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ABSTRACT

Dysphagia is the disorder related to difficulty in swallowing and is more frequently
observed among patients with neurologic diseases such as stroke or people aged 65
and over. Undiagnosed or untreated dysphagia may lead to aspiration, pneumonia,
dehydration, malnutrition, or even asphyxiation and death; therefore, early
identification and appropriate treatment of dysphagia are important. Dysphagia has
been mainly diagnosed by videofluoroscopic swallowing study (VFSS) and
fiberoptic endoscopic evaluation of swallowing (FEES); but, both VFSS and FEES
have limitations in terms of qualitative analysis and low safety (VFSS: radiation,
FEES: invasion). The precedent study (Lee et al., 2012) developed a swallowing
measurement device employing ultrasonic Doppler to measure a pharyngeal
movement during swallowing. As a follow-up study, quantification, analysis, and
interpretation of the measured pharyngeal swallowing signal and specialization for
diagnosis of dysphagia are needed.

The objective of the present study is to develop a quantitative assessment
methodology of pharyngeal swallow. The specific objectives are as follows: (1)
screening of swallowing out of pharyngeal movement signals, (2) establishment of a
swallowing quantification protocol, (3) interpretation of pharyngeal movement
signal by interoperating with VFSS video, (4) comparison of pharyngeal movement
between healthy adults and dysphagic patients, and (5) development of a diagnostic

model for discriminating the severity of dysphagia.



First, a swallowing screening algorithm was developed to extract swallowing
movements only out of various pharyngeal movements such as cough and
vocalization measured by ultrasonic Doppler. Utilizing a concept of swallowing
apnea that vocalization is impossible during pharyngeal swallow, a microphone for
measuring audio signals was interoperated with the ultrasonic Doppler sensor.
Signal processing techniques (e.g., moving average) and statistical methods (e.g.,
maximum-likelihood function) were also incorporated into the swallowing
screening algorithm. As a result, the swallowing movement was completely
discriminated from cough and vocalization that are also involved with pharyngeal
movement.

Second, to represent the characteristics of the pharyngeal movement during
swallowing, the present study proposed five quantitative measures such as peak
amplitude, duration time, number of peaks, peak-to-peak interval, and impulse by
applying the four-step swallowing signal processing technique (S1. rectification, S2.
smoothing, S3. peak detection, and S4. starting/ending points detection). A program
that automatically calculates aforementioned five measures for a given swallowing
signal was also developed.

Third, pharyngeal movement signals were interpreted by interoperating with
the corresponding VFSS video. The majority of pharyngeal movement signals
showed two peaks, and 1% and 2™ peaks indicates ascending and descending
movements of the laryngopharynx during swallowing, respectively. Based on VFSS
video analysis, five measures of swallowing movement were interpreted as follows:
peak amplitude — maximum instant movement of the laryngopharynx; duration time
— total movement time in the laryngopharynx; number of peaks — number of
movement changes in the laryngopharynx; peak-to-peak interval — bolus
transportation time in the pharyngeal stage; and impulse — total movement of the
laryngopharynx.

Fourth, swallowing characteristics of healthy adults and dysphagic patients
were analyzed by swallowing experiment. Swallowing signals for dry saliva, thin

liquid 1, 3, 9 ml, thick liquid 1, 3, 9 ml were acquired from 120 healthy adults and



36 dysphagic patients. The swallowing signals from 88% of healthy adults showed
one peak (49%) or two peaks (39%). Healthy adults were categorized as short-
double peak (duration < 1 s and # peaks = 2; 43%), short-single peak (<1 s and 1,
39%), and short-multiple peak (< 1 s and > 3; 18%); dysphagic patients as short-
double peak (< 1 s and 2; 58%), long-double peak (> 1 s and 2; 33%), and long-
multiple peak (> 1 s and > 3; 9%). Gender (F:M = 1:0.8), swallowing type
(thick:thin = 1:1.2), and volume (1:3:9 ml = 1:1.1:1.3) were found significant on
highest peak amplitude; swallowing type (thick:thin = 1:1.4) and volume (1:3:9 ml
= 1:1.1:1.3) on impulse. Peak amplitude of dysphagic patients was 0.7 times lower
compared with that of healthy adults; duration time 2.6 times longer; humber of
peaks 1.7 times higher; peak-to-peak interval 4.3 times longer; and impulse 0.8
times lower.

Lastly, diagnostic models for discriminating the severity of dysphagia into
normal, mild, and moderate/severe were developed. Five cumulative logit models
for swallowing dry saliva, thin liquid 1 ml, 3 ml, thick liquid 1 ml, and 3 ml were
developed using swallowing data of 120 healthy adults (normal) and 31 dysphagic
patients (mild for 18 and moderate/severe for 13). The cumulative logit model for
swallowing thin liquid 1 ml (input variables: age, gender, duration time, number of
peaks, longest peak-to-peak interval, and impulse; sensitivity for mild = 50%,
sensitivity for moderate/severe = 92%, specificity = 100%, and accuracy = 81%)
was selected as the best model in terms of discriminant performances and
practicality in clinics.

The quantitative assessment methodology of the laryngopharyngeal
movement during swallowing developed in the present study can contribute to real-
time, accurate, and effective evaluation of the pharyngeal swallow. The swallowing
analyses results of the laryngopharyngeal movement of healthy adults and
dysphagic patients and the diagnostic model for discriminating the severity of
dysphagia are readily applicable to medical diagnosis of dysphagia with VFSS in

clinics.
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Chapter1 INTRODUCTION

1.1. Problem Statement

Dysphagia is the disorder related to difficulty in swallowing and its prevalence is mainly
higher among patients with neurologic diseases such as stroke and people more than 65
years. Swallowing (called deglutition) is the process that makes something pass from the
mouth, to the pharynx, and into the esophagus, while shutting the epiglottis (Ekberg,
Hamdy, Woisard, Wuttge-Hannig, & Ortega, 2002) and belongs to the most frequent
activities in the human body: the human being swallows between 580 ~ 2,000 times a day
(Garliner, 1974; Logemann, 1983, 1998). Dysphagia refers to the swallowing disorder
which interferes with a patient’s ability to intake or transport food from the oral cavity to
the stomach Leopold and Kagel (1996). Most patients with neurologic disease accompany
dysphagia as shown in Table 1.1 summarized by Daniels (2006). For example, Daniels et
al. (1998) reported that 65% of patients with stroke were accompanied with dysphagia.
Meanwhile, the prevalence of dysphagia among adults aged 65 years and above are 11% to
38% as shown in Table 1.2 (Holland et al., 2011; Kawashima, Motohashi, & Fujishima,
2004; Miura, Kariyasu, Yamasaki, & Arai, 2007; Roy, Stemple, Merrill, & Thomas, 2007;
Stewart, Hurd, Logemann, Aschman, & Matthews, 2011). For example, Miura et al. (2007)
revealed that the prevalence of dysphagia 85 adults more than 65 years (81 £ 7 years) in

Japan was 35.3% by self- and caregivers- assessment for screening dysphagia.



Table 1.1. Prevalence of dysphagia by neurologic diseases (Daniels, 2006)

Neurologic Studies Dysphagia
No. .
disease (year) prevalence
1 Amyotrophic lateral sclerosis Kawai et al. (2003) 100%
2 Huntington’s disease Edmonds (1966) 85%
L Horner et al. (1994) 84%
3 Alzheimer’s disease Volicer et al. (1989) 3906
. . later stage: 83%
4 Progressive supranuclear palsy ~ Litvan et al. (1996) early stage: 16%
. Schut (1950) 75%
5  Olivopontocerebellar atrophy Landis et al. (1974) 44%
6  Stroke Daniels et al. (1998) 65%
. . Fuh et al. (1997) 63%
7 Parkinson’s disease Lieberman et al. (1980) 50%
. s Mackay et al. (1999) 61%
8  Traumatic brain injury Winstein (1983) 250
9  Cervical spine surgery Smith-Hammond et al. (2004) 50%
. Ekberg et al. (1989) 42%
10  Carotid endarterectomy AbuRahama and Lim (1996) 2%
11 Multiple sclerosis Calcagno et al. (2002) 34%
12 Frontotemporal dementia Ikeda et al. (2002) 30%
Table 1.2. Prevalence of dysphagia among people more than 65 years
No. Studies Age Participants Dysphagia assessment Dysphagia
(year) method prevalence
1 Stewartetal. 69-98 161 adults Modified Barium Swallow 10.6%
(2011) (M:81) intheworld (MBS) o7
’ Holland et 69-98 634 adults Swallow questionnaire 11.4%
al. (2011) (M:81) inEngland (self-report) '
3 Kawashima > 65 1,313 adults  Swallow questionnaire 13.8%
etal. (2004) (74+7) inJapan (self-report) '
i . > 65 - ivers-
4 Miura et al ?5 adults Self- and caregivers 35.3%
(2007) (81+7) inJapan assessment
Roy et al. > 65 117 adults . 0
5 (2007) (76£9) inUSA Interview 38.0%




Early identification and appropriate treatment of dysphagia are important. Some
dysphagic patients have limited awareness of their dysphagia and undiagnosed or untreated
dysphagia may lead to aspiration, pneumonia, dehydration, malnutrition (see Figure 1.1),
or even asphyxiation and death (Ekberg et al., 2002). For example, aspiration pneumonia,
which occurs when food, saliva, liquids, or vomit is breathed into the lungs or airways
leaning to the lungs caused by an incompetent swallowing mechanism, is the fourth cause
of death (1 cancel, 2": cerebrovascular diseases, 3": cardiovascular disease) among
adults more than 65 years (Sasaki, 1991). In addition, every year, about 50,000 Americans
die from pulmonary complications of aspiration by dysphagia (Jones & Donner, 1991).
Therefore, the medical profession has considered with accurate diagnosis, prompt

treatment, and steady management of patients with dysphagia (Wilkins, Gillies, Thomas, &

Wagner, 2007).

Aspiration

Pneumonia Malnutrition

Figure 1.1. Major symptoms of dysphagia



The pharyngeal swallow limited to be observed during swallowing can be measured
by specialized instrument evaluation tools. Anatomically, the normal swallow is divided
into three phases as shown in Figure 1.2: oral, pharyngeal, and esophagus phases
(Briihlmann, 1985; Dodds 1989; Ekberg & Wahlgren, 1985; Hannig & Hannig, 1987;
Pokieser, Schober, & Schima, 1995). In the oral phase, the bolus formed by suckling,
chewing, and masticating food is passed into the pharynx. In the pharyngeal phase, the
bolus is passed into the esophagus by the close temporal activation such as soft palate
elevation, hyo-laryngeal excursion, and pharyngeal peristalsis. Lastly, in the esophagus
phase, the bolus is passed into the stomach by esophageal peristalsis. The oral stage of
dysphagia can be diagnosed by visual inspection; however, the pharyngeal and esophagus
stages of dysphagia are limited to be observed due to their anatomical structures.
Therefore, specialized equipment such as diagnostic X-ray (radiograph) system have been

utilized to examine the pharyngeal and esophagus stages of dysphagia more accurately.

Oral phase Pharyngeal phase Esophagus phase

s A ; gt it
X /_"-ir ) Oral ca_ Ith“

\\ Esophagus

Figure 1.2. Normal swallow phases



Dysphagia has been mainly diagnosed by videofluoroscopic swallowing study
(VFSS) and fiberoptic endoscopic evaluation of swallowing (FEES); but, both VFSS and
FEES have limitations in terms of low safety and usability. VFSS (see Figure 1.3a) is a
diagnostic procedure that allows clinicians to examine swallowing functions using
fluoroscopic video recorded by a special movie-type X-ray; FEES (see Figure 1.3b) to
evaluate conditions before and after swallowing through entering a flexible endoscope into
the nose (Langmore et al., 1988). However, in VFSS, clinicians conduct a qualitative, not
guantitative, examination for swallowing by observing anatomical structures; patients have
health concerns due to radiation exposure. In FEES, clinicians have difficulties in
observing swallowing functions during swallowing; patients may be uncomfortable due to
invasiveness, introducing a flexible fiberoptic endoscope transnasally. In common, VFSS
and FEES are limited due to expensive price, general-purpose, difficulty in monitoring
swallowing in daily activities, and difficulty to evaluate the effectiveness of dysphagia
therapy at the proper time (Lee, Lee, et al., 2012). Therefore, to improve the
aforementioned limitations of VFSS and FEES, a specialized method and device for
evaluation of swallowing is needed to identify dysphagia in quantitative and safe manner.

A new device using ultrasonic Doppler sensors has been developed to examine
swallowing functions in the previous study and is additionally needed to specialize in
evaluating dysphagia through quantification of swallowing signal measured by ultrasonic
Doppler during swallowing. The precedent study (Lee, Jung, et al., 2012) developed a
swallowing measurement system (SMS) to acquire movement signals of the

laryngopharynx, which is the caudal part of the pharynx, for evaluation of the pharyngeal



(a) Videofluorocopic swallowing study (VFSS)

(b) Fiberoptic endoscopic evaluation of swallowing (FEES)

Figure 1.3. Typical evaluation methods of dysphagia

stage of dysphagia (see Figure 1.4). The SMS measures the movement of coordination
among internal organs of the laryngopharynx during swallowing by attaching the
ultrasonic Doppler sensor, which is harmless to humans, using a flexible band outside the
neck. To improve applicability of the SMS to clinical diagnosis of dysphagia, an in-depth
study is needed to conduct following topics: quantification, interpretation, and analysis of

the swallowing signal and development of a diagnostic model for dysphagia.
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Figure 1.4. Swallowi‘ng measurement system (Lee, Jung, et al., 2012)

1.2. Obijectives of the Study

The present study is to achieve five specific objectives as following: (1) screening of the
swallowing signal out of ultrasonic Doppler signals, (2) quantification of the swallowing
signal, (3) interpretation of the swallowing signal by interoperating with the
laryngopharynx motion during swallowing, (4) comparison of swallowing characteristics
between healthy people and patients with dysphagia, and (5) development of a diagnostic
model for dysphagia.

First, the present study is to develop an algorithm for screening swallowing activities
out of various laryngopharynx movement-related activities measured by ultrasonic
Doppler. Characteristics of the swallowing activity are distinguished compared to those of
other activities (e.g., cough). A swallowing screening algorithm including smoothing and

filtering techniques is developed based on the laryngopharyngeal protective mechanism.
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Figure 1.5. Research framework

Second, the present study is to develop a signal processing technique for the
swallowing signal and establish swallowing measures to quantify the swallowing activity.
A quantification protocol of swallowing is developed to identify characteristics of
swallowing by using the swallowing signal measured by ultrasonic Doppler during
swallowing. Swallowing measures (e.g., swallowing duration) are extracted from the
swallowing signal by development of a swallowing automatic quantification program.

Third, the present study is to interpret the swallowing signal by interoperating with

VFSS video recorded during swallowing. Meanings by reference point such as



starting/ending points and peak on the swallowing signal are apprehended through real-
time synchronization of the VFSS video and the swallowing signal measured during
swallowing. The swallowing measures are interpreted based on the meaning of the
swallowing signal with experts of dysphagia.

Forth, the present study is to compare patients with dysphagia with healthy people in
terms of the swallowing measures by conducting a swallowing experiment. A swallowing
experiment is conducted for participants to swallow saliva, thin liquid 1, 3, 9 ml, and thick
liquid 1, 3, 9 ml. Effects of age, gender, swallowing food, and swallowing volume on the
swallowing measure are examined. Swallowing characteristics of patients with dysphagia
are compared to those of healthy people.

Lastly, the present study is to develop an optimal diagnostic model for dysphagia to
classify a dysphagia severity level as normal, mild, moderate, and severe. Input variables
of the diagnostic model are selected out of age, gender, and swallowing measures
considering their significances on dysphagic severity. An optimal diagnostic model for
dysphagia is proposed by comparing various diagnostic models developed by applying the

ordinal logistic regression.

1.3. Significance of the Study

The swallowing quantification protocol developed in the present study can be effectively
applicable to quantification and analysis of the swallowing activity by applying to the

swallowing measurement system using ultrasonic Doppler (Figure 1.6). The
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Figure 1.6. Swallowing quantification protocol for the diagnosis of dysphagia

precedent study (Lee, Jung, et al., 2012) developed the swallowing measurement system to
measure the coordinating motion among internal organs in the laryngopharynx during
swallowing; however, needs to evaluate its effectiveness to apply to the diagnosis of

patients with dysphagia. For quantification of swallowing, the present study developed the
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algorithm for screening only the swallowing activity, the technique for noise reduction,
smoothing, and clarification of ultrasonic Doppler signal, and the measure for
characterizing the laryngopharynx motion during swallowing. The effectiveness of the
swallowing quantification protocol was evaluated by identifying significant differences
between swallowing characteristics of patients with dysphagia and those of healthy people
in clinical testing about various swallowing (dry saliva; thin liquid 1, 3, 9 ml; thick liquid
1, 3, 9 ml). Dysphagia has been subjectively diagnosed by clinicians through observation
of structures and movements of swallowing-related organs during swallowing using VFSS
and/or FEES images. Therefore, the swallowing quantification protocol proposed in the
present study can contribute to diagnosing swallowing and dysphagia more quantitatively
and accurately.

The diagnostic model for dysphagia developed in the present study can be helpful to
evaluate the severity of patients with dysphagia (Figure 1.6). The present study found that
diagnostic models for evaluating dysphagia/swallowing do not exist based on literature
review. Considering practicality in clinics, the diagnostic model for dysphagia
automatically evaluates dysphagia using real-time data swallowing saliva or a small
quantity of water (e.g., 1 ml). The cumulative logit model of ordinal logistic regression
was applied in the diagnostic model for dysphagia for discriminating not only the existence
of dysphagia but also the severity of dysphagia such as mild, moderate, and severe levels.
If the diagnostic model for dysphagia is employed in the swallowing measurement system,

the swallowing activity can be quantitatively evaluated in real time. Thus, the diagnostic
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model for dysphagia can contribute to enhancing accuracy and efficiency of dysphagia
evaluation.

The interpretation result of the swallowing signal revealed in the present study can
contribute to improving quality of life for patients with dysphagia by applying to the
interoperation with a dysphagia therapy using functional electrical stimulation (FES)
(Figure 1.7). The present study found the timing on the swallowing signal to stimulate the
laryngopharynx during swallowing for solving swallowing difficulties. As shown in Figure
1.7, in the future, a new mobile system for both measurement and therapy of the
swallowing activity can be developed as one of solutions to solve dysphagia on real-time
in daily life activities (e.g., lunch). Notice that measurement systems such as VFSS and
FEES and therapy systems such VitalStim® Therapy System (Empi, Inc., USA) as of
swallowing/dysphagia have been separately developed. Therefore, the aforementioned
swallowing measurement and therapy system, which provides FES to the laryngopharynx

during swallowing based on real-time evaluation of the swallowing activity, can contribute

Figure 1.7. Application of the swallowing measurement and therapy device
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to improving quality of life and reducing deaths due to aspiration for patients with

dysphagia.

1.4. Organization of the Dissertation

The remainder of the dissertation is organized into ten chapters. Chapter 1 describes the
background, objectives, and significances of the study. Chapter 2 reviews literature relative
to anatomy and physiology in swallowing, normal/abnormal swallow, and evaluation of
dysphagia. Chapter 3 describes the swallowing screening algorithm based on the analysis
of laryngopharynx-moved activities. Chapter 4 describes the swallowing quantification
protocol applying the ultrasonic Doppler signal processing and the swallowing measure
establishment. Chapter 5 describes the swallowing signal and measure interpretation result
based on the analysis of VFSS images during swallowing. Chapter 6 describes the
swallowing experiment for healthy people and patients with dysphagia to swallow various
food types and volumes. Chapter 7 describes the analysis results such as the effects of age,
gender, food type, and food volume on swallowing and the comparison of swallowing
characteristics between healthy people and patients with dysphagia. Chapter 8 describes
the diagnostic model for dysphagia using the swallowing measure to evaluate the severity
of dysphagia. Chapter 9 discusses the significances, findings, limitations, and applications

of the study. Lastly, Chapter 10 discusses the conclusion of the study.

13



Chapter2 LITERATURE REVIEW

Literatures related to (1) anatomy and physiology in swallowing, (2) normal/abnormal
swallow, (3) existing dysphagia evaluation methods, and (4) videofluorocopic swallowing
study (VFSS) were reviewed in depth. First, structures and coordination principles of the
pharynx-related organs involving in swallowing were comprehended. Second, causes and
results of the normal/abnormal swallow phase were summarized. Third, symptoms and
screening/diagnosis procedures of dysphagia were investigated with their limitations.
Lastly, operation method and its limitations of VFSS, which has been widely used for

dysphagia evaluation, were examined.

2.1. Anatomy and Physiology in Swallowing

The oral cavity, pharynx and esophagus constitute three anatomically and functionally
integrated areas involved in swallowing as shown in Figure 2.1a. First, the oral cavity,
which is bounded by the lips anteriorly, the cheeks laterally, and the tongue inferiorly,
makes and tastes the bolus by suckling, chewing, and masticating food. Next, the pharynx,
which is situated posterior to the nasal cavity, posterior to the mouth, and superior to the
esophagus and larynx, is part of the digestive system and also of the conducting zone of the
respiratory system. Lastly, the esophagus, which consists of a fibromuscular tube and is
usually 18 ~ 25 cm long from the pharynx to the stomach, enables the bolus to pass by

esophageal peristaltic contractions. The pharynx focused in the present study is
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Figure 2.1. Anatomy in swallowing

anatomically classified into the (1) nasopharynx, (2) oropharynx, and (3) laryngopharynx
as shown in Figure 2.1b. The ultrasonic Doppler sensor of the swallowing measurement
system developed by Lee, Jung, et al. (2012) is attached on the laryngopharynx which is
the lower part of the pharynx for measuring coordinating motions during swallowing.

The hyoid bone, epiglottis, thyroid cartilage, cricoid cartilage, and inferior
pharyngeal constrictor at the laryngopharynx are involved in swallowing (Figure 2.2,
Figure 2.3, and Figure 2.4). The hyoid bone, which is a horseshoe-shaped bone situated in
the anterior midline of the neck between the chin and the thyroid cartilage, is articulated
with the thyroid and cricoid cartilages by muscles, ligaments, and/or membranes as shown
in Figure 2.2; therefore, if the hyoid bone is moved superiorly during swallowing, the

thyroid and cricoid cartilages also are moved superiorly. In addition, the hyoid bone is
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Figure 2.4. Anatomy of the pharyngeal constrictor

anchored with the epiglottis posterior by the hyoepiglottic ligament as shown in Figure 2.3;
thus, if the hyoid bone is moved superiorly during swallowing, the epiglottis prevents the
bolus from penetrating into the trachea and instead directs it to the esophagus due to its
movement inferior. Lastly, the inferior pharyngeal constrictor, which is surrounding the
pharynx as shown in Figure 2.4, passes the bolus inferior by contraction during

swallowing.

2.2. Normal & Abnormal Swallow

2.2.1. Normal Swallow Stage
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Normal swallow can be roughly categorized into the oral, pharyngeal, and esophagus
stages as shown in Figure 2.5. Normal swallow is precisely scheduled, tuned, and
coordinated in a precise and exact manner to establish a safe swallow (Dodds 1989; A. J.
Miller, 1986). In the oral stage, the bolus is formed by moistening and masticating food
using the tongue and teeth, corresponding to the oral preparatory stage, and is not allowed
to leak anteriorly from the mouth through the lips. The oral preparatory stage can be
dispensed for liquids depending on the willingness of the human. In the pharyngeal stage,
the bolus is passed during approximately 1 s to the esophagus by anterior and superior

movements of the hyoid bone and contraction of the pharyngeal constrictor, corresponding

Oral preparatory

Esophagus
stage

Figure 2.5. Normal swallow phases
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to pharyngoesophageal segment stage (PES). In the esophagus stage, the bolus is passed
during 6 ~ 10 s to the stomach by esophageal peristalsis.

In the pharyngeal stage out of the normal swallow phase, protection of the trachea
(airway) from penetration of the bolus is occurred by pharyngeal shortening. The
pharyngeal shortening, which shrinks the pharynx and closes opening of the trachea, could
be the most important mechanism in pharyngeal bolus transport (Ergun, Kahrilas, Lin,
Logemann, & Harig, 1993a; Ergun, Kahrilas, & Logemann, 1993b). As shown in Figure
2.6, the pharyngeal shortening protects the trachea by coordination among hyoid bone
elevation, epiglottis folding, vocal folds closing, larynx elevation, and pharynx elevation
(Curtis & Hudson, 1983; Curtis & Sepulveda, 1983; Ekberg, 1982). The elevation of the
hyoid bone occurs voluntarily if the bolus is detected at the lower area of the oral cavity;
therefore, the larynx and pharynx including the thyroid and cricoid cartilages articulated

with the hyoid bone are elevated

‘ Hyoid bone

% Hyoepiglottic
ligament

Epiglottis
folding R\ Epiglottis

elevation

Figure 2.6. Pharyngeal shortening in the pharyngeal stage
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simultaneously. In addition, when occurring the superior movement of the hyoid bone, the
epiglottis articulated with the hyoepiglottic ligament is folded inferiorly to close the
opening of the trachea and the vocal folds located near the opening of the trachea also is
blocked for more rigid security. Accordingly, to breathe is impossible due to the closure of
the vocal folds during the pharyngeal stage of swallowing. Thus, the pharyngeal shortening
is the most important mechanism in swallowing to prevent from aspiration pneumonia
mainly caused by the entrance the bolus (or foreign materials) into the lung not the

esophagus (Ergun et al., 1993a; Ergun et al., 1993b).

2.2.2. Causes and Results of Abnormal Pharyngeal Swallow

Abnormal pharyngeal swallow can be caused by eight reasons such as reduced
hyolaryngeal excursion and defective epiglottis inversions as presented in Figure 2.7. First,
delayed swallowing reflex causes uncoordinated movements of swallowing-related organs
due to occurring late initiation of the pharyngeal shortening which has to be conducted
reflectively when the bolus passes through the oral cavity. Second, reduced velopharyngeal
closure makes the bolus regurgate into the nasopharynx by occurring late closing of the
velopharynx. Third, reduced hyolaryngeal excursion causes uncoordinated movements for
the pharyngeal shortening due to occurring reduced anterior movements of the hyoid bone.
Fourth, defective epiglottis inversion makes the bolus penetrate into the trachea due to
unlocking the opening of the trachea by the epiglottis. Fifth, reduced laryngeal closure

makes the bolus penetrate into the trachea due to occurring weak constriction of the
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Figure 2.7. Causes of abnormal pharyngeal swallow

opening of the trachea. Sixth, decreased anterior movement of posterior pharyngeal wall
makes the bolus transportation weaken due to occurring weak push force toward the
larynx. Seventh, reduced laryngeal elevation causes uncoordinated movements for the
pharyngeal shortening due to occurring weak anterior movements of the larynx. Lastly,
reduced pharyngeal wall contraction makes pharyngeal peristalsis weaken. Meanwhile, the
aforementioned causes of dysphagia can be occurred complexly.

Abnormal pharyngeal swallow can result in regurgitation, retention, and/or
misdirected swallowing as shown in Figure 2.8. First, nasal regurgitation refers to that the
bolus is passed into the nasopharynx not the laryngopharynx. Second, retention refers to

that the bolus is halted in the vallecular and/or pyriform sinus not passed into the
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Figure 2.8. Results of abnormal pharyngeal swallow

esophagus. Lastly, misdirected swallowing causes penetration or aspiration by that the
bolus is passed into the trachea not esophagus. Penetration means that the bolus reaches
into the trachea during swallowing or merely only into the laryngeal vestibule and not
beyond the vocal folds. Aspiration means that the bolus reaches into the trachea after
swallowing and usually due to residue in the pharynx or beyond the vocal folds.
Misdirected swallowing as a major cause of aspiration pneumonia induces accidental death
due to asphyxia (Editorial, 1981; Lima, 1989). Estimated that number of deaths due to
misdirected swallowing is 8,000 to 10,000; therefore, prevention of misdirected

swallowing is important (Donner & Jones, 1985).
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2.3. Evaluation of Dysphagia

2.3.1. Symptoms of Dysphagia

Symptoms of dysphagia are categorized into direct and indirect symptoms by Schréter-
Morasch (1993) as shown in Figure 2.9. Direct symptom of dysphagia, which is observable
with the naked eyes, includes prolonged duration of swallowing, pain, fear of swallowing,
change of voice, avoidance of certain consistencies, drooling, obstruction, spitting,
choking, coughing, and regurgitation. In contrast, indirect symptom of dysphagia, which

needs specialized apparatus, includes aspiration, neurologic disease,
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Figure 2.9. Symptoms of dysphagia (Schréter-Morasch, 1993)
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gastroesophageal reflux disease, and esophageal motility disorder. Weight loss has been
used as a reliable hint of dysphagia. Frequent fevers, coughing, and bronchitis/pneumonia
have been used for screening aspiration; Dysphonia, dysarthria, and aphasia for neurologic
disease; Globus sensation, heartburn, and non-cardiac chest pain for gastroesophageal
reflux disease and esophageal motility disorder. Dysphagia has been screened and

diagnosed referring to the aforementioned symptoms.

2.3.2. Screening Procedures of Dysphagia

For screening dysphagia, the combination of more than two tests has been recommended
due to lacks of gold standard and common consent regarding who should perform the
screening and how it should be carried out. No gold standard for screening dysphagia
exists, and the various studies often cannot be compared due to different protocols, missing
validation, and small samplings. For example, the Gugging Swallowing Screen (Figure
2.10a) uses semisolid, liquid, and slid textures in direct swallowing test and observes a
saliva swallow in indirect swallowing test (Trapl et al., 2007). The Toronto Bedside
Swallowing Screening Test (Figure 2.10b) considers indirect aspects, such as mobility of
the tongue and voice quality, before and after the water swallows (Martino et al., 2009). In
addition, needed that common consent regarding who and how out of five W’s and one H
for screening dysphagia. For example, water or thicker consistency swallows can be
conducted by health care team or speech language pathologist. Lastly, to increase the

sensitivity and specificity, the combination of multiple tests has been suggested, but the
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discussion remains controversial. For example, Lim et al. (2001) revealed that a water test

in combination with pulse oximetry (Figure 2.11) is appropriate to detect aspiration;

whereas, Leder (2000) stated that not suitable.
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2.3.3. Diagnostic Procedures of Dysphagia

Dysphagia has been diagnosed by applying compulsory and in-depth diagnostic procedures

as shown in Figure 2.12. Compulsory diagnostic methods (Figure 2.12a) aim at revealing

the components of dysphagia, especially proving or excluding aspiration and have been

obligatorily used in clinics. For example, videofluoroscopic swallowing study (VFSS),

non-invasive dynamic procedure, delivers an immediate evaluation of pharyngeal

swallowing function and directly visualizes the upper aerodigestive tract using a special

movie-type X-ray (called fluoroscopy) during swallowing (Langmore et al., 1988). In-

depth diagnostic methods (Figure 2.12b) aim at recommendations for therapy and type of

feeding, as well as indications for emergency therapies such as tracheostomy in the case of
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Figure 2.12. Diagnostic procedure of dysphagia
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intractable aspiration. For example, manometry has been used to evaluate physiologic
mechanisms for therapeutic planning by calculating quantitative information on
swallowing physiology such as timing and pressure associated with the swallow (Butler,

2009; Butler et al., 2009; Hiss & Huckabee, 2005; Huckabee, Butler, Barclay, & Jit, 2005).

2.4.  Videofluoroscopic Swallowing Study (VFSS) and its Limitations

VFSS has been used especially to assess misdirected swallowing, but is necessary being
used with care because may cause cell death or induce serious late side effects. VFSS
focuses on bolus transportation as well as registration of morphodynamic events. In VFSS,
barium, iodine, or solid bolus transportations are examined at least 15 swallows in such
patients in common (Westen & Ekberg, 1993). VFSS using barium has been widely
performed to examine both function and morphology by using low-density barium (single-
contrast) and high-density barium (double-contrast) as shown in Figure 2.13a. Meanwhile,
ionized radiation absorbed 80 ~ 99% (~ 1 mSv/shot) to the patient in VFSS may interfere
with water molecules, proteins, and other important substances within the cell and cause
free radicals to be produced as shown in Figure 2.14 (Chan, Chan, & Lam, 2002).
Accordingly, modern VFSS has been tried to reduce radiation doses by adopting digital
radiology (Figure 2.13b); but, still may induce side effects to the human body (Ekberg,
2012). Therefore, VFSS, which can be effectively used to diagnose dysphagia, needs to be

properly performed by dysphagia expert.
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2.5. Swallowing Measurement Device (SMD) Using Ultrasonic Doppler

The precedent study (Lee, Jung, et al., 2012) of the present study developed a novel device
for measuring swallowing movements as shown in Figure 2.15. The swallowing
measurement device (SMD, Xtron I&T Co., South Korea) converts the swallowing
movement into a swallowing signal. The SMD consists of an ultrasonic Doppler sensor for
measuring movements of the pharynx, a main body for converting the swallowing
movement measured into the swallowing signal, and a USB port for transmitting the
swallowing signal into a PC. As shown in Figure 2.16a, the ultrasonic Doppler sensor
(frequency = 2 MHz, element length x width =5 x 6 mm, pitch = 6 mm, transducer surface
radius = 158R; DEPST-D2M5C, Digital Echo Co., South Korea) is composed of one
transmitter and two receivers and its surface is designed with a curved line for ease

attachment on the neck. As shown in Figure 2.16b, the ultrasonic Doppler sensor can be

Ultrasonic Doppler sensor

Figure 2.15. Swallowing measurement device (SMD)
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attached to a designated part on the neck by using a sensor case and flexible band. As
shown in Figure 2.17, the analysis S/W of the SMD has a function for synchronization

between swallowing signal and VFSS video with a real-time plotting.
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Figure 2.16. Ultrasonic Doppler sensor of the SMD
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Figure 2.17. Analysis S/W of the SMD
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Chapter 3 SWALLOWING SCREENING

A swallowing screening algorithm was developed to screen only swallowing activities out
of laryngopharyngeal movements (e.g., swallowing, cough, vocalization, respiratory, and
neck movement) measured by the ultrasonic Doppler sensor of the SMD. A miniature
microphone was additionally employed into the SMD for measuring audios occurred in
laryngopharyngeal movements. The swallowing screening algorithm applied a concept of
swallowing apnea using both laryngopharyngeal movement and audio signals and its

effectiveness was evaluated to healthy adults.

3.1.  Analysis of Unique Characteristics during the Pharyngeal Swallow

A major characteristic of swallowing for discriminating with cough and vocalization is that
vocalizations cannot be generated from the vocal fold at least 1 sec during the pharyngeal
swallow. Figure 3.1 shows laryngopharyngeal movement signals of swallowing, cough,
and vocalization measured by the ultrasonic Doppler sensor of the SMD. Found that the
discrimination of swallowing with cough and vocalization through measurement of the
laryngopharyngeal movement was difficult because laryngopharyngeal movement signals
of cough and vocalization have similar with those of swallowing. Based on literature
review, the present study found that the swallowing apnea is a brief period in which

breathing ceases just before and during all the pharyngeal phase of swallowing and makes
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Figure 3.1. Ultrasonic Doppler signals of measurements during swallowing, cough, and
vocalization

vocalization impossible due to the laryngopharyngeal protective mechanism (pharyngeal
shortening; Figure 2.6) for preventing an invasion of the bolus into the airway (trachea)
including the laryngeal closure and the vocal fold closure (Loch, Loch, Reiriz, & Loch,
1982; Nishino, 1990; Ren et al., 1993). The range of the swallowing apnea duration of
healthy adults was 1 ~ 3 sec regardless of age, gender, food type, and food volume and the
minimum was 1 sec (Radish & Jayashree, 2012). Therefore, at least 1 sec-vocalization
during the pharyngeal swallow, at least before-and-after 0.5 sec-vocalization from a
laryngopharyngeal movement peak, is impossible due to the swallowing apnea. In other
words, at least before-and-after 0.5 sec-swallowing is impossible from an audio peak as

shown in Figure 3.2.
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Figure 3.2. Swallowing apnea duration on pharyngeal movement and audio signals

3.2.  Synchronization of the SMD with Microphone

A miniature microphone was employed into the SMD for acquisition of audio signals
during the laryngopharyngeal movement. The ultrasonic Doppler sensor (frequency = 2
MHz, amplitude = 94 mW/cm?, power = 20 mW; SeedTech, Co., South Korea) and the
microphone (sensitivity = -38 ~ 48 dB, frequency = 50 ~ 16 kHz, S/N ratio > 60 dB; PBM
Electech, Co., South Korea) were attached at the case of the SMD to measure

simultaneously a laryngopharyngeal movement and audio signals as shown in Figure 3.3.
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Ultrasonic Doppler sensor

Miniature microphone

Figure 3.3. Interoperation of ultrasonic Doppler sensor with miniature microphone

3.3. Development of a Swallowing Screening Algorithm

A set of membership functions of which the probability distribution of occurring
swallowing movements according to the laryngopharyngeal movement time was developed
for cancellation of laryngopharyngeal movements occurred during cough and vocalization.
As presented in Figure 3.4a, the membership function for uni-audio peak was set up with
1% within £ 0.5 sec from an audio peak, linearly increasing probabilities from + 0.5 sec to
1.5 sec, and 99% beyond * 1.5 sec, considering the maximum swallowing apnea duration
(total 3 sec). As presented in Figure 3.4b, the membership function for multi-audio peak
was set up with 1% within - 0.5 sec from the first audio peak and + 0.5 sec from the last
audio peak, because the swallowing process cannot be occurred during vocalization due to

an anatomical and functional coordination of the vocal fold.
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A 5-step swallowing screening algorithm (S1. smoothing, S2. audio peak detection,
S3, membership function application, S4, audio binary conversion, S5. swallowing peak
detection) was developed as shown in Figure 3.5. First, in the smoothing step, noises of the
audio signal are eliminated and peaks are clarified by applying the moving average
technique with lag n = 50 (Lee, Jung, et al., 2012) in terms of both laryngopharyngeal
movement and audio signals. Second, in the audio peak detection step, audio peaks with
above the cutoff value 0.15 mV are regarded as target audio peaks out of all audio peaks.
Third, in the membership function application step, laryngopharyngeal movement signal is
multiplied by the MLF for uni-or multi-audio peak. Fourth, in the audio binary conversion
step, audio signal is converted into 1 of which audio signal value > cutoff value and 0.01 of
which otherwise for stabilization including noise cancellation. Lastly, in the swallowing
peak detection step, movement-to-audio ratio (= movement signal value / audio signal
value) is calculated and then peaks of movement-to-audio signal with more than a
designated cutoff value are regarded as swallowing. Meanwhile, the swallowing screening
algorithm was implemented using Matlab 2011a for automatic calculation of movement-
to-audio ratio given laryngopharyngeal movement and audio signals measured and relative

parameter values such as cutoff values for audio peak.
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Figure 3.5. Swallowing screening algorithm (blue line: movement signal, orange line:
audio signal, green line: membership function, purple line: movement-to-audio ratio)

3.4.  Validation of the Swallowing Screening Algorithm

Laryngopharyngeal movement and audio signals during swallowing, vocalization, cough,
respiratory, and neck movement were measured three times to five healthy males in 20s for
validation of the swallowing screening algorithm. The experiment was conducted for each
experimental condition as follows: (1) swallowing by drinking water 1 ml, (2) vocalization
by reading random one sentence with less than 50 words, (3) cough for intentional cough,
(4) respiratory for nose, mouse, and both together, and (5) neck movement for left/right,
up/down, and rotation. The 5 x 5 balanced Latin square as presented in Table 3.1 was

applied to the experiment.
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Table 3.1. Experimental order by 5 % 5 balanced Latin square

Subject 1%trial 2" trial 3dtrial 4™ rial 5t trial
. o . neck
S01 swallowing vocalization cough respiratory
movement
- neck : .
S02 vocalization cough swallowing respiratory
movement
neck . N .
S03 cough respiratory vocalization swallowing
movement
. . L neck
S04 respiratory swallowing vocalization cough
movement
neck . . o
S05 respiratory swallowing cough vocalization
movement

The swallowing was discriminated 100% with the cough, vocalization, and

respiratory and 73% with the neck movement (Table 3.2). As shown in Figure 3.6, the

swallowing screening algorithm can accurately screen only swallowing movements out of

various laryngopharyngeal movements. The cough and vocalization occurring both the

laryngopharyngeal movement and audio and the respiratory rarely occurring the

laryngopharyngeal movement were discriminated 100% from the swallowing. The neck

movement leftward, rightward, upward, and downward was discriminated 100% from the

swallowing due to lack of laryngopharyngeal movements, but the neck rotation was not

discriminated 27% (4/15 trials) due to partial occurrence of laryngopharyngeal movements.
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Table 3.2. Swallowing screening results (O: peak amplitude < cutoff, X: o/w)
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Audio o} o} X X X X X X
1 o) o) o) o) 0 o) 0 o)

So1 nd
iy o) o) o) o) o} o) o} o)
3" o) o) o) o) o} o) o} o)
1" o} o} o} o} 0 o} 0 o}

S02 nd
o | B o) o) o) o) o} o) o} o)
3" o) o) o) o) o} o) o} o)
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Chapter4 SWALLOWING QUANTIFICATION

4.1.  Quantification of a Swallowing Signal

A swallowing signal measured by ultrasonic Doppler was quantified by applying as
following four steps as shown in Figure 4.1: (1) signal rectification, (2) signal smoothing,
(3) peak detection, and (4) starting/ending point detection. First, in the signal rectification
step, negative amplitude values (unit: mV) of raw signal were converted into positive
amplitude values of that as shown in Figure 4.1a. Second, in the signal smoothing step, the
moving average technique was applied to the rectified signal (Figure 4.1b) for reducing
noise and clarifying peaks. Third, in the peak detection step, peaks which refer to local
maxima on the smoothed signal were detected when showing a higher amplitude value
compared to the designated cut-off value (e.g., 5 mV) (Figure 4.1c). Lastly, in the
starting/ending points detection step, initiation and termination timings which refer to local
minima from the selected peaks were detected (Figure 4.1c). The present study used lag n
= 50 ms and cut-off value = 5 mV recommended by the precedent study (Lee, Lee, et al.,
2012) which has developed the SMD and analyzed swallowing signals of each 10 healthy
people and 10 patients with dysphagia. In addition, the present study extracted one peak

within one convex signal through upward adjustment of cut-off value up to 20 mV.
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(a) Raw signal (b) Rectified signal (c) Smoothed signal

Figure 4.1. Quantification procedure of swallowing signal
(x axis: time; y axis: amplitude)

4,2,  Establishment of Swallowing Quantification Measures

For quantification of swallowing characteristics, five swallowing quantification measures
were established as shown in Figure 4.2: peak amplitude, duration time, number of peaks,
peak-to-peak interval, and impulse. First, peak amplitude (unit: mV) refers to height of
peak extracted from the smoothed signal. For example, Figure 4.3 shows a swallowing
signal indicating highest peak amplitude = 112.8 mV and 2" highest peak amplitude =
51.3 mV. Second, duration time (unit: ms) refers to time difference between starting point
and ending point. For example, in Figure 4.3, duration time = 1,002 ms calculated by 3,383
ms (ending point) — 2,381 ms (starting point). Third, number of peaks refers to total
number of peaks extracted from the peak detection step. For example, in Figure 4.3,
number of peaks = 2 satisfying their cut-off values > 5 mV. Forth, peak-to-peak interval
(unit: ms) refers to time difference between peaks when number of peaks > 2. For example,

in Figure 4.3, peak-to-peak interval = 671 ms calculated by 3,374 ms (2" highest
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Figure 4.3. Example of swallowing signal of healthy adult

peak) — 2,703 ms (highest peak). Lastly, impulse (unit: msec x mV) refers to area from
starting point to ending point of the swallowing signal and is calculated by Equation 3.1.
For example, in Figure 4.3, impulse = 28,812 msec x mV calculated by Equation 3.1

satisfying starting point = 2,381 ms and ending point = 3,383 ms.
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Impulse =Y, q; Equation
4.1

where, a; = amplitude (mV) at time i (msec)
SP = starting point
EP = ending point

4.3. Development of a Swallowing Quantification Program

A swallowing quantification program (SQP), as shown in Figure 4.4, which automatically
calculates the swallowing quantification measures was developed in the present study. The
SQP computes values of the swallowing quantification measure such as peak amplitude,
duration time, number of peaks, peak-to-peak interval, and impulse and those descriptive
statistics such as mean, SD, min, and max by loading a measured swallowing signal and
then setting a lag n for moving average and a cut-off value for peak detection. In addition,
two interactive functions conducted by mouse click directly were implemented to adjust
range of the swallowing signal for analysis and starting/ending points extracted by the
corresponding algorithm. For example, as shown in the raw signal of Figure 4.4, user-
defined range of the swallowing signal can be generated by designating initiation and
termination points directly as emerald dotted lines. As shown in the smoothed signal of
Figure 4.4, algorithm-based starting point (5,042 ms) can be revised into user-defined

starting point (5,098 ms) considering proper swallowing analysis.
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Chapter5 SWALLOWING INTERPRETATION

5.1.  Synchronization of Swallowing Signal and VVFSS Video

VFESS videos synchronized with the swallowing signal during swallowing were acquired
for interpretation of the swallowing signal. Nine VFSS videos and signals during
swallowing water 1 ml were measured to healthy female aged 20s with normal swallowing
capability using the SMD (Figure 2.15) and fluoroscopy system (Sonialvision G4,
Shimadzu Co., Japan; Figure 5.1). The analysis S/W of the SMD (Figure 2.17), developed
in Lee, Jung, et al. (2012), was used for synchronized measuring and plotting swallowing
signal and VFSS video during swallowing. As a result of measurements, found that eight

swallowing signals had two peaks and one swallowing signal had three peaks, as shown in

Swallowing

|

measurement
Fluoroscopy system device
(Sonialvision G4, Shimadzu Co., Japan) (Xtron I&T Co., Korea) Swallowing analysis program

Figure 5.1. Acquisition of swallowing signal with VFSS video
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\. J/
Figure 5.2. Different number of peaks in one healthy adult

Figure 5.2, out of the measured nine swallowing signals; thus, the present study interpreted

both swallowing case showing two peaks and that showing three peaks.

5.2.  Interpretation of Swallowing Signals

Method

Movements of the laryngopharynx within a peak occurrence section on the swallowing
signal were interpreted applying the following three steps: (1) peak classification, (2)
reference point detection, and (3) laryngopharynx motion analysis. First, in the peak

classification step, high and low peaks were defined by comparing amplitude, height of
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peak, among the occurred peaks as shown in Figure 5.3. Next, in the reference point
detection step, starting point, peak, and ending point were determined by each peak
occurrence section as shown in Figure 5.3. For example, six reference points (staring point,
peak, ending point of high and low peaks) were determined when occurring two peaks.
Lastly, in the laryngopharynx motion analysis step, the timing bar (Figure 5.4) of the
analysis S/W was exactly matched into the reference point on the swallowing signal for
capturing the corresponding VFSS image and then the movement of the laryngopharynx in
the neighborhood of attachment site of the ultrasonic Doppler sensor was interpreted as

shown in Figure 5.4.

Results
When occurring two peaks on the swallowing signal, the high peak and low peak

corresponded with the ascending and descending movements of the laryngopharynx during

Staring
pojnt

Ending
point
Staring Ending
point Peak point

( \ *
: ‘ ‘\\ AL
_ / e~ ' 7.‘-" R e
* 9&]’ 10‘00 ‘ 11Jl]0 12100 13‘00 - 1400 15’0{) *;00 17‘00
Time(ms)
Swallowing signal High peak Low peak

Figure 5.3. Classification of peaks and their reference points
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Figure 5.4. Synchronization of swallowing signal with laryngopharynx motion

swallowing, respectively. As shown in Figure 5.5, ascending movements of the

laryngopharynx were observed in all the starting points, peaks, and ending points of the

high peak occurrence section; while, descending movements in those of the low peak

occurrence section. As a result of in-depth analysis, (1) starting point, (2) peak, and (3)

ending point of the high peak occurrence section could be interpreted as initiation,

development with maximum speed, and

laryngopharynx, respectively, as shown

termination of ascending movements of the

in Figure 5.5; while, (4) starting point, (5) peak,

and (6) ending point of the low peak occurrence section could be interpreted as initiation,
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Figure 5.5. Meaning of staring point, peak, and ending point of high and low peaks
(AWoL.: anterior wall of laryngopharynx)

development with maximum speed, and termination of descending movements of the
laryngopharynx, respectively, as shown in Figure 5.5. The present study found the
pharyngeal shortening, which includes ascending motion of the pharynx to rapidly
transport the bolus from the oral cavity to the esophagus (Ergun et al., 1993a; Ergun et al.,
1993b) , was the reason why the peak for ascending movement of the laryngopharynx was
higher compared to the peak for descending movement of the laryngopharynx, by
observing the corresponding VFSS images. In addition, the present study marked the
anterior wall of laryngopharynx (AWoL) on the VFSS image as shown in Figure 5.5 for
visualizing the movement of the laryngopharynx. As a result of tracking the AWoL
location, found that the bolus was passed from (2) peak of the high peak occurrence
section to (5) peak of the low peak occurrence section.

When occurring three peaks on the swallowing signal, the first peak corresponded

with the complex ascending and descending movements of the laryngopharynx caused by
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the soft palate elevation before pharyngeal swallowing and the second high peak and third
low peak corresponded with the ascending and descending movements of the
laryngopharynx, respectively, during pharyngeal swallowing. As shown in Figure 5.6,
because the bolus was located in the oral cavity at (7) starting point, (8) peak, and (9)
ending point of the first peak occurrence section, concluded that the first peak was
occurred in the oral stage, which retains the bolus in the oral cavity, not the pharyngeal
stage. In addition, found by in-depth VFSS video analysis that ascending and/or
descending movements of the soft palate sometimes induce the corresponding directional

movement of the laryngopharynx before the bolus was transported to the pharynx. As
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Figure 5.6. Meaning of first peak ahead of occurrence of high peak
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shown in Figure 5.6, (7) starting point, (8) peak, and (9) ending point of the first peak
occurrence section could be interpreted as initiation of ascending movements of the
laryngopharynx, termination of ascending movements and initiation of descending
movements of the laryngopharynx together, and termination of descending movements of
the laryngopharynx, respectively. Remind that the subject experimented in the present
study shows one three-peak swallowing before occurring the pharyngeal stage out of nine
swallowing trails. Based on the aforementioned result, inferred that the swallowing

strategy can be different each time.

5.3. Meaning of Swallowing Quantification Measures

Meanings of swallowing quantification measures (peak amplitude, duration time, number
of peaks, peak-to-peak interval, and impulse) were established by VFSS analysis as
presented in Figure 5.7. First, peak amplitude refers to the highest amplitude occurred in
the pharyngeal stage; thus, is defined as the maximum instant movement of the
laryngopharynx. Second, duration time refers to the swallowing duration time from
initiation of the ascending movement of the laryngopharynx to termination of the
descending movement of the laryngopharynx occurred in the pharyngeal stage; thus, is
defined as the total movement time of the laryngopharynx. Third, number of peaks refers
to the total occurrence number of maximum instant movements in each ascending or
descending movement in the pharyngeal stage; thus, is defined as the number of movement

types in the laryngopharynx. Forth, peak-to-peak interval refers to the transportation time
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Figure 5.7. Meaning of swallowing quantification measures

of the bolus from the entrance of the pharyngeal (exit of the oral cavity) to the exit of the
pharyngeal (entrance of the esophagus); thus, is defined as the bolus transportation time in
the pharyngeal stage. Lastly, impulse refers to the total amount of movements from initiation
of the ascending movement of the laryngopharynx to termination of the descending

movement of the laryngopharynx occurred in the pharyngeal stage; thus, is defined as the

total movement of the laryngopharynx.
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Chapter6 SWALLOWING EXPERIMENT

6.1. Participants

In the swallowing experiment, 120 healthy adults and 36 patients with dysphagia
participated in their 20s to 70s as shown in Figure 5.1. The healthy adult group was
composed of 10 males and females in each age group of 20s to 70s with no symptoms of
dysphagia such as coughing, pain, and regurgitation (refer to Figure 2.9). The dysphagic
patient group, who has been diagnosed with dysphagia at the Samsung Medical Center
(Seoul, South Korea), was recruited on January to March, 2013 and that aged 20s could not
be recruited due to absence on the corresponding period. Dysphagic patients showed that
those of 94% (34/36) was more than 50s and female:male = 2:5. The swallowing
experiment was conducted admitted by the Institutional Review Board (IRB) of the

Samsung Medical Center and the Korea Food & Drug Administration (KFDA).

Table 6.1. Age and gender distribution of healthy adults and patients with dysphagia
20s 30s 40s 50s 60s 70s < Total

HA DP | HA DP | HA DP |HA DP | HA DP | HA DP | HA DP

Female | 10 - 10 1 | 10 - 10 1 (10 1 |10 7 60 10
Male 10 - 10 - 10 1 10 6 |10 12 (10 7 60 26
Total 20 - 20 1 (20 1|20 7 |20 13 |20 14| 120 36

Note. Healthy adults: HA; Dysphagic patients: DP
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6.2.  Apparatus

The swallowing measurement system (SMD) and swallowing measurement-related tools,
as shown in Figure 6.1, were used in the swallowing experiment. The SMD, sensor cases,
and a flexible band, developed by Lee, Jung, et al. (2012), were used for measuring
coordination movements of the laryngopharynx during swallowing. Ultrasonic gels,
uniformly spread on surface of the ultrasonic Doppler sensor, were used for minimizing
the medium difference between the neck surface and ultrasonic Doppler sensor. A lemon
image was shown to the subject for stimulating salivary secretion. Measuring cups and

spoons were used for measuring swallowing volumes accurately. Water, plum juice, and

>
b

(ARE SONC
signal 4 "
v
Swallowing measurement system Ultrasonic gel Lemon image

-
Nugtral 165

Measuring cups Measuring spoons Water Plum juice Thick&Easy
(1,1.25, 3,5 ml)

Figure 6.1. Apparatus for swallowing experiment
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thickeners for dysphagic patients (Thick&Easy, Hormel Health Labs, USA) were used for

making swallowing experimental conditions.

6.3.  Experimental Procedure

The swallowing experiment was conducted by the following four steps lasting a total of 20
min as presented in Figure 6.2: introduction (3 min), exercise (5 min), swallowing session
(7 min), and debriefing (5 min). In the introduction step, the purpose and procedure of the
experiment were explained to the participant and written informed consent provided by the
IRB was obtained. In the exercise step, an attachment site of the ultrasonic Doppler sensor
was determined within the neck surface for making a swallowing signal detected well. As
shown in Figure 6.3, the ultrasonic Doppler sensor was initially attached on the lateral
border of the hyoid bone (no. 7 in Figure 6.3), which is on the wrinkle line through center
of the hyoid bone, out of 24 attachment site candidates proposed by Takahashi, Michael,
and Michi (1994) and then was finally fixed to the best attachment site at which peaks of
the swallowing signal were clearly detected through iterative trials of moving
upward/downward and leftward/rightward the sensor 1 ~ 2 mm swallowing water a little.
In the swallowing session step, three repeated trials were randomly administered for seven
experimental conditions such as dry saliva (DS), thin liquid (TN) 1, 3, 9 ml, thick liquid
(TK) 1, 3, 9 ml (total 21 trials) with 5 seconds rest between the swallowing trials and 30

seconds rest after 7" and 14" swallowing trials (1/3 and 2/3 of total trials). Lastly, in the

56



3 Total experimental time: 20 min

$1. Informed consent
(3 min)
-1 2. Exercise
¥ Random order, 3 trials

(5 min)
3 Initial attachment site of the sensor:
lateral border of hyoid bone whichis onthe | §3. Swallowing session |- < Example >
wrinkle line through center of hyoid bone session 1: thin liquid 3,1,9mi
(referring to Takahashi et al., 1994) (7 min) (resttime between swallows : 5 sec)

s4. Debriefing l rest time: 30 sec
(5 min) Session2: saliva

(rest time between swallows : 5 sec)

l resttime: 30 sec

o ) session 3: thick liquid 9,1, 3mi
#* Finding an optimal site
for obviously detecting

laryngopharynx movements

™
N/
Figure 6.3. Attachment site candidates on the neck surface to detect movements of the

laryngopharynx using ultrasonic Doppler sensor
(red circle: initial attachment site; adapted from Takahashi et al., 1994)

S7




debriefing step, the trial not measured well was conducted again and a monetary

compensation was provided for participation in the swallowing experiment.

6.4.

Data Cleaning

Measurements of 5% were eliminated by two-step data cleaning using standard deviation

(SD) and coefficient of variation (CV) for each swallowing quantification measure of each

subject and eliminated. In the data cleaning step using SD, Ms and SDs were calculated for

the five swallowing quantification measures (peak amplitude, duration time, number of

peaks, peak-to-peak interval, impulse) of the 120 healthy adults and 36 dysphagic patients

and then measurements beyond corresponding M + 2SD (Barnett & Lewis, 1994) for each

participant have been regarded as outliers and removed (1 removal rate of data = 4%). In

Raw data

(100%)

T T
R

1stcleaned data
SR 1) B

— T
\_\\\_—/)/
2" cleaned data

e

1st data cleaning
- Elimination criteria: mean + 2SD

- Elimination ratio: 4%

2nd data cleaning
- Elimination criteria: CV = 0.5

- Elimination ratio: 1%

Figure 6.4. Data cleaning protocol
(total removal rate = 5%)



the data cleaning step using CV, one measurement having the lowest similarity among
three measurements in each experimental condition were removed (2" removal rate of data
= 1%) for more data stabilization when CV > 0.5. A total of 5% measurements by

swallowing quantification measure was eliminated.
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Chapter 7 SWALLOWING ANALYSIS

7.1.  Analysis of Number of Peaks on Normal Swallow

Method

Relative frequency (%) of peaks occurred during swallowing was analyzed. Number of
peaks on the swallowing signal of healthy adults (n = 120) during swallowing was
calculated by age (20s to 70s), gender (male and female), swallowing food type (dry saliva,
thin liquid, and thick liquid), and swallowing food volume (1, 3, and 9 ml). The #-test was
conducted at a = 0.05 to analyze the effects of age, gender, swallowing food type, and

swallowing food volume on number of peaks.

Results

The relative frequency of which number of peaks = 1 or 2 was 88% on normal swallow
and only the effect of age was found significant on number of peaks. First, the relative
frequency of peaks was dependent of the age group (#?[10] = 33.121, p < 0.001) and
relative frequencies of which number of peaks = 1 or 2 for 20s, 30s, 40s, 50s, 60s, and 70s
were 81%, 80%, 88%, 94%, 92%, and 89%, respectively, as shown in Figure 7.1a. Second,
the relative frequency of peaks was independent of the gender group and relative
frequencies of which number of peaks = 1 or 2 for male and female were 87% and 88%,
respectively, as shown in Figure 7.1b. Third, the relative frequency of peaks was

independent of the swallowing food type and relative frequencies of which number of
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Figure 7.1. Relative frequency (%) of number of peaks on normal swallowing signal

peaks = 1 or 2 for dry saliva, thin liquid, and thick liquid were 95%, 84%, and 88%,
respectively, as shown in Figure 7.1c. Lastly, the relative frequency of peaks was
independent of the swallowing food volume and relative frequencies of which number of
peaks = 1 or 2 for 1 ml, 3ml, and 9 ml were 88%, 85%, and 85%, respectively, as shown in
Figure 7.1d. As a result of observing movements of the hyoid bone and thyroid cartilage in
the laryngopharynx during swallowing, found that ascending and descending movements

of the laryngopharynx were overlapped due to occurring small time difference between
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them when number of peaks = 1 (49%); while, those were clearly separated due to

occurring big time difference between them when number of peaks = 2 (39%).

7.2.  Classification of Swallowing Types in Healthy Adults and Dysphagic Patients

Method

Swallowing signal types of healthy adults and dysphagic patients were identified
respectively by clustering analysis. The K-means non-hierarchical clustering analysis was
conducted to healthy adults (n = 120) and dysphagic patients (nh = 36) using peak
amplitude, duration time, and number of peaks out of the five swallowing quantification
measures (peak amplitude, duration time, number of peaks, peak-to-peak interval, and
impulse) as input variables. Peak-to-peak interval was not considered in the clustering
analysis due to its absence when number of peaks = 1 and impulse due to its high
correlation (r = 0.796, p < 0.001) with peak amplitude. Number of swallowing signal
types, which corresponds K in the K-means non-hierarchical clustering analysis, was
determined as three at which within-cluster average Euclidian distance was the smallest
and between-cluster average Euclidian distance was the biggest out of K = 2 to 5.
Representative swallowing signal types was selected as real cases having minimum

Euclidian distance from the centroid of the generated cluster.

Results
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The peak occurrence type of the swallowing signal was classified into short-double peak
(Figure 7.2a), short-single peak (Figure 7.2b), and short-multiple peak (Figure 7.2c) for
healthy adults and short-double peak (Figure 7.3a), long-double peak (Figure 7.3b), and
long-multiple peak (Figure 7.3c) for dysphagic patients. In the peak occurrence type of
healthy adults, 43% was categorized into the short-double peak type which includes 2
peaks and duration time < 1 s, 39% into the short-single peak type which includes 1 peak
and duration time < 1 s, and 18% into the short-multiple peak type which includes more
than 3 peaks and duration time < 1 s. Meanwhile, in the peak occurrence type of dysphagic
patients, 19% was categorized into the short-single peak type as presented in the peak
occurrence type of healthy adults, 65% into the long-double peak type which includes 2
peak and duration time > 1 s, and 16% into the long-multiple peak type which includes

more than 3 peaks and duration time > 1 s.

7.3.  Effects of Age, Gender, Drinking Type, and Drinking Volume on Normal Swallow

Method

The effects of age, gender, swallowing food type, and swallowing food volume on normal
swallow were analyzed. Five four-factor mixed-subjects ANOVAs for the swallowing
guantification measures (peak amplitude, duration time, number of peaks, peak-to-peak
interval, and impulse) were conducted at o. = 0.05 to examine the effect of age (20s to 70s;

between-subject-factor), gender (male and female; between-subject-factor), swallowing
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food type (thin liquid and thick liquid; within-subject-factor), and swallowing food volume
(2 ml, 3 ml, and 9 ml; within-subject-factor) and interactions higher than two-way were
assumed negligible due to difficulties in interpretation. As a measure in terms of peak
amplitude, highest peak amplitude was used in the ANOVA to examine ascending
movements of the laryngopharynx in the pharyngeal shortening. As a measure in terms of
peak-to-peak interval, longest peak-to-peak interval was used in the ANOVA to examine
difference between ascending and descending movements of the laryngopharynx when
number of peaks was more than two. Lastly, measurements of swallowing thin liquid 1, 3,
9 ml and thick liquid 1, 3, 9 ml were normalized to the average measurement (normalized
value = 100) of swallowing dry saliva three times because inter-subject variability of

swallowing dry saliva was found high.

Results

The effects of gender, swallowing food type, swallowing food volume and interaction
between swallowing food type and volume were found significant on highest peak
amplitude of healthy adults during swallowing (Table 7.1). First, maximum instant
movement of the laryngopharynx of females (169 + 100 mV) was significantly 20% higher
compared to that of males (141 + 73 mV) (F[1, 108] = 4.80, p = 0.031) as shown in Figure
7.4a. Second, maximum instant movement of the laryngopharynx during swallowing thin
liquid (182 + 104 mV) was significantly 24% higher compared to that during swallowing
thick liquid (147 + 75 mV) (F[1, 113] = 10.31, p = 0.002) as shown in Figure 7.4b. Third,

maximum instant movement of the laryngopharynx during swallowing 9 ml (189 + 106
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Table 7.1. Summary of ANOVA results: age, gender, swallowing type, and swallowing
volume effects on normal swallow

Highest Duration Number of Longest
peak . peak-to-peak Impulse
. time peaks .
amplitude interval

= F(5, 108) F(5, 108) = F(5, 108) = F(5, 108) F(5, 108)

Age (A) =1.16 =0.82 =0.74 =0.85 =1.07
» p=0.333 p=0.539 |= p=0.592 » p=0.515 p =0.384
= F(1,108) F(1, 108) = F(1,108) » F(1,108) F(1, 108)

Gender (G) =4.80 =0.47 =341 =0.09 =3.23
* p=0.031 p=0495 | = p=0.068 * p=0.793 p =0.075
Swallowing | = F(1, 113) F(1, 113) = F(1,112) = F(1,57) F(1, 113)

food type =10.31 =0.49 =3.37 =0.47 =8.16
(SFT) = p=0.002 p=0484 | = p=0.069 = p=0.497 p = 0.005
Swallowing | = F(2, 225) F(2, 226) = F(2,225) = F(2,164) F(2, 225)

food volume =5.79 =1.08 =158 =2.07 =8.34
(SFV) = p=0.004 p=0.342 = p=0.208 * p=0.129 p < 0.001
= F(5, 108) F(5, 108) = F(5, 108) = F(5, 108) F(5, 108)

AxG =0.80 =1.42 =0.75 =152 =0.88
= p=0.554 p=0.221 = p=0.587 = p=0.189 p =0.495
= F(5, 113) F(5, 113) = F(5,112) = F(10, 108) F(5, 113)

A x SFT =0.98 =1.42 =0.72 =084 =1.08
» p=0.432 p=0.224 | = p=0.607 » p=0.530 p=0.374

» F(10, 225) F(10, 226) | = F(10,225) | = F(10, 164) F(10, 225)

A x SFV =142 =0.71 =0.83 =1.76 =0.90
» p=0.173 p=0.717 = p=0.601 * p=0.073 p=0.535
= F(1,113) F(1, 113) = F(1,112) = F(1,57) F(1, 113)

G x SFT =247 =0.08 =3.20 =1.30 =113
* p=0.120 p=0.783 | = p=0.077 * p=0.260 p=0.291
= F(2,225) F(2, 226) = F(2,225) = F(2,164) F(2, 225)

G x SFV =1.70 =0.25 =1.56 =1.64 =117
* p=0.186 p=0.777 = p=0.213 * p=0.196 p=0.312
= F(2,228) F(2, 236) = F(2,233) = F(2,90) F(2, 225)

SFT x SFV =3.43 =0.85 =1.45 =221 =3.15
» p=0.034 p=0428 | = p=0.236 » p=0.116 p =0.045

*Shaded area: p < 0.05

mV) was significantly 39% and 19% higher compared to that during swallowing 1 ml (145

+ 75 mV) and 3 ml (159 + 89 mV) and that of 3 ml was significantly 10% higher compared

to that during 1 ml (F[2, 225] = 5.79, p = 0.004) as shown in Figure 7.4c. Lastly, the

interaction effect between swallowing food type and volume on maximum instant
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Figure 7.4. Peak amplitude during swallowing in healthy adults (mean + SE)

movement of the laryngopharynx was found significant (F[2, 228] = 3.43, p = 0.034), and
maximum instant movement of the laryngopharynx during swallowing thin liquid was high
than that during thick liquid in all swallowing volume (1, 3, and 9 ml) as shown in Figure
7.4d.

The effects of swallowing food type, swallowing food volume, and their interaction
were found significant on impulse of healthy adults during swallowing (Table 7.1). First,

total movement of the laryngopharynx during swallowing thin liquid (269 + 210 mV x ms)

was significantly 36% higher compared to that during swallowing thick liquid (198 + 146
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mV x ms) (F[1, 113] = 8.16, p = 0.005) as shown in Figure 7.5a. Second, total movement
of the laryngopharynx during swallowing 9 ml (275 £ 200 mV x ms) was significantly
37% and 22% higher compared to that during swallowing 1 ml (201 + 160 mV x ms) and 3
ml (226 + 183 mV x ms) and that of 3 ml was significantly 12% higher compared to that
during 1 ml (F[2, 225] = 5.79, p = 0.004) as shown in Figure 7.5b. Lastly, the interaction
effect between swallowing food type and volume on total movement of the

laryngopharynx was found significant (F[2, 225] = 3.15, p = 0.045), and total movement of
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Figure 7.5. Impulse during swallowing in healthy adults (mean + SE)
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the laryngopharynx during swallowing thin liquid was high than that during thick liquid in

all swallowing volume (1, 3, and 9 ml) as shown in Figure 7.5c.

7.4.  Comparison of Swallowing in Dysphagic Patients with Healthy Adults

Method

Swallowing capabilities of dysphagic patients were compared to those of healthy adults.
The t-test was conducted at a = 0.05 by swallowing quantification measure (peak
amplitude, duration time, number of peaks, peak-to-peak interval, impulse) to examine that
the means of dysphagic patients (n = 36) and healthy adults (n = 120) were significantly
different. As a measure in terms of peak amplitude, highest peak amplitude was used in the
analysis to examine ascending movements of the laryngopharynx in the pharyngeal
shortening. As a measure in terms of peak-to-peak interval, first peak-to-last peak interval
was used in the analysis to examine total bolus transportation time in the pharynx when
number of peaks was more than two. Meanwhile, measurements of dysphagic patients (n =
36) during swallowing thin and thick liquids 9 ml were not acquired due to clinical hazard
provided by a dysphagic expert. Therefore, the t-test was conducted in terms of five
swallowing conditions such as dry saliva (DS), thick liquid (TK) 1, 3 ml, and thin liquid

(TN) 1, 3 ml for healthy adults and dysphagic patients.

Results
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Dysphagic patients showed significantly lower highest peak amplitude in all swallowing
conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml) compared to healthy adults as
shown in Figure 7.6. In swallowing DS, highest peak amplitude (14.4 + 8.9 mV) of
dysphagic patients was significantly 3/20 times lower than that (17.0 + 11.8 mV) of
healthy adults (t[180] = 2.29, p = 0.023). In swallowing TK 1 ml, highest peak amplitude
(15.7 £ 9.8 mV) of dysphagic patients was significantly 1/5 times lower than that (19.5 +
13.6 mV) of healthy adults (t[216] = 3.08, p = 0.002). In swallowing TK 3 ml, highest peak
amplitude (16.1 + 9.9 mV) of dysphagic patients was significantly 1/4 times lower than
that (21.0 + 13.7 mV) of healthy adults (t[173] = 3.85, p < 0.001). In swallowing TN 1 ml,
highest peak amplitude (15.9 + 10.1 mV) of dysphagic patients was significantly 1/3 times

lower than that (24.3 + 15.9 mV) of healthy adults (t[235] = 6.25, p < 0.001). In
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swallowing TN 3 ml, highest peak amplitude (15.9 + 10.1 mV) of dysphagic patients was
significantly 7/10 times lower than that (25.8 + 16.4 mV) of healthy adults (t[268] = 6.639,
p < 0.001). Lastly, in terms of all swallowing conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml,
TN 3 ml), highest peak amplitude (16.0 + 9.57 mV) of dysphagic patients was significantly
3/10 times lower than that (23.1 £ 15.4 mV) of healthy adults (t[982] = 13.13, p < 0.001).
Dysphagic patients showed significantly longer duration time in all swallowing
conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml) compared to healthy adults as
shown in Figure 7.7. In swallowing DS, duration time (882 + 377 ms) of dysphagic
patients was significantly 3 times longer than that (293 + 174 ms) of healthy adults (t[109]

=-15.09, p < 0.001). In swallowing TK 1 ml, duration time (922 + 376 ms) of dysphagic
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Figure 7.7. Mean comparison of duration time in healthy adults vs. dysphagic patients
(mean + SE; *p < 0.05)
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(t[120] = -14.78, p < 0.001). In swallowing TK 3 ml, duration time (984 + 337 ms) of
dysphagic patients was significantly 2.6 times longer than that (375 £ 187 ms) of healthy
adults (t[111] =-17.00, p < 0.001). In swallowing TN 1 ml, duration time (1,008 £ 317 ms)
of dysphagic patients was significantly 2.6 times longer than that (382 + 176 ms) of
healthy adults (t[126] = -19.51, p < 0.001). In swallowing TN 3 ml, duration time (1,002 +
297 ms) of dysphagic patients was significantly 2.6 times longer than that (391 + 169 ms)
of healthy adults (t[121] = -19.86, p < 0.001). Lastly, in terms of all swallowing conditions
(DS, TK1ml, TK3ml, TN 1 ml, TN 3 ml), duration time (960 + 344 ms) of dysphagic
patients was significantly 2.6 times longer than that (376 + 182 ms) of healthy adults
(t[569] = -37.22, p < 0.001).

Dysphagic patients showed significantly higher number of peaks in all swallowing
conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml) compared to healthy adults as
shown in Figure 7.8. In swallowing DS, number of peaks (2.5 + 0.9) of dysphagic patients
was significantly 1.7 times longer than that (1.5 + 0.6) of healthy adults (t[126] = -11.46, p
< 0.001). In swallowing TK 1 ml, number of peaks (2.6 + 0.9) of dysphagic patients was
significantly 1.5 times longer than that (1.7 + 0.7) of healthy adults (t[134] = -10.39, p <
0.001). In swallowing TK 3 ml, number of peaks (2.8 + 0.8) of dysphagic patients was
significantly 1.6 times longer than that (1.7 + 0.7) of healthy adults (t[131] = -12.26, p <
0.001). In swallowing TN 1 ml, number of peaks (2.9 £ 0.7) of dysphagic patients was
significantly 1.8 times longer than that (1.6 + 0.7) of healthy adults (t[147] =-14.83, p <

0.001). In swallowing TN 3 ml, number of peaks (2.9 £ 0.8) of dysphagic patients was
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significantly 1.7 times longer than that (1.7 £ 0.7) of healthy adults (t[127] = -12.37, p <
0.001). Lastly, in terms of all swallowing conditions (DS, TK 1 ml, TK3ml, TN 1 ml, TN
3 ml), number of peaks (2.8 + 0.8) of dysphagic patients was significantly 1.7 times longer
than that (1.7 + 0.7) of healthy adults (t[617] = -26.70, p < 0.001).

Dysphagic patients showed significantly longer first peak-to-last peak interval in all
swallowing conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml) compared to healthy
adults as shown in Figure 7.9. In swallowing DS, first peak-to-last peak interval (576 +
295 ms) of dysphagic patients was significantly 6.3 times longer than that (92 + 152 ms) of
healthy adults (t[116] = -15.99, p < 0.001). In swallowing TK 1 ml, first peak-to-last peak
interval (559 + 273 ms) of dysphagic patients was significantly 3.8 times longer than that

(147 + 185 ms) of healthy adults (t[137] = -14.68, p < 0.001). In
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swallowing TK 3 ml, first peak-to-last peak interval (609 + 281 ms) of dysphagic patients
was significantly 3.9 times longer than that (157 + 192 ms) of healthy adults (t[129] = -
15.28, p < 0.001). In swallowing TN 1 ml, first peak-to-last peak interval (681 + 267 ms)
of dysphagic patients was significantly 4.9 times longer than that (138 + 186 ms) of
healthy adults (t[139] = -19.77, p < 0.001). In swallowing TN 3 ml, first peak-to-last peak
interval (660 + 286 ms) of dysphagic patients was significantly 4.3 times longer than that
(153 + 188 ms) of healthy adults (t[131] =-17.08, p < 0.001). In terms of all swallowing
conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml), first peak-to-last peak interval (617
+ 283 ms) of dysphagic patients was significantly 4.3 times longer than that (142 + 184

ms) of healthy adults (t[618] = -36.89, p < 0.001).
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Dysphagic patients showed significantly lower impulse in swallowing TK 1 ml, TN
1 ml, and TN 3 ml compared to healthy adults as shown in Figure 7.10. In swallowing DS,
impulse (2,599 + 1,797 ms x mV) of dysphagic patients was not different with that (2,380
+ 1,769 ms x mV) of healthy adults. In swallowing TK 1 ml, impulse (2,662 + 1,746 ms x
mV) of dysphagic patients was significantly 3/20 times lower than that (3,151 £ 2,278 ms
x mV) of healthy adults (t[220] = 2.35, p = 0.019). In swallowing TK 3 ml, impulse (3,233
+ 2,063 ms x mV) of dysphagic patients was not different with that (3,517 + 2,459 ms x
mV) of healthy adults. In swallowing TN 1 ml, impulse (3,209 £+ 1,981 ms x mV) of
dysphagic patients was significantly 1/5 times lower than that (4,006 + 2,608 ms x mV) of
healthy adults (t[204] = 3.31, p = 0.001). In swallowing TN 3 ml, impulse (3,669 + 1,791

ms x mV) of dysphagic patients was significantly 1/5 times lower than that (4,463 + 2,898
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ms x mV) of healthy adults (t[245] = 3.31, p = 0.001). In terms of swallowing all
swallowing conditions (DS, TK 1 ml, TK 3 ml, TN 1 ml, TN 3 ml), impulse (3,063 + 1,911
ms x mV) of dysphagic patients was significantly 1/5 times lower than that (3,835 + 2,700

ms x mV) of healthy adults (t[940] = 5.72, p < 0.001).

7.5.  Establishment of normative data of swallowing

To evaluate the swallowing of an individual and screen patients with dysphagia, normative

data (M, SD, 5" percentile, and 95" percentile) of swallowing are established as presented

in Table 7.2 by swallowing food type and swallowing food volume.
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Table 7.2. Normative data of swallowing by swallowing food type and volume (DS: dry
saliva, TK: thick liquid, TN: thin liquid)

Swallowing food and DS TK TK TK TN TN TN
volume 1 ml 3 ml 9 ml 1ml 3ml 9 ml
Highest peak amplitude (mV)
M 16.1 18.4 20.4 23.7 22.7 23.8 25.7
SD 10.0 11.4 12.5 12.9 13.6 13.6 12.9
51 %ile 5.6 6.8 6.6 7.6 6.8 8.5 8.8
95" %ile 37.2 419 46.9 48.1 51.5 52.4 50.7
Duration time (ms)
M 293 363 375 400 382 391 432
SD 174 186 187 186 176 169 163
5t %ile 97 117 128 134 154 144 191
95t %%ile 664 751 751 749 743 720 755
Number of peaks (unit)
M 15 1.7 1.7 1.7 1.6 1.7 1.8
SD 0.6 0.7 0.7 0.7 0.7 0.7 0.7
51 %ile 1.0 1.0 1.0 1.0 1.0 1.0 1.0
95" %%ile 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Longest peak-to-peak interval (ms)
M 231 266 264 269 254 237 229
SD 138 145 149 148 146 150 147
5t %ile 62 79 72 89 76 55 68
95" %ile 501 554 538 565 526 530 536
Impulse (ms x mV)
M 2,380 3,055 3,399 4,052 3,788 4,063 4,664
SD 1,769 2,101 2,260 2,470 2,293 2,426 2,425
51 %ile 486 628 670 1,038 988 883 1,276
95t %%ile 5978 7,592 8,056 9,209 8,276 8,964 9,089
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Chapter 8 DIAGNOSTIC MODEL FOR DYSPAGIA

Diagnostic models were developed for discriminating statistically the severity of dysphagia
using a laryngopharyngeal movement signal measured by the ultrasonic Doppler sensor
during swallowing (Figure 8.1). An optimal diagnostic model was determined out of
various models with different swallowing liquid type and volume by comparing

discriminant performances and practicality in clinic.

8.1.  Statistical Method

Cumulative logit models were developed to discriminate the dysphagic severity evaluated
by dysphagic experts using VFSS video during swallowing into three ordinal categories
(normal, mild, and moderate/severe). The dysphagic severity of 120 healthy adults was

classified into normal and that of 36 dysphagic patients was diagnosed into mild or

u Itras&

Discriminant model
for dysphagia

[ e—— Swallowing quantification

Figure 8.1. Big picture of diagnostic model for dysphagia
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moderate/severe by two experts of dysphagia considering VFSS video evaluation results of
a pharyngeal stage dysfunction rating scale and overall patient condition during
swallowing. The pharyngeal stage dysfunction rating scale improving the dysphagia
severity scale (O'Neil, Purdy, Falk, & Gallo, 1999) evaluates nine pharyngeal dysfunctions
(velar elevation, hyo-laryngeal excursion, epiglottis inversion, upper esophageal sphincter
opening, pharyngeal peristalsis, vallecular residue, pyriform sinus residue, delayed
swallow reflex, and penetration/aspiration) out of three swallow phases (oral, pharyngeal,
and esophageal phases) as shown in Figure 8.2 and its higher score means more severe (0
point: normal) as presented in Table 8.1. As a result of classifying dysphagic severity to 36
dysphagic patients (Table 8.2), number of dysphagic patients was 19 for mild and 13 for
moderate/severe, but 4 for mild to moderate/severe due to difficulty to classify clearly

dysphagic severity based on VFSS video evaluation. Meanwhile, more than moderate was
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Figure 8.2. Pharyngeal stage dysfunctions
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Table 8.1. Pharyngeal stage dysfunction rating scale

No.

Pharyngeal
dysfunction

Score

Description

1

Velar elevation

0

complete velopharynx closure

complete velopharynx closure but weak

velopharynx closure present with nasal reflux

inadequate velopharynx closure and/or severe degree of nasal reflux

Hyo-laryngeal
excursion

normal

P IO[WiNiEF

mild (visible superior and anterior movement but mildly reduced range of
movement)

moderate (visible superior and anterior movement prominently reduced range of
movement)

severe (superior or anterior movement only or almost no movement at all)

Epiglottic
inversion

normal

= iOolw: N

mild (almost full range of movement but rigid or mild to moderately decreased
inversion in liquid but normal inversion in solid food)

N

moderate (reduced inversion, moving only halfway to 1/3 or the full range in
both liquid and solid food)

severe (no epiglottic inversion in thin liquid but may show partial inversion in
semi-solid food or no inversion in all substances)

UES opening

normal

prominently reduced opening range (only small amount enters the esophagus)

almost unable to open UES (only a slight trace or no bolus enters the UES)

Pharyngeal
peristalsis

none or slight trace of residue on the posterior pharyngeal wall

prominent trace of residue on the posterior pharyngeal wall

overall pharynx filled with residue

Vallecular
residue

normal or slight trace of residue

less than 25 percent of residue in the vallecular space

ranging from over 25% to less than 50 percent of residue in the vallecular space

over 50 percent of residue in the vallecular space

~

Pyriform sinus
residue

normal or slight trace of residue

less than 25 percent of residue in the pyriform sinus space

ranging from over 25% to less than 50 percent of residue in the pyriform sinus

over 50 percent of residue in the pyriform sinus

Delayed
swallow reflex

less than 0.71 sec, 1.17 sec

over 0.71 sec, 1.17 sec

over 5 sec

Penetration
/Aspiration

no penetration/aspiration

P IONIFPIOWINIFIOWINIFIONIFPFIONEFPI IOl W

material enters the airway, remains above the vocal folds, self-expectoration
possible

material enters the airway, remains above the vocal folds, self-expectoration
impossible

material enters the airway, contacts the vocal folds, and is not ejected from the
airway

material enters the airway, contacts the vocal folds, and is not ejected from the
airway

material enters the airway, passes below the vocal folds, and is ejected into the
larynx or out of the airway

material enters the airway, passes below the vocal folds, and is not ejected from
the trachea despite effort

material enters the airway, passes below the vocal folds, and no effort is made to
eject
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Table 8.2. Pharyngeal stage dysfunction rating result evaluated by clinicians using VFSS
video during swallowing thin and thick liquids

) No. P01 P02 PO3 P04 PO5 PO6 PO7 PO8 P09 P10 P11 P12
Dﬁt’ihef;gt'c Age(yrs) | 62 70 67 58 80 74 57 31 8 76 84 63
Gender M F M M F M F F F M M M
Velar elevation (max: 3) 0 0 0 0 0 0 0 0 0 0 0 1
Hyo-laryngeal excursion (3) 0 0 0 1 1 0 0 0 1 1 2 2
Epiglottic inversion (3) 1 1 1 3 2 1 0 1 2 3 3 2
UES opening (2) 0 0 0 1 0 0 0 1 1 1 1 0
Pharyngeal peristalsis (2) 0 0 0 0 0 0 0 0 0 1 1 0
Vallecular residue (3) 1 1 2 2 1 1 0 1 0 2 4 1
Pyriform sinus residue (3) 1 1 2 1 1 0 0 0 0 1 3 0
Delayed swallow reflex (2) 0 0 2 3 1 1 1 0 1 3 1 1
Penetration/aspiration (7) 0 2 0 0 0 0 0 0 4 5 0 3
Dysphagic severity M M-S S S S M M M S S S S
. No. P13 P14 P15 P16 P17 P18 P19 P20 P21 P22 P23 P24
Dﬁt’ihef’r‘g'c Age(yrs) | 76 69 72 56 67 62 75 43 61 70 65 61
Gender M M F M M M M M M F M M
Velar elevation (max: 3) 0 0 0 0 0 0 0 0 0 0 0 0
Hyo-laryngeal excursion (3) 2 0 0 0 1 0 0 1 2 0 0 1
Epiglottic inversion (3) 1 0 1 0 0 0 0 1 4 1 1 0
UES opening (2) 0 1 0 0 0 1 0 1 2 0 0 0
Pharyngeal peristalsis (2) 0 0 0 0 0 0 0 1 2 0 0 0
Vallecular residue (3) 1 1 1 1 0 1 0 1 4 1 1 0
Pyriform sinus residue (3) 0 1 1 0 0 0 0 1 2 1 1 0
Delayed swallow reflex (2) 2 0 2 1 1 0 1 0 2 0 1 1
Penetration/aspiration (7) 0 0 0 0 0 0 0 2 3 0 0 0
Dysphagic severity S S M-S M M M M M-S S M M M
. No. P25 P26 P27 P28 P29 P30 P31 P32 P33 P34 P35 P36
D?’;‘:{;ﬂ'c Age (yrs) 61 63 62 54 78 8 5 54 5 66 8 75
Gender M M F M F M M M M M F M
Velar elevation (max: 3) 0 0 0 0 0 0 0 0 0 0 0 0
Hyo-laryngeal excursion (3) 0 0 2 0 0 2 1 0 0 2 1 0
Epiglottic inversion (3) 1 1 1 1 1 1 1 0 0 1 1 1
UES opening (2) 0 0 0 0 0 0 1 1 0 0 1 0
Pharyngeal peristalsis (2) 0 0 0 0 0 0 1 0 0 0 1 0
Vallecular residue (3) 1 2 1 1 1 1 1 1 0 1 1 2
Pyriform sinus residue (3) 1 2 0 1 0 0 1 1 0 0 1 2
Delayed swallow reflex (2) 1 2 2 0 1 2 0 0 1 2 0 2
Penetration/aspiration (7) 0 0 0 0 0 0 2 0 0 0 2 0
Dysphagic severity M S S M M S S M M M-S S S
Notes. Gender: M = male, F = female; Dysphagic severity: M = mild, M-S = mild to moderate/severe, S = moderate/severe
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Meanwhile, more than moderate (moderate, moderate to severe, and severe) was combined
as moderate/severe in the present study due to vagueness of dysphagic severity
classification only by VFSS video evaluation and consideration for importance of
discovering mild patients in terms of dysphagic treatment. As a statistical model for
discriminating dysphagic severity, the cumulative logit model, one of logistic regression
models, was applied to classify into more than three ordinal categories (Figure 8.3).

Five cumulative logit model candidates for swallowing dry saliva, thin liquid 1 ml, 3
ml, thick liquid 1 ml, and 3 ml were developed to select an optimal diagnostic model for
dysphagia considering discriminant performance and practicality. Input variables by
cumulative logit model were selected by applying stepwise regression technique (Pin = Pout
= 0.05) given age, gender, and five swallowing quantification measures (highest peak

amplitude, duration time, number of peaks, longest peak-to-peak interval, and impulse) as

[ Logistic regression }

2 # categories >3
l orz 37
Binary X Ordinal? o
logistic regression XorQ

. J ¥

Nominal Ordinal
logistic regression logistic regression
L Bl
Cumulative Adjacent-categories
logit model logit model
P +AY P 1y
Pi¥=ji=F I i=1 J-1 P =P¥sj}-P¥zj-1 - - I I-1
. PiY = ! Ly Lee™™ 1ie
logit(P{Y = /1) = log] I R=Pren=—"__
L1-PY = j} ' L™ ™

login(P{Y = jhy =, + AY =10k g

Figure 8.3. Logistic regression models for categorization
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shown in Figure 8.4. Five cumulative logit models for swallowing dry saliva, thin liquid 1
ml, 3 ml, thick liquid 1 ml, and 3 ml were developed except for swallowing thin liquid 9
ml and thick liquid 9 ml not experimented by dysphagic patients in the present study. The
cumulative logit model estimates the probability (P1: normal, P,: mild, and Ps:
moderate/severe) of a dysphagic severity and discriminates a category with the highest
probability as estimated category. For example, dysphagic severity of a patient with P, =
0.3, P2=0.5,and P3 = 0.2 is discriminated into mild.

Dysphagic severity was finally determined into the most dysphagic severity out of
three experimented swallowing data and four discriminant performances (sensitivity for
mild, sensitivity for moderate/severe, specificity, and accuracy) were compared among

cumulative logit models. The present study adopted the most dysphagic severity out of
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three experimented swallowing data by swallowing liquid type and volume based on the
swallowing feature that dysphagic severity of each swallowing can be different (Ekberg,
2012). Following shows examples of determining dysphagic severity: three normal
swallowing — normal; two normal and one mild swallowing — mild; one normal, one
mild, and one moderate/severe — moderate/severe. For comparison of discriminant
performances among cumulative logit models, specificity (normal — normal),
sensitivitymig (Mild — mild), sensitivity moderatersevere (Moderate/severe — moderate/severe),
and accuracy (average of specificity, sensitivitymiid, and Sensitivity moderate/severe) Were
calculated.

Swallowing data of 120 healthy adults and 31 out of 36 dysphagic patients were
used except for swallowing data of five dysphagic patients with missing data and
diagnosed as mild to moderate/severe in the development of cumulative logit models for
discriminating dysphagic severity. Swallowing data of four dysphagic patients (P02, P15,
P20, and P34) diagnosed as mild to moderate/severe by VFSS video evaluation were
excluded in the analysis due to vagueness of comparison with the estimated category
(normal, mild, and moderate/severe) by the cumulative logit model. In addition,
swallowing data of one mild patients (P10) having missing data for dry saliva, thin liquid 3

ml, and thick liquid 3 ml was excluded for considering discriminant accuracy.

8.2.  Dysphagic Diagnostic Model
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The cumulative logit model for thin liquid 1 ml (accuracy = 81%) was selected as optimal
diagnostic model for dysphagia in terms of discriminant performance and practicality.
Figure 8.5 shows five cumulative logit models for dry saliva, thin liquid 1 ml, 3 ml, thick
liquid 1 ml, and 3 ml. For example, as shown in Figure 8.5a, the cumulative logit model
for dry saliva estimates the probability (P1: normal, P2: mild, and P3: moderate/severe) of a
dysphagic severity given age, duration time, number of peaks, and impulse. Primary
variables for dysphagic severity discrimination were age, duration time, and impulse
commonly used in the five cumulative logit models. The present study proposes the
cumulative logit model for thin liquid 1 ml as optimal diagnostic model for dysphagic
severity discrimination due to its highest discriminant performances (sensitivitymis = 50%,
Sensitivity moderatersevere = 92%, specificity = 100%, accuracy = 81%) and relatively superior
practicality (water + measurement spoon) compared with cumulative logit models for thick
liquid (beverage 100 ml + thickener 4.5 g + measurement spoon). In terms of
discrimination of discovering dysphagia, the optimal diagnostic model showed superior
performances with the discrimination rate of 100% (120/120) for healthy adults and 94%
(29/31) for dysphagic patients. In addition, to improve sensitivitymid, the present study
applied cost ratio of 0.21:0.66:0.13 = normal:mild:moderate/severe into the optimal
diagnostic model. As a result as shown in Figure 8.7, the optimal diagnostic model applied
with the cost ratio showed sensitivitymiiq = 83%, SENSitiVity mogerateisevere = 62%, specificity =
91%, and accuracy = 79%.

The optimal diagnostic model misclassified nine mild patients into two normal and

seven moderate/severe and one moderate/severe patient into mild. Two patients (P07 and
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DS Coef. SE Coef. z P ?;l?: Lower95% C.|.|Upper 95% C.I.
7.31357 A , < 0.001 - - -

9.12486 . 8 : <0.001 - -
-0.0551528) . X < 0.001 X 0.93

0.0004149

-0.0032898 0.0005168] 6.37 < 0.001 1.00| 1.00)
Number of peaks | -1.23838 0.247478 5.00 <0.001 0.29 0.18]
mpuls: . 362 1.00) 1.00

< 0.001

logit (P{Y < 1}) = 7.31357 — 0.0551526 x Age + -+ 0.0004149 x Impulse
logit(P{Y < 2}) = 9.12466 — 0.0551526 X Age + -+ 0.0004149 x Impulse

87'3]357_0'0551 526xAge+-+0.0004149 xImpulse

Py = 1 + ¢731357-0.0551526XAge+—+0.0004149 X Impulse P probability for normal
912466 -0.0551526 X Age +--+0.0004149x Impulse
P, = - 2 ili nild
P, 1 + g0-12466-00551526xAge++0.0004149 xImpulse Py /72 probability for il
P3=1-P, -7, Ps: probability for moderate/severe
(a) Dry saliva
Odds
TN1 Coef. SE Coef. l z | P i Lower 95% C.I.|Upper 95% C.I.
Co 1) 9.757a7 148158 6.59 <0.001 - -
Constant(2 12,6793 1.66442 7.62 =0.001 - - -
-0.0679622 0.0161091 -1.04 <0.001 0.93 0.91 0.96
-0.473874 0.45382 422 0.296 062 0.26 152
Duration time | -0.0044315 0.0009985 -4.44 <0.001 1.00| 0.99 1.00
Number of -1.08820 0.29982 -3.66 <0.001 0.33 0.19 0.60
st interval 0.0017712 0.0012461 142 0.155| 1.00) 1.00 1.00
0.0004320 0.0001135] 3.81 <0.001] 1.00, 1.00 1.00

logit (P{Y < 1}) = 9.75737 — 0.0679622 x Age + -+ 0.0004320 x Impulse
logit(P{Y < 2}) = 12.6793 — 0.0679622 X Age + -+ 0.0004320 x Impulse

£9-75737-0.0679622 x Age +--+0.0004320 xImpulse

Py = 1 + ¢9.75737-0.0679622 < Age ++0.0004320xImpulse P probability for normal
12.6793-0.0679622x Age-++0.0004320 X Impulse o _

Py = 1 + ¢126793-0.0679622xAge++0.0004320 xImpulse Py 17, probability for rmilc

P3=1-P, -7, Ps: probability for moderate/severe

(b) Thin liquid 1 ml
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TN3 Coef. SE Coef. l P Odds Lower 95% C.I.|Upper 95% C.I.
8.36338 1.25?’48[ < 0.001

11.4783 1.45488 . <0.001 - -
-0.0853828 . -3, < 0.001

0.0012008
0.0003317] 0.0001124]

logit (P{Y < 1}) = 8.36336 — 0.0853626 x Age + -+ 0.0003317 X Impulse
logit(P{Y < 2}) = 11.4793 — 0.0853626 X Age + -+ 0.0003317 x Impulse

83.36336—0.0853626)(,492+---+D.DOD33l7xfmpuL$e
P.: probability for normal

Py = 1 + £B-36336-0.0853626 xAge+-+0.0003317 xImpulse

11.4793=-0.0853626 xAge+---+0.0003317 <Impulse

P,=— -P /5 prabability for mild
- 1+ e11,4'?93—0.0353626xAge+‘--+0.000331'?x!m;ou!se 1 “
P;=1-P;—P, P5: probability for moderate/severe
(c) Thin liquid 3 ml
Odds
TK1 Coef. SE Coef. z P i Lower 95% C.I.|Upper 95% C.I.
[ (1) 8.93108] 113166| 769| <0.001 - B
Constant(2 11.7554 1.3171§ 8.92 <0.001 | | R
-0.0918191 0.0140684 653 < 0.001 0.91 0.89 0.94
Duration time | -0.0031407] 0.00076 -4.10 < 0.001 1.00] 1.00) 1.00
Number of -0.870023 0.268081) -3.23 0.001 0.42] 0.25 0.71
st interval -0.0028136 0.0010064 -2.60 0.009) 1.00] 1.00 1.00
0.0004373) 0.00010686 410 < 0.001 1.00] 1.00 1.00

logit (P{Y < 1}) = 8.93108 — 0.0918191 x Age + - + 0.0004373 X Impulse
logit(P{Y < 2}) = 11.7554 — 0.0918191 X Age + -+ 0.0004373 x Impulse

g 8-93108-0.0918191x Age++0.0004373 xImpulse
P.: probability for normal

Py = 1 + ¢B93108-0.0918191xAge+—+0.0004373 xImpulse

ell.'?SS-‘l—U.OGlS‘.lglx Age+--+0.0004373 xImpulse

2 = 1 4 e11.7554-0.0918191xAge+ -+0.0004373 xImpulse -

P, F.: probability for mild

(%)

P;=1—-P,—F, P5: probability for moderate/severe

(d) Thick liquid 1 ml
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TK3 Coef. SE Coef. z | P ?:t?: Lower 95% C.|.|Upper 95% C.I.

Constant(1) 9.40521 1.07318 B.?G] < 0.001
Constant(2) 11,6416 1.19524 974 <0.001 - i _
=) -0.0765833 0.0142458 -5.37 < 0.001 0.93] 0.90) 0.95

H st k itude -0.0348978 0.0234104 -1.48 0.138 097 0.92 1.01
Duration time | -0.0040954 0.00068192 -6.61 1.00
-1.15080| 0.258852)

0.0005575

logit(P{Y < 1}) = 9.40521 — 0.0765633 X Age + -+ 0.0005575 X Impulse
logit(P{Y < 2}) = 11.6416 — 0.0765633 X Age + -+ 0.0005575 x Impulse

9.40521-0.0765633xAge++0.0005575 xImpulse

e ats
Py = 1 + g9-40521-0.0765633 X Age +-+0.0005575 xImpulse P+: probability for normal
e11.6416—0.0‘?65633xA_qe+---+0.00055?5 =Impulse -
2 = { F ¢11.6416-00765633x Age++00005575 xImpulse P, 17, probability for rmilc
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(e) Thick liquid 3 ml
Figure 8.5. Cumulative logit models for discriminating dysphagia severity
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Figure 8.6. Comparison of discriminant performances and practicality among cumulative
logit models for discriminating dysphagia severity
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P08) were evaluated as mild by VFSS video evaluation, but were classified as normal by
the optimal diagnostic model due to their similar laryngopharyngeal movement signal
pattern with normal signal patterns as shown in Figure 8.7. Eight dysphagic patients were
classified into different severity category (seven patients: mild — moderate/severe; one
patient: moderate/severe — mild). The aforementioned result is attributable to that
pharyngeal dysfunction evaluation results having relative small relationship with the
laryngopharyngeal movement such as delayed swallow reflex would affect more to the

dysphagic severity evaluation.

Discriminant performance (%)
Model Confusion matrix e L
(1) Sensitivity: | (2) Sensitivity: | (3) Specificity: Accuracy:
Mild /s Narmal My« 2)+ 3
Actual class
Normal Mild M&S
F'r:l;wd Mild 0 9 1 50 92 1 OO 8‘1
Mas 0 7 12
Actual class
TN 1 Normal Mild MES
app"9d Normal 109 1 0 @ ':;' @ "_\:-:
cost ratio
normal:mild:mode| "Shee?| i 1 15 5 83 62 91 79
rate/severe =
0.21:0.66:0.13 M&S 0 2 8

Figure 8.7. Comparison of discriminant performances of cumulative logit models between
before and after applying cost ratio for improvement of sensitivity for mild
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Figure 8.8. Comparison of ultrasonic Doppler signal among misclassified cases (mild —
normal), a normal case, and a dysphagic case
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Chapter9 DISCUSSION

The present study quantified the human swallow by measuring ascending and descending
movements of the laryngopharynx during swallowing. The precedent study (Lee, Jung, et
al., 2012) developed the swallowing measurement device (SMD) which converts
movements of the laryngopharynx into a swallowing signal using the ultrasonic Doppler
sensor. The present study developed the signal processing technique, which applied the
signal rectification and smoothing algorithm, specialized in reducing noises and clarifying
peaks of the swallowing signal measured by the SMD and then established the five
swallowing quantification measures (peak amplitude, duration time, number of peaks,
peak-to-peak interval, and impulse) defined using the starting point, peak, and ending point
extracted from the smoothed swallowing signal. The effectiveness of the swallowing
quantification measures was examined by understanding their meanings (peak amplitude:
maximum instant movement of the laryngopharynx, duration time: total movement time in
the laryngopharynx, number of peaks: number of movement types in the laryngopharynx,
peak-to-peak interval: bolus transportation time in the pharyngeal stage, and impulse: total
movement of the laryngopharynx) through interoperation of the swallowing signal with the
corresponding VFSS video. In clinics, swallowing functions have been mainly diagnosed
by conducting videofluorocopic swallowing study (VFSS) and/or fiberoptic endoscopic
evaluation of swallowing (FEES), but these clinical methods rely on a medical opinion, not
guantitative measurements, provided by clinicians. Therefore, the quantitative assessment

methodology of the pharyngeal swallow, which quantifies the movement of the
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laryngopharynx during swallowing, developed in the present study can contribute to
evaluating the human swallow with high accuracy.

The swallowing screening algorithm, which only discriminates the swallowing
activity out of up-and-down pharyngeal movement-related activities measured by the
ultrasonic Doppler sensor, was developed and validated for real-time and accurate
evaluation of swallowing. Found that the ultrasonic Doppler sensor, attached on the neck
surface, of the SMD detected not only swallowing but also vocalization, coughing,
respiration, and neck motions such as rotation and flexion/extension. To distinguish
swallowing from various up-and-down pharyngeal movement-related activities in daily
life, a unique swallowing characteristic which respiration and vocalization are impossible
due to the closure of the vocal folds during the pharyngeal stage of swallowing was applied
to development of the swallowing screening algorithm. Accordingly, the present study
employed a miniature microphone into the SMD for measuring synchronized audio signal
with movement signal occurred in the pharynx. The movement-to-audio signal invented in
the present study discriminated 100% swallowing, having high movement but low audio
values, from vocalization and coughing, having high movement and audio values, which
had similar patterns with the swallowing signal. Meanwhile, respiration and neck motions,
which had different patterns with the swallowing signal, were screened only using
movement signal by applying the moving average technique. Therefore, the swallowing
screening algorithm developed in the present study can be applicable to accurate and real-
time selection of swallowing out of various pharyngeal movement-related activities

measured by the ultrasonic Doppler sensor.
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In the oral stage, before the pharyngeal stage, out of the normal swallow phase, 20%
of healthy adults showed the ascending movement of the laryngopharynx located in the
pharyngeal during swallowing. The present study found that two peaks on the swallowing
signal occurred when ascending (high peak) and descending (low peak) movements of the
laryngopharynx during swallowing were apparently separated and one peak when those
time difference was relatively short, by observation of VFSS and neck surface videos
recorded when swallowing water 1 ml. The relative frequency of which number of peaks =
1, 2, and more than 3 on the swallowing signal was found 43%, 39%, and 18%,
respectively. By VFSS analysis when occurring three peaks, the 1% peak was found
occurred in the oral stage, before that pharyngeal stage, when moving the laryngopharynx
due to the elevation of the soft palate, while the 2 and 3™ peaks were found occurred in
the pharyngeal stage when moving the laryngopharynx upward and downward,
respectively. Estimated that the aforementioned human swallow strategy occurring the
laryngopharynx movement in the oral stage would be one of the pre-pharyngeal shortening
activities for more precise and safety swallow.

By the identification of the representative swallowing type, the present study found
that movement time of the laryngopharynx was less than 1 s in all healthy adults, but that
was more than 1 s in 80% of dysphagic patients. The present study identified the three
healthy swallowing types (short-double peak, short-single peak, short-multiple peak) and
the three dysphagic swallowing types (short-double peak, long-double peak, long-multiple
peak) by clustering analysis using the three swallowing quantification measures (peak

amplitude, duration time, and number of peaks) and then determined the representative
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swallowing type in each identified swallowing type. The representative short-double peak
type, which includes two peaks and duration time < 1 s, was identified in common with
healthy adults (395 ms, 43%) and dysphagic patients (465 ms, 19%), but the other
representative swallowing types (short-single peak: 199 ms, 39%; short-multiple peak: 662
ms, 18%) of healthy adults showed duration time < 1 s and those (long-double peak: 1,041
ms, 65%; long-multiple peak: 1,463 ms, 16%) of dysphagic patients showed duration time
> 1 s. The representative swallowing type of healthy adults and dysphagic patients
identified in the present study can be used as a swallowing classification guideline for
guantifying swallowing characteristics by using the SMD.

The present study found that the movement of the laryngopharynx of healthy adults
was increased in swallowing food with a low viscosity and a high volume. The effects of
swallowing food type and volume were found commonly significant on peak amplitude
and impulse, which are related to the degree of the laryngopharynx movement. Healthy
adults showed 24% bigger and 36% more movements of the laryngopharynx in swallowing
thin liquid having high viscosity relatively than swallowing thick liquid having low
viscosity. The aforementioned result can be utilized as a basis that most dysphagic patients
tend to mix food with thickeners such as Thick&Easy (Hormel Health Labs, USA) to
increase viscosity for easy and smoothing swallowing. Meanwhile, healthy adults showed
30% bigger and 37% more movements of the laryngopharynx in swallowing 9 mi
relatively than swallowing 1 ml. The aforementioned result agrees on the swallowing

reflex process which swallowing-related organs are moved proportional to the swallowing
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volume calculated by the cerebral hemisphere when the bolus is passed inside the tongue
(Miller, 1999; Perlman & Christensen, 1997).

The present study revealed quantitatively that dysphagic patients showed 1/3 times
lower and 2.6 times longer movements of the laryngopharynx during swallowing
compared to healthy adults. The present study quantified the swallowing capability of
healthy adults and dysphagic patients in terms of dry saliva, thick liquid 1 ml, thick liquid
3 ml, thin liquid 1 ml, and thick liquid 3 ml, and then found that dysphagic patients showed
lower swallowing performances in all swallowing conditions, regardless of the swallowing
volume, than healthy adults. The aforementioned result indicates that the swallowing
signal of dysphagic patients is distinguished with that of healthy adults, and then the
evaluation of the swallowing signal can be used for screening dysphagia. Thus, the
swallowing characteristic of healthy adults and dysphagic patients revealed in the present
study can be used as a guideline for a diagnosis with dysphagia when acquiring the
swallowing signal during swallowing.

The diagnostic model for dysphagia developed in the present study can evaluate the
severity of dysphagic patients as normal, mild, moderate/severe. The present study found
that diagnostic models for dysphagia/swallowing did not exist based on comprehensive
literature review. The diagnostic model for dysphagia evaluates the severity of dysphagia
using real-time data measured by the ultrasonic Doppler when swallowing saliva or a small
guantity of water (e.g., 1 ml) considering practicality in clinics. The cumulative logit
model of ordinal logistic regression was applied in the diagnostic model for dysphagia for

discriminating not only the existence of dysphagia but also the severity of dysphagia such
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as normal, mild, and moderate/severe levels. The diagnostic model for dysphagia showed
sensitivity for mild = 50%, sensitivity for moderate/severe = 92%, specificity = 100%, and
accuracy = 81%. The swallowing activity can be quantitatively categorized in real time
when employing the diagnostic model for dysphagia into the SMD. Thus, the diagnostic
model for dysphagia can contribute to enhancing accuracy and efficiency of dysphagia
evaluation.

A mobile swallowing monitoring and assessment system (mobile-SMAS) being
employing the quantitative assessment methodology of pharyngeal swallow proposed in
the present study can contribute to monitoring, quantitative assessment, biofeedback of
swallowing based on real-time measurement. The mobile-SMAS would be the first of its
kind in the world which provides real-time functions of quantitative swallowing
assessment and can be used at hospitals, community healthcare centers, nursing facilities,
and homes to provide better clinical services for patients with dysphagia. Compared with
the conventional dysphagia examination methods such as VFSS and FEES, which highly
rely on observations and subjective evaluations of the examiner, the mobile SMAS has
distinguished features such as better safety, comfort, objectivity, accessibility, portability,
and competitive price. Furthermore, the ICT technology based SMAS can provide various
smart functions such as biofeedback and quantitative analysis on swallowing activities in
daily life, which can extend its usage to other applications such as assist devices of diet

management and rehabilitation for patients with Parkinson’s disease.
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Chapter 10 CONCLUSION

The present study was to achieve five objectives for swallowing quantification as
following: (1) discrimination of swallowing from other pharyngeal activities occurred in
the signal measured by the ultrasonic Doppler, (2) quantification of the swallowing signal,
(3) interpretation of the swallowing signal by interoperating with the laryngopharynx
motion during swallowing, (4) comparison of swallowing characteristics between healthy
people and patients with dysphagia, and (5) development of a diagnostic model for
dysphagia.

First, the present study developed the swallowing screening algorithm for
discriminating the swallowing activity from various laryngopharynx movement-related
activities such as vocalization, coughing, respiration, and neck motions measured by the
ultrasonic Doppler. The swallowing screening algorithm including smoothing and filtering
techniques was developed based on the laryngopharyngeal protective mechanism which
respiration and vocalization are impossible due to the closure of the vocal folds during the
pharyngeal stage of swallowing. The movement-to-audio signal proposed in the present
study discriminated swallowing 100% from vocalization, coughing, respiration, and neck
motions.

Second, the present study developed the signal processing technique for the
swallowing signal and established swallowing measures to quantify the swallowing
activity. The quantification protocol of swallowing was developed to identify

characteristics of swallowing by using the swallowing signal measured by ultrasonic
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Doppler during swallowing. Swallowing measures (e.g., swallowing duration) were
extracted from the swallowing signal by development of the swallowing automatic
guantification program.

Third, the present study interpreted the swallowing signal by interoperating with
VFSS video recorded during swallowing. Meanings by reference point such as
starting/ending points and peak on the swallowing signal were apprehended through real-
time synchronization of the VFSS video and the swallowing signal measured during
swallowing. The swallowing measures were interpreted based on the meaning of the
swallowing signal with experts of dysphagia.

Forth, the present study compared patients with dysphagia with healthy people in
terms of the swallowing measures by conducting the swallowing experiment. The
swallowing experiment was conducted for participants to swallow saliva, thin liquid 1, 3, 9
ml, and thick liquid 1, 3, 9 ml. The effects of age, gender, swallowing food, and
swallowing volume on the swallowing measure were examined. Swallowing
characteristics of patients with dysphagia were compared to those of healthy people.

Lastly, the present study developed the optimal diagnostic model for dysphagia to
classify a dysphagia severity level as normal, mild, and moderate/severe. Input variables of
the diagnostic model were selected as age, highest peak amplitude, duration time, number
of peaks, and impulse which were significant on the severity of dysphagia. The optimal
diagnostic model for dysphagia was developed by applying the ordinal logistic regression

and used the swallowing signal for water 1 ml considering practicality and performance.
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The diagnostic model for dysphagia showed sensitivity for mild = 50%, sensitivity for
moderate/severe = 92%, specificity = 100%, and accuracy = 81%.

The mobile swallowing monitoring and assessment system (mobile-SMAS)
employing the quantitative assessment methodology of the pharyngeal swallow developed
in the present study would contribute to monitoring, quantitative assessment, biofeedback
of swallowing based on real-time measurement. The mobile-SMAS would be the first of
its kind in the world which provides real-time functions of quantitative swallowing
assessment and can be used at hospitals, community healthcare centers, nursing facilities,
and homes to provide better clinical services for patients with dysphagia. Compared with
the conventional dysphasia examination methods such as VFSS and FEES, which highly
rely on observations and subjective evaluations of the examiner, the mobile-SMAS has
distinguished features such as better safety, comfort, objectivity, accessibility, portability,
and competitive price. Furthermore, the ICT technology based SMAS can provide various
smart functions such as biofeedback and quantitative analysis on swallowing activities in
daily life, which can extend its usage to other applications such as assist devices of diet

management and rehabilitation for patients with Parkinson’s disease.
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Appendix B. Swallowing Quantification Program

B.1. Layout of the swallowing quantification program

] Swallowing Parameter Extraction Program

| File Edit View ot Tool Dektop  Window  Help

- Ra\f Signal

1
3000
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B.2. Structure of folders of the swallowing quantification program

? AnalyzedData
Data
, DataSet
|5] ExcelResult
[@ Filerath
(@] ResultFile
[E) Resultimage
[E] ResultMame
|| Swallowinganalysis.fig
4\ Swallowinganalysis

115




Appendix D. Swallowing Data

Group

Subject

Gender

Age

Liquid
type

Liquid
volume

Trial
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peak
ampltude

Duration
time
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peak
interval

Impulse

Group

Subject

Gender

Liquid

A
9| ype

Liquid
volume

Trial
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peak
ampltude
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p— Tongest p— Tongest
Group | Subject | Gender | Age | HAUd | Laud | o | ey | Duraton | # | peakcto- Group | Subject | Gender | Age | HOUd | LAud | o) | ey | Duration | # f peakcto-
type | volume time | peaks | peak type | volume time | peaks | peak
ampliude ampliude
interval interval

A b FZ% A b o

HA D HA D 2.

HA D HA D 7.

HA HA 5

HA HA

A A

HA HA X

HA HA 2.

A A 2.

HA HA 2.1

HA HA 53,

A A

HA HA

HA HA

A A

HA HA 1

HA HA

FA FA 4

HA HA 152.!

HA HA

HA HA

HA D HA D

A F D A 7 D

HA F D HA 7 D ..

HA F HA 7 4.}

HA F HA 7 7.

HA F HA 7

HA F HA 7

A F A 7 F

HA F HA 7

HA F HA 7

HA F HA 7

HA F HA 7

HA F HA 7

HA 3 HA 7

HA F HA 7

HA F HA 7

HA E HA 7

HA F HA 7

A F A 7

HA F HA 7

A 3 A 7

HA F D HA D 4

HA F D HA D

HA F D HA D

A F A -

HA F HA 49.

HA F HA 65

HA E HA 36

HA F HA 60.:

HA F HA 26

HA 3 HA 70.

HA F HA 53.

A F A 21

HA E HA 73.

HA F HA 58.

A F A 73

HA E HA 100,

HA F HA 105.

A F A 107

T E R

A 3 A

R E R

HA E D HA D

HA F D HA D 4

FA E b FA b

iy 3 HA

A E HA

R E R

oy 3 A

A E m

T E R

Ty 3 A

y E y

R E R

A 3 A

R E R

R £ T

A 3 A

R E R

Y 3 HA

A E HA

HA F HA 2

oy £ oy 5

HA D HA F D

HA b HA b 2

HA D HA D ..

A A 14,

HA HA 12

HA HA 10..

HA HA .

HA HA 12.!

HA HA

A A

HA HA

HA HA

HA HA 22,

HA HA

HA HA

HA HA 3,

HA HA

A A

HA HA

HA HA

A R 3
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p— Tongest p— Tongest
Group | Subject | Gender | Age | MU | Liaud | i) | eak peakto- |\ o ise Group | Subject | Gender | Age | HOUd | LAud | o) | ey | Duration | # f peakcto-
type | volume peak type | volume time | peaks | peak
ampliude ampliude
interval interval

A b o N b X 452] 2841
HA D 4. HA 26 D .9 333} 1858
HA D HA 26 D: 12.7 64 1831
HA rA | 26 2242104
HA HA 26 1 347 4330
HA mA | 26 S5 3893
HA rA | 26 X 533 3370]
HA HA 26 0. 366 4783
HA mA | 26 1 6433765
HA rA |26 = 302] 4964
HA HA 26 8. 211 2221
A mA | 26 1 331] 2055
HA N 201] 1899
HA HA 26 929
A mA | 26 1 P2 IEPIE)
HA HA 26 487 3141
HA HA 26 232 1719
FA rA | 26 T61] 153
HA HA 26 228 2648
A A 6 2433356
HA HA 6 761573
HA D HA 7 D 326 3779
A F D A 7 D 1471
HA F D HA 7 D 1493
HA F HA 7 480 3579
HA F HA 7 610]_4080]
HA F HA 7 519 3965
HA F HA 7 373 4500
A F A 7 2. 2422
A 3 A 7 - 250] 3380
HA F HA 7 9| 445 4564
HA F HA 7 1 477] 5156
HA F HA 7 .9 569 4876
HA F HA 7 7| 485 4542
HA 3 HA 7 5 423] 2786
HA F HA 7 .3] 434 4028
HA F HA 7 4.2) 514 4220
HA E HA 7 7 384] 4356
HA F HA 7 4. 499 4123
HA F A 7 x 245] 7105
HA F HA 7 4.
A 3 A 7
HA F D HA D
HA F D HA D 41
HA F D HA D A
A F A 45.0]
HA 2 E HA 2 7]
A %3 3 HA 28 8]
mA | 23 E N 7
HA 23 F HA 28 4
HA 23 F HA 28
mA | 23 3 rA | 28
HA 23 F HA 28
i | 2 F mA | 28
bA | 23 E rA | 28
HA 23 F HA 28
A F A
HA F HA
HA F HA
R E R
T E R
HA F HA ..
A F A 2
HA D HA D 14.
HA b FA b 0.
FA b FA b
HA HA 41.
HA HA 8.
HA HA 5.
HA HA
A A
HA HA
HA HA
A A
HA HA
HA HA ..
A A 0.
A HA 4.
HA HA 0.
HA HA 5.
HA HA 7.
HA HA 4,
HA HA 1
HA HA 65.
HA F D HA F D 4.
HA E b HA b
HA F D HA D
A 3 A
HA F HA .
HA F HA 4.
HA F HA 22
HA F HA 1.7
HA F HA ZX
R E A
R £ R
A 3 m
HA E HA 2
HA F HA 4.
A E HA
R E R
oy 3 A
A 3 A
HA E HA Y
HA F HA 18.!
A F A F 15!
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Fighest Longest
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p— Tongest p— Tongest
Group | Subject | Gender | Age | HOUd | LAud | o) | gy | Duration | # f peakcto- Group | Subject | Gender | Age | HOUd | LAud | o) | ey | Duration | # f peakcto-
type | volume time | peaks | peak type | volume time | peaks | peak
ampliude ampliude
interval interval

A b 5 513 A b 5

HA D 0. 683 HA D 7.

HA D 4, 444 HA D: 5.

HA 667] HA 0.

HA 695 HA

A 537] A

HA T075] HA

HA ! 668] HA

A 1. 564 A

HA 0. 777 HA

HA 9. HA

A 0. A

HA 0. HA

HA 34, HA

A 2, A

HA HA

HA HA

FA FA

HA HA .

HA 4 HA 4

HA 6. HA ¥

HA D 4. HA D 4.

A F D 63. A 7 D 2.

HA F D 9. HA 7 D

HA F HA 7

HA F HA 7 i

HA F HA 7

HA F HA 7

A F A 7

HA F HA 7

HA F 1 HA 7

HA F 3 HA 7

HA F 85.. HA 7

A 3 50 HA 7

HA 3 50. HA 7

HA F 36.: HA 7

HA F 72. HA 7

HA E 0. HA 7

HA F 7. HA 7

A F 4. A 7

HA F 127 HA 7

HA F 86.! HA 7

HA F D 83. HA D

HA F D 2. HA D

HA F D 1. HA D

R 3 A

T £ T

A 3 o

HA E 5 HA

HA F 73. HA

HA F “ HA

HA 3 75, HA

HA F HA

A 3 A

R E R

HA F . HA

A F 30. A

HA F 52. HA

HA F 2. HA

A F EX A

HA F 4. HA

HA F 7. HA

A F 83. A 4

HA F D 0. HA D ..

HA F D 1. HA D! 4

FA E b 6. FA b

HA F HA

A E A 7

R E R

HA F HA 69..

A F A 64.

HA F HA 61.

HA F HA 53.!

A F A 39.

HA F HA 41

HA F HA 33..

A F A 51

HA F . HA 26.

HA F 7. HA 25

HA F 52. HA 32.

Y 3 5. HA 6.

HA F 63. HA 41

HA F 55 HA 652

HA F 49. HA 1

HA F D HA | 50 D

HA E b HA |50 b

HA F D HA 50 D

A F HA |50

HA F HA 50

HA F HA 50

HA F HA | 50

HA F HA 50

HA F HA 50

A F HA |50 .

HA F HA 50 45.

HA F HA |50 86,

HA E HA |50 32.

HA F HA 50 53..

HA F HA | 50 58

HA 3 HA |50 71

HA F X HA 50

A F 4. HA |50 1007

HA E 3 HA |50 B7.1

HA F 1. HA 50 88.9

A F 70 HA | 50 F 348
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p— Tongest p— Tongest
Group | Subject | Gender | Age | MU | Liaud | i) | eak peakto- |\ o ise Group | Subject | Gender | Age | HOUd | LAud | o) | ey | Duration | # f peakcto-
type | volume peak type | volume time | peaks | peak
ampliude ampliude
interval interval

A b 7 N S 50 | D ;

HA D 7. 712 HA 56 60 D 13,

HA D 717] HA 56 60 D: 1

HA HA | 56 60

HA HA 56 60

A HA | 56 60

HA HA | 56 60

HA HA 56 60

A HA | 56 60

HA rA | 56 60

HA 2 HA 56 60

A 56 HA | 56 60

HA HA 56 60 1

HA HA 56 60

A HA | 56 60

HA HA 56 60 1:

HA N 60

FA X N S 60

HA .2] HA 56 60

HA 7 HA | 56 60

HA 1 N 60 ¥

HA 52 50 D HA 57 60 D 15.!

A | 52 50 | D A 7 60 | D 1

HA 52 50 D HA 7 60 D

HA 52 50 HA 7 60

i | s 50 HA 7 60

HA 52 50 HA 7 60

HA 52 50 HA 7 60

i | 52 50 A 7 60

HA 52 50 HA 7 60

HA 52 50 HA 7 60

b | s 50 HA 7 60

HA 52 50 HA 7 60

mA | 52 50 HA 7 60

mA | 52 50 HA 7 60

HA 52 50 HA 7 60

mA | 52 50 HA 7 60

mA | 52 50 HA 7 60

HA 52 50 HA 7 60

mA | 52 50 A 7 60

HA 52 50 X HA 7 60

HA 52 50 26. HA 7 60

N D 62. N 70 [ D 4

HA 53 D 43. HA 58 1 D

HA 53 D 49, HA 58 7 D

N N 7

HA 53 HA 58 7

N N 7

N 4 N 7

HA 53 4 HA 58 N

N HA | 58 7

N N T 7

HA 53 4 HA 58 N

N HA | 58 7

bA | 53 HA | 58 7

HA 53 58. HA 58 7

N 53 HA | 58 7

HA 53 51. HA 58 1 .

HA 53 53.! HA 58 7 13..

N 47, N F |7

HA 53 59. HA 58 I ..

HA 53 84.. HA 58 7 20.

N 9 N 7 1L

HA D HA 59 7 D 7.

HA I D HA 59 7 D:

FA 70 [ D FEY A | 59 70 [ D 4

HA 7 13.. HA 59 7 3

HA 7 HA 59 7 1

HA 7 ¥ HA |59 7

HA 7 14. HA 59 7

A 7 HA | 59 7

HA I . HA 59 1 ..

HA 7 28, HA 59 7 1.

A 7 11 HA | 59 7 1

HA 1 HA 59 1

HA 7 HA 59 7

A 7 HA | 59 7

HA 1 HA 59 1

HA 7 HA 59 ¥

HA 7 HA | 59 7

HA 7 HA 59 7

HA 7 1 HA 59 7

HA 7 Y] N 7

HA 7 2] HA 59 7

HA | 55 60 | D 0 HA | 60 F [70] D

bA | 55 60 | D 7 HA |60 70 [ D

HA 55 6l D HA 60 7 D ..

HA | 55 60 T HA | 60 7 FEX

HA 55 60 1 HA 60 1

HA 55 60 HA 60 7

HA | 55 60 HA | 60 7

HA 55 60 HA 60 1

HA 55 60 HA 60 7

N 60 HA |60 7 X

HA 55 60 HA 60 7 4.

N 60 T FA | 60 7

N S 60 HA | 60 7 y

HA 55 60 1 HA 60 7 17.

HA | 55 60 1 FA |60 7 I

N S 60 2 HA |60 7 12

HA 55 60 .8 HA 60 7

WA | 55 60 6 HA | 60 7

HA | 55 60 7 HA | 60 7

HA 55 60 .4 HA 60 7 A

mA | 55 60 2 iA | 60 F 17 48]
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p— Tongest p— Tongest
Group | Subject | Gender | Age | HOUd | LAud | o) | gy | Duration | # f peakcto- Group | Subject | Gender | Age | MU | Laud | i) | eak peakto- | |y ise
type | volume time | peaks | peak type | volume peak
ampliude ampliude
interval interval
A F o] oD 3 N S 50 | D Z 1] 74
HA F 60 D 4.1 HA 66 60 D 152 861
HA F [e] D N 60 | D 87] o682
HA F T 60 T2, iA | 66 60 To. 267 283
HA F 60 | HA 66 60 227 1591
A F T 60 7. HA | 66 60
HA F T 60 7. HA | 66 60
HA F 60 7. HA 66 60 .
A = 7. HA | 66 60 6
HA F T 60 0. N S 60 2
HA F 60 1. HA 66 60 12.7
A F T 60 0. HA | 66 60 121
HA E T 60 7. HA | 66 60 0.
HA F 60 13, HA 66 60 8.
A F T 60 2. HA | 66 60 10.
HA F 60 11. HA 66 60 21
A F 10 1 N 60 2
FA F T 60 146 HA | 66 60 X
HA F 60 .4 HA 66 F 60 21.
HA = 7 HA | 66 60 1
HA F T 60 X HA | 66 60 14,
HA 2 F 7 D 16.! HA 7 7 D
A F [70] D X A 7 70 [ D
HA F 1 D 11. HA 7 1 D
HA F 7 10. HA 7 7 ..
HA F |7 HA 7 7 4.
HA F 1 HA 7 1
HA F 7 HA 7 7 .
A F |7 A 7 7 4,
HA F 1 HA 7 1
HA F 7 HA 7 7
HA FE |7 1 HA 7 7 z
HA F 7 13.: HA 7 7 4.
HA F 7 HA 7 7
HA FE 7 HA 7 7
HA F 7 HA 7 7
HA F |7 HA 7 7
HA FE |7 HA 7 7
HA 2 F 7 HA 7 7
A | e F |7 A 7 7
HA 62 F I HA 7 1
HA 62 F 7 HA 7 7
N F [e] D HA 7 50 | D
N S o HA 6 50 [ D
HA 63 F 6l D HA 8 50 D
N F T 60 iA | 68 50
HA 63 F 60 HA 68 50
N F 1 0 N 50
N F T 60 To. bA | 68 50
HA 63 F 60 5. HA 68 50
N N 13 HA | 68 50
mA | 6 F T 60 0. N 50
HA 63 F 60 HA 68 50
i | 6 I HA | 68 50
bA | 63 F T 60 HA | 68 50
HA 63 F 60 HA 68 50 X
i | 6 = HA | 68 50 2.
N F T 60 z rA | 68 50
HA 63 F 60 10. HA 68 50
A F T 60 16 mA | 68 50
HA E T 60 bA | 68 50
HA F 60 HA 68 50 ..
A F T 60 . tA | 68 50 2
HA 7 D 32. HA 69 60 D
HA 70 b 2 HA | 69 60 | D
FA 70 [ D 15 HA | 69 60 [ D
HA 7 HA 69 60
HA 7 HA | 69 60
HA 7 . HA |69 60
HA 7 15. HA 69 60
A 7 12 HA | 69 60
FA 7 X HA |69 60
HA 7 14.. HA 69 60
A 7 HA | 69 60
FA 7 y HA | 69 60
HA 7 .4 HA 69 60
A 7 120 HA | 69 60
HA 1 . 7| HA 69 60
HA 7 HA | 6o 60
HA 7 HA | 69 60
HA 7 HA 69 60
HA 7 HA | 69 60
HA 7 HA |69 60
HA 7 HA 69 60 .
HA 70 [ D mA | 7 60 | D 10.1
HA 70 [ D N 60 | D 117
HA 5 7 D .. HA 7 60 D .8
HA | 65 7 To. A | 7 60 7
N S 7 5. N 60 6
HA 65 7 7. HA 7 60 .7
HA | 65 7 5. M | 7 60
HA 65 1 4. HA 1 60
HA 65 7 4. HA 7 60
iA | 65 7 0. i | 7 60 ¥
HA 65 7 2. HA 1 60 11
HA 65 7 HA 7 60 1
N S 7 N 60 1.
HA 65 7 HA I 60
FA | 65 7 mA | 7 60
N S 7 N 60
HA 65 7 HA ¥ 60 .
WA | 65 7 i | 7 60 4,
HA | 65 7 N 60
HA 65 7 .. HA I 60
A | e 7 To. A 7 F_ 160
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p— Tongest p— Tongest
Group | Subject | Gender | Age | MU | Liaud | i) | eak peakto- |\ o ise Group | Subject | Gender | Age | HOUd | LAud | o) | ey | Duration | # f peakcto-
type | volume peak type | volume time | peaks | peak
ampliude ampliude
interval interval

N 2 F [s0] D 120 R 7 50 | D 0. 1230)

HA 7 F 50 D 15.8 HA 7 60 D 16.! 44 1959

HA 7. F 50 D: 17.0 HA 7 60 D:

N F [ 50 7 mA | 7 60

HA 7 F 50 HA 7 60

A 7 F [ 50 A | 7 60

A | 7 F [ 50 N 60

HA 7 F 50 HA 7 60

A 7 F [ 50 . A | 7 60

HA 7 F 50 4. HA 7 60

HA 7 F 50 HA 7 60

A 7 F [ 50 A 7 60

HA 7 F 50 HA 7 60

HA 7 F 50 HA 7 60 ..

A 7 F [ 50 M | 7 60 34,

HA 7 F 50 HA 7 60

hA | 7 F 50 A | 7 60

N F T 50 mA | 7 60

HA 7 F 50 HA 7 F 60

PA | 7 F 50 mA | 7 60

N F [ 50 mA | 7 60

HA 7. F 50 D HA T 60 D

A 7 F [s0] D N 60 | D

HA 7 F 50 D HA 7 60 D

HA 7 F 50 HA 7 60

N F [ 50 X b | 77 60

HA 7 F 50 4. HA 17 60

HA 7. F 50 4. HA 7 60

N F [ 50 mA |77 60

HA 7 F 50 HA 77 60 .

HA 7. F 50 HA 7 60 53

N F_[ 50 bA |77 60 2.

HA 7 F 50 HA 77 60

HA 7. F 50 HA 7 60

N F [ 50 mA |77 60

HA 7. F 50 . HA 7 60

A | 7 F_] 50 = WA | 77 60

A | 7 F [ 50 X bA |77 60

HA 7. F 50 7. HA 7 60

A 7 F_] 50 34, mA | 77 60

HA 7 F 50 . HA 7 60

HA 7. F 50 38.! HA 77 60

N 2 F [70] D A | 7 60 | D

HA 7 F I D HA 7 60 D

HA T F 7 D HA 7 60 D

A 7 F |7 Y A | 7 60

HA T F 7 13, HA 7 60

HA T F 7 HA 7! 60

N 2 FE |7 A | 7 60

HA Ie F 7 HA 7 60

HA T F 7 HA 7! 60

A | 7 E |7 A | 7 60 7.

HA Ie F 7 HA 7 60

A 7 F |7 N 7 60

A | 7 FE |7 bA | 7 60 X

HA Ie F 7 HA 7 60 54.

N 2 F |7 N 7 60 X

HA 1 F I . HA 7 60 18.

HA T F 7 4. HA 7 60 28,1

N F 17 N 7 60 17

HA 7 F 1 HA 7 60 21.

HA T F 7 HA 7 60 38.!

N 2 FE |7 N 7 60 29.

HA 1 F 61 D HA 1 7 D 32.!

HA 7. F 60 D: HA 7 7 D 15.

N 2 F [e] D 7. A |7 70 [ D 3.

HA 7 F 60 HA 7 7 53.!

HA 7. F 60 HA 7 7 27.

N 2 F T 60 A |7 7

HA 7: F 60 HA 7 7

N 2 I N 2 7

HA 1 F 60 HA 1 1

HA 7 F 60 HA 7 7

N 2 0 N 2 7 .

HA 1 F 60 HA 1 1 52.4

HA 7 F 60 HA 7 7 20.7,

N 2 F T 60 3 N 2 7 S6.

HA 1 F 60 31. HA 1 1 35.

HA 7: F 60 2 HA 7 7 25

N 2 F T 60 S6. N 2 7 56

HA 7 F 60 HA 7 7 30.:

HA 7. F 60 HA 7 7 74.

N 2 F T 60 N 2 7 59,

HA 7 F 60 HA 7 7 63.!

N F [e] D HA | 80 F [70] D

N F e[ D HA |80 70 [ D

HA 7! F 60 D . HA 80 7 D

N F T 60 32 HA | 80 7

N F T 60 X A |80 7

HA 7 F 60 11. HA 80 7

N F T 60 12! HA | 80 7

bA | 7 FE T 60 A | 80 7

HA 7! F 60 i HA 80 7

N 0 25. HA | 80 7

HA 7! F 60 12.: HA 80 7

HA 7! F 60 1 HA 80 7

N F T 60 1807 HA | 80 7

HA 7! F 60 1582 HA 80 7

N F |60 1507 HA | 80 7

N F T 60 FEY 2054 A |80 7

HA 7! F 60 2462 HA 80 7

N F T 60 2800 WA | 80 7

N F T 60 2472 HA | 80 7 X

HA 7! F 60 4695 HA 80 7 85..

A 7 F_ 160 481 dods HA | 80 F 17 39.
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p— Tongest p— Tongest
Group | Subject | Gender | Age | HOUd | LAud | o) | gy | Duration | # f peakcto- Group | Subject | Gender | Age | HAUd | Laud | oy | ey | Duraton | # | peakcto-
type | volume time | peaks | peak type | volume time | peaks | peak
ampliude ampliude
interval interval
A F [0 D FER N b 2
HA F 7 D 11.: HA 86 D 7.
HA F 7 D HA 86 D: 1
HA FE |7 rA | 86 .
HA F 7 HA 86 11.
A F |7 HA | 86
HA FE |7 N
HA F 7 HA 86
A F |7 mA | 86 7
HA F I HA 86 i
HA F 7 A HA 86
A F |7 55 iA | 86
HA FE 17 =X N
HA F 7 HA 86
A F |7 mA | 86
HA F 7 HA 86
A T HA | 86
FA FE 17 2 rA | 86
HA F 7 HA 86
A 1 HA | 86
HA FE 7 HA | 86 2
HA 2 6l D HA 7 D
A | e 60 | D A 7 70 [ D
HA 82 60 D HA 7 1 D
HA 82 60 HA 7 7
A | e 60 HA 7 7 .
mA | 2 60 FA 7 7 0.
HA 82 60 HA 7 7 0.
i | e 60 A 7 7 07
HA 82 60 HA 7 1 9.4
HA 82 60 HA 7 7
i | e 60 HA 7 7
HA 82 60 HA 7 7
mA | ez 60 Ty 7 7
i | e 60 2 HA 7 7 X
HA 82 60 1. HA 7 7 4.
mA | e 60 2 HA 7 7
mA | e 60 5. HA 7 7
HA 82 60 4. HA 7 7
A | e 60 A 7 7
rA | e 60 FA 7 7
HA 82 60 HA 7 7
N 60 | D tA | ss 50 | D
N 60 | b N T 50 [ D
HA 83 60 D HA 88 50 D 9.
N 60 mA | ss 50 4
HA 83 60 HA 88 50 1.
N 60 HA | se 50 5
bA | s 60 bA | ss 50
HA 83 60 4 HA 88 50 4
mA | s 60 HA | ss 50 2
N 60 iA | 88 50
HA 83 60 HA 88 50
mA | s 60 HA | ss 50
N 60 z N T 50
HA 83 60 4. HA 88 50 7.
i | s 60 1 mA | ss 50 4
bA | 83 60 2 N T 50 X
HA 83 60 8. HA 88 50 .7
N 60 34, iA | ss 50 127
N 60 0. bA | ss 50 Y
HA 83 60 3. HA 88 50 217,
i | s 60 7. mA | ss 50 157
HA 7 D 4. HA 89 50 D 10.6
HA 70 b 9 HA | 8o 50 [ D 4
FA 70 [ D 26. FA | 89 50 [ D
HA 7 25. HA 89 50 1!
HA 7 10 HA | 89 50
HA 7 0. A | 89 50 T
HA 7 59.! HA 89 50
A 7 HA | 89 50
HA I HA 89 50
HA 7 HA 89 50
A 7 HA | 89 50
HA 1 HA 89 50
HA 7 HA 89 50 K
A 7 : HA | 89 50 X
HA 1 14, HA 89 50 3.
HA 7 14 HA 89 50 1
HA 7 X HA | 89 50
HA 7 23,1 HA 89 50
Ty 7 B WA | e9 50 4
HA 7 10. N 50
HA 7 HA 89 50 .
mA | s F [70] D HA | %0 D 4.
rA | 85 F 7] D HA | %0 b
HA 85 F 7 D HA 90 D
mA | ss F |7 . HA | %0
HA 85 F 1 34.. HA 90
HA 85 F 7 HA 90
mA | ss F |7 HA | %0
HA 85 F 1 HA 90
HA 85 F 7 HA 90
mA | ss F |7 HA | %0
HA 85 F 7 HA 90
HA | s F |7 HA | 00 2
N S FE |7 HA | %0
HA 85 F 7 HA 90
FA | 65 F |7 HA | %0
bA | 85 FE 7 HA | %0
HA 85 F 7 HA 90
HA | ss F |7 HA | %0
bA | 85 E |7 HA | %0 7.
HA 85 F 7 . HA 90 3.1
i | ss F 17 7. mA | %0 4.7)
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p— Tongest p— Tongest
Group | Subject | Gender | Age | MU | Liaud | i) | eak peakto- |\ o ise Group | Subject | Gender | Age | HAUd | Laud | oy | ey | Duraton | # | peakcto-
type | volume peak type | volume time | peaks | peak
ampliude ampliude
interval interval
A F [s0] D 5 N 70 [ D 3
HA F 50 D 0. HA 96 7 D 7.9
HA F 50 D: 4. HA 96 7 D: 4
HA F [ 50 rA | % 7 34.7]
HA F 50 HA 96 7 .9
A F [ 50 HA | % 7 7
HA F [ 50 N 7
HA F 50 HA 96 7
A F [ 50 mA | % 7
HA F 50 HA 96 I
HA F 50 HA 96 7
A F [ 50 N 7
HA F 50 HA 96 1
HA F 50 3. HA 96 7
A F [ 50 N 7
HA F 50 HA 96 7
A F ] 50 HA | o6 7
FA F T 50 rA | % 7
HA F 50 HA 96 7
HA F |50 HA | o6 7
HA F [ 50 HA | %6 7
HA 92 F 50 D HA 7 7 D
A | o F [s0] D A 7 70 [ D
HA 92 F 50 D HA 7 1 D
HA 92 F 50 HA 7 7
A | o F [ 50 HA 7 7
HA 92 F 50 HA 7 I
HA 92 F 50 HA 7 7
A | o F [ 50 A 7 7
HA 92 F 50 HA 7 1 .
HA 92 F 50 HA 7 7 34,
A | o F_[ 50 2 HA 7 7 66
HA 92 F 50 4 HA 7 7 4.
mA | o = Ty 7 7 7
A o F [ 50 1 HA 7 7 7.
HA 92 F 50 81. HA 7 7 1.
A | o F_] 50 86 HA 7 7 52.
A o F [ 50 HA 7 7 45,
HA 92 F 50 )4 HA 7 7 48,
A | o F_] 50 A 7 7 20,
HA 92 F 50 1 HA 7 1 1
HA 92 F 50 HA 7 7
N F [s0] D N T D
N S o bA | o8 b
HA 93 F 50 D HA 98 D
N T F [ 50 N T
HA 93 F 50 HA 98
N F ] 50 HA | oe
N T F [ 50 7 N T
HA 93 F 50 HA 98 X
N T F_] 50 HA | oe 34
N T F T 50 N T
HA 93 F 50 HA 98 .
N T F_] 50 N T pEX
bA | o F [ 50 N T 55,
HA 93 F 50 HA 98 52.
N T F [ 50 N T 2.
bA | o F T 50 N T 65.
HA 93 F 50 HA 98 58.
N T F [ 50 N T 50.
iAo F T 50 N T 54,
HA 93 F 50 HA 98 65.:
N T F [ 50 N T 83.
HA F 50 D HA 99 D 10.
HA F 50 D: HA 99 D: 11.
FA F [s0] D N T b 26.
HA F 50 HA 99 7.
HA F |50 HA | oo I
HA F [ 50 N T 17,
HA F 50 HA 99 15.!
A F ] 50 N T
FA F T 50 HA | o
HA F 50 HA 99
A F_] 50 N T
FA F T 50 4 HA | oo
HA F 50 HA 99
A F [ 50 HA | o 3
HA F 50 HA 99 4.
HA F |50 HA | oo
HA F [ 50 N T
HA F 50 HA 99
HA F_] 50 4 HA | oo
HA F [ 50 N T
HA F 50 HA 99
HA | % F s D HA D
mA | % F s ] D HA b
HA 95 F 50 D HA D
N F ] 50 A
HA 95 F 50 4 HA
HA 95 F 50 4 HA .
mA | o F ] 50 2 HA 4.
HA 95 F 50 HA 9.
HA 95 F 50 HA
N F_[ 50 FA | 100
HA 95 F 50 HA 100
M | % F_ ] 50 HA
N F_[ 50 X HA
HA 95 F 50 9. HA
HA | o F |50 5 Ty
bA | % F [ 50 55 HA
HA 95 F 50 1. HA
HA | % F ] 50 7 A
N S F [ 50 40.6] HA
HA 95 F 50 8.3 HA .
N F_1s0 168 A F o
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p— Tongest p— Tongest
Group | Subject | Gender | Age | MU | Liaud | i) | eak peakto- |\ o ise Group | Subject | Gender | Age | HAUd | Laud | oy | ey | Duraton | # | peakcto-
type | volume peak type | volume time | peaks | peak
ampliude ampliude
interval interval
A 50 | D 29, FA | 106 70 [ D T
HA 50 D 10.. HA 06 7 D 13.! 274
HA 50 D: 11 HA 06 7 D:
HA 50 o. A | 106 7 T,
HA 50 8.. HA 06 7 X
A 50 To. HA | 106 7 1L
HA 50 X A | 106 7
HA 50 8. HA 06 7
A 50 1 HA | 106 7
HA 50 0. A | 106 7
HA 50 1. HA 06 7
A 50 EX FA | 106 7
HA 50 HA 06 1 ..
HA 50 HA 06 7 10.
A 50 FA | 106 7 X
HA 50 HA 06 7 8.
A 50 HA | 106 7 1o
FA 50 A | 106 7 =
HA 50 HA 06 7 18.
HA 50 HA 06 7 1
HA 50 A | 106 7 X
HA 50 D HA 7 7 D 35..
A 2 50 | D A 70 [ D
HA 02 50 D HA 1 D i 1]
HA 02 50 HA 7 16. 4
HA | 102 50 1 HA 7
A | 102 50 0 FA 7
HA 02 50 7 HA 7
HA | 102 50 A 7
HA 02 50 HA 1
HA 02 50 HA 7
HA | 102 50 HA 7
HA 02 50 HA 7
HA | 102 50 Ty 7
A | 102 50 HA 7 7 .
HA 02 50 HA 7 7 5.
HA | 102 50 4 HA 7 7 X
A | 102 50 . HA 7 0.
HA 02 50 1. HA 7 6..
HA | 102 50 = A 7 4,
HA 02 50 0. HA I 7..
HA 02 50 5. HA 7 ZX
HA | 103 50 | D 1 HA | 108 60 | D 5.
A | 103 50 [ D A | 108 60 | b 5.
HA 03 50 D HA 08 6l D 1
FA | 103 50 A | 108 60
HA 103 50 HA 108 60
HA | 103 50 HA | 108 60
A | 103 50 A | 108 60
HA 03 50 HA 08 60
HA | 103 50 HA | 108 60
A | 103 50 A | 108 60
HA 03 50 HA 08 60
HA | 103 50 HA | 108 60
A | 103 50 A | 108 60
HA 03 50 1 HA 08 60 4
HA | 103 50 HA | 108 60 0
A | 103 50 A | 108 60 41
HA 03 50 HA 08 60 114
FA | 103 50 FA | 108 60 73
A | 103 50 A | t0g 60 86
HA 03 50 4 HA 08 60 20.7,
FA | 103 50 o FA | 108 60
HA )4 50 D 4 HA 09 60 D
HA 50| b 7 HA | 100 60 | D
FA 4 50 [ D T A | 109 60 | D
HA 50 HA 09 60
Ty 50 1 HA | 100 60
HA 4 50 A | 109 60
HA 50 HA 09 60
A 50 HA | 109 60
FA 4 50 A | 109 60
HA 50 1. HA 09 60
HA 4 50 1 HA | 109 60 1
FA 4 50 A | 109 60 7
HA 50 HA 09 60 11.
A 4 50 A | 109 60 2
HA )4 50 HA 09 60 14.
HA 50 4 HA | 100 60
HA 4 50 A | 109 60 1
HA 50 HA 09 60
HA 50 3 HA | 100 60
HA 4 50 5 A | 109 60 I
HA 50 HA 09 60
HA | 105 50 | D HA 0 50 | D
A | 105 50 [ D T HA 0 50 [ D
HA 05 50 D HA 0 50 D
HA | 105 50 A 0 50
HA 05 50 HA 0 50
HA 05 50 5.4] HA 0 50
HA | 105 50 HA 0 50 1
HA 05 50 HA 0 50 1
HA 05 50 HA 0 50 1
A | 105 50 A 0 50
HA 105 50 1 HA 0 50 1:
N 50 1 A 0 50
A | 105 50 HA 0 50 T
HA 05 50 HA 0 50 1
HA | 105 50 HA 0 50 i
A | 105 50 HA 0 50
HA 05 50 1! HA 0 50
HA | 105 50 A 0 50
A | 105 50 HA 0 50 o1
HA 05 50 HA 0 50 11.4
bA | 105 50 6 A 0 50 9
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p— Tongest p— Tongest
Group | Subject | Gender | Age | HOUd | LAud | o) | gy | Duration | # f peakcto- Group | Subject | Gender | Age | MU | Laud | i) | eak peakto- | |y ise
type | volume time | peaks | peak type | volume peak
ampliude ampliude
interval interval
A 50 | D 52 A b ¥z
HA 50 D 5.4 HA D 13.!
HA 50 D: 5.2] HA D
HA 50 HA
HA 50 6.. HA
A 50 7. A X
HA 50 7 HA To.
HA 50 10. HA
A 50 7. A
HA 50 12, HA
HA 50 HA
A 50 2. A
HA 50 13 HA
HA 50 10. HA
A 50 7 A
HA 50 HA
A 50 HA
FA 50 4 FA
HA 50 HA
HA 50 Ty
HA 50 32, HA
HA 60 D 4. HA D
A 60 | D A D
HA 60 D HA D
HA 60 8 HA
HA 60 7 HA 3
FA 60 X FA To.
HA 60 .7 HA
A 60 1 A
HA 60 HA
HA 60 HA
HA 60 1 HA . 277 1730]
HA 60 HA .0 287] 73
HA 60 1 HA 7
HA 60 7. HA 7
HA 60 6. HA 7
HA 60 20. HA 7
HA 60 FER HA
HA 60 8. HA .
A 60 T0. A 27.
FA 60 6. FA 10,
HA 60 8. HA 20.!
HA D 4. HA D
HA D 0.4 HA D
HA D 3. HA D .
A 34, A 1L
HA 7.! HA X
HA 55, HA 1
HA 53 HA Y
HA 55. HA 11
HA 4. HA
HA HA
HA HA
A 4 A
HA HA
HA HA 12,1
A A
HA . HA
HA .4 HA ..
A A 1L
HA HA 10..
HA HA 10.!
A A 9.
HA D HA D 7.
HA F D HA D 10.7,
FA 2 F b X FA b 59
HA F 4.] HA
HA F HA
HA 2 3 HA .
HA F HA 18..
A F A 1.
HA 4 F HA 11.
HA F HA
A 2 3 A
HA 2 = HA 2
HA F HA 10.
A 4 3 A
HA 4 F HA
A 3 A
A 7 3 A
Y 3 HA
A E HA
oy 2 F 73 A
HA F X HA
HA D 4. HA D
HA b 3 HA b
HA D 4. HA D
A 2. A 60
FA FA 60
HA HA 60
HA HA 60 4
HA HA 60
HA . HA 60
A 10. A 60
HA . HA 60
HA T A 60
HA HA 60 2
HA .. HA 60 1!
HA 1 HA 60 1
HA = HA 60
HA 8. HA 60 1
A X A 60
HA 1o, HA 60 T
HA 7. HA 60 16.1
A 2. A 60 135
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Fighest Longest Fighest Longest
Group | Subject | Gender | Age | MUY | LU | oy | peqy | Duraton | # peakto- |y Group | Subject | Gender | Age | MUY | LU | jpy | peqy | Duraton | # 1} peakto-
type | volume : time | peaks | peak type | volume : time | peaks | peak
ampiitude ampliitude
interval interval
P F [ 70] b 9743172 P D: 254
DP E 7 DS 893 3205] DP DS 1
D F_[70] DS 1079 3187 D DS 1
D F 7 170 6554] D
P F T P
D F_| 7 D
oP F | 7 D
P F 7 P
D F_| 7 D
P F 7 P
D F_| 7 0P
D F_| 7 D
P F | 7 D
P F 7 P
D F | 7
P 50 | D P D:
D 50 | D: D D: .
D 50 | D: D D: 8
P 50 P 11
D 50 D 7
P 50 P
o 20 5
D 50 D
D 50 D )
P 50 P 4
D 50 D
P 50 D X
P 50 D 5
D 50 D 5
P 50 P .
P 60 | D D D: .0
D 7 60 | D D D: 9
D 7 60 | D: D D: 7.
P 7 60 P 6.
D 7 60 D 7
P 7 60 D
oP 7 60 oP
D 7 60 D
P 7 60 P
0P 7 60 D
7 60 D
P 7 60 P 1
oP 7 60 oP 8.
DP 7 60 P 4,
P 7 60 P 47
D 60 | D D D:
P 60 | D: DP D: 4
P 60 | D: D D:
D 60 D
P 60 P
o 20 5
D 60 D
D 60 D
P 60 P
D 60 D
P 60 D
P 60 D .
D 60 D 1
P 6! P 3.
P 6! D 2.
D 70 | D D D 7
D 70 | D X D D:
P 70 | D 3. P 26 D:
D 7 6 D 26
P 7 3. D 26
oP 7 7. oP 26
D 7 4 D 26
P 7 4, P 26 X
0P 7 1. D 26 4
7 0 D 26 4
P 7 7. DP 26 1
oP 7 oP 26
P 7 1 P 26
P 7 2 P 26
D 7 1 D 26
DP D: DP 7 D:
P D: P 7 D: 40,
D D: D 7 D: 4
P P 7
P D 7 24
D D 7 1
D D 7 X
P P 7 74,
D D 7 3
P D 7 78.
= = o
D D 7
P P 7
= = o
D D 7
D D: D 8 D:
P 60 | D P 28 D: X
D 60 | D D 28 D 4
oP 60 D 28
P 60 P 28 .
D 60 D 28 2
P 60 1 P 28 2.
oP 60 7. D 28 26.
60 D 28 322
P 60 P 28 165
0P 60 0P 28 26.0)
P 60 P 28 204
P 60 P 28 288
D 60 D 28 20.6)
DP 60 P 28 14.0
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Highest Longest
Longest ighes . e
Liquid | Liquid Duration p ——
i Liquid | Liquid | o, H‘{::l Duration | # | peakto- | o Group | Subject | Gender | Age ;pe w“‘ume Trial pe?.kd e | peats | peak | ™
Group | Subject | Gender [ Age e ||oahme [ time | peaks | peak amplitude (]
: — S 50 | D 724 2 09
3
F 44 196 D 2 o
:z F ?I gg ¥ 15 : gg g 7, 18| 10657
E 7 = D 50 7. 18] 10657
: 1 DP 50 7.
o = D 50 4
D T D 50
o 1 D 50
va 1 D 50
D T DP 50
v 1 DP 50 50
o 1 D 50 334
: 1 D 50 706
: 1 DP 50 32.7 5
o T D 50 1
: T D 60 | D
D 80 | D D s [ D
D 80 | D D ol o
D 80 | D o 5
DP 80 DP %
DP 80 D 5
D 80 0 &
DP 80 DP %
o o D 60
DP 80 0 &
DP 80 D %
B o D 60 1
DP 80 o &
D 80 rd %
B o D 60 5
o 0 DP F 80 | D 123
D o105 DP F_[80] D 16.5
D 50 | D D 2
DP 50 | D o e 0
D 50 e F_180
DP 50 D E_ 0 :
D 50 o E_ e
D 50 e E_180
D 50 D E_ 0
o2 0 D F_[80 3 3
D o DP F_[ 80 2 4
D 50 D .
D 50 DP E_ e
D 50 | D: o T
DP 50 | D D E T I
: o P 70 | D 4.1
D o DP 70 | D 22
: % P 70 | D 17.
DP 50 DP T 10
D % DP 7 7.2
D 50 o T 2
D 50 DP T L
D o D 7 5
DP 50 o T S
D 50 DP T 1
D 50 D T g
D 50 DP T
° D 29.
- - +a 7 3 577] 4610
oP i g 350] 4869
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