5). Although
the interpretation of this comparison is limited by the adults in that prior study being younger than those in
the present study (mean age: 47 vs 73), the contrast still suggests that all diagnoses in the present study
have substantial swallowing deficits.

Furthermore, the differences in impairment between diagnoses seen in the present study are also
clinically significant. The main metric of comparison across diagnoses we use is the Normalized Mean Ol
Score, which accounts for differences between diagnoses at all levels of impairment. This metric,
however, is novel, and thus an examination of the more familiar metric of impairment rates helps to make
the effect size of the differences between diagnoses clearer. In particular, we can take two diagnoses and
calculate the absolute difference in impairment rates (i.e. risk of impairment; Ranganathan et al., 2016)
between those diagnoses. Take, for example, Laryngeal Vestibular Closure (C11), where 55% of PD
patients are impaired and 73% of HNC patients are impaired. This means that there is an 18% absolute
risk difference between PD and HNC for LVC, which suggests that, in equivalent sets of 10 patients, a
clinician seeing HNC patients could expect to see ~2 more patients with LVC impairment than would a
clinician seeing PD patients. This comparison serves to illustrate that the differences in impairment rates
seen in the present study represent meaningful differences in clinical expectation across diagnoses.
Although this impairment-rate comparison is useful for aiding interpretability and understanding clinical
significance, these impairment rates do not account for the severity of impairment or differences in
impairment distributions (like those seen in HNC), and therefore we used Normalized Mean Ol Scores as

the primary basis for our cross-diagnosis comparisons.
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Commonalities, Differences, and Hypotheses

Using MBSImP and Normalized Mean Ol Scores as the basis for comparisons in the present
study provided us with a standardized measurement tool that allowed characterization of the
commonalities and differences in impairment profiles across diagnoses accounting for differences in
severity of impairment. Here we will highlight key findings of commonalities and differences across
diagnoses and the hypotheses that were generated by these findings.

Across all 17 MBSImP components and PAS, there were 13 measures for which COPD and PD
did not significantly differ. This apparent similarity in the impairment profiles of COPD and PD is
interesting given that COPD and PD have differing etiologies (i.e. Pulmonary and Neurological,
respectively). In addition, within the Pharyngeal and Esophageal Domains, Dementia did not significantly
differ from COPD for 10 of 11 components nor from PD for 9 of 11 components. From these findings, we
generated the hypothesis that the shared impairment profile of COPD and PD (and of Dementia in the
pharyngeal domain) may represent a kind of baseline diagnosis-independent disruption to the swallowing
mechanism. If this is the case, then this hypothesis could be tested by future studies examining the
impairment profiles of other diagnoses to see if this baseline impairment profile appears in those as well.
The impairment profiles of COPD and PD are, however, not identical. In the Oral domain the largest
difference between COPD and PD is for Lingual motion (C4), with PD showing worse impairment than
COPD. This result is likely due to the characteristic “tongue pumping” or repetitive rocking motion of the
tongue associated with PD (Suttrup & Warnecke, 2016; Tjaden, 2008). In the Pharyngeal Domain, the
largest difference is for Laryngeal Vestibular Closure (LVC - C11) where COPD and Dementia both have
worse impairment than PD. The causes of an LVC-specific deficit are unclear in COPD, but are consistent
with reports from Mancopes et al. (2021) that COPD may have particularly impaired laryngeal vestibular
closure. In Dementia, it may be that a combination of poor Bolus Hold (i.e. posterior escape of the bolus)
combined with delayed Pharyngeal Swallow Initiation may allow the bolus to enter the laryngeal vestibule,
which is then not perfectly cleared leading to worse LVC scores. These hypotheses and questions could
potentially be the focus of future research specifically on whether there are characteristic relationships

between different physiologic components for particular diagnoses.
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Between the Oral and Pharyngeal Domains, there was more variation in the relative position of
diagnoses, i.e. in the “shape” of impairment profiles for the Oral domain than for the Pharyngeal domain.
This can be seen in that the relative impairment of the diagnoses stays fairly constant across the
Pharyngeal domain with the exception of a few components (like Pharyngeal Contraction and PES
Opening). In contrast, in the Oral domain, the position of the diagnoses relative to one another changes
much more frequently. For example, Dementia is typically more severe than HNC, but not for Oral
Residue. This finding is consistent with the generally held hypothesis that the Oral phase of swallowing is
more volitional, while the Pharyngeal is more hard-wired (Goyal & Mashimo, 2006; Panara et al., 2023).
The present finding suggests that the more volitional nature of the Oral domain may result in more
freedom for individual components of the swallow to be impaired independently. This result is also
consistent with the finding from Chapter 1 of this dissertation that the Pharyngeal Domain of MBSImP has
higher internal consistency than the Oral Domain (Qoral = 0.81; aphar = 0.87 | Clain et al., 2022).

Within the Oral Domain, we found that Stroke, Dementia, and PDwDem consistently had worse
impairment than PD and COPD. The worse impairment in PDwDem compared to PD alone potentially
indicates that patients with PD may develop substantially worse Oral impairments once they start to
develop Dementia. The worse impairment in Stroke and Dementia in comparison to PD and COPD may
be related to the progressive nature of PD, in that patients may be referred before swallowing
impairments have gotten severe, and the non-neurologic nature of COPD, in that COPD may not directly
affect the voluntary control of the Oral Domain of swallowing as much as a neurologic diagnosis. Even
though Stroke, Dementia, and PDwDem had worse Oral impairment than PD or COPD, there were still
differences still among them for Lip Closure (C1), Lingual Motion (C2), and Oral Residue (C5). We
therefore hypothesize that the more severe Oral impairments seen in these diagnoses are likely not due
solely to some common cause, but that these impairments are likely due to a combination of diagnosis-
independent and diagnosis-specific factors.

Beyond these three diagnoses, we would also like to highlight the unique behavior of the Oral
Residue component (C5). One instance of this uniqueness is that Dementia does not significantly differ
from PD in Oral Residue (C5) even though Dementia has significantly worse impairment than PD for all

other Oral components. Additionally, HNC had among the highest levels of Oral Residue (not significantly
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different from Stroke and PDwDem) even though it had lower impairment than those diagnoses for all
other Oral components other than Mastication (C3). The high Mastication impairment in HNC was most
likely driven by the MBSImP protocol requiring that a max impairment score be given if the bolus cannot
be given due to safety concerns, and solid boluses (the only contributor to C3) often not being given to
HNC patients post-operatively due to safety concerns. Consistent with this is the especially high
proportion of max scores seen for Mastication for HNC (See Figure 5). Thus, the unique behavior of Oral
Residue relative to other oral impairments is not easily explainable given the present analysis. This result
could suggest that the degree to which Oral impairments produce Oral Residue may differ in differing
diagnostic populations. Future studies could test this hypothesis by examining the relationships between
physiologic components of the swallow and Oral Residue in different diagnostic populations.

In the Pharyngeal Domain, HNC consistently had the worst impairment among the diagnoses
(though sometimes tied for worst). With this result, we would like to highlight that the impairment profiles
seen for each diagnosis are likely averages of subpopulations that exist within each diagnosis. In the
case of HNC, there is substantial heterogeneity in HNC treatments in terms of surgery location, resection
size, (chemo)radiation dose, etc., and differences in these factors have often been shown to produce
differences in the risk and severity of dysphagia (Christopherson et al., 2019; Giannitto et al., 2017;
Jackson et al., 2010). Part of the reason that HNC patients had the worst severity in the Pharyngeal
domain was that HNC patients had disproportionately higher rates of having the most severe impairments
(discovered based on violation of the proportional odds assumption.) One possible explanation for these
results is that there were individual HNC patients that had the most severe scores across all components.
However, given the heterogeneity of the underlying population mentioned above, it is also possible that
particular subpopulations had particularly severe impairments in the physiology most related to the nature
and location of surgery and radiation, and radiation dose, which after averaging across populations
resulted in high rates of the most severe impairment levels across pharyngeal domain. To test this
hypothesis, future studies could extend the present study’s approach to examining impairment profiles
within the HNC population to test whether treatment-specific factors produce characteristic swallow-
physiology impairment profiles. Research along these lines in other diagnoses has already found

evidence of characteristic impairment profiles based on stroke lesion location (Steinhagen et al., 2009;
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Wilmskoetter et al., 2019, 2020) and dementia subtypes (N. Rogus-Pulia et al., 2015; Suh et al., 2009).
Our results emphasize the promise and importance of continuing to characterize population-specific
impairment profiles.

Also in the Pharyngeal Domain, Stroke consistently had worse impairment than COPD, PD, and
Dementia. One hypothesis to explain this difference is that the Stroke patients in the present dataset (for
whom Stroke onset date was available; see Supplemental Table 2) are on average 5-years post-stroke,
and so may represent more persistent and thus more severe issues than PD and COPD. One component
where Stroke did not significantly differ from COPD and PD was PES Opening (C14). One possible
reason not detecting a difference here may be that impairments in PES opening are associated with
brainstem (specifically lateral medullary) strokes (Steinhagen et al., 2009) and subcortical stroke in
general appear to be less common in the present dataset (see Supplemental Table 2).

In the Esophageal domain, similar reasoning may explain why Stroke was significantly less
impaired than COPD and PD for Esophageal Clearance (C17), especially considering that PD and COPD
are both associated with esophageal dysfunction (Gadel et al., 2012; J. S. Kim et al., 2015; Suttrup &
Warnecke, 2016). It may be that cortical Stroke patients tend to have less Esophageal Impairment. This
lower impairment of Stroke patients is likely not an artifact of the most severe Stroke patients not being
switched to the AP view as 1) that bias due to missingness was corrected for with inverse probability
weighting, and 2) Stroke had among the highest impairment for the other AP-view component, i.e.
Pharyngeal Contraction (C13).

For penetration and aspiration, we found that Stroke and HNC did not significantly differ, and yet
they significantly differed on their impairment levels for nearly every MBSImP Component. From this
finding, we generated the hypothesis that there may be multiple different combinations of physiologic
impairments that can generate risk of penetration and aspiration. Future studies could test this hypothesis
by examining whether the strength of association between particular MBSImP components and PAS can
differ across diagnoses. In addition, Dementia had worse PAS than COPD or PD, even though they had
similar pharyngeal impairment profiles. It is thus possible that the worse PAS seen in Dementia is related
to the additional effect of its Oral impairments. For instance, it could be that the same reason mentioned

above for Dementia’s worse LVC than PD, i.e. especially impaired Bolus Hold (C2) leading to posterior
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escape of the bolus, combined with impaired Initiation of the Pharyngeal Swallow (C6) potentially leading
to bolus entering the laryngeal vestibule, could also be a hypothesis to explain Dementia’s higher risk of
penetration and aspiration. Finally, we observed that PD and COPD had similar impairment levels for
most MBSImP components and for PAS. From this result, we hypothesized that although it may be that
multiple different impairment profiles can result in similar risk of penetration and aspiration (like for HNC
and Stroke), it may also be true that a particular impairment profile may consistently result in a particular
risk of penetration and aspiration.
AP View and Missingness

Pharyngeal Contraction (C13 — AP View) and Pharyngeal Stripping Wave (C12 — Lateral View)
are both related to the action of the pharyngeal constrictor muscles. However, the results from the
present study suggest that these components are not redundant. The key results here are that Stroke
patients were less severe than HNC patients for Pharyngeal Stripping Wave (C12), but not for Pharyngeal
Contraction (C13). Our hypothesis to explain this difference between C12 and C13 is 1) that there may be
a higher prevalence of unilateral impairments in Stroke patients than HNC patients and 2) the AP view
allows for the detection of these unilateral impairments (i.e. via unilateral bulging in C13), which are not
detectable in the lateral view. If this hypothesis is true, this difference in the relative impairment of Stroke
and HNC between Pharyngeal Stripping Wave (C12) and Pharyngeal Contraction (C13) would
emphasize the importance of acquiring the AP View to fully characterize patient impairment. This finding
is especially important given that it is often the more severe patients that do not have the AP view
assessed (Figure 4). Therefore, without the AP view, clinicians may be missing a potential target for
treatment.
Age-Associated effects

Age by diagnosis interactions were included in the present analysis because they were shown to
improve model fit. As a consequence, separate age-associated odds ratios were obtained for each
diagnosis for each component. However, “age” here must be interpreted in light of the idea that it is likely
a proxy of and confounded with typical age-related changes in physiology, disease progression, and other
factors. Given that much of the research on age-related changes in swallow physiology has been

conducted in healthy populations (Jardine et al., 2020; Garand et al., 2020; Wang et al., 2015; Feng et al.,
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2013; Hiramatsu et al., 2015; Wirth et al., 2016; Rofes et al., 2010; Mancopes, Gandhi, et al., 2021), the
present results provide support to the importance of understanding the nature of age-related changes in
diagnostic populations as well.
Sex- and Race-Associated Effects

Sex and race were primarily included in the present study as covariates to control for differences
across diagnoses. However, the present analysis revealed sex- and race-associated differences in
impairment. In particular, male patients had consistently more severe impairment than female patients,
especially in the pharyngeal domain, and Black patients had more severe impairment than Asian patients
in the Oral, but not Pharyngeal domains. These findings are consistent with studies that have found
worse pharyngeal impairment in male patients (In PD: Dumican et al., 2023; In general dysphagic
population: Kassem et al., 2022), and found worse oral but not pharyngeal impairment in Black patients
with Stroke (Daniels et al., 2017). Considering that the causes of sex- and race-associated disparities are
often complex and related to social determinants of health and health policy, the disparities seen in the
present study underline the need for future studies to be conducted that more directly attempt to
understand the causes of race- and sex-associated disparities in the physiology of dysphagia.
MBSImPret

The MBSImP'"t is a novel tool for visualizing patient impairments across the 17 MBSImP
components and PAS. In the present study, it is being used to compare an individual's impairment profile
to the SDR-based prediction for a patient with the same diagnosis and age. The differences seen
between the impairment profile of a particular patient compared to their population-based expectation
might help to identify the components where a patient’s swallow is particularly severe or healthy, which
may help clinicians make inferences about and target treatment to the nature of that patient’s impairment.
In the example presented here, a 79-year-old patient with Dementia is compared to the SDR-based
prediction and has a normalized Penetration/Aspiration score of zero, which is low relative to their
expected value despite many of their MBSImP scores being worse than expected. This context is
valuable as it suggests that the patient may be effectively compensating for their swallowing other
physiologic impairments. In this way clinicians could use MBSImP'*t and the SDR-based predictions to

help contextualize and guide their understanding of their patients’ impairments.
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As mentioned in the discussion of clinical significance, no healthy-normal control group was
included due to all patients in the MBSImP SDR being referred for MBSS and therefore all
suspected of having dysphagia. Therefore it is not entirely clear the extent to which the
diagnosis groups are more severe than controls, though as mentioned above, current
evidence from Garand et al. (2022) suggests that most MBSImP components have very low
impairment rates in healthy adult patients (0% for 11/17 components with N = 195).

All of the diagnoses included in the present study are heterogeneous groups composed of
many subpopulations. The impairment profiles presented here are therefore averages across
these subpopulations, which each likely have their own particular variations on the
impairment profiles seen here.

For the MBSImP'"t, the SDR-based predictions currently are only based on the diagnosis and
age of the patient. There are many factors beyond diagnosis and age that would likely affect
patient impairment, so ideally, future studies would incorporate more variables into the model
to allow better matching between the parameters of the predictions with the specific
characteristics of individual patients. However, it is important to note that not all variables are
equally valid to include in predictions. The predictions in the present were computed
unconditional on race and sex because including those variables would create different
impairment expectations which can lead to unequal treatment of individual patients on the
basis of their race and sex (Paulus & Kent, 2017). Thus, future studies aimed at developing
prediction models for physiologic impairment of swallowing should focus on including

variables that can specifically be tied to physiology and disease processes.
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Dissertation Discussion

Prior to this dissertation, the standardized MBSImP measurement method was developed and
widely implemented. MBSImP was developed in response to heterogeneity in the existing measurement
methods for swallowing physiology, a heterogeneity driven in large part by the inherent subjectivity in
choosing what aspects of physiology to measure and how to operationalize them. This subjectivity stands
in contrast to the objective and physical nature of swallowing physiology itself. MBSImP attempted to
more closely align the subjective and objective sides of swallowing-physiology measurement through
standardization of the subjective elements based on a foundation of rigorous theoretical and empirical
work (Martin-Harris & Jones, 2008) refined through consensus of a group of experts and testing of the
validity of the resulting tool (Martin-Harris et al., 2008). The success of this approach can be seen through
the widespread uptake of MBSImP. The result of this widespread uptake was the development of a
unique Swallowing Data Registry (SDR) that is the first large-scale dataset of clinical physiologic
swallowing impairment data.

This dissertation uses the physiologic data contained in the SDR to further test and characterize
the subjective and objective sides of MBSImP. On the subjective side, Chapter 1 showed that in this
large-scale clinical dataset, the standardized physiologic components had excellent validity in terms of
how well their correlation structure aligned with the underlying physiologic domains (though these
domains only accounted for 50% of the total variance in scores). Chapter 1 also showed that the MBSImP
standardized training adequately minimized the subjectivity of scoring across and within clinicians, i.e. it
produced good inter- and intra-rater reliability. On the physiologic side, Chapter 2 revealed a mix of
common and unique impairment profiles across the five diagnoses examined. The existence of common
impairment profiles indicates that although dysphagia is physiologically complex and multi-etiological, it is
possible for disparate etiologies to converge to similar impairment profiles. The existence of unique
impairment profiles suggests that for some diagnoses, their etiologies can exert specific and unique
effects on the swallowing mechanism.

Each of these chapters therefore has its own importance and contribution to the understanding
and characterizing of swallowing impairment and its measurement. However, beyond their independent

conclusions, both of these chapters appear to be pointing to a need for an integrated approach to
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swallowing-physiology measurement that simultaneously considers overall domain severity, the behavior
of individual components, and the effect of patient-level factors. The structural validity and internal
consistency of the domains of MBSImP from Chapter 1 suggest that the severity of each of the domains
could be represented by a latent “domain-level severity” variable. Furthermore, it is possible that such
domain-level latent severity variables would be sufficient to capture the hypothesized “typical profile of
impairments” suggested by the common impairment profiles seen across diagnoses in Chapter 2. At the
same time, it appears that domain-level latent variables alone would not be entirely sufficient to describe
impairment given that individual components and patient-level variables can have unique contributions to
impairment. As mentioned above, in Chapter 1, we found that the Oral and Pharyngeal domain factors of
MBSImP accounted for about 50% of the variance in patients scores, leaving 50% of the variance to be
explained by variation in individual components and patient-level variables. In addition, in Chapter 2 we
found unique behavior of the components within diagnoses as with Lingual Motion (C4) for PD, Oral
Residue (C5) for Dementia and HNC, and Laryngeal Vestibular Closure (C11) for COPD and Dementia.
Thus, from these results we can see there is need for an analysis that can simultaneously address overall
severity of domains, the uniqueness of individual components, and patient-level factors.

Looking forward, | propose that the optimal method for adequately addressing all of these levels
of analysis will be to use extended item response theory (EMEIRT; Chalmers, 2015). An item response
theory approach would allow each physiologic component to be situated on a valid domain-severity scale
and would allow a domain-severity score to be derived from any patient’s component scores. The
extended item response theory approach would then allow for the incorporation of component and
patient-level factors to explain potential uniquenesses of impairment within particular patients and
populations. The benefits of this proposed approach can be seen in how it would enhance the proposed
MBSImP'et ©.

Using EMEIRT would allow the MBSImP't to be integrated with the item-person or Wright Map
visualization (Torres Irribarra & Freund, 2014). In the current MBSImP'!, the scores of each component
are normalized to their max score and distributed equally between 0 and 1. Using the EMEIRT approach
would allow for the scores of each component to be distributed according to how indicative that

component and particular score are for the overall severity of impairment. Each patient’s overall severity
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level (for each domain) could be given a percentile value in the overall distribution of patients or for a
particular diagnostic population. A patient’s particular impairment profile could still be visualized (as is
done in the current MBSImP'"t) with the added benefit that any components that are particularly impaired
or unimpaired could be identified based on their impairment level relative to the patient’s overall severity.
This extension of the MBSImP'*t demonstrates that the EMEIRT approach to analysis and visualization
would allow a simultaneous examination of overall severity (as normed to a population of interest), how
each physiologic component relates to that overall severity, and whether there are uniquenesses in the
impairments of particular patients or populations.

The findings of this dissertation therefore set the stage for the development of a standardized and
validated method of analysis for the already standardized and validated method of measurement of
MBSImP. This dissertation would not have been possible without the dedicated and visionary work that
led to the development and implementation of MBSImP. This dissertation shows the accomplishments
and power of MBSImP, and also points a way to the path forward. It has been an honor to have the

opportunity to do this work and it is humbly appreciated.
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Appendix 1
Modified Barium Swallow fo
Impairment Profile M BSI m P a LEARNING ZONE

TRAINING ZONE

RENEWAL ZONE

Welcome Patient Reports Home Search Existing Patients Add a New Patient Full Report

Add a New Patient Express Report

Query Patients
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Patient Medical History Entry

Patient Prior MBSImP Studies
Study Number Year Of Exam
1 2021 View Study Data View/Print Report
Save Patient Sav;’;;”;"‘ it i Add Express Return to List of
History o Report Scores Patients
Full Study

Please fill out the following profile information. Fields marked * are required.

‘Patient ID \ |

"Gender O Female ® Male

*Year of Birth [1944 |

‘Race | white X
*Ethnicity [ Non-Hispanic/Non-Latino v |

‘Admitting Physician ‘ |

“Admitting Service |ENT |
*Admitting Reason [pill dysphagia |
‘Onset Year, Current Diagnosis | 2010 v

Facility / Group

Supplemental Figure 1 MBSImP SDR patient information entry form 1.



Modified Barium Swallow T = = = = p—
Impairment Profile M BS I mP a LEARNING ZONE TRAINING ZONE RENEWAL ZONE =

Welcome Patient Reports Home Search Existing Patients Add a New Patient Full Report Add a New Patient Express Report

Category Disorder ICD-10 Current Primary Dx Comorbidities Morbidities Past Med Hx
Circulatory System Disorders
[hide]

Anemia D64.9 O a a (]
Aortic Aneurysm, with Rupture 171.8 [} (| O a
Aortic Aneurysm, without Rupture 171.8 O [} | O
Arrhythmia 149.9 () [m] O ]
Atherosclerotic Heart Disease 125.10 O [m} = 0
Carotid Stencsis 165.29 (m] O ) O
Congestive Heart Fallure Is0.8 0 O |
Coronary Artery Disease 125.10 il [ | (] (]
Fibrillation, Atrial 148.91 ] O O 0
Fibrillation, Ventricular 149.01 O i a (]
Hypercholesterclemia E78.0 i a a ()
Hyperlipidemia E78.5 O O a (]
Hypertension 110 (m) {m| a
Myocardial Infarction 121.3 ] [m] (=) (]
Peripheral Artery Disease 173.9 (] (W] 0 O
Peripheral Vascular Disease 173.9 0 O (] m]
Sarcoidosis, Cardiac D86.9 (] | a O
Sickle Cell Anemia D571 i} O O ]
IcD-10 Current Primary Dx Comorbidities Morbidities Past Med Hx
Digestive System Disorders
[
Achalasia K22.0 O a O
Appendicitis, Acute K35.80 0O [} O O
Appendicitis, Other K36 El a (3 O
Cholecystitis K81.9 (il | O O (]
Colon Cancer Cc18.9 El = | O
Crohn's Disease K50.90 (] a a (]
Diverticulitis K57.92 () O (] (]
Esophageal atresia and stenosis Q39.3 O (] a (m}
Esophageal Cancer O jm| a (m}
Esophageal Diverticulum, acquired K22.5 O a a O
Esophageal stricture or stenosis K22.2 a a (m}
Gastroesophageal Reflux K21.9 (] O O
Supplemental Figure 2 MBSImP SDR patient information entry form 2.
Modified Barium Swallow M BSI P"‘" _
Impairment Profile m @ LEARNING ZONE TRAINING ZONE RENEWAL ZONE =

MBSImP Overall Impression

Physiologic Component Overall Impression Lateral View Overall Impression A/P View

1 - Lip Closure @001020304 OCould not test

2 - Hold Position/Tongue Control CoOM1@203 OCould not test

3 - Bolus Preparation Co@10203 [JSolid withheld due to patient safety concerns related to oral impairment

[CSolid not given due to logistical reasons or
safety concerns unrelated to oral impairment

4 - Bolus Transport/Lingual Motion CoO1@20304 (OCould not test

5 - Oral Residue CoO1@20304 OCould not test

6 - Initiation Pharyngeal Swallow CoM02@304 (OCould not test

7 - Soft Palate Elevation ®001020304 (OCould not test

8 - Laryngeal Elevation Co@0203 (OCould not test

9 - Anterior Hyoid Excursion ®00102 (OCould not test

10 - Epiglottic Movernent ® 102 (OCould not test

11 - Laryngeal Vestibular Closure @102 OCould not test

12 - Pharyngeal Stripping Wave @0D102 (OCould not test

13 - Pharyngeal Contraction OoE10203 OCould not test
14 - PES Opening ®@0010203 (OCould not test

15 - Tongue Base Retraction CoOM@20304 OCould not test

16 - Pharyngeal Residue CoO@®@20304 OCould not test

17 - Esophageal Clearance 001020304 (OCould not test C00102@3040Could not test

(Delete Score Set|

Supplemental Figure 3 MBSImP SDR patient information entry form 3.



Rank Diagnosis N
1 Gastroesophageal Reflux 4236
2 Hypertension 3977
3 Cerebrovascular Accident 3747
4 Chronic Obstructive Pulmonary Disease 2072
5 Head & Neck Cancer 1981
6 Hyperlipidemia 1543
7 Pneumonia-Acquired 1217
8 Coronary Artery Disease 1197
9 Respiratory Failure 1188
10 Fibrillation, Atrial 1010
11 Diabetes, Insulin Dependent 995
12 Congestive Heart Failure 984
13 Dementia, general 842
14 Diabetes, Non-Insulin Dependent 815
15 Parkinson's Disease, without Dementia 712
16 Shortness Of Breath 676
17 Cough 660
18 Pneumonia-Aspiration, Right, Lower Lobe 554
19 Anemia 497
20 Pneumonia-Aspiration, Left, Lower Lobe 467
21 Epilepsy/Seizure Disorder 368
22 Lung Cancer 364
23 Traumatic Brain Injury 348
24 Parkinson's Disease, with Dementia 334
25 Sepsis 334
26 Encephalopathy 308
27 Dementia, other 283
28 Alzheimer's Disease 277
29 Other specified disorders of thyroid 271
30 Multiple Sclerosis 262
NA Not Reported 31,380

Supplemental Table 1 The 30 most common diagnoses in the MBSImP SDR and their respective sample sizes.
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Supplemental Figure 4 Distribution of MBSImP Scores in the 52,726-patient sample of the SDR.
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c2 - Bolus Hold
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c4 = Lingual Motion
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Supplemental Figure 6 Correlation matrix of all MBSImP components for the 52,726-patient sample of the SDR.
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Appendix 2
Stroke Patients
(N=3342)
Laterality
Bilateral 54 (1.6%)
Left 389 (11.6%)
Right 375 (11.2%)
Missing 2524 (75.5%)
Subcortical
No 209 (6.3%)
Yes 70 (2.1%)
Unknown 1525 (45.6%)
Missing 1538 (46.0%)
Years Post-Stroke (Years)
Mean (SD) 5.02 (2.49)
Median [Min, Max] 5.00 [0, 26.0]
Missing 2380 (71.2%)

Supplemental Table 2 Stroke-specific characteristics.
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(NI:;‘3C99) Tumor Properties Treatments
Stage T Pathology Surgery
0 5(0.2%) Other 52 (2.2%) No 1105 (46.1%)
1 35 (1.5%) Squamous Cell 303 (12.6%) Yes 246 (10.3%)
2 78 (3.3%) Missing 2044 (85.2%) Missing 1048 (43.7%)
3 60 (2.5%)
4 107 (4.5%) Radiation Therapy
X 2 (0.1%) Recurrent No 736 (30.7%)
Missing 2112 (88.0%) No 1258 (52.4%) Yes 615 (25.6%)
Stage N Yes 93 (3.9%) Missing 1048 (43.7%)
0 83 (3.5%) Missing 1048 (43.7%)
1 41 (1.7%)
2 119 (5.0%) Chemotherapy
3 10 (0.4%) Metastatic No 961 (40.1%)
X 5(0.2%) Yes 1351 (56.3%) Yes 390 (16.3%)
Missing 2141 (89.2%) Missing 1048 (43.7%) Missing 1048 (43.7%)

Supplemental Table 3 HNC-specific tumor properties and treatments.



Dementia Subtypes (N =1066)

General Dementia
PDwDem
Alzheimer's Disease
Lewy Body

Other

478
267

193
31
146

Supplemental Table 4 Dementia Subtypes.
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