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Abstract
Mathematical Modeling of the Pharyngeal Phase of Swallowing
by: Brigette Marie Rosendall
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Professor Michael W. Chang
Department of Rehabilitation Medicine

A significant portion of the population suffers from difficulty in swallowing,
known as dysphagia, including 12 to 13% of hospitalized patients and 40% of nursing
home residents. Dysphagia can make it impossible for a person to eat and drink normally
which can lead to malnutrition, cachexia, and dehydration. During the pharyngeal phase
of swallowing, the food or liquid to be swallowed, known as the bolus, passes the
entrance to the larynx. If the bolus penetrates into the larynx, aspiration or choking can
occur. Chronic aspiration can lead to serious lung infections such as pneumonia.
Approximately 8,000 people in the United States choke to death each year.

In this research, a mathematical model that simulates swallowing was developed
to analyze the parameters affecting the transport of the bolus through the pharynx. This
work is a first attempt at modeling the pharyngeal phase of swallowing. The pharyngeal
phase of swallowing is a complex, 3-dimensional, moving-boundary problem involving
both fluid and solid motion. The model developed is a 2-dimensional representation of
the fluid dynamics as the bolus passes through the pharynx. The mechanics of the
pharyngeal muscle was not modeled, but was accounted for by prescribing the motion of

the boundaries of the bolus in contact with the pharyngeal musculature. This boundary



motion was found through image analysis of individual videofluoroscopy studies. The
model was solved with a commercial computational fluid dynamics program, FIDAP.

The model was applied to analyze data from a normal subject to investigate the
effect of bolus volume, bolus viscosity, head positioning, and gravitational forces on the
pharyngeal swallow. It was found that the viscosity had the greatest effect on the
transport of the bolus through the pharynx. The most significant effect of modifying
bolus volume or head positioning was to change the geometry of the bolus as it passed
through the pharynx. Gravitational forces were found insignificant in the transport of the
bolus except in the case of low-viscosity fluids.

The effect of these parameters on swallowing disorders was also investigated by
modifying the model and applying the same modeling techniques to data from a
dysphagic subject. These studies provided insight into how laryngeal penetration can be

reduced by modifying bolus properties.
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CHAPTER 1.--INTRODUCTION

A significant portion of the population, most commonly the elderly, suffer from
difficulty in swallowing, known as dysphagia. Twelve to thirteen percent of hospitalized
patients and 40% of nursing home residents suffer from dysphagia (Groher and
Bukatman 1986 and Donner 1986). Dysphagia can make it impossible for a person to eat
and drink normally which can lead to malnutrition, cachexia, and dehydration.

During the pharyngeal phase of swallowing, the food or liquid to be swallowed,
known as the bolus, passes the entrance to the larynx. If the bolus penetrates into the
larynx, aspiration or choking can occur. Chronic aspiration can lead to serious lung
infections such as pneumonia. Approximately 8,000 people in the United States choke to
death each year (Donner and Jones 1985).

There are many causes dysphagia including anatomic, neurologic, and muscular.
Specific causes are listed in table 1.1 (Castell and Castell 1993). Anatomical causes
result in difficulty in swallowing due to blocking problems. The path of the bolus is
disrupted by abnormal formations. Neurological causes are a result of
miscommunication between the brain and the nerves related to swallowing. The muscles
that propel the bolus are weakened by muscular diseases. A mathematical model can
allow investigation of the parameters affecting swallowing function without having to
expose the patient to the invasiveness of manometry or excessive radiation exposure from
fluoroscopy.

There are four phases of swallowing: the preparatory phase, the oral phase, the
pharyngeal phase, and the esophageal phase. We are interested in modeling the
pharyngeal phase. During the pharyngeal phase, the food or liquid to be swallowed,
known as the bolus, passes the entrance to the larynx. If the bolus penetrates into the

larynx, aspiration or choking can occur. Choking occurs when solid food enters and



becomes trapped in the airway. Aspiration occurs during normal breathing when liquid
enters the airway and soils the bronchial tree.

A mathematical model that simulates swallowing in the pharynx can be used to
understand the mechanisms involved in the transport of the bolus from the mouth to the
esophagus. With this model, we hope to learn the effect of various parameters on bolus
transport through the pharynx. One of the goals of this model is to investigate the
parameters influencing laryngeal penetration. These parameters include bolus size, bolus
properties (viscosity, density, etc.), head positioning, and body position. Many of these
effects have been studied extensively. The most common techniques used to study these
effects include videofluoroscopy and manometry. A mathematical model for bolus
transport through the esophagus has been developed, but no models for the pharyngeal
phase of swallowing have been published in the literature.

This dissertation covers the literature relevant to swallowing, the mathematical
background required to develop the model, the development of the model, the data
gathering procedure, and the results of the model applied to normal and disordered
swallowing. Chapter 2 covers the literature relevant to swallowing. This chapter covers
the biomechanics of the normal swallow, common evaluation techniques, literature data
reporting on the normal swallow, and variations due to bolus variables and head and body
positioning. Chapter 3 covers the mathematical background including the governing
equations, solution methods, and solutions to similar problems. A review of the physical
properties required for a model of swallowing is also discussed in chapter 3. A
preliminary model was developed to gain insight on what should be included in the next
stage of the model. What was learned from this preliminary model is discussed in
chapter 4. Chapter 5 presents the details of the next generation of the mathematical
model. Chapter 6 focuses on how the data is obtained for the implementation of the

model. With the model, the effect of bolus volume, bolus viscosity, gravitational forces,
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and head positioning on the pharyngeal phase of swallowing is studied. These results are

presented in chapter 7. Verification of the model is also covered in chapter 7. The model
is modified to study the effect of bolus variables on laryngeal penetration. The model is
also applied to data from a dysphagic patient to study the effect of bolus variables on the
swallowing function. These models are presented in chapter 8. The final chapter
summarizes this dissertation and discusses possibilities for ﬂlture studies and model

improvements.



Table 1.1.--Causes of Dysphagia

ANATOMIC CAUSES

Postcricoid web
Cervical osteophyte
Hypopharyngeal diverticula

Head and neck tumors

NEUROLOGIC CAUSES

Cerebrovascular accidents
Poliomyelitis

Amyotrophic lateral sclerosis ,
Parkinson's disease

Cerebral palsy

Tumors

MUSCULAR DISEASE CAUSES

Oculopharyngeal muscular dystrophy

Myasthenia gravis




CHAPTER 2.--SWALLOWING

2.1.--Introduction

The chapter presents a literature review pertinent to swallowing. Studies of the
pharyngeal phase cover many normal and disordered swallows. Many techniques have
been used for these studies. The most common techniques include videofluoroscopy,
manometry, and manofluorography. These studies can provide insight into the geometry
of the pharynx and the pressures generated during the swallow.

The next section describes the biomechanics of oral z}nd pharyngeal phase of
swallowing. In that section, the anatomy and definitions relevant to swallowing are
presented. Techniques to evaluate swallowing in the pharynx are presented in section
2.3. Data describing the normal swallow are detailed in section 2.4. Section 2.5 reviews
literature reporting variations éf the normal swallow and summarizes the results.
2.2.--Biomechanics of the Swallow

An excellent review of the normal swallow is given by Dodds, et al. (1990). The
process of ingestion can be broken down into 4 phases. The first is called the preparatory
phase. The preparatory phase is simply mastication of the food to be swallowed. This
phase ends with the food or liquid bolus on top of the tongue with the tip of the tongue
positioned against the maxillary incisors or alveolar ridge{1}. The back of the tongue
and the soft palate{2} close together to prevent the bolus from escaping prematurely into
the pharynx. This closure is commonly referred to as the glossopalatal junction or
sphincter (GPJ){3}. Figures 2.2.1 show the anatomical features important to the oral and
pharyngeal phases. The swallowing sequence is sketched ingfigure 2.2.2 from the
anterior-posterior (AP) view. Figure 2.2.3 shows the swallowing sequence from the

lateral view. Structures followed by numbers in brackets are marked on figures 2.2.1 and

2.2.3.
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The transport of the bolus from the mouth to the pharynx is the oral phase of the

swallow. At this stage, the glossopalatal junction opens as the tongue rolls to push the
bolus back toward the pharynx. The glossopalatal junction 6pens by the lifting of the soft
palate and the downward and forward movement of the tongue base. The lifting of the
soft palate also serves to close the nasopharynx {4} by sealing with the posterior wall of
the oropharynx{5}. The movement of the base of the tongue widens the opening to the
hypopharynx{6} providing a channel for into which the bolus can fall. At this time, the
larynx {7} and the hyoid{8} begin to move forward and upward expanding the
hypopharynx.

The pharyngeal phase begins with the head of the bolus entering the oropharynx.
The oral and pharyngeal phases overlap as the bolus passes through the glossopalatal
junction. This piston like action of the tongue forces the bolus into the pharynx. The
tongue base contacts the posterior pharyngeal wall closing the glossopalatal junction.
Many events occur as the bolus passes through the pharynx. The peristalsis in the
pharynx results in complete closure of the pharyngeal lumen behind the bolus. This
begins with the closure of the glossopalatal junction. Closure of the pharyngeal lumen is
due to the contraction of the pharyngeal constrictors and the tongue base contacting the
posterior pharyngeal wall.

Continuing from the oral phase, the movement of the hyoid induces the elevation
of the larynx. The elevation of the larynx also causes the cricopharyngeal muscle{9} to
elevate. This whole process has many effects. First, the elevation of the larynx closes the
airway preventing aspiration and/or choking. Second, the elevation results in shortening
of the pharynx reducing the distance the bolus must travel to be transported to the
esophagus. Third, the traction on the cricopharyngeal muscle causes the upper
esophageal sphincter (UES){ 10} to rise and open allowing the bolus to pass into the

esophagus. The elevation also moves the epiglottis{ 11} to a horizontal position. The



contraction of the muscles near the entrance of the larynx results in the flipping of the
epiglottis and also acts as a sphincter. The flipped epiglottis covers the entrance of the
larynx further protecting the airway.

| The hyoid remains elevated until the bolus has passed through the UES into the
esophagus{12}. The passage of the bolus tail through the UES ends the pharyngeal
phase. The esophageal phase begins when the head of the bolus passes into the
esophagus. This phase is characterized by a peristaltic wave contracting the cylindrical
lumen transporting the bolus to the stomach.
2.3.--Evaluation Techniques
2.3.1.--Videofluoroscopy

Videofluoroscopy is the dynamic recording of fluoroscopic images. It provides
visual information about the temporal and spatial parameters of movements during
swallowing. For a standard US video system, complete images are displayed at a rate of
30 per second. For a typical system, the patient is positioned between the X-ray source
and the fluoroscope. A video camera is attached to the fluoroscope. The images
recorded by the camera are transmitted to a video screen and video tape recorder. A
detailed review of the principles of videofluoroscopy along with radiation information is
given by Beck and Gayler (1990).

The main advantage of videofluoroscopy is the ability to see what is happening
during the swallow. If aspiration occurs, the degree, timing, and possibly the cause can
be determined. Other abnormalities can also be determined. Videofluoroscopy can
provide detailed geometric and timing information when combined with image
processing techniques. Current technology warrants the use of computer analysis. A
computerized imaging process for videofluoroscopy is detailed by Dengel, et al. (1991).
Limitations of videofluoroscopy include the inability to quantify the propulsive forces on

the bolus and the radiation exposure to the patient and the examiner.



2.3.2.--Manometry

Manometry is a diagnostic test that measures intralumenal pressures. Pressure
measurements are made by the insertion of a catheter through the nose for placement in
the pharynx and esophagus. Two types of manometers are commonly used (Castell and
Dalton 1992). The first is a water infusion system. It this system, the catheter has many
small capillary tubes. These tubes have openings at fixed locations along the length of
the catheter. An infusion pump pumps water through the capillary tubes at a constant
rate. Each capillary tube is connected to an external transducer to record changes in
pressure. Infusion systems are most commonly used in the esophagus where there are no
rapid changes and response times can be slow. Kahrilas, et al. (1994) state that the
recording characteristics of perfused manometric systems are unsuitable for accurate
pharyngeal pressure measurements.

Another type of manometry commonly used is known as solid-state manometry.
This manometer assembly has strain-gauge sensors and solid-state electronics. This
system has a much greater frequency range compared to the perfusion systems. The
typical frequency range for this type of system is 0-20,000 Hz. This gives response times
suitable for measuring the pressure activity within the pharynx. The frequency response
required to reproduce pharyngeal pressure waves is 0-56 Hz. The maximum dP/dt
generated during the pharyngeal phase of swallowing is 4000 mmHg/s (Kabhrilas, et al.
1994).

Manometry is used in the pharynx and UES to determine the resting pressure of
the UES, the onset of relaxation of the UES, pharyngeal contraction and peristalsis, and
the coordination between UES relaxation and pharyngeal contraction. It is limited by the
inability to tell if the pressures measured are applied to the bolus or if these pressures are
due to the pharyngeal walls contracting upon the catheter. This tool is also invasive. The

presence of the catheter will affect the fluid dynamics (Brasseur and Dodds 1991). Also,



studies have shown that the diameter of the catheter affects the pressures measured
(Castell and Castell 1993).

The validity of manometric measurements in the pharynx is examined by
McConnel, ef al. in 1991 and 1992. They investigate the effects of asymmetric pressure
measurements and the clinical significance of the vertical motion of the pharynx and
catheter. They concluded that asymmetry of the pharynx does not invalidate manometric
measurements because the pressures are not asymmetric when the bolus is passing. It is
also noted that the use of a manometric sleeve to give an average pressure results in a loss
of accuracy in timing. In the second study, they find the elevation of the catheter and the
UES are not coordinated. The sensor originally placed in the UES is not in the UES at
the peak of the elevation. It is concluded that this difficulty is insignificant because for
the period of time where the sensor is not within the UES, the UES is open and the bolus
is passing thus equalizing the pressure. They say that the pressure measured by the
sensor is the same as within the UES. This is verified with the use of a special catheter
with sensors place 1 cm apart in the area of the UES.
2.3.3.--Manofluorography

The correct interpretation of manometric data is impgrtant in determining the
difference between pressures within the bolus and pressures caused by the lumen
contracting on the catheter (Brasseur and Dodds 1991). An effective way to determine if
the pressures being measured occur while the bolus is passing the sensors is by combined
manometry and videofluoroscopy. This process is called manofluorography. The use of
manofluorography for the study of swallowing disorders is detailed by McConnel, et al.
(1986).
2.3.4.--Other Evaluation Techniques

Manometry and videofluoroscopy are not the only methods used to study

swallowing. Logemann (1994) reviews non-imaging techniques for the study of
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swallowing. Other methods that have been used to study the pharyngeal phase of the

swallow are listed in table 2.3.1 with a reference that describes the technique.
2.4.--The Normal Swallow
2.4.1.--Pressure Measurements

Mendelsohn and McConnel (1987) introduce the use of manofluorography for the
study of the function of the pharyngoesophageal segment (UES). They demonstrate the
advantage of using combined manometry and videofluoroscopy to asses the cause of
pharyngeal pressure events. With this method, they are able to correlate movement of the
UES with bolus passage and manometric events. They also present variations due to
different swallowing disorders.

Many articles were published by McConnel, e al. in 1988. These studies present
measurements of various transit times in the pharyngeal phase, velocities, and pressures
at various locations. Detailed analysis of the timing of the fluoroscopic, bolus and
manometric events are given. They also show the clinical application of
manofluorography to many case studies of various forms of dysphagia.

A paper published by Cerenko, et al. (1989) presents the major findings of the
pressure measurements from McConnel's group. They used solid-state manometry with
videofluoroscopy to measure pressure applied to the bolus at three locations: the tongue
base, the level of the laryngeal entrance, and the point of highest resting pressure in the
PE segment (UES). They explain that the use of solid-state manometry is necessary in
order to resolve the rapid changes in the pharynx. Also, simultaneous fluoroscopy shows
where the pressures are being measured. This is important due to the geometry changes
the pharynx undergoes during the swallow. The distance between each sensor is 4 cm,
giving a total length of 8 cm between the base of the tongue and the UES at rest. This
study is limited to 10 mL swallows using 26 subjects. Pressure tracings as a function of

time are presented in figure 2.4.1. The pressure tracings are from a single subject. The
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pressure exerted on the bolus tail by the tongue is referred to as the tongue driving
pressure (TDP). The average TDP is 17 mmHg for 10 mL swallows and is measured
over a duration of 130 ms at the tongue base. The pressure measurement at the entrance
to the larynx is called the oropharyngeal propulsion pump (OPP). It is composed of two
pressure waves. The first of these waves is termed the total tongue driving force (TTDF).
The average pressure over its 226 ms duration is 18 mmHg. The second pressure wave
measured at this location is the pharyngeal clearing force (PCF). This force is said to
clear the bolus tail from this level. At the end of the TTDF, the majority of the bolus is in
the esophagus. A third sensor is placed at the UES. The negative pressure is measured
before the head of bolus reaches this location. This negative pressure wave is called the
hypopharyngeal suction pump (HSP). The average value over the 358 ms duration is (-
)18 mmHg. When the bolus completely fills the UES, the pressure increases to 0 mmHg
and above. The positive pressure wave is referred to as the positive flow integral (PFI).
The average pressure value for the PFI is not reported. The average force is defined as
the pressure-time integral and is reported as 3.4 mmHg-s.
2.4.2.--Geometry Information

Adnerhill, er al. (1989) found that the normal volume for a thin liquid bolus to be
approximately 21 =5 mL. The average bolus volume for men is 25 mL, and 20 mL for
women. Bolus volumes typically used in fluoroscopy studies range from 1 to 30 mL; 5,
10, and 20 being most common. The size and shape of the pharyngeal chamber changes
rapidly during the swallow. As mentioned above, fluoroscopic images can be digitized to
obtain geometry information.

The length of the pharynx (distance bolus travels from GPJ to UES) is not
extensively reported in the literature. Kabhrilas, et al. (1992) reporf the distance between
the tongue base and the top of the UES to be 48 mm (see figure 2.4.2). The length of the

UES is approximately 1 cm (Kabhrilas, et al. 1988). The length of the pharynx also varies
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during the swallow. Kabhrilas, e al. (1992) refer to this as pharyngeal shortening. The

pharynx shortens by about 40% of the original length during the swallow. The duration
of this shortening is dependent on the volume swallowed. Other length data can be
inferred from the locations of manometric sensors. The distance between the three
manometric sensors in Cerenko, ef al. (1989) is 4 cm. The first sensor was located at the
base of the tongue, the second at the entrance of the larynx, and the third at the UES.

The cross-sectional area of the pharynx is a function of both location and time
during the swallow. The lateral dimension is greater than the anterior-posterior
dimension. Areas reported in the literature are often calculated assuming an ellipsoid
shape. Kabhrilas, ef al. (1992) report anterior-posterior coordinates of the pharyngeal
surfaces for 5-mL swallows as a function of time and axial location. Cross-sectional
areas for an ellipse as a function of bolus volume and axial location are also reported by
Kahrilas, et al. (1993). Cook, et al. (1989) give UES diameter and ellipsoid area as a
function of bolus volume.
2.4.3.--Timing

Transit times are also extensively detailed in the literature. Cook, et al. (1989)
and McConnel, ef al. (1988) report detailed temporal descriptions of the pharyngeal
swallow. Logemann, ef al. (1987) provide definitions for various timing measures.
Kahrilas, et al. (1993) also give a time line for the pharyngeal swallow and explain how
the timing should be based.

Various velocities are also given in the literature. Jones and Donner (1989) report
the pharyngeal peristalsis velocity as 12 to 25 cm/s and the esophageal peristaltic velocity
as 1 to 4 cm/s. Kahrilas, et al. (1988) calculate hypopharyngeal peristaltic velocities as a
function of swallow volumes ranging from 14 to 17 cm/s and conclude that there is no
significant difference in peristaltic velocity for different volumes. This conclusion was

also reached by Ekberg, e al. (1988). Kahrilas, et al. (1992) measure the velocity of
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lumenal closure as a function of axial location and swallow volume and again find no
correlation with swallow volume.
2.5.--Variations of the Normal Swallow

Many studies have investigated differences in the pharyngeal phase of swallowing
due to certain variations. Table 2.5.1 lists many of these studies and the corresponding
variations. An M in the middle column represents a study using manometry, VF
represents videofluoroscopy, CF represents cinefluoroscopy, Endo represents endoscopy,
UCT represents ultrafast computerized tomography, and EMG represents
electromyography.

Emotional stress increases the UES pressure significantly. Swallowing in the
elderly is significantly different that younger subjects: resting pressure of the UES is
significantly lower, relaxation of the UES is delayed, duration of the UES opening is
decreased, and peristaltic amplitude and velocity are decreased. Cold stimulation has
little to no effect on normal subjects. The effect of certain drugs are also found to be
minimal. The Mendelsohn maneuver increase the duration of laryngeal elevation.

Changes in body position has two major effects, gravitational and spatial. Studies
investigating supine versus upright swallows using manometry have shown a slight shift
in the pressure waves (Castell, ef al. 1990). The time between the minimum UES
pressure and the maximum pharyngeal pressure (5 cm proximal to the UES sensor)
decreases for upright swallows. This can be interpreted as a slight increase in time for
bolus passage for supine swallows. Changes in head position change the geometry of the
pharynx. Details of the effect of head position can be found in the references listed in
table 2.5.1 and in section 7.4.

The effect of different swallow volumes has been studied extensively. As
mentioned previously, swallow volume has no effect on peristaltic velocity. The mean

flow rate through the pharynx and UES increase with increasing volume. This is
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accomplished by an increase in the cross-sectional area of the pharynx and UES for

increasing volume. The UES also opens earlier in comparison to the onset of the
stripping wave of peristalsis. The onset of the stripping wave of peristalsis is also later
compared to the maximal UES opening. The duration of UES opening and glossopalatal
junction opening also increases with increasing volume. This is effectively an increase in
the bolus wavelength of peristalsis. The peristaltic pressure wave amplitude and duration
is not a function of swallow volume. This is the squeeze of the pharyngeal lumen closing
behind the bolus. This essentially means the muscle contraction is not any different for
different swallow volumes. Intrabolus pressures increase with increasing volume at the
level of the valleculae and within the UES. The pressure drop across the UES (pressure 1
cm proximal - pressure 1 cm distal) decreases with increasing swallow volumes. This is
because the hypopharynx increases more in diameter relative to the esophagus for
increasing swallow volumes. Maximal superior and anterior movements of the hyoid and
larynx increase with increasing volume.

In most instances, the investigators fail to report numerical data for the
consistency of substances used in their studies. In one study (Dantas, ef al. 1990), the
effect of boluses of differing viscosity was investigated by comparing liquid barium, with
a density and viscosity of 1.4 g/cm3 and 200 cP, to paste barium, with a density of 2.8
g/cm3 and a viscosity of 60,000 cP. Pharyngeal and oral transit times are longer for paste
than liquid. This implies the velocity of peristalsis is less for paste that liquid boluses,
but this is not reported in the literature. Also, there is a delay in UES opening for paste
boluses. This also could be attributed to a reduction in peristaltic velocity, but a shorter
bolus wavelength would have the same effect. The study does find the bolus wavelength
is shortened for paste. For the same volume of liquid and paste, the pharynx and UES
distend more for paste boluses. Other effects of high viscosity include an increase in

intrabolus pressure. This increase is more profound for higher volume boluses. The
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amplitude of the peristaltic pressure wave is slightly increased for higher viscosity but is

statistically insignificant. The duration of the peristaltic pressure wave is also increased
and is statistically significant. This indicates the muscle contraction is dependent on

viscosity. It also implies a decrease in peristaltic velocity for increasing viscosity.



Table 2.3.1.--Other Evaluation Techniques

TECHNIQUE

REFERENCE

Turbo-FLASH Magnetic Resonance Imaging

Suto, et al. (1995)

Electrical Impedance Tomography

Hughes, et al. (1994)

Ultrafast Computerized Tomography

Ergun, et al. (1993)

Videoendoscopy Bastian (1993)
Electromyography Perlman (1993)
Electroglottograph Motta, et al. (1990)
Scintigraphy Holt, et al. (1990)

Cineradiography

Jones, et al. (1985)

16
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Table 2.5.1.--Variations of the Normal Swallow

VARIATION METHOD REFERENCE
Age - Position -Temperature - Volume M,VF.Endo | Shaker, et al. (1994)
Age - Volume Scint Cook, et al. (1994)
Position M,VF Dejaeger, et al. (1994)
Volume VF Wintzen, et al. (1994)
Volume M,VF Maddock, et al. (1993)
Volume - Consistency - Multiple VF Lazarus, et al. (1993)
Volume UCT | Ergun, e al. (1993)
Age - Volume - Temperature - M Shaker, et al. (1993)
Kgé - Volume - Temperature M,Endo Ren, et al. (1993)
Age - Sex - Volume - Viscosity M Perlman, et al. (1993)
Head Position M Castell, et al. (1993)
Head Position CF Welch, et al. (1993)
Volume M,VF Kabhrilas, ef al. (1992, 1988)
Consistency VE.EMG Palmer, et al. (1992)
Age VF Ekberg, et al. (1991)
Drug Effects - Temperature M Knauer, et al. (1990)
Volume - Viscosity M,VF,EMG | Dantas, et al. (1990)
Body Position M Castell, et al. (1990)
Age M Fulp, et al. (1990)
Volume M,VF Dantas, et al. (1989)
Age - Sex - Smoking M Wilson, et al. (1990)
Position CF Borgstrom, et al. (1989)
Volume M,VF Jacob, et al. (1989)
Head Position VFE Logemann, et al. (1989)
Age - Volume M,VF Tracy, et al. (1989)
Consistency M Wilson, et al. (1989)
Volume M,VF Cook, et al. (1989)
Volume CF Ekberg, et al. (1988)
Volume VF Dodds, et al. (1988)
Age - Position CF Borgstrom, et al. (1988)
Stress M Cook, et al. (1987, 1989)
Head Position CF Ekberg, et al. (1986)
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Figure 2.2.3.--Lateral view of the swallowing sequence. (from Donner, et al. 1985)
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CHAPTER 3.--MATHEMATICAL BACKGROUND

3.1.--Introduction

The mathematical background required for modeling the pharyngeal phase of
swallowing is presented in this chapter. The equations governing the motion of a fluid
are presented in section 3.2. A method for the solution of these equations using
computational fluid dynamics with the finite element method is presented in section 3.3.
Having the mathematical background, a review of the literature on flow situations similar
to swallowing in the pharynx is presented. General peristaltic flow is covered in section
3.4. Section 3.5 presents a mathematical model developed for the esophageal phase of
swallowing. No mathematical models for the pharyngeal phase of swallowing currently
exist in the literature. Section 3.6 derives an analytical solution for squeezing flow.
These models provide insight on how to approach modeling the pharynx. The last section
reviews physical properties for the model.
3.2.--Governing Equations

The most general form of the continuum equations for a fluid are presented
below. The continuity equation, (3.2.1), is a mathematical statement of the conservation

of mass.

ap
' — (V. 2.1
N (V pv) (3.2.1)

V is the divergence operator, p is the density of the fluid, v is the velocity vector, and t is

time. The equation of motion is a mathematical statement of the conservation of linear

momentum.

%pv:—[vav]—Vp—[V-T]ﬂ)g (3.2.2)
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p is the pressure, g is vector representing the body force per unit mass (most commonly

gravity), and T is the stress tensor. Equation (3.2.3) represents the conservation of

thermal energy.

pcu(a—T +u- VT) =—(V-q) - T(@) (V-u)—(t:Vu)+H (3.2.3)
ot dT )y

Cy 1s the heat capacity of the fluid, T is temperature, q is the heat flux, V is the volume,
and H is a source term. Derivations of these equations can be found in Bird, ef al.
(1960).

When the fluid can be represented as Newtonian and incompressible, the
equations of motion are commonly referred to as the Navier-Stokes equations. For a
Newtonian fluid, the stress tensor is linearly proportional to the instantaneous value of the
rate of deformation tensor. An equation that describes the functionality of the stress is
known as a constitutive relation. The constitutive relation for a Newtonian fluid is

defined by equation (3.2.4).

T=—ud | (3.2.4)

In equation (3.2.4), L is the viscosity of the fluid and d is the rate of deformation tensor.
Non-Newtonian fluids are simply fluids that do not follow Newtonian behavior. A
constitutive relation for a non-Newtonian fluid can take many forms. A viscoelastic fluid
is a non-Newtonian fluid that exhibits both viscous (fluid) and elastic (solid) behavior.
3.3.--Solution Methods

The equations for the fluid dynamics model are solved using a software package
written by Fluid Dynamics International, Inc. called FIDAP. FIDAP uses the Galerkin
formulation of the finite element method to solve the governing equations. Details of all
the solution methods discussed in this section can be found in the.FIDAP 7.0 Theory
Manual (FDI 1993). The finite element method reduces a system of differential equations

to a system algebraic equations by breaking up the continuum into discrete pieces called
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elements. The unknowns, velocity (u(x,t)), pressure (p(x,t)), and temperature (T(x,t)), are

estimated by polynomials on the element level.

N

u(x,t) =Y ¢;U; ' (3.3.1)
i=1
N

p(x,t) =) P, (3.3.2)
i=1
N

T(x,t)= Y 0T, (3.3.3)

=l
The polynomials, @, y, and ¥ are known as interpolation or basis functions; N is the
number of nodal points. FIDAP chooses ¢ and ¥ to be the same, y is of equal or lesser
order. The form of the basis functions depend on the element type. Element types
supported by FIDAP are discussed in detail in the FIDAP Theory Manual (FDI 1993). In
the equations above, Uj, Pj, and T; are the values of the velocity components, pressure,
and temperature at the nodal points of the elements. For notational ease, the differential

equations for momentum and mass conservation can be represented as follows.

fi(u,p,T)=0 Momentum (3.3.4)
f,(u)=0 Mass (3.3.5)
f3(u,p,T)=0 Energy (3.3.6)

Substituting the approximations given in equations (3.3.1 - 3.3.3) into these differential

equations gives the residuals, R;.
f,(¢,y,9,U;,P;, T;)=R;, Momentum (3.3.7)
f,(0,U;)=R, Mass (3.3.8)

f3((p,1‘},Ui,Ti) =R, Energy (3.3.9)
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These residuals are forced to zero on the problem domain by using the method of

weighted residuals (see also Finlayson 1972).

jQWjRI =0 j=LN Momentum
J Wik, =0 j=1N Mass (3.3.10)
jQwJ.R3 =0 i=1N Energy

The Galerkin formulation sets these weighting functions, Wij, equal to the basis functions
making the residual orthogonal to the basis function. Since the basis functions for the
velocity and pressure discretizations are not necessarily the same, FIDAP chooses the

following formulation.

jQ(Ple =0 j=LN Momentum
jgijzzo i=LN Mass (3.3.11)
_[Q O;R3=0 j=1LN Energy

Using this formulation, the differential equations can be represented by the following set

of algebraic equations in matrix notation assuming incompressible flow for clarity.

M 0 0]|U| [A(U)+K(U,T) B(T) —-Clu
0 N O||T|+ 0 DU)+L(T) O ||T
0 0 OofpP ¥ 0 0 lP
(3.3.12)
F(T)
=|G(U,T)
0

Note U represents all components of the velocity. The advection (convection) of
momentum and energy are represented by the A and D matrices, respectively. The K and
L matrices represent the diffusion of momentum and energy, respectively. The mass and
capacitance terms in the field equations are represented by the M and N matrices. The B

matrix represents the buoyancy term for strongly coupled flows (FIDAP uses the
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Boussinesq approximation). The vectors F and G are forcing functions for the system in

terms of volume forces, surface forces, and viscous dissipation.

The discrete problem can be broken into two classes, steady-state and transient
analyses. For steady-state analyses, the problem is a set of algebraic equations, almost
always non-linear. The solution on non-linear algebraic equations can be broken into two
types of solution methods, successive substitution and Newton-type solvers (see also
Finlayson 1980). The Newton-type solvers include the Newton-Raphson method, a
modified Newton-Raphson method, and a quasi-Newton method. In many situations, the
successive substitution method will have a larger radius of convergence than the Newton-
type solvers. The Newton-type solvers have the advantage of a much quicker rate of
convergence. FIDAP allows the use of a combined strategy. The first few iterations can
use the successive substitution method to get within the radius of convergence of the
Newton-type solvers. The remaining iterations can then take advantage of the quicker
convergence rate of the Newton-type solvers.

Incremental methods can also be used with the Newton-type solvers in steady-
state analyses. The equations are solved in increments of some parameter so that
convergence is more readily obtained. The natural parameter for fluid mechanics is the
Reynolds number. FIDAP solves the equations for a small Reynolds number and uses
that solution for the initial guess for a larger Reynolds number. The process is repeated
until the solution at the desired Reynolds number is obtained. FIDAP also allows the
incremental parameter to be a boundary condition (applied stresses or velocities).

A segregated method is also available for the solution of steady-state analyses.
This method is recommended for large 2-D and 3-D, weakly-coupled simulations. With
this method, the global matrix is decoupled into sub-matrix systems that require

considerably less storage space. Each sub-matrix is associated with one conservation
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equation (each component of momentum, mass, energy, and nodal locations for free

surface analyses). The equations are then solved in a sequential manner.

Linear equations generated by these methods are solved by direct Gaussian
elimination. Iterative procedures can be implemented using the segregated method.

There are two implicit methods and an explicit method for the solution of
transient analyses. The explicit method uses a fixed-time step and is based on a forward
Euler scheme (Gresho, et al. 1984). Explicit methods have the disadvantage of being
conditionally stable (see also Finlayson 1992). FIDAP has two optional stabilization
techniques depending on the type of instability. When using the Galerkin formulation,
there are two main sources of numerical instabilities. One results from the presence of
advection terms. This can result in spurious node to node oscillations in the velocity
field. The stabilization technique is the addition of a streamline upwind Petrov-Galerkin
term (SUPG) to the field equations. Another type of instability can be caused by an
inappropriate combination of interpolation functions for the velocity and pressure
discretizations. The result is oscillations in the pressure field. The stabilization technique
adds a pressure stabilizing Petrov-Galerkin (PSPG) term.

Both implicit integration methods are designed for variable time stepping. The
backward Euler method is a first-order accurate scheme. This method uses an explicit
forward Euler scheme and a backward Euler scheme to calculate the local truncation error
to estimate the next time step. The other implicit method is a second-order accurate
trapezoid rule. This method uses an Adams-Bashforth predictor step with a non-
dissipative completely stable trapezoid rule corrector step. Both these methods can be
used with fixed time steps also. These methods use the same algebraic procedures as for
the steady-state problems excluding the combined, incremental, and segregated strategies.

FIDAP can handle a variety of viscosity models including Newtonian, non-

Newtonian, and viscoelastic models. Non-Newtonian models built into FIDAP include a
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model for a Bingham fluid, a generalized power law relation, and a Carreau model. Also,

the user can define their own non-Newtonian model using a FORTRAN subroutine. For
a viscoelastic model, FIDAP represents the elastic contribution to the stress tensor using a
generalized second-order fluid model. FIDAP includes a suinoutine for the specification
of constants for the generalized second-order fluid, however, no time dependence is
allowed in the second-order model; memory effects cannot be modeled.
3.4.--Peristaltic Pumping

Peristaltic pumping is a form of fluid transport that is used by many systems in the
living body to propel or mix the contents of a tube. Examples include the ureter, the
gastrointestinal tract (including the pharynx and esophagus), small blood vessels, and
glandular ducts. Many studies have investigated the fluid dynamics of peristaltic motion.

The most basic studies investigate the fluid dynamics in a planar channel or
axisymmetric geometry with an infinite train of sinusoidal waves traveling down the
channel. Typical boundary conditions include symmetry at the centerline and no-slip at
the wall. The dimensionless parameters which characterize this flow are the amplitude
ratio (¢ = &/h), wavenumber (o = h/A), Reynolds number (Re = cho/v), and the
dimensionless time-mean flow. The amplitude ratio is the ratio of the maximum
amplitude of the wave, €, to the average height of the wave, h. The wavenumber relates
the average height of the wave to the wavelength, A. The Reynolds number is a
dimensionless number that relates the relative significance of inertial forces to viscous
forces in the equations of motion. If the Reynolds number is greater than 1, inertial
forces are more important. If the Reynolds number is less than 1, viscous forces
dominate. The equations of motion are easier to solve when viscous forces dominate and
the inertial terms in the equation of motion can be ignored.

Most analytical solutions assume something about the magnitude of the Reynolds

number, amplitude ratio, wavenumber, or the time-mean flow. Other approaches have
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been to employ asymptotic expansions around Re, o, or ¢. Shapiro, et al. (1969) present
the lubrication-theory model. In this model the equations are simplified by assuming
inertia effects are negligible (Re = 0), and that the wavenumber is small enough (o = 0)
so that the pressure can be assumed uniform over the cross-section. The amplitude ratio
(¢) remains arbitrary. Fung and Yih (1968) present a solution as an expansion up to
second order of ¢ with Reynolds number and wavenumber arbitrary requiring the
amplitude ratio to be small.

There are also many numerical investigations. Most have explored the basic fluid
mechanical issues rather that describe a particular physiological flow. Takabatake and
Ayukawa (1982) present a finite difference solution for general plane channel flow.
Takabatake, et al. (1988) compare this solution with a finite difference solution for
general axisymmetric flow.

Other authors have expanded on these basic models by including other effects.
Examples include studies of the effect of a non-uniform tube (Gupta and Seshadri 1976),
non-Newtonian fluids (Béhme and Friedrich 1983; Siddiqui, ef al. 1991; and Siddiqui
and Schwarz 1993), a peripheral layer of different viscosity (Brasseur, et al. 1987), and
finite length tube, single-wave peristalsis, and non-integral wavenumber (Li and Brasseur
1993). This last study was to describe bolus transport in the esophageal phase of
swallowing.
3.5.--Esophageal Model

Li and Brasseur published a ma.thematical model for the esophageal phase of the
swallow in 1994. Figure 3.5.1 is a diagram of the model parameters. The Navier-Stokes
equations are simplified by using the lubrication theory approximation. The lubrication
theory approximation ignores the inertial terms in the equations of motion by assuming

the Reynolds number can be set to zero. In order for this approximation to be valid, the
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Reynolds number must be less that unity (Jaffrin 1973). The Reynolds number for

peristaltic transport is defined below (Shapiro, et al. 1969).

h .
Re=%o¢ (3.5.1)

Where p and 1 are the bolus density and viscosity, respectively, h is the average radius of
the bolus, and o, is the wavenumber. Standard e-z-hd barium has a density of 1.8 g/mL
and a viscosity of approximately 150-200 cP (Li, et al. 1992). For the cases presented
with the mathematical model, bolus volumes ranged from 5 fo 15 mL and occupied 1 to
20 cm of the lumen. These values result in a range of Reynolds numbers from 0.005 to
0.2. Using these values, their assumption is valid. Note, this assumption would not be
valid for water for the entire range of parameters (Re = 0.55 to 16.7).

The model assumes the esophagus to be a straight distensible tube of finite length
with a circular cross-section at every axial location. The barium mixture is treated as a
Newtonian, incompressible fluid. Li, ef al. (1992) has shown that the e-z-hd barium
mixture is Newtonian except at shear rates less than 3s-1.

The velocity and geometry of the esophageal wall is specified at all times based
on fluoroscopic data. Complete occlusion is not modeled because a mathematical
singularity exists in the pressure using the lubrication theory approximation (Dusey
1993). “However, by carefully evaluating the source and magnitude of this singularity,
we have learned that the singularity is mathematically ‘weak’ and that the lubrication
theory model actually provides a good approximation of the pressures within the
contractile zone. The existence of unrealistically high pressures for small occlusion, it
turns out, is due to the geometrical details that are not resolved in radiographic images.
Our studies indicate that in the physiological system a very thin layer of bolus fluid must
exist at the tail of the bolus between the mucosa and the maqometric catheter.” (L1, et al.

1994) They model this “lubrication layer” as a certain thickness throughout the
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esophagus determined by matching the results of their model with manometric data. The

pressure is forced to be constant in this lubrication layer certain distances upstream (B)
and downstream (A) from the bolus (see figure 3.5.1). This is “mathematically
equivalent to forcing the bolus fluid velocity to zero and effectively sealing the
esophageal lumen in these regions. In effect, we are replacing the manometric catheter in
these regions by a column of static fluid at constant pressure, physically equivalent to
sealing the tube ends by the UES and LES.” The equations for the model are given
below.

The Navier-Stokes equations simplify to equation (3.5.2) using the lubrication

theory approximation. The simplified continuity equation is given by (3.5.3)

P 19( oU

—=——| I 3.5.2
Jx ror (r or ) ( )
10(rvV) dU

——tt+—=0 : 353
r or " ox ( )

The pressure (P), x-velocity (U), y-velocity (V), the radial (r) and axial (x) directions, and

time (t) are non-dimensionalized as follows.

ct U
, =—, U:—, V=
A g

b P =
LLCA

r=

- N2
ki va (3.5.4)
C

r
a
A is the wavelength, a is the average radius, c is the peristaltic velocity, and L is the

viscosity. The boundary conditions are listed below.

oH JU
UlrzH =0, Vl_r:H = g; E . =0, V|r:0 =0 (3.5.3)
r:
Plyex, =Pas Pl =Py (3.5.6)

Integration of the equations give expressions for the velocity.

U:ia—z(rz—Hz) (3.5.7)
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JHIP 3P|,
L7t [y & iMool e (L 2 M =
4[ x 9x oK pred b )} (3.5.8)

Evaluating (3.5.8) at r = H results in an expression relating the wall motion to the

pressure gradient.

H9'P H?OHOP _oH 3.5.9)
16 9x> 4 9x ox ot (3-2.

The shape of the bolus is shown in figure 3.5.1 and is defined by the following equations.

H(x,0) = e+0.5A[1-cos2n(x—xo)/A,]  for xo<x<x;  (3.5.10)

H(x,t)=e+ A for x; <x<x2 (3.5.11)

H(x,t) =€ +0.5A[cos 2m(x — x3) / Ay | for x<x<x3 (3.5.12)
X1, X2, and x3 are defined below.

Xg =X + Ay (3.5.13)
X3 :X2+05}\'h

X0, At, A, and Ay are functions of time found from videofluoroscopic data. The
amplitude, A, is also a function of time chosen to conserve volume.

The resulting equation for the pressure profile is given by equation (3.5.14).

P(x,t):Pa+K %}dx jx 16(] H—dx)dx (3.5.14)

G, is given by equation (3.5.15).

P, - P, —16j " U H=—

G = = l j (3.5.15)
J H4 e dx




34
These equations were solved by integrating numerically using a Simpson's method with

second-order accuracy. The derivatives were evaluated analytically. Further
mathematical details can be found in Li, et al. (1994) and in Li and Brasseur (1993).

This model was tested with manometric and fluoroscopic data provided by
Kabhrilas, et al. (1988) for 4 case studies. The most significant result of the model was the
prediction of two separate peristaltic waves within the esophagus. The only way to match
both the manometric and videofluoroscopic data for a case where bolus retention was
simulated was to assume two separate peristaltic waves, one distal to the aortic arch and
one proximal. They support this observation by noting the existence of two types of
muscle within the esophagus; striated muscle proximal to the aortic arch and smooth
muscle distal to the aortic arch. Figure 3.5.2 compares the measured data with the
simulated data.

For the parameters used in the above model, the lubrication theory approximation
is a valid modeling technique. Chapter 4 demonstrates why this technique is not
applicable to the pharyngeal phase of swallowing. Many of the features of this model,
however, can be used to interpret modeling of the pharyngeal phase of swallowing.
3.6.--Squeezing Flow

Due to the complete closure of the pharyngeal lumen behind the bolus, flow
through the pharynx can be characterized as squeezing flow. Many solutions of
squeezing flow situations exist in the literature, most commonly pertaining to viscometry
(see McClelland and Finlayson (1983), McClelland and Finlayson (1988), and Bird, et al.
(1987). Developed here is an analytical solution for squeezing flow in cartesian geometry
to compare with the model in the pharynx.

The problem is simplified by ignoring inertial effects, assuming incompressible,

laminar flow, and applying the lubrication approximation. Figure 3.6.1 is a graphical
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representation of the model. With these assumptions, the continuity equation and

equation of motion simplify to (3.6.1) and (3.6.2), respectively.

v, v,

= a—;zo (3.6.1)
dp 02

b= u[ axvg} (3.6.2)

These equations are solved with the following boundary conditions.

Vel g =0 (3.6.3)

Vilion = Vi (3.6.4)
oy =0 (3.6.5)

Yyl =0 (3.6.6)

v,

Rl R (3.6.7)
X | _o

Integrating continuity applying (3.6.4) gives
h
VyL+ [ vydx=0. (3.6.8)

Integrating the equation of motion invoking (3.6.5) and (3.6.7) gives equation (3.6.9).

h?( dp x )2

Combining and integrating (3.6.8) and (3.6.9) specifying P =P, at y = L gives

3uV,, L2 "
PP, :—L;Tg{l—(%) } (3.6.10)

Substituting (3.6.10) into (3.6.9) gives an expression for vy.
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B et = | — 3.6.11
4 2h { h ( )
To analyze the forces at the wall, the stress tensor is integrated over the area.
F= jA o;dA (3.6.12)
The stress tensor is given in (3.6.13).

The normal component of the stress tensor reduces to equation (3.6.14) invoking

continuity.
p) v
T, =—2u X =Y (3.6.14)
ox ady
Substituting (2.6.6) and integrating gives the normal force at the wall.
_ WV, L
Byl o =— X (3.6.15)
The tangential component of the stress tensor reduces to equation (3.6.16).
vy
Tyx = —ug (3616)
Substituting (3.6.11) and integrating gives the tangential force at the wall.
SR 5 6.17
en =753 (3.6.17)

Note that the forces at the wall are directly proportional to the viscosity and inversely
proportional to the separation cubed for the normal force, squared for the tangential force.
3.7.--Physical Properties

Physical properties are needed to develop an accurate model of swallowing. The
correct viscosity and density are needed for the model. The viscosity of the fluid being
swallowed may or may not be easily described mathematically. If the viscosity is not a

function of the rate of deformation tensor, the Navier-Stokes equations can be used to
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model the fluid dynamics. If the viscosity is dependent on the rate of deformation tensor,

an appropriate constitutive relation must be chosen to use with the equations of motion.
Details on which constitutive relations are available for use are given in section 3.3.
Since most of the data for the model will be taken from videofluoroscopic images,
knowledge of the properties of barium sulfate mixtures is needed. Li, ef al. (1992)
studied the properties of various mixtures of barium sulfate using a Brookfield LVT
1115/60 concentric cylinder viscometer. The authors developed their own method for
estimating the viscosity from their experimental data by deriving a relation for shear rate
as a function of angular velocity assuming power law behavior. The experimental data

was fit to an equation of the form shown below.

H=Ho +Coe (3.7.1)
The results for the standard mixture of e-z-hd barium sulfate (250% w/v) is given in

equation (3.7.2).

W=145+200e""85"°+ 37 cp 4 (3.7.2)

An equation for a diluted mixture of liquid e-z-paque (40% w/v) is given below.

W= 254 +2530¢1925" 4 83 cp (3.7.3)
Equations for mixtures of Knott's strawberry syrup mixed in different proportions with
e-z-hd powder are also provided in Li, et al. (1992).

The rheological properties of foods have been reported extensively in the
literature (Rao and Rizvi 1986; Peleg and Bagley 1983; and Jowitt, ef al. 1987). Fluid
foods exhibit a variety of rheological characteristics including Newtonian, shear thinning
and thickening, thixotropic, and viscoelastic. There are no reports of rheopectic foods
(Rao and Rizvi 1986). Steffe, et al. (1983) compiled power law data for a variety of
liquid foods. Kokini and Dickie (1981) have modeled transient viscoelastic flow in

foods. Rao and Rizvi (1986) review the literature encompassing all types of rheological
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characteristics for liquid foods. The viscosity of saliva is about 50 mPa-s (de Bruijne, et

al. 1993). Viscoelastic properties of saliva are reported by Van Der Reijden, et al.

(1993). No rheological data has been reported for masticated foods to date (Steffe 1994).
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Figure 3.5.1.--Esophageal model diagram. (from Li, et al. 1994)
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CHAPTER 4.--THE PRELIMINARY MODEL

4.1.--Introduction

Developing a generic model for the pharyngeal phase of deglutition is a very
complex task. There are a great number of variables involved in the swallowing process.
Many questions must be answered before the problem can be approached. First, what is
being swallowed must be defined. The bolus could be a liquid, or a combination of a
solid and a liquid. Once the bolus is defined, the physical properties of the bolus must be
determined. Other questions involve where the bolus goes after leaving the mouth. The
goal, of course, is to have the bolus transported safely to the esophagus. Other
possibilities include transport to the nasopharynx , the larynx, the esophagus, or any
combination of these. Part of the bolus could also remain in the mouth. In order to
model such a complex process, it is often advantageous to reduce the problem to one that
can be solved more readily than the complete process. This often provides insight into
the more complicated problem. In this chapter, a preliminary model is generated to
provide insight into what should be included in the next phase of the modeling.
4.2.--Preliminary Model

A good model for the transport of a liquid bolus from the mouth to the esophagus
needs to incorporate the changing geometry of the pharynx. A model of the esophageal
phase of swallowing accomplished this by assuming a certain shape of the bolus that
remains constant throughout the esophagus. This assumption is acceptable in the
esophagus since the geometry of the esophagus is simple; at rest, the diameter is the same
at every length. While distended, the radius is also constant over the majority of the
wavelength. This is not true in the pharynx. The best description of the shape of any
cross-section of the pharynx is ellipsoidal. While the bolus is passing, at any length, the

magnitude of either semi-axis changes rapidly with time. Kabhrilas, ef al. (1993) and
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Cook, et al. (1989) have digitized data from bi-planar fluoroscopy studies to determine

the shape of the pharynx at various locations as a function of time. Their interpolated
data are shown in figure 4.2.1. The lengths noted on these graphs are shown in figure
4.2.2. The shapes of these curves vary significantly between lengths of the pharynx thus,
an algebraic expression for a simple wave form cannot be accurately derived. This is
where using the finite element method is advantageous. The motion of the nodes on the
boundary between the bolus and the wall of the pharynx can be prescribed as a function
of time. This is what is done in the preliminary model.
4.2.1.--Setup

Figure 4.2.2 is a diagram of the finite element mesh set up for the preliminary
model of the pharynx. The geometry is assumed axi-symmetric with the cross-sectional
area of the cylinder at any length equal to the cross-sectional area of the ellipse from the
literature values. The area included in the model extends from the glossopalatal junction
(GPJ) to the upper esophageal sphincter (UES). The distance between these two
locations is chosen as 5 cm. This length assumes laryngeal elevation and pharyngeal
shortening have completed before the initiation of the swallow. The position of the nodes
on the wall boundary are at the time when the bolus is held in the mouth prior to the
initiation of the oral phase. At this time, the glossopalatal junction and the UES are
closed. Complete closure of any portion of the pharynx cannot be modeled; the mesh
cannot collapse onto itself. The minimum radius corresponding to complete closure is
chosen as 1 mm. This value can be changed in order to obtain different pressure profiles.
A similar procedure was used by Li, et al. (1994) in their model of the esophagus.

The position of the nodes on the wall boundary are taken from literature sources
for a 20 mL bolus at 4 locations shown in figure 4.2.2. The data for the UES correspond
to exit of the UES. The geometry at the beginning of the UES is taken as the same as the

exit, but the wall movement is started at a earlier time. This shift in time is determined
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by using a velocity found by integrating the cross-sectional area at the exit over time and

dividing this result into the volume of the bolus. This gives a velocity of 18.4 cm/s.
Since the length of the UES is 1 cm, the shift in time is 0.0542 s. Data for the entire
lumen are determined using a b-spline interpolation through these 5 data points.

A FORTRAN program interpolates the data to give cross-sectional area as a
function of length at 5 ms increments in time. These data are again interpolated over the
length to give the geometry at increments of 0.125 cm. This is the spacing between the
nodes on the finite element mesh. The FORTRAN program calculates the velocity of the
nodes at each time using three-point differentiation formulas accurate to O(Ax2) (Burden
and Faires 1989). This information is written to a file in a format readable by FIDAP.
FIDAP determines the velocity of the nodes on the surface at any time by linear
interpolation within this table. FIDAP also calculates the displacement of these nodes
from the velocities. Thus, the more detailed the table, the more accurate and smooth the
solution.

The boundary conditions are also outlined in figure 4.2.2. A symmetry condition
is applied at the centerline. The radial velocity of the nodes on the wall is prescribed as
discussed above. The axial velocity of the nodes on the wall was zero (no-slip).

During the time 0 to 0.32 s, the glossopalatal junction is opening. The maximum
opening is reached at 0.32 s. The glossopalatal reaches the minimum diameter again at
0.54 s. The GPJ remains closed during the rest of the simulation. The stress normal to
the inlet is initially set at 30,000 dyne/cm? and is reduce linearly to zero at time 0.32 s
(flux boundary condition). This is the oral phase of the swallow. The bolus is being
transported from the mouth to the pharynx. If it is assumed that there is a constant force
pushing the bolus through the GPJ, the normal stress should decrease over this time since

the cross-sectional area is increasing. From time 0.32 to 0.54, the normal stress remains
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zero (free boundary condition). From time 0.54 s to 1.08 s, the axial velocity is set to

zero (no flow boundary condition).

From time 0 to 0.33 s, the UES is closed. It begins to open at 0.33 s and reaches
the maximum opening at 0.6 s. The UES is closed again when the bolus has passed into
the esophagus at time 1.04 s. The axial velocity at the outlet is zero from time 0 to 0.33 s
(no flow). The UES opens at time 0.33 s. From time 0.33 to the end of the solution, the
normal stress is zero at the outlet (free).
4.2.2.--Viscosity Models

As mentioned in chapter 2, the properties of the fluid can affect the geometry of
the bolus during the swallow. The geometry information was obtained from two different
sources that used different barium sulfate suspensions. In order to best represent what
was measured in the fluoroscopy studies, the properties for the two common solutions
used in these studies were used in the simulations. The two common liquids modeled are
e-z-hd (250% w/v) and e-z-paque (40% w/v). Simulations were run assuming both
Newtonian and non-Newtonian behavior. The shear thinning behavior given in equations
(3.7.2) and (3.7.3) 1s fit to a model supported by FIDAP. The model supported by FIDAP
that best fit the data given by equations (3.7.2) and (3.7.3) is a Carreau model shown in
equation (4.2.1) (FDI 1993).

(n—=1)/2
o=+ (1 — )1+ K2D?) 4.2.1)

From equation (3.7.2), [ and e are 345 and 145 cP respectively. D is the shear rate
(first invariant of the rate of deformation tensor) and is calculatedvby FIDAP. The
parameters K and n are 8.286 s and 0.0102, respectively. Tﬁese parameters were found
using a least squares fit. The difference in viscosity between the two models was less
than the error given for equation (3.7.2). For equation (3.7.3) L, and . are 2784 and
254 cP, K and n are 19.74 s and 0.5058, respectively.

4.2.3.--Inertial Effects
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The importance of inertial effects is investigated with the preliminary model. The

importance of inertial effects can be estimated by calculating the Reynolds number. As
mentioned in chapter 3, if the Reynolds number for peristalsis is less than 1, the inertial
terms in the equation of motion can be neglected. Since the wave form for peristalsis in
the pharynx is variable, it is difficult to calculate a Reynolds number defined by equation
(3.5.1). Time averaging the cross-sectional areas at various locations in the pharynx
results in average radii of about 2.0 cm at the tongue base and the level of the valleculae.
For a 20 mL bolus, and assuming cylindrical geometry, this gives a peristaltic wavelength
of approximately 6.4 cm. The velocity of lumenal closure in the pharynx measured from
fluoroscopy studies (Kahrilas, ef al. 1988) is approximately 15 cm/s. As mentioned in
chapter 3, the density and viscosity (constant at shear rates greater than 3 s-!) for e-z-hd
barium sulfate suspension is 1.8 g/cm3 and 1.45 g/cm's, respectively. Using these
parameters and equation (3.5.1), the Reynolds number is approximately 12, thus inertial
effects may be important.

4.2.4.--Results

The purpose of this current model is to demonstrate the ability to model
swallowing in the pharynx using a boundary with a prescribed motion. The wall
movement over the course of the swallow is shown in figure 4.2.3. In reality, the
pharynx re-opens after the peristaltic closure wave has passed. This is not seen because
the mesh represents the bolus, not the pharynx. No bolus is present in the pharynx after
the peristaltic wave has passed for a normal swallow.

For the e-z-hd (250% w/v) liquid, the results for the Newtonian and Carreau
models did not differ significantly. Some differences can be seen for the e-z-paque liquid.
Figure 4.2.4 shows contour plots of the axial component of velocity at the point of
maximum opening of the GPJ. The difference is most dramatic near the centerline. This

is to be expected since the shear rate is a minimum at the centerline. To further
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demonstrate this observation, figure 4.2.5 presents a contour plot of the value of the non-

Newtonian viscosity at the same point in time .

Figure 4.2.6 is a time history comparison of the pressures at a node on the
centerline of the UES for the Newtonian and Carreau model. The pressure tracings do
not vary in form, but the magnitudes are slightly different, especially at transition times.
The pressure tracings shown should not look like those measured with manometry. With
manometry, both the fluid pressure and the contact pressure are measured. Here, only the
fluid pressures can be reported because the fluid is being modeled, not the pharyngeal
walls. Also, in manometry, the presence of the catheter disrupts the flow. A symmetry
boundary condition is used at the centerline in the simulations. A no-slip boundary
condition should be used to model the presence of the catheter.

Figure 4.2.7 demonstrates the difference between the simulations, with and
without inertial effects. Including the inertial terms in the equation of motion has a
noticeable effect on the magnitude of the axial component of the velocity. Without
inertial effects, the minimum and maximum axial velocities are -6.8 cm/s and 26.5 cm/s.
For the simulation including inertial effects, the minimum velocity is increased to -4.8
cm/s while the maximum velocity is decreased to 23.1 cm/s..

Figure 4.2.8 is a plot of the volumetric flow rate and the cumulative volume
through the UES. A total of 18 mL of fluid passes through the UES. The geometry used
for this model represents a bolus size of 20 mL. This is relatively good agreement
considering the volumetric flow was not specified in this model. Also note that the
maximum volumetric flow rate corresponds to maximal UES opening. A negative flow
is observed when the UES initially opens. This phenomenon, called reflux, is expected in
fluid dynamic models of peristaltic flow when the local radius is small. This does not

occur in reality because no fluid is present in the esophagus to transport back into the
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pharynx. It may be possible to reduce this effect by changing the boundary condition at

this location.
4.3.--Summary

This model needs to be greatly improved in order to accurately model the
pharyngeal phase of swallowing. As with most models, the key is choosing boundary
conditions that best represent reality. The motion of the wall needs to be accurately
represented and the inlet and outlet boundary conditions need further study. The model

presented in the next chapter will address these issues.
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cylindrical geometry. Data from Kahrilas, e al. (1993) and Cook, et al. (1989)
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Figure 4.2.8.--Bolus transport through the UES.
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CHAPTER 5.--THE MODEL

S.1.--Introduction

A two-dimensional, plénar geometry in the anterior-posterior (AP) direction as
seen from the lateral view of fluoroscopic images was chosen to model the pharyngeal
phase of swallowing. From this view, it is possible to see the independent movements of
the soft palate and the tongue base, the elevation of the larynx and UES, and the
constriction of the pharyngeal muscles. The entrance to the larynx can also be included
in the model. The lateral dimension, as seen from the AP view of fluoroscopic images,
details only the symmetrical movement of the phayrngeal muscle with no detailed
information about the movements of the other structures.

The two-dimensional, planar model is an improvement on the axi-symmetric
model, like the preliminary model, because it is possible to differentiate between the
various structures in the pharynx described above. The pharyngeal chamber has a very
complex, three-dimensional geometry, thus, a three-dimensional model would give the
most accurate information. This was not attempted for many reasons. Two-dimensional
models generally provide adequate information to understand the basic physics of a flow
situation. This is well demonstrated in a study by Takabatake, e al. (1988). They model
peristaltic flow with a simple wave form for both two-dimensional, planar geometry and
cylindrical geometry. They find the results are qualitatively similar between the two
geometries.

To have an accurate representation of the three-dimensional geometry of the
pharynx, imaging data of the cross-section of the pharynx at various levels would be
required. Ultra-fast CT scans would be one way of obtaining these data (Kahrilas, et al.
1993). This information was not accessible. Another option would be to combine data

from both the lateral and AP views from fluoroscopy. An elliptical geometry could be
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assumed and these data could be interpolated around the cross-section based on data from

4 points. The gain in quantitative information from this model would be questionable
with an assumption of this magnitude.

One of the goals of this project is to have a model that is relatively easy to use.
The amount of image analysis required for a three-dimensional model would be at least
double that of the two-dimensional model. The amount of computer time required to
solve the model would increase by at least an order of magnitude. Currently, the two-
dimensional model requires an minimum of 20 hours to obtain the data, analyze the data,
and solve. The time for the three-dimensional model would be substantially greater.
Using the current techniques, the gain in quantitative information from a full, three-
dimensional model would not be worth the time investment required to generate it.

The two-dimensional, planar model can be represented with a simplified version
of the continuity equation and the equations of motion presented in chapter 3. Section 5.2
will detail these equations. An appropriate constitutive model needs to be chosen in order
to solve the equation of motion. Section 5.3 discusses the ck}oice of Newton’s Law.
Initial and boundary conditions need to be assigned in order to solve these equations.
Section 5.4 presents these conditions and how the equations are solved. The model
assumptions are summarized in section 5.5.
5.2.--The Equations for a Two-Dimensional, Planar Geometry

The equations of motion are simplified by defining and making assumption about
our flow situation. Choosing a two-dimensional representation in a planar geometry
eliminates any dependence in the z-direction. It is also assumed that the fluid is
incompressible. With these assumptions, the equation of continuity can be reduced to the

equation below.
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For the two-dimensional, planar geometry, the z-component of the equations of motion
can be eliminated. The z dependence in the x- and y-components can also be eliminated.
The simplified equation for the x-component is given by equation (5.2.2) and the y-

component is given by (5.2.3).

d
p(@vx oy v, 8vsz_a_p_(a’fxx +&j+pgx (5.2.2)
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p( " +v, . +Vy ayj oy [ 7 +.__ay j-}-pgy (5.2.3)

Recall that:
vy = the velocity in the x-direction,
vy = the velocity in the y-direction,
p = the density,
p = the pressure,
Tyx = the normal stress exerted on a surface of constant x,
Tyx = the shear stress exerted in the x-direction on a surface of constant y,
Tyy = the normal stress exerted on a surface of constant y,
Ty = the shear stress exerted in the y-direction on a surface of constant x.
In order to solve these equations, an expression that describes the relationship between
the stresses and the velocity gradients is needed.
5.3.--Newton’s Law
Newton’s Law has been chosen as the constitutive relation based on results from
the preliminary model and from experimental measurements. From the preliminary
model, it was found that using the Carreau model for the low-viscosity sample had an
insignificant effect on the solution (see section 4.2). Experimental measurements show
that the variation in viscosity between studies is greater that the variation with shear rate.

Experimental results for the fluid properties can be found in section 6.2.
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For two-dimensional, rectangular coordinates, Newton’s Law can be written as

shown in equations (5.3.1-5.3.3).

v,
Txx = 21 ax (5.3.1)
dvy
Tyy = —2MW , (532)
v, aVy
Txy = Tyx =-U ¥+a—x (5.3.3)

Simply, these equations say that the shear rate is directly proportional to the rate of
deformation tensor. The constant of proportionality is the viscosity. For our model, the
viscosity is assumed to be constant.

Substitution of the above into (5.2.2) and (5.2.3) gives the two-dimensional
Navier-Stokes equations in rectangular coordinates. These are the equations the CFD
software package, FIDAP, is directed to solve, provided with appropriate initial and
boundary conditions.
5.4.--Solution Method

The simulation of the fluid bolus passing through the pharynx can be broken into
two phases. The first phase is where the bolus is filling the pharyngeal cavity, before the
UES opens. This phase ends when all boundaries of the bolus are in contact with the
walls of the pharyngeal chamber. Whether the edges of the bolus are in contact with air
or the pharyngeal chamber walls makes a difference in the type of solution method
employed. Because of this, the model has been separated into two simulations, the first is
known as a filling simulation, the second is known as a moving boundary simulation.
5.4.1.--Filling Simulation

The filling simulation employs a solution method known as the volume-of-fluid
method. This method allows a region to be meshed that is not initially occupied by fluid.

This region can then be filled with fluid. Details of how the position of the moving front
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of the fluid is updated can be found in the FIDAP 7.5 Update manual (1995). It should

be noted, however, that this method does not account for the presence of air in the region
of the mesh not occupied by fluid. This method simply assigns zero pressure and zero
velocities at the nodes where no fluid is present. Thus, air entrapment and pressure
increases due to air entrapment can not be accounted for with this method. Also note that
surface tension effects between the fluid and empty region are not accounted for with this
method.

Mesh Generation

For the filling simulation, the geometry of the mesh is taken as the geometry when
the entire bolus just comes into contact with the walls of the pharynx. This is determined
by visual examination of the digitized images from fluoroscopy (see section 6.5.3 for
details). Figure 5.4.1 shows an example finite element mesh generated for the low-
viscosity, 10 mL swallow. Figure 5.4.2 shows the region the mesh covers on the
corresponding fluoroscopic image. A metal ball is taped under the subject’s chin to serve
as a size reference. The size of the metal ball is 0.87 cm. The meshes for all simulations
use 9-noded quadrilateral elements.

During the filling simulation, the shape of the mesh cannot change. This is a
limitation of the solution method. Recall, the shape of the mesh is the shape of the bolus
when all boundaries of the bolus are in visual contact with the pharyngeal walls as seen
from fluoroscopy studies. While filling the pharynx, the position of the pharyngeal walls
not in contact with the bolus are insignificant. The movement of the bolus cannot be
affected by the wall if the wall is not in contact with the bolus. In this situation, the
assumption of a mesh of constant geometry is valid. However, at the GPJ, the bolus is
always in contact with the pharyngeal walls and these walls move during the filling

simulation. This assumption is accounted for in the model by adjusting the boundary
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condition at the GPJ accordingly. This compensation is discussed in this and later

sections.

Initial Condition

In order to solve the above equations, initial and boundary conditions must be
assigned. The initial condition prescribes the initial state of the system. For the initial
condition, at time zero, the mesh contains no bolus except for a small amount just
penetrating the GPJ (see figure 5.4.1). It is necessary to have some elements full initially
to avoid convergence problems. At time zero, the bolus has a velocity in the x-direction
of 2-5 cm/s. The y-velocity is zero. The velocity at any node where no bolus is present is
zero. The pressure is also zero in every location where no bolus is present. Gravity is
acting in the negative y-direction.

Boundary Conditions

Boundary conditions must also be assigned to solve the equations presented in
section 5.2. Boundary conditions prescribe how the fluid behaves at the edges of the flow
domain. For the filling simulation, the x-velocity at the GPJ is prescribed as a function of
time. It is determined by trial and error by visually comparing the rate of fill on the
simulations with the rate of fill on digitized images from fluoroscopy (see figure 6.5.1).
The y-velocity at the GPJ is zero throughout the simulation.

The velocity at the UES is set to zero during the filling simulation since it does
not open until after the pharynx fills.

For the anterior and posterior walls, the velocity is set to zero for the filling
simulation corresponding to a no-slip boundary condition. This assumes that the walls of
the pharynx do not move during the filling simulation. This assumption is valid for most
of pharynx except in the region near the GPJ, as mentioned above. The width of the GPJ
changes during this time. Assuming the dimension of the GPJ is constant during this

time is accounted for by the variable velocity boundary condition at the GPJ. If the width
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of the GPJ is actually less than represented by the mesh, the velocity is reduced to

produce the correct flow rate through the GPJ. The flow rate passing through the GPJ in
the simulations must corresponds to the actual flow rate since the rate of fill in the
simulation matches the rate of fill seen on the images.
5.4.2.--Moving Boundary Simulation

The moving boundary simulation uses a solution method known as the method of
spines. The shape of the mesh can change using this method. The position of the nodes
on each spine (see figure 5.4.1) is an additional variable in the discrete problem. This
variable is determined through analysis of the fluoroscopic images. Details about this
procedure can be found in section 6.5.5. The geometry of the mesh at the beginning of
the moving boundary simulation is the same as the mesh in the filling simulation.

Initial Condition

The moving boundary simulation is a continuation of the filling simulation thus,
there is no initial condition in a physical sense. To start the CFD simulation, an initial
condition must be given. This is accomplished by reading the results of the filling
database at the last time step. The initial values of the velocities at each node are
assigned as the velocities at the end of the filling simulation.

Two-phase flow cannot be modeled in the moving boundary simulation. This is a
limitation of the solution method; modeling multiple free boundaries is a very difficult
problem. Because of this limitation, any region from the filling simulation that is not
occupied by bolus becomes so at the beginning of the moving boundary simulation. This
is a major assumption. The ramifications of this assumption are discussed at length in

chapter 7.
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Boundary Conditions

Continuing from the filling simulation, the x-velocity is specified as a function of
time at the GPJ. The y-velocity is zero. When the GPJ closes, the velocity at this
boundary is set to zero.

From the start of the moving boundary simulation, the condition at the UES
corresponds to zero applied external forces. This is a common boundary condition for an
outflow of a truncated domain. This condition arises naturally from the application of the
finite element method to the equations of motion and, accordingly, is known as the
natural outflow boundary condition. This corresponds to setting the normal component
of the surface stress vector to zero, in a weighted sense, over the boundary. This implies
when the viscous contribution to the normal stress is small, the pressure at the boundary
is zero. This assumes that the UES is open. Flow is not seen through the UES on the
images at the start of the moving boundary simulation. It has to be assumed that there is
a small opening at the UES in order to mesh the region. Because of this assumption,
results from the simulations during this short period of time that the UES is closed are
questionable. After the UES opens, this boundary condition is appropriate.

The anterior and posterior boundaries move to imitate the peristaltic action of the
pharynx during this part of the simulation. The velocity at the anterior and posterior
boundaries are prescribed to move at the rate seen on the digitized images. The
movement is simulated by displacing the nodes on the boundary of the mesh in the
direction of the spine at the velocity prescribed. The location of the nodes on the interior
of the mesh are automatically updated by the program by adj usting the distance between
nodes to the new normalized length of the spine. Details of how these velocities are
obtained and assigned can be found in section 6.5.5.

The anterior and posterior boundaries do not come together completely to

simulate the closer of the pharynx behind the bolus. The mesh cannot collapse onto
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itself. This would result in infinite forces causing the computer simulation to crash. This

can be seen from equation (3.6.17); as h approaches zero, the force approaches infinity.
In order to avoid this difficulty, the minimum distance between the anterior and posterior
boundary is chosen as approximately 0.2 cm.
5.5.--Summary

This chapter specifies the mathematical model developed for the pharyngeal phase
of swallowing. Table 5.5.1 summarizes the assumptions used in this model. The
procedure for obtaining these data for the assignment of the boundary conditions is
detailed in the next chapter. Ramifications of the assumptions are discussed with the
analysis of the results in chapters 7 and 8. Chapter 9 presents recommendations for

improvement of this model.



Table 5.5.1.--Model Assumptions

* Two-dimensional, planar geometry

e Incompressible, Newtonian fluid

* Pressure of the air is constant during filling simulation

* No air is present during the moving boundary simulation

* Geometry of mesh doesn’t change during filling simulation
e Small amount of bolus present at GPJ initially

* No-slip at pharyngeal walls

* UES open after point of fill

» Small amount of bolus present at end of simulation
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Figure 5.4.1.--Representative finite element mesh demonstrating the initial condition.

67



Figure 5.4.2.--Finite element mesh overlaid onto fluoroscopy image.
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CHAPTER 6.--OBTAINING THE DATA

6.1.--Introduction

The mathematical model developed for the pharyngeal phase of swallowing was
covered in the previous chapter. This chapter presents how the data required to solve the
mathematical model with the computational fluid dynamics program, FIDAP, are
generated. First, we need the properties of the fluid bolus in order to solve the model.
Previous chapters discussed how the shape of the bolus changes during swallowing. In
order to have a representative model, this shape needs to be characterized accurately.
This can be accomplished by computer analysis of videofluoroscopic images. Each
frame of the videotape can be digitized for geometric analysis with the use of a personal
computer equipped with a special video card. Once the position of the boundary as a
function of time is determined, this information can be converted to velocities for input
into FIDAP. This chapter discusses in detail how these data, along with the data for other
boundary conditions, are obtained.

The experimental values for the properties of the fluids used in the study are
presented in the next section. Section 6.3 covers the protocol used for the human subjects
fluoroscopy studies. These studies are stored on videotape. The process of converting
the data on videotape into digital information for computer analysis is discussed in
section 6.4. Section 6.5 explains how the digitized data are analyzed to provide the
information required to run the CFD simulations.
6.2.--Fluid Properties

It is necessary to know the properties of what is swallowed for the mathematical
model. Only substances with known or measurable properties should be used in these
studies. Three fluids with viscosities differing by an order of magnitude were used in our

studies. They are the mixtures recommended by Li, ef al. (1992) in their test kit for
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motility studies. Li, et al. (1992) have documented the properties of these samples and

give detailed instructions on how to mix them. The low-viscosity sample is a standard
e-z-hd barium sulfate suspension (250% w/v). The mid-viscosity sample is a mixture of
300 mL of Knott's strawberry syrup with 680 g of e-z-hd powder. The high-viscosity
sample is 170 mL of Knott's strawberry syrup with 680 g of e-z-hd powder. They
recommend that the samples should be used at room temperature for the reported
properties to be accurate. They suggest mixing the samples at least an hour prior to the
study to allow the temperature to equilibrate. Significant variations in viscosity were
found as the samples aged. They also noticed large changes in viscosity with small
changes in the amount of syrup.

In order to verify the properties of these fluids, we measured the viscosity and
density of these fluids on multiple occasions. The viscosity of these samples were
measured with a Wells-Brookfield Cone and Plate Viscometer, Model RVT equipped
with cone CP-52. The viscometer was calibrated using Brookfield viscosity standards
(100 cP, 5,000 cP, and 60,000 cP). The density of these fluids was measured using a
graduated cylinder and a balance.

Plots of the viscosity versus shear rate can be found for these three mixtures in
figures 6.2.1-6.2.3. The average of all experiments is also plotted in these figures. Note
the variation of the 95% confidence interval based on the Student’s t-distribution is
greater than the variation due to shear rate for all samples. Also note that our measured
values differ significantly from those reported by Li, ef al. (1992). These results are not
surprising. It would be unrealistic to expect the viscosity of Knott’s strawberry syrup to
be constant between samples.

Our data also indicates that the viscosity varies significantly as the samples aged

for the mid- and high-viscosity samples. Figures 6.2.2 and 6.2.3 show viscosity data for
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the same sample measured 6 hours apart. This extreme variation with time also indicates

that the assumption of constant viscosity is reasonable.

Density values for the three samples are presented in figure 6.2.4. The density
was measured on three separate occasions. The density did not vary significantly
between samples or with time.
6.3.--Protocol for Fluoroscopy Studies

As discussed in chapter 2, many fluoroscopy studies have been presented in the
literature. Many investigators suggest a protocol that involves varied volume and
viscosity swallows for the study of dysphagia (Li, et al. 1992; Dantas, et al. 1990;
Palmer, ef al. 1993). Our protocol, detailed in table 6.3.1, is designed to study the effects
of volume, viscosity, and head position for the normal swallow.

During the study, the subject should be sitting upright in a normal position of
comfort. The subject should try to move as little as possible during the swallow to ease
in the image processing. If there is measurable movement during the swallow, the
digitized images will have to be re-aligned before analysis.

A spherical metallic ball of known diameter is taped under the subjects chin to
give a reference length on the images. The ball needs to be positioned so that it does not
interfere with the view of the oral cavity, pharynx, or upper esophagus. It should not be
moved between lateral and anterior-posterior (AP) views. The position of the ball can be
used as a reference in the processing of AP and lateral views for future models.

Three different volumes (5, 10, and 20 mL) and viscosities (low, mid, and high)
are swallowed for each view. This results in a total of 16 swallowing sequences (see
table 6.3.1). X-ray “on-time” for thorough videofluorographic studies can range from 4-
10 minutes (Palmer, et al. 1993). Those studies include mastication and swallowing of
solid foods. Our study does not. Thus, an estimate of 4-6 minutes of “on time” is

reasonable for this protocol. This results in radiation exposure range of 38.8 to 58.2
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mrem to the lung, 48.6 to 72.9 mrem to active bone marrow, and 82.0 to 123.0 mrem to

the thyroid (Beck and Gayler 1990). These data are an estimate for a 70 Kg adult with
the fluoroscope operated at 110 kVp.
6.4.--Digitization

The fluoroscopy studies are stored on videotape. The video format used to record
the studies is super-VHS (S-VHS). This requires play-back on a VCR with the S-VHS
format. Our computer system is equipped with a Mitsubishi HS-U770 S-VHS VCR with
jog/shuttle control. The jog/shuttle control allows us to advance the tape one frame at a
time. This aids in positioning the tape for the frame-grabbing procedure.

The pharyngeal phase of the swallow lasts about | second. The standard video
rate is 30 frames/second with odd-number scan lines displayed in 1/60 of a second and
even displayed the next 1/60 of a second. The analog signal from the VCR can be
converted to digital information for computer analysis. Our 'Apple Macintosh Power PC
7100/80av is equipped with a Precision Digital Images IMAXX Video Capture Board.
This board allows us to capture every frame on the videotape directly to memory for
about 50 consecutive frames. Expansion of the computer’s random access memory
(RAM) would increase the number of frames that can be grabbed at once. Precision
Digital Images provides the software package, MAXXGrab, to perform the frame-
grabbing operation.

The process of digitization converts the analog signal into digital information by
converting the scan lines into square picture elements (pixels) based on the brightness
value. The fluoroscopic images are black and white so the brightness value for each pixel
ranges between 0 and 256 (8 bits/pixel). From the S-VHS fluoroscopic image, 480 scan
lines were digitized. Each scan line is broken into 512 pixels. After these images are
pulled into memory, they can be saved in TIFF format for analysis with the National

Institute of Health’s free-ware software package, NIH Image.
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6.5.--Image Analysis and Setting up the Simulations

The free software package, NIH Image, is used to analyze the digitized images.
With this software, all images can be converted into a “stack” that can be easily paged
through using the greater than and less than keys on the keyboard. This feature aids in
the image analysis greatly by allowing the user to compare the frame before and after
with the current frame readily. The image analysis is done in a specified manner to ease
in the setup of the computation fluid dynamics simulations. Thus, it is most easily
understood if both the set up and image analysis are explained together.
6.5.1.--Obtaining the Timing Information

After creating the stack with NIH Image, the first step is to identify the frames
where the GPJ opens, the pharynx fills, the UES opens, the GPJ closes, and the UES
closes. This determines the timing of the swallow. Each frame is 1/30th of a second, so
the timing of the swallow can be calculated by labeling where each of these events occur.
We set time zero at the start of the filling simulation as the first frame where fluid starts
to pass into the GPJ from the oral cavity. The frame at the point of fill is set as the time
where the filling simulation ends and the moving boundary simulation begins. This also
specifies the time where the boundary condition at the UES changes from a no-flow
condition to a free (natural) condition (see section 5.4). The frame at which the GPJ
closes specifies the time where the boundary condition changes from a flow to a no-flow
condition. The moving boundary simulation ends when the UES closes.
6.5.2.--Setting the Scale

The dimensions on the images are determined by measuring the number of pixels
in the metal ball taped to the subjects chin during the fluoroscopy study. The size of the
metal ball is 0.87 cm. The scale is chosen in units of centimeters within NIH Image
based on this information.

6.5.3.--Generating the Mesh
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The next step is to generate the finite element mesh. The mesh is based on data

from the image at fill. This image is where the entire bolus has come into contact with
the walls of the pharynx. Using NIH Image, the pixels at the boundary of the bolus are
identified. Each pixel has an x- and y-dimensional value that is written to a data file
when selected with the computer mouse. These values are adjusted to have x = 0 at the
GPJ and y = 0 at the UES. These data are used to specify the boundaries of the finite
element mesh. The UES is not filled with bolus at the point of fill, so we assume a small
opening exists (approximately 2 mm) in the area of the UES. This is required for the
moving boundary simulation. The region must be meshed initially in order to move the
boundary of that region. Since the moving boundary continues from the filling
| simulation, the mesh at the start of the moving boundary simulation must be identical to
the mesh in the filling simulation. Once the mesh has been generated, the filling
simulation can be started after an initial guess for the velocity at the GPJ is obtained.
6.5.4.--Boundary Condition at the GPJ

By close inspection of the images while the GPJ is open, an initial guess for the
velocity at the GPJ is obtained. When this is obtained, the filling simulation can be
started. To check if the boundary condition at the GPJ is correct, each fluoroscopy image
between the GPJ opening and the point of fill is compared with the results of the
simulation. If the amount of fill in the simulation visually matches the amount of fill on
the image, the boundary condition is satisfactory for the filling simulation (see figure
6.5.1). Note, this boundary condition during the moving boundary simulation must also
be checked.

At the beginning of the moving boundary simulation, the GPJ is still open but the
UES is closed. This duration varies between volume and viscosity of boluses, but
generally lasts for about 2-3 frames (1/15-1/10 of a second). During this time period, any

volume of fluid entering the GPJ must be compensated for by the expansion of the
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pharyngeal chamber. Recall, however, the condition at the UES is free during the

moving boundary simulation. To compensate for this assumption, the boundary
condition at the GPJ is adjusted during this part of the simulation so that there is a small,
but positive outward flow through the UES. Changing the GPJ boundary condition in the
moving boundary simulation requires re-iteration of the filling simulation if the velocity
is changed at the beginning of the moving boundary simulation since it corresponds to the
same point in time as the end of the filling simulation. The boundary condition at the
GPJ is iterated upon until satisfactory results are obtained from both the filling and
moving boundary simulations. Figure 6.5.2 outlines how the boundary condition at the
GPJ is obtained.

6.5.5.--Specifying the Moving Boundary

The movement of the boundary is specified by assigning a velocity to each node
on the boundary as a function of time. The nodes move along the direction of the spine
that it lies upon (see figure 5.4.1). Since only two of the spines are oriented in the x=0 or
y=0 planes (spines passing through GPJ and UES), both a velocity in the x-direction and
y-direction must be assigned for each node.

The data used to calculate these velocities are obtained bylanalysis of the digitized
fluoroscopic images. This is accomplished by overlaying the spines on each of the
fluoroscopy images from the point of fill until the UES closes. To do this, the locations
of the boundary nodes are imported into an Microsoft Excel spreadsheet from FIDAP.
The slope of each spine is calculated. The x-pixel values from the digitized images are
entered into the spreadsheet to determine a corresponding y-pixel value on the spine.
Once the spine location is defined by 2 pixels, it is drawn onto one of the images. When
all spines have been drawn on one image, the file is saved. The software package Adobe
Photoshop is used to convert this file to an image that displays only the spines in black.

This file is copied and overlaid onto each image using the layers tool between the point of
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fill and the closure of the UES. The resulting image is a multiplication of the two images

with the opacity of the spines at 20% so they do not obscure information in the
fluoroscopy image. The combined images are saved in TIFF format to be opened by NIH
Image, converted to a stack, and analyzed.

The images are analyzed by marking the intersection of the bolus boundary with
every spine for each frame. Note, the bolus will intersect each spine in two locations, the
anterior boundary and the posterior boundary. Figure 6.5.3 shows representative images.

Data files containing the locations of these intersections are read by a FORTRAN
program that interpolates the locations exactly onto the spine. Since a pixel represents a
small area, it is not necessarily located exactly on the spine. Care must be taken when
generating the finite element mesh so that two nodes on the boundary are not within a
pixel distance of each other and will not come within a pixel distance of each other during
any part of the swallow. If the nodes do come within a pixel distance of each other, the
FORTRAN program could assign velocities that would result in two spines intersecting.
This would force the CFD program to fail.

Once the location of these intersections are interpolated back onto each spine for
each frame, the FORTRAN program calculates displacements in the x- and y-directions
and the corresponding velocities. These data are written to a file in a format readable by
the CFD program, FIDAP. FIDAP reads an ASCII input file with the problem
specifications, including tables of time versus velocity data for each node on the moving
boundary.
6.6.--Summary

The procedures outlined above provide all the data required to specify the initial
and boundary conditions for the CFD simulations. These simulations were run on our

Silicon Graphics Indigo R4000 workstation. A satisfactory boundary condition for the
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GPJ could take anywhere from 1 to 20 iterations. It requires about 1-2 hours to run the

filling simulation and 3-6 hours to run the moving boundary simulations.

Many simulations were run to investigate the effects of viscosity, volume, head
position, and gravitational forces. The filling simulations are also modified to study the
effect of volume, viscosity, and gravitational forces on laryngeal penetration. A moving
boundary simulation was set up using data from a dysphagic patient. A single swallow
from a second normal subject was modeled to verify the method. The mesh is refined for

one swallow to confirm the accuracy of the model. The results for these studies are

presented in the following chapters.



Table 6.3.1.--Sequence of Swallows

Swallow # VIEW VISCOSITY | VOLUME
1 Lateral Low 5 mL
2 Lateral Low 10 mL
3 Lateral Low 20 mL
4 Lateral High 5mL
5 Lateral High 10 mL
6 Lateral Mid 10 mL

Lateral
7 20° back Mid 10 mL
Lateral
8 20° forward Mid 10 mL
9 PA Low 5 mL
10 PA Low 10 mL
11 PA Low 20 mL
12 PA High 5 mL
13 PA High 10 mL
14 PA Mid 10 mL
PA
15 20° back Mid 10 mL
PA
16 20° forward Mid 10 mL
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Figure 6.2.1.--Viscosity measurements for the low-viscosity sample demonstrating the
variation between studies. The 5/9/96 data is from the same sample measure 6 hours
apart. Error bars represent 95% confidence intervals based on the Student’s t-
distribution.
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Figure 6.5.1.--Representative images from the fluoroscopy study and the simulation at the
same point in time demonstrating how the boundary condition at the GPJ is obtained
during the filling simulation.
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Figure 6.2.4.--Density of the three samples used in the fluoroscopy studies.
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Figure 6.5.2.--Flowchart outlining how the boundary condition at the GPJ is determined.
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CHAPTER 7.--THE NORMAL SWALLOW

7.1.--Introduction

The procedure discussed in the previous chapter was applied to a single normal
subject (subject 4) for 8 swallows. We chose to apply the model to the fourth
videofluoroscopy study based on information gained in the [;revious studies. Subject 4
moved the least during swallowing. All relevant anatomic features were present on the
image during the entire course of each swallow. The contrast between the bolus and the
pharyngeal chamber was also well defined for this subject.

This chapter presents the results of the model applied to the normal subject.
Recall that our protocol is designed to study the effects 6f bolus volume, viscosity, and
head positioning on the pharyngeal phase of swallowing. Section 7.2 discusses the effect
of bolus volume. The effect of viscosity is presented in section 7.3. Head positioning is
discussed in section 7.4. The results of a normal subject are also used to study the role of
gravitational forces. These results are presented in section 7.5. The numerical accuracy
of the model is verified by refining the mesh to show that the results do not change.
Section 7.6 present these results. The same modeling techniques were applied to a
second normal subject to investigate the reproducibility of the model. The reproducibility
is discussed in section 7.7. The chapter is summarized in section 7.8.
7.2.--Bolus Volume

As discussed in chapter 2, many studies have investigated the effect of bolus
volume. These investigations have studied the effect of bolus volume on the pharyngeal
geometry, timing of the swallow, and manometry measurements. ‘With our protocol, we
can make similar measurements as in the literature with the exception of manometry. We
did not have a system in place for combined fluoroscopic and manometric measurements

at the time of our studies.
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In this section, the measurements reported in the literature are compared with

measurements from our studies. These data are complimented with results from the
mathematical model. Pressures calculated in the computer simulations can be compared
with manometry measurements from the literature, but we must keep in mind that the
literature data include pressures induced by the walls of the pharynx compressing the
catheter. Also keep in mind that the manometric assembly moves during the swallow and
this movement is not in coordination with the movements of the pharynx. The limitations
of manometry data are discussed at length in this and later sections.

7.2.1.--Timing and Geometry

The effect bolus volume on the geometry of the bolus and the timing of the
swallow is well demonstrated by viewing the bolus boundary as a function of time.
MPEG movies, low5.mpg, low10.mpg, and low20.mpg, of the simulations for the 3, 10,
and 20 mL swallows can be found on the compact disk (CD) included with this
dissertation. These movies show the magnitude of the velocity vectors at 0.01 second
increments. These movies further demonstrate the effects discussed below.

One the most significant effects of bolus volume on the pharyngeal swallow is the
timing of events. Table 7.2.1 presents the timing data for the three different volumes
swallowed by subject 4 compared with data from literature (Kahrilas, et al. 1993). The
data from literature are based on averaged data from eight subjects. Error values in the
literature data shown in table 7.2.1 range from 0.01 to 0.05 seconds. The values for our
study agree with the literature data within the error limits except for the data for GPJ and
UES closure for the 5 mL swallow. There could be many reasons why the timing for our
5 mL data disagree with the literature. The most likely is that subject 4 just varies a great
deal from the 8 subjects investigated in the literature. Table 7.2.2 presents these timing
data in terms of duration of events. The discussion of the effect of volume on the

pharyngeal phase of swallowing will be based on the events in this table.
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Time to open GPJ

The time to open the GPJ begins when the bolus is first seen exiting the oral
cavity and finishes when the GPJ is fully open. Recall that the GPJ is formed by the
tongue base and soft palate coming together to prevent the bolus from escaping into the
pharynx before initiation of the pharyngeal swallow. As the tongue tip pushes the bolus
back towards the pharynx, the anterior portion of the GPJ begins to open. The GPJ
continues to open over a small period of time until the bolus can be seen falling freely
into the pharyngeal chamber. Our data indicate that this time increases in duration with
swallow volume. This effect is most likely a measure of the coordination of the initiation
time of the oral and pharyngeal phases. This assumes that after the initiation of the oral
swallow, the GPJ fully opens after the same time period for all swallows. The larger
volume bolus requires more area towards the posterior oral cavity to be contained on top
of the tongue. It is going to be seen crossing into the GPJ earlier than the smaller volume
boluses. The smaller volumes require more time to be seen exiting the oral cavity after
the initiation of the swallow than the larger volumes. Data reporting timing values for
this phenomenon have not been found in the literature. Whether or not this is a
significant result requires the analysis of more swallows and more subjects.

GPJ Opening Duration

The GPJ opening duration begins when the bolus is first seen exiting the oral
cavity and ends when the tongue base contacts the posterior pharyngeal wall. This
duration increases significantly with bolus volume. These data agree with values
reported in the literature within error of the literature values except, again, for the 5 mL
swallow. The volume effect here is partly due to the same argument as above along with
mass conservation requirements. Figure 7.2.1 is a plot of the volumetric flow rate
through, the width of, and the velocity through the GPJ. Time equal to zero is when the

bolus is first seen exiting the oral cavity. Note that the volumetric flow rate is in units of
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area/time since it is a two-dimensional simulation. The volumetric flow rate is the

product of the velocity and the width of the opening.

The maximum volumetric flow rate increased dramatically from the 5 mL
swallow to the 10 mL swallow. The 10 and 20 mL swallows have similar maximums.
This may indicate that there is a maximum volumetric flow rate for any swallow volume.
This could be verified with further studies including swallows of larger volumes. The
steep upward climb of the volumetric flow rate and velocity occurs when the GPJ fully
opens. As shown in table 7.2.1, the time to fully open the GPJ increases with swallow
volume. These plots also demonstrate the GPJ opening duration increases with swallow
volume.

Recall, the velocity as a function of time is prescribed at the GPJ in the
mathematical model. These plots summarize the boundary condition at this location.
The velocities were chosen by trial and error to match the bolus movement seen on the
fluoroscopic images. The width of the GPJ opening is shown as a constant during the
time to fill the pharynx because we cannot model the moving boundary and the filling at
the same time. This is a limitation of the software used to solve the mathematical model.
In reality, the width of the GPJ and the bolus are changing while the pharynx is filling.
The width of the GPJ during the filling is taken as the width at the point of fill. This
assumption is compensated for by choosing the velocity to be slower than actual in order
to have a correct volumetric flow rate (see sections 5.4.1 and 6.5.4). Since the bolus is
incompressible, in order for the rate of fill in the simulation to match the rate of fill on the
videofluoroscopic images, the volumetric flow rate prescribed must be correct due to
conservation of mass.

Notice that the maximum velocity decreases with inc’reasing swallow volume.
This effect is actually more profound than shown in figure 7.2.1 due to the assumption of

constant width at the GPJ early in the swallow. Assuming the volumetric flow rates are
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accurate, the velocities before the point of fill would actually be greater than shown since

the width of the GPJ is always less than the width at the point of fill with one exception.
The maximum width of the GPJ for the 5 mL swallow occurs at the frame (0.033s) before
the point of fill. This would reduce the velocity at time 0.133 s for the 5 mL data.

The timing of the maximum opening of the GPJ is also a function of swallow
volume. The maximum width of the GPJ for the 10 mL swallow occurs at the point of
fill. The maximum width for the 20 mL swallow occurs at the frame after (0.033s) the
point of fill. Note that the maximum width does not correspond to the maximum flow
rate or velocity at the GPJ.

Time to Fill

The time to fill begins with the bolus passing into the GPJ and ends when the
bolus just comes into contact with the walls of the pharynx (when the pharynx is filled
with bolus). This time increases with swallow volume due to the time to open the GPJ.
The time between the GPJ being fully open and fill is constant among swallow volumes.

Time Between GPJ Closure and UES Opening

Another significant timing measure is the time between UES opening and GPJ
closure. In our study, the GPJ closes before the UES opens for the 5 mL swallow. This
is not observed in the literature. This again suggests variability among subjects. Note
that the data for the 10 and 20 mL swallows do not agree with the literature data very well
either. The volume effect on this timing measure is much more pronounced in our study
than reported in the literature. This could be due to many faétors, including differences
among subjects and even differences in interpreting when these events occur. Recall that
we only have data from fluoroscopy studies at every 1/30 of a second.

Pharyngeal Clearance

Here we see that the time for pharyngeal clearance (time between UES and GPJ

closure), which is an indicator of peristaltic velocity, is constant among swallow volumes
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in the literature. The values for our study agree within error, again, except for the 5 mL

swallow. The peristaltic velocity has been reported to be constant by many investigators
in the literature (see section 2.4.3).

UES Opening Duration

The duration of UES opening also increases with swallow volume. Our data
agree relatively well with literature data except for the 5 mL swallow. Table 7.2.3
compares the duration of UES opening with studies from the literature. The differences
between these studies further demonstrate a significant variation between subjects.

The UES does open wider for larger volume boluses, but this effect is not great
enough to transport the different volume boluses over the same time period through the
UES. This is demonstrated in figure 7.2.2. Figure 7.2.2 shows the volumetric flow rate,
width of the UES, and velocity through the UES as a function of time for the three
volumes.

The volumetric flow rate and velocity are artificially high at the beginning of the
flow through the UES for all swallows modeled. This is because we have to assume the
UES is open at all times in order to mesh the region. We must have the region meshed in
order to move the nodes on the boundary of the UES (see section 5.4.2). We compensate
for this assumption by allowing no flow out the UES during the filling simulation and by
keeping the opening very narrow (~2 mm) until the UES begins to open. At the point
where the UES begins to open, the nodes on the posterior and anterior boundary move to
open the UES to the dimensions seen on the fluoroscopic images. Shortly after this point
in time, the flow rates represents reality.

The dimension of the UES as a function of time and bolus volume is shown in
figure 7.2.2B. Table 7.2.4 compares these dimensions with studies in the literature. The
literature values form Cook, et al. (1989) represent average = SD maximal parasagittal

UES sphincter diameter for 8 male subjects. The data from Jacob, er al. (1989) are
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average = SEM maximal UES PA diameter for 8 male subjects. Both studies included

concurrent manometry. The large deviation on these literature values and the large
difference with the data for subject 4 further demonstrates the variation between subjects.
Total Time

The GPJ, pharynx, and UES do compensate for larger bolus volumes by opening
wider but not enough to transport the boluses through the pharynx in the same amount of
time. This is demonstrated by the large difference in the total time required to transport
the bolus from the oral cavity to the esophagus. The major events that compensate for
increasing bolus volumes are the duration of GPJ and UES opening. Both these events
increase in duration with bolus volume as discussed above. Note also the coordination of
these events is affected by bolus volume. This is demonstrated by the difference between
GPJ closure and UES opening. The UES doesn’t have to be open at the same time as the
GPJ for the low volume swallows since the pharyngeal chamber can contain these
volumes. When the volume of the bolus is larger than the pharyngeal chamber, the UES
has to open to allow the rest of the bolus to be transported from the mouth into the
pharynx. This also can indicate the difference between subjects. Some subjects have a
larger pharyngeal chamber than others. A smaller chamber will require the GPJ and UES
to be open concurrently for smaller bolus volumes.
7.2.2.--Pressures and Stresses

Figure 7.2.3A is a plot of the pressure at the center node near the level of the
laryngeal entrance over the entire course of the swallow for the three volumes. In this
figure, the pressure is relative to the pressure at the UES. In both the filling and moving
boundary simulations, the pressure is zero at the UES. In the filling simulation, this is
because the pressure in the air phase is zero. In the moving boundary simulation, the
pressure is zero at the UES due to the stress-free boundary condition. The pressures

reported in manometry studies are relative to atmospheric pressure. The pressures
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measured with manometry can be compared directly with the filling simulation because

both measurements are relative to atmospheric pressure. We cannot say with certainty
that the pressures from the moving boundary simulation are directly comparable because
we do not know what the pressure at the UES is relative to atmospheric pressure.

Cerenko, et al. (1989) show the pressure to be negative early in the bolus flow
through the UES. They state that when the bolus completely fills the UES, the pressure
immediately rises to zero mmHg. Jacob, et al. (1989) report that the UES pressure
increases steeply to zero mmHg at the time of the first video frame showing sphincter
opening. The pressure then increases to a maximum value which is dependent on bolus
volume. Figure 7.2.4 shows the intrabolus pressure within the UES as a function of time
during bolus flow and bolus volume from Jacob, ef al. (1989). The final time in this plot
represents the time of maximal UES opening. Note that the maximum intrabolus
pressure does not occur at maximum opening. Cook, et al. (1989) also report bolus
pressure within the UES, 1 cm upstream, and 1 cm downstream at maximal UES opening.
These data are reported in table 7.2.5. The data from these studies indicate that the UES
pressure is not constant during bolus passage. As mentioned previously, we cannot
expect the pressures within the bolus predicted by the model to look like pressures
measured using manometry as in figure 2.4.1. There are many reasons for this including
limitations of manometry and limitations of the model.

Limitations of manometry include, 1) the pressure transducers measure the
squeeze of the pharyngeal lumen when no bolus is present, 2) the pressure transducers
move during the course of the swallow due to the lifting of the soft palate causing traction
on the manometry assembly, and 3) the presence of the catheter disrupts the flow of the
bolus.

The uncertainty of whether or not the pressures measured are due to the bolus

passing or due to the squeeze of the lumen on the catheter can be resolved with
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concurrent videofluoroscopy. Concurrent videofluoroscopy makes it possible to

distinguish when the bolus is passing the sensor. The exact timing of when the bolus is
passing the sensor cannot be pinpointed accurately due to limitations of
videofluoroscopy. The time resolution of standard videofluoroscopy is only 1/30 of a
second. The pressure can change as rapidly as 4000 mmHg/s in the pharynx (Kahrilas, et
al. 1994).

The movement of the catheter is a significant limitation since the location of the
pressure measurements cannot be specified. The best example of this limitation is
measuring the pressure within the UES. In this situation, both the catheter and the UES
elevate during the course of the swallow. The catheter rises due to the elevation of the
soft palate. The UES elevates in coordination with the larynx. The onset of these
movements is not synchronous (Isberg, et al. 1985). The soft palqte rises before the UES
which moves the catheter from the UES into the pharynx. As the UES rises, the catheter
moves back into the UES and continues moving into the cervical esophagus (Ravich
1995). In this example, correct interpretation of the pressure within the UES is
impossible.

The presence of the catheter in the pharynx inherently disrupts the flow by
changing the geometry. The catheter could also effect the muscle contraction. Brasseur
and Dodds (1991) present a thorough discussion of these effects. They estimate that the
intrabolus pressure could be affected by as much as 20% due to the presence of the
catheter. Other studies have shown that the diameter of the catheter affects the pressures
measured (Castell and Castell 1993).

Limitations of the model produce the large peaks shown in figure 7.2.3A. These
large pressures are not seen in manometric studies. These peaks occur in the model when
the simulation switches to the moving boundary simulation. These are due to the

artificially high flow rates through the UES discussed above along with the assumption
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that the bolus is homogeneous at the start of the moving boundary simulation.

In all simulations, about 10-20% of the area is air at the point of fill. At the start
of the moving boundary simulation, this area is assumed to be bolus with zero velocity.
We have to make this assumption because we cannot model a two-phase moving
boundary problem (see section 5.4.2). This is a limitation of the software; modeling
multiple free boundaries is a very difficult problem. Assuming the bolus is homogeneous
during the moving boundary simulation is the largest flaw of the model. This causes a
sharp increase in pressure due to the fact that the density is increased by replacing the air
with bolus. The effect of this assumption on the pressure is alleviated when the UES
begins to widen. This also explains the artificially high flow rates discussed above.

Having air present at the point of fill is actually a valid assumption. The pharynx,
being part of the airway, is filled with air prior to the swallow. As the bolus begins to
enter the pharyngeal chamber, the passageway to the nasopharynx is sealed. The larynx
completes elevation shortly after the bolus begins filling the pharynx. The air has no way
to escape. Videofluoroscopy cannot clarify what portion of the passing bolus is actually
air. There is some indication by the intensity of the bolus, but we cannot quantify how
much air is present. Ergun, et al. (1993) have shown via ultrafast CT scans that at any
time while the bolus is passing, a substantial portion of the cross-sectional area is
occupied by air. A recent study in the esophagus also confirms that a substantial portion
of the swallowed bolus is made up of air (Pouderoux, et al. 1996); thus, we know that the
air is transported through the UES. Due to these limitations of the model, the data from
the point of fill to the opening of the UES cannot be significantly interpreted.

Figures 7.2.3B and C present the pressure data for thf: period before fill and after
UES opening, respectively. Figure 7.2.3B shows the pressure history over the course of
the filling simulations for the 5, 10, and 20 mL swallows. All three volumes show the

same behavior in that the pressure increases to about 20 mmHg when the bolus arrives at
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that location. These data can be compared to literature since they are both relative to

atmospheric pressure. Maddock and Gilbert (1993) report the maximal pressure
amplitude early in the swallow near the level of the entrance to the larynx to be ~16.5
mmHg for the 5 mL swallow, ~18.5 mmHg for the 10 mL swallow, and ~20.5 mmHg for
the 20 mL swallow. These pressures are comparable to our data in figure 7.2.3B
although we show no correlation with volume.

Figure 7.2.3C shows the pressure histories for the three volumes after the UES has
opened. Again, all three volumes show similar trends in that the pressures are about the
same in magnitude with variations due to peristaltic action at different levels of the
pharynx. The walls of the pharynx come together at varying rates at different levels. As
shown in the analysis for squeezing flow in section 3.6, the pressure is directly
proportional to the velocity of the walls coming together.

Figure 7.2.5 is a plot of the total normal force acting in the region of the laryngeal
entrance divided by the length of this region. These forces are calculated over element
edges. Since the length of the elements can change during the simulation due to the
moving boundary, we must normalize the data for comparison by dividing by the length
of the elements. A negative stress acts in the negative x-direction, towards the larynx.
Notice the large negative stresses act just as the bolus arrives in this location during the
filling simulation. The stresses become positive as the anterior wall moves towards the
posterior wall as peristalsis occurs. Notice, these plots suggest the magnitude of the
negative stresses are less for increasing bolus volume. This is counter-intuitive. Since
the magnitude of these values are relatively small and the variation with time is great, it
cannot be concluded that there is a significant volume effect.
7.3.--Viscosity

Many studies in the literature have investigated the effect of different consistency

boluses on the pharyngeal swallow, but few report the viscosity of these boluses. Our
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study was designed to investigate the effect of three different viscosity boluses on the

pharyngeal swallow. These three fluids include standard e-z-hd barium sulfate suspension
as a low-viscosity fluid (~185 cP), standard e-z-hd powder mixed with 300 mL of Knott’s
stréwberry syrup for the nlid—\;iscosity fluid (~5,000 cP), and standard e-z-hd powder
mixed with 170 mL of Knott’s strawberry syrup for the high-viscosity sample (~45,000
cP). In this section, the effect of viscosity on the timing of the swallow, geometry of the
bolus, flow pattern within the bolus, and pressures and stresses calculated with the model
will be discussed.
7.3.1.--Timing and Geometry

The effect of viscosity on the timing of pharyngeal swallow is not as dramatic as
the effect of volume. Table 7.3.1 details the timing of events for the three fluids. Recall
that each of these swallows were 10 mL in volume. Table 7.3.2 presents the timing in
terms of duration of events. Notice the time to open the GPJ, GPJ opening duration, and
UES opening duration are not a function of viscosity, but are dependent on bolus volume
as discussed above. There are no data in the literature that can be quantitatively
compared to our data. Qualitative comparisons of our results with literature data are
discussed below.

Time to Open the GPJ

According to our data, the time between when the bolus is first seen exiting the
oral cavity and the GPJ being fully open is not dependent on bolus viscosity. Dantas, et
al. (1990) report bolus lengths in the mouth as a function of volume and viscosity. They
compare a liquid barium bolus to a paste barium bolus. The viscosity of their liquid bolus
is similar to our low-viscosity sample. The paste bolus is the same mixture as our high-
viscosity sample. They find that the bolus length in the oral cavity increases with bolus
volume, supporting our statement that larger bolus volumes require more area towards the

posterior oral cavity. They find no significant viscosity effect on bolus length within the
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oral cavity. Based on the argument in section 7.2.1 explaining why larger bolus volumes

require less time to be seen crossing the GPJ, we should expect that the viscosity would
have no effect on the time to open the GPJ if it has no effect on the bolus position within
the oral cavity.

Opening Duration of the GPJ

The data from subject 4 suggest that GPJ opening duration is not dependent on
bolus viscosity. This contradicts with data from Dantas, et al (1990). They found that
the oral transit time, which is not defined but intuitively should be similar, increased with
increasing viscosity. The oral transit time for their 10 mL, low- and high-viscosity bolus
was 0.38 £0.05 s and 0.52 £ 0.09 s. From table 7.3.2, the opening duration for our study
was 0.33 s for all 10 mL swallows. It is difficult to speculate about this discrepancy
without knowledge of the definition of their measurement. Hamlet, et al. (1996) studied
the effect of viscosity on the oral and pharyngeal phases of swallowing using
scintigraphy. Their data also contradict the data from Dantas, et al. (1990). Hamlet, et
al. (1996) compare the oral discharge time, defined as the interval from the start of rapid
bolus movement past the mandibular marker (near the GPJ) until the tail of the bolus
passes the same point, for water and a fluid with a viscosity of about 1,100 cP. The oral
discharge time for water (1 cP) and thickened apple juice (1,100 cP) was 0.366 £ 0.043 s
and 0.338 £ 0.066 s, respectively. These data compare with our data, suggesting no
connection between bolus viscosity and GPJ opening duration.

Figure 7.3.1 is a plot of the volumetric flowrate through, the width of, and the
velocity at the GPJ for the three fluids. Notice that these plots seem to indicate that the
GP]J closes earlier for the low-viscosity fluid. The GPJ reaches the minimum width
earlier for the low-viscosity bolus, but there is still a small amount of flow at that time.
The flowrate through the GPJ is very similar for the higher viscosity fluids.

Figure 7.3.1B shows the width of the GPJ. Again, the width is assumed to be
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constant prior to the point of fill for the same reasons discussed in section 7.2.1. From

this plot, it is hard to conclude whether or not the width is a function of viscosity. As
mentioned previously, the maximum width of the GPJ is 14.5 mm and occurs at the point
of fill (0.2 s) for the low-viscosity, 10 mL data. For the mid;viscosity swallow, the
maximum width (15.4 mm) is measured over two frames at times 0.167 and 0.2 seconds
prior to fill (0.23 s). The maximum width for the high-viscosity swallow also occurs over
two frames at 0.133 and 0.167 seconds, also prior to the point of fill (0.23 s), at a value of
16.4 mm. These data indicate the maximum width of the GPJ increase slightly and
occurs earlier with increasing viscosity.

Figure 7.3.1C shows the velocity through the GPJ decreases with increasing
viscosity. This effect is actually more profound than shown due to the assumption of
constant width at the GPJ prior to fill. The maximum widths for the mid- and high-
viscosity swallows are greater prior to the point of fill as discussed above. Recall that
these velocities are prescribed at the GPJ in the model in order to match the rate of fill
shown on the images.

Time to Fill

Recall, the time to fill was only a function of bolus volume because of the time
required to open the GPJ. The viscosity effect on the time to fill is not dependent on the
time to open the GPJ. The increase in time required for the higher viscosity fluids to fill
the pharynx occurs between the GPJ being fully open and the point of fill. This suggests
the velocity of the bolus head is greater for the lower viscosity fluid. The increased
volumetric flow rate and velocity for the lower viscosity fluid at the GPJ supports this
observation. More of the bolus is transported early in the swallow for the low viscosity
bolus. This effect is largely due to inertial effects; inertial effects become more
significant for fluids with lower viscosity. Low viscosity fluids require much less force

to transport than higher viscosity fluids.
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Time Between GPJ Closure and UES Opening

Our data show that the time between the closure of the GPJ and opening of the
UES is a function of bolus volume and viscosity. This is essentially a measure of bolus
length, or the wavelength of peristalsis. As the viscosity of the bolus increases, the
duration between GPJ closure and UES opening decreases, hence, more viscous boluses
do not spread out as much as lower viscosity boluses. This observation is supported by
Dantas, et al. (1990). As mentioned above, they measured bolus length in the mouth and
pharynx for two fluids similar to our low- and high-viscosity samples. They found the
length of the bolus in the pharyngeal chamber to be 62.9 + 2.5 mm and 56.5 + 1.8 mm for
the low- and high-viscosity fluids, respectively. This effect is also due to the increased
significance of viscous terms in the equations of motion.

Pharyngeal Clearance

The pharyngeal clearance is a measure of the peristaltic velocity. It is the time
between GPJ closure and UES closure. This duration increases with increasing viscosity
indicating that the velocity of peristalsis decreases with increasing viscosity. Literature
data reporting peristaltic velocity for different viscosity boluses have not been found.
Dantas, ef al. (1990) report that there is a delay in UES opening for the higher viscosity
bolus. They also report a significant increase in the duration of peristaltic pressure wave
for higher viscosity boluses. Both of these effects could indicate a decreased peristaltic
velocity, although the delay in UES opening is also due to the reduced bolus length
discussed above. This effect, again, can be attributed to the increase in the significance of
viscous forces. The increased stresses at the boundary between the bolus and pharyngeal
constrictors due to the increased viscous forces could be slowing the response of the
muscle action.

UES Opening Duration

The data from subject 4 indicate that the duration of UES opening is not
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dependent on the viscosity of the bolus. Dantas, e al. (1990) find a significant increase

in manometric UES relaxation duration for higher viscosity boluses. Their study used
combined manometry and fluoroscopy to study the effects of bolus volume and viscosity.
Each subject had two manometric probes placed in the pharynx of 1.5 mm OD each. As
discussed previously, the presence of a catheter will effect the fluid flow. Two catheters
will have an even greater effect. This measurement is based on manometric data, not
fluoroscopy data. Hamlet, ef al. (1996) also find that their timing data do not compare
with the data from Dantas, ef al. (1990). No manometric catheters were present in more
recent study.

As stated above, the length of the bolus is shorter for the higher viscosity boluses.
From this observation we would expect the duration of UES opening to decrease with
increasing viscosity. This effect could be negated by the reduction in peristaltic velocity
with increasing viscosity.

Figure 7.3.2 is a plot of the volumetric flowrate through, width of, and velocity
through the UES for the three boluses. Again we see the effect of the assumptions made
in the model. The flowrate through the UES is high before flow is seen on the
fluoroscopic images. Recall the timing data discussed are based on the image analysis,
not the model due to limitation in the model. After UES opening, we see similar
flowrates for the three boluses. We do see that the UES opens wider for the higher
viscosity fluids. This is to be expected in order to conserve mass since the bolus length is
decreased for the higher viscosity fluid and the transport times are equal. The velocity
through the UES is greater for the lower viscosity fluids near the period of maximum
opening.

Total Time
The total time to complete the pharyngeal swallow increases with increasing

viscosity. Unlike the effect of bolus volume, this is not due to increase GPJ or UES
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opening duration. This effect can be attributed to the increase in time to fill and the

increase in pharyngeal clearance. Both of these effects can be attributed to the greater
significance of viscous forces in the equations of motion. This effect is demonstrated
beautifully in the MPEG movies, low10.mpg, mid10.mpg, and high10.mpg, for the low-,
mid- and high-viscosity fluids included on the CD with this dissertation. Figures 7.3.3
and 7.3.4 show representative frames from the low-, mid-, and high-viscosity simulations.
We see that the recirculations in the fluid disappear in the mid- and high-viscosity
simulations. Recirculations are an indication of the significance of inertial forces.

Inertial forces dominate over viscous forces for lower viscosity fluids (see section 3.4).

Recall from section 3.5 that the Reynolds number can be calculated to estimate
the importance of inertial effects. The Reynolds number is estimated in section 4.2.3 to
be approximately 12 using data reported by Li, et al. (1992). Viscosity and density data
for the fluids used in our studies were presented in section 6.2. Using the data for these
fluids give Reynolds numbers of 14.4, 0.44, and 0.057 for the low-, mid-, and high-
viscosity swallows, respectively. Section 3.4 discussed why the inertial terms in the
equations of motion cannot be ignored for Reynolds numbers greater than one. For
Reynolds numbers less than one, the viscous forces become more important. The
Reynolds numbers calculated above show that the viscous forces outweigh the inertial
forces for the mid- and high-viscosity boluses. For our low-viscosity sample, the inertial
effect contribute significantly and the viscous forces become less important.
7.3.2.--Pressures and Stresses ,

Figure 7.3.5 is a plot of the pressure history at the center node near the level of the
entrance to the larynx over the entire course of the swallow. The pressure for the high-
viscosity bolus is dramatically higher than the low-viscosity bolus. The largest peak can
be attributed to the effect of switching from the filling simulation to the moving boundary

simulation. In the moving boundary simulation, the boundary condition at the UES is
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free. The initial condition in the moving boundary is to read the velocity and pressure at

every node from the last time step of the filling simulation. In addition to the effects of
this assumption discussed in section 7.2.2, large velocities in the narrow region of the
UES at this time will produce a large pressure drop. As mentioned previously, the large
pressures and velocities at this point are reduced when the nodes on the boundary of the
UES begin to move widening the opening.

Figure 7.3.5B and C show the pressure profiles during the filling simulation and
moving boundary simulation after the UES opens, respectively. These plots show that
the pressure is strong function of the fluid viscosity. In fact, the pressure is directly
proportional to the viscosity. This is to be expected from a mathematical standpoint.
Many analytical solutions for simple flow problems demonstrate this functionality
including flow through a cylinder (Hagen-Poiseuille law), flow in an annulus, peristaltic
flows, and squeezing flow (see section 3.6). Recall that the analysis for squeezing flow
also showed the pressure to be inversely proportional to the separation to the third power.
This predicts that the pressure will increase dramatically as the walls come together at a
significant velocity. This explains the various larger peaks during the moving boundary
simulation. The peaks can be attributed to the closure of the pharyngeal lumen at
differing velocities at various levels. The greater the velocity of the walls coming
together, the more profound the effect on the pressure profile.

There have been limited studies on the effect of viscosity on manometry
measurements. As mentioned previously, Dantas, et al. (1990) did a combined
videofluoroscopy and manometry study on boluses with similar properties to our low-
and high-viscosity samples. They report pressures measured 1 cm upstream from the
UES during trans-sphincter flow. For their 10 mL, low-viscosity bolus, they measure a
pressure of about 8 mmHg. The pressures from the computer simulations near the

entrance of the larynx while the UES is open is the closest comparable data. The results
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from the low-viscosity, 10 mL simulation around zero mmHg between about -15 to 15

mmHg. The pressure measured for the 10 mL, high-viscosity bolus by Dantas, et al.
(1990) is about 23 mmHg. The data from the simulations fluctuate greatly between 0 and
1,600 mmHg, averaging about 220 mmHg, for the high-viscosity sample while the UES
is open at the level of the laryngeal entrance. The data from Dantas, ef al. (1990) do not
show a direct dependence on the viscosity of the bolus. Limitations of manometry
measurements cannot fully explain this large of a discrepancy. There must be some
physical reason not accounted for in the model for this large of a difference. Two
possible explanations are considered. One explanation is the presence of air. The second
could be due to the effect of a lubrication layer within the pharynx.

Our model and the analytical solutions discussed above assume incompressible
flow (constant density). Air is compressible; as the pressure increases, the volume
decreases. Two studies investigate what happens to the air in the pharyngeal chamber
during swallowing. Ergun, et al. (1993) applied ultrafast computerized tomography to
visualize the cross-section of the pharyngeal chamber during sWallowing. They estimate
the amount of dead space (air) just as the nasopharynx and larynx seal prior to bolus
propulsion to be 14.0 £ 3.0 mL. This value was averaged over data from 7 male subjects
and is reported to be highly variable between subjects. They conclude that approximately
15 mL of air is transported into the esophagus with each swallow. It could be suggested
that the air is transported to the esophagus in this study because the subjects were in the
supine position during this study. One could argue that in the upright position, the air
rises above the bolus and is not swallowed due to density differences. This argument is
invalid for two reasons. First, the pharyngeal constrictors completely obliterate the
pharynx at every level to ensure complete bolus transport. Second, Gramiak, et al.
(1967) measure nasal pressure changes during swallowing and find that the pressure

decreases significantly when the passageway to the nasal cavity reopens after pharyngeal
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peristalsis. This indicates that the air present in the pharyngeal chamber prior to the

swallow is transported to the esophagus. If the air is not transported to the esophagus,
this pressure decrease would not be seen. The negative pressure measured is due to the
re-expansion of the pharyngeal chamber. The maximum negativé nasal pressure
measured during oropharyngeal relaxation was on the order of 10 mmHg and did not vary
significantly between bolus volume, consistency, or body position (supine vs. upright).
Pouderoux, et al. (1996) also investigate what happens to the air during swallowing via
ultrafast CT scans in the esophagus. They find that and average of 17.7 mL of air is
swallowed with a 10 mL liquid bolus.

The presence of air in the pharynx would result in pressures less than predicted
with the mathematical model. Increased stresses within the fluid could be relieved by
compression of the air. We can show through analysis of the data in the literature that the
air does relieve some of the pressure. Ergun, ef al. (1993) show that the fraction of the
area integrated over time taken up by air is reduced with increasing bolus volumes.
Dantas, et al. (1990) show that the intrabolus pressure becomes a much stronger function
of viscosity as the bolus volume increases. As the relative volume of bolus to air
increases, the less able the air is to relieve the pressures within the bolus. The air is
reducing the bolus pressures during the pharyngeal phase of the swallow more for the
lower volume boluses than the higher volume boluses. This also explains why much of
the data in the literature show that the pressure increases with increasing bolus volume,
yet the model does not predict this behavior.

Although our protocol does not investigate the viscosity effect for different
volume boluses, we can show that the pressures are not directly proportional to the
viscosity when air in present by comparing the pressures during the filling simulation. In
figure 7.3.6B the pressure at the level of the larynx during fill does not show a direct

proportionality to viscosity. The closest comparable literature data are from Shaker, et al.
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(1993). They measured the intrabolus pressure amplitude near the level of the larynx for

10 mL water and 10 mL mashed potato swallows. The maximum amplitude prior to the
large upstroke indicating peristalsis for the water and potato are reported as 5.7 + 1.3
mmHg and 16.8 = 3.1 mmHg, respectively. This is the pressure wave seen as the bolus
begins to pass the manometric sensor and thus, is comparable to pressures calculated
during the filling simulation. Although the properties of the mashed potatoes is
unknown, we know the viscosity of water is about 1 cP and that mashed potatoes are
much more viscous than water.

A second possible explanation for the discrepancy between the pressures
predicted by the model and pressures measured with manometry could be due to a thin
lubrication layer coating the walls of the pharynx. Brasseur, ef al. (1987) derive an
analytical solution for peristaltic flow including a peripheral layer with a different
viscosity assuming the lubrication approximation. They show that the pressure drop is
not as strong a function of viscosity when the viscosity of the lubrication layer is greater
than the interior fluid. This effect is probably not as great the effect of the air
compressing during the swallow.

The stresses near the entrance to the larynx (figure 7.3.6) show a similar behavior
as the pressure data. Recall that these stresses are the normal force normalized over the
length of the elements near the laryngeal entrance. The magnitude of the normal force
can be entirely attributed to the pressure forces for Newtonian fluids, thus, the same
analysis applies as given above. Literature data show that the squeeze of the pharyngeal
lumen on the catheter does increase in magnitude and duration with higher viscosity
swallows (Shaker, ef al. 1993; Dantas, et al. 1993) suggesting the muscles do respond to
the higher stresses within the bolus. |
7.4.--Head Position

Our protocol is designed to investigate the effect of head position on the normal
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pharyngeal swallow. It has been documented in the literature that flexion of the head

(head tilted forward) helps to protect against laryngeal penetration. Welch, et al. (1993)
measured changes in the dimensions of the pharynx due to head flexion. They
hypothesize that the airway is protected more in the chin-tuck position due to the
posterior shift of anterior pharyngeal structures. The effect is to narrow the opening of
the larynx. The tongue base is also positioned back further over the entrance of the
larynx. It has also been observed that the vallecular space is widened with head flexion
(Logemann 1983). This increased area in the valleculae can hold more of the bolus
giving the larynx additional time to close before penetration can occur. It is also
suggested that head extension (head tilted back) increases the risk of aspiration. With the
head in this position, the pharyngeal passageway is aligned with the airway. Defective
closure of the larynx has been observed with the head extended (Ekberg 1986).

Based on the theory of the effect of head position on swallowing, we cannot
expect our mathematical model to provide us with any new insight on why aspiration
may occur. The main feature described that we may be able to investigate further with
our mathematical model is the effect of the widening of the vallecular space. The time it
takes to fill the pharynx could be affected by the change in geometry. This effect will be
more profound for lower viscosity fluids as discussed above. Our study used 10 mL of
the mid-viscosity fluid to study head position. Because of the dominance of the viscous
forces in this flow situation, large differences in the rate of fill were not seen with head
position. The protocol has since been modified to use the lower viscosity fluid to study
this effect.

Table 7.4.1 details the timing data for the three head positions. We can see that
the time to fill is only dependent on the time to open the GPJ. The UES opens earlier
compared to the GPJ being fully open for the forward position. This is most likely due to

the decreased distance between the GPJ and UES in this position. The geometric
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differences due to head position are easily observed in the MPEG movies, for10.mpg,

mid10.mpg, and back10.mpg, included on the CD version of this dissertation.
Representative frames are shown in figure 7.4.1. Due to the geometric changes between
the head positions, we cannot provide a comparative analysis of the duration of events.

Pressures calculated at the level of the entrance to the larynx are shown in figure
7.4.2. The pressure is greater for the head tilted back than in the forward or neutral
positions while the UES is open. Figure 7.4.3 shows the normalized normal force near
the entrance to the larynx. This plot also suggests the forces are reduced for the neutral
and chin-tuck positions. More investigation is needed to determine the significance and
reproducibility of these results.
7.5.--Gravity

Many studies have investigated the effect of body position on swallowing. Our
protocol did not investigate subjects in the supine position; however, we can investigate
the significance of gravitational forces easily with the mathematical model. In the model
presented in chapter 5, we include the forces of gravity in the equations of motion. We
can see whether or not the gravitational forces are significant just by solving the model
without these terms in the equations.

Figure 7.5.1 shows the pressure histories at the level of the entrance to the larynx
for the low-, mid-, and high-viscosity 10 mL swallows. These show the gravitational
forces are more significant for the lower viscosity fluids. The difference in pressure can
be attributed to the increased significance of the gravitational term in the equations of
motion relative to the viscous terms. The question that needs to be answered is whether
or not this has any significance on the flow field.

Figure 7.5.2 1s a plot of the flowrate through the UES for the low-, mid-, and
high-viscosity 10 mL boluses. The inclusion of the gravitation terms in the equations of

motion has no effect on the flow through the UES. Recall, this reflects the solution of the
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moving boundary simulation only; the UES is not open during the filling simulation.

This is because we specify the flow situation with velocity boundary conditions in the
moving boundary simulation. The only effect including gravity has is in the pressure

profile; hence,

dp
é;—pgZ = constant (7.5.1)

for the moving boundary problem. This is not true for the filling simulation. The flow
situation is not specified because the position of the interface between the bolus and air is
unknown. This position has the potential to be affected by gravitational forces.

Figure 7.5.3 shows the position of the interface at t = 0.11 seconds for the low-
viscosity, 10 mL swallow during the filling simulation with and without gravitational
forces included in the equations of motion. As can be seen from this figure, gravity has
an effect on the rate at which the front advances. Figure 7.5.4 is a similar plot for the
mid-viscosity, 10 mL swallow. Including gravitational forces in this simulations seems
to have no effect on the advancement of the front. This effect can also be attributed to the
increasing significance of the viscous forces with higher viscosity fluids. The same effect
is seen for the high-viscosity, 10 mL swallow. In short, gravitational forces are
significant for the lower viscosity fluids. The effect is to increase the rate of fill and
reduce the static pressure within the bolus.

Ingervall and Lantz (1973) found that the time required for the bolus to pass
through the pharynx for lower viscosity fluids is shorter in the upright position than in the
supine position. Viscous fluids (barium paste) showed no effect of body position on
transport time. These results agree with what is predicted by the mathematical model.

Dejaeger, et al. (1994) used manofluorography to study the effect of body
position. They found that the integral of the pressure profile over time near the tongue
base, entrance of the larynx, and UES increase in the supine position. These values

increased further in the upside down position. The amplitude of the pressure did not
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change significantly between positions. Since the pressure amplitudes did not vary but

the integral of the pressures over time did, one would have to assume that the duration of
the pressure waves increased. They do report an increase in pharyngeal transit time from
upright, to supine, to inverted, but do not report this as significant. The properties of the
bolus are not reported; it is only stated as 10 mL of liquid barium. These data could
indicate a difference in the response of the musculature involved due to position. If the
response is different, the movement of the bolus boundaries would change and thus, the
boundary conditions in the mathematical model should change. This could be verified by
including having the subject swallow in the protocol for fluoroscopy studies.

Significant results from Johnsson, et al. (1995) include changes in UES opening
duration and size, and intrabolus pressure with body position. The UES opened wider for
a shorter time period in the supine and inverted positions. The intrabolus pressure
measured above the UES increased dramatically from the erect to the supine position, and
even further for the inverted position. These results suggest the bolus holds together
better in the supine and inverted position. The sensor will measure a greater pressure if it
is in contact with the bolus only and not air. The duration of bolus passing through the
UES will be shorter for a bolus that holds together better. A shorter bolus of the same
volume will require the UES to open wider in order to transport in the same or less
amount of time. They also report that the body position has no significant effect on bolus
length, velocity of the bolus head and tail, oral transit time, pharyngeal transit time, or the
amplitude or duration of the contraction waves. No variation of bolus length disagrees
with their data on UES transport. If the UES opens wider for a shorter period of time, the
length must be reduced. These data also support the above analysis. The mathematical
model shows that not including gravity in the simulation results in a shorter bolus. The
influence of gravity should be studied further to verify these theories by applying the

model to fluoroscopy data from supine and inverted positions.
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7.6.--Mesh Refinement

It is common practice to check the accuracy of a numerical solution by refining
the mesh to see if the solution changes. If the solution changes, then the model is
inaccurate and more nodes should be added to the mesh. This procedure can be repeated
until there is no longer any variability between mesh refinements.

Our model uses 9 noded-quadrilateral elements. In each simulation, the anterior
and posterior boundaries have 65 nodes each (32 elements). The GPJ and UES have 21
nodes (10 elements). We are somewhat limited to the number of nodes by the software.
Each node on the anterior and posterior boundary has a prescribed x- and y-velocity
assigned to it. These velocities vary between nodes and with time. We prescribe these
velocities using the time function command. There is a maximum 300 time functions
allowed in each simulation. This results in a maximum of 75 nodes on each side. Since
the boundary condition at the inlet is also a function of time, we are limited to 73 nodes
on each side. The velocities could be prescribed with a user-defined subroutine, but this
would be very involved since there is no simple functionality that describes the
movement of these nodes with time.

We chose to verify the numerical accuracy with the low-viscosity, 10 mL filling
simulation. This is the most difficult simulation from a numerical standpoint due to the
free surface and the increased importance of the non-linearity due to inertial effects.
Also, since there is no prescribed movement in the filling simulation, we are not limited
to the number of nodes in the mesh. For the simulation using a refined mesh, the number
of nodes at the GPJ and UES is increased to 31. The number of nodes on the anterior and
posterior sides is increased from 73 to 107. This more than doubles the number of nodes
in the mesh from 1365 for the regular mesh, to 3317 for the refined mesh. Velocity
vector plots for the same point in time late in the simulation are shown in figure 7.6.1.

These plots show that the front of the bolus has advanced to the same position for both
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the regular and refined meshes. Also notice the maximum velocities are the same.

Figure 7.6.2 shows the pressure profile at the level of the laryngeal entrance for the
regular and refined meshes. Notice that the pressure peaks at a slightly greater value for
the refined mesh, but other than this small discrepancy, the profiles are similar. This plot
also indicates that there are no significant variations in the movement of the front since
the pressure rises when the fluid arrives at this location at the same time for both
simulations. From the results demonstrated in these figures, it can be concluded that 32
by 10 elements results in an accurate solution for all simulations.

7.7.--Reproducibility

The results of the model discussed in this chapter are from a single human subject.
To lend validity to the model, we need to know how it will vary between subjects. Can
we expect the same results from all normal subjects? Should we not since we know there
is a great deal of variability between subjects? To answer these questions, we applied the
same techniques used on subject 4 to another study (subject 6).

Table 7.7.1 and 7.7.2 detail the timing of the low-viscosity, 10 mL swallow for
subject 4 and subject 6. These data demonstrate the variability between subjects.
Specifically, notice the difference between the point of fill and the GPJ fully open; filling
the pharynx requires more time for subject 6. Also notice the difference in timing of the
UES opening and the duration between GPJ close and UES opening. The UES opens
earlier for subject 4. The GPJ and UES have to be open at the same time for a longer
duration for subject 4. All of these data suggest that the pharyngeal volume of subject 6
is greater than subject 4. Table 7.7.3 shows the difference in dimensions for the two
subjects. Notice that the height between the GPJ and UES is much greater for subject 6
than subject 4. The maximum dimension of the GPJ is also greater for subject 6. The
UES dimension is essentially the same between the subjects. These data confirm the

pharyngeal chamber is larger for subject 6 and therefore explains the differences in the



113
timing data.

Figure 7.7.1 is a plot of the volumetric flowrate through, width of, and velocity at
the GPJ for the two subjects. Again note that figure 7.7.1B indicates the GPJ closes
before stated in table 7.7.1 for subject 4, but flow can still be seen even though the GPJ
has reached the minimum width. This figure also shows the width of the GPJ is greater
for subject 6. Notice that the flowrate and velocity show similar behavior at the GPJ
between the two subject except both are higher for subject 4. Figure 7.7.2 is a plot of the
volumetric flowrate through, width of, and velocity at the UES. Notice the opening of
the UES is very similar between the two subjects except the UES opens earlier for subject
4. The velocity and flowrate show similar behavior also ignoring the time where the UES
is assumed open when no flow is seen on the fluoroscopic images.

Figure 7.7.3 shows the pressure histories for both subjects for the entire time (A),
during filling (B), and while the UES is open (C). The pressure magnitudes are quite
comparable between subjects. The magnitudes of the stresses near the entrance to the
larynx are also quite similar (see figure 7.7.4). These pressure and stresses demonstrate
that the mathematical model can predict similar behavior between subjects. The timing,
flow and geometrical data show the flexibility of the model between subjects.
7.8.--Summary

Applying the mathematical model to data from a normal subject has provided
additional insight on the effects of bolus volume and viscosity, head positioning, and
gravity on the pharyngeal phase of swallowing. The accuracy of the model is verified by
refining the mesh and applying the same modeling techniques to a second normal subject.
This section highlights what has been learned from the model.

A great deal of information has been published on the effect of bolus volume on
the pharyngeal swallow. Data from this study agree with much of the literature data with

a few exceptions. Differences in the timing data can be attributed to differences in
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pharyngeal geometry between subjects. The pressures predicted with the model show no

correlation with bolus volume. The pressures measured with manometry increase with
increasing volumes because the relative ratio of bolus to air is reduced. Our model does
not include the air during the moving boundary simulation, thus we should not expect to
see any effect of volume on the pressures measured. The major effect of bolus volume is
to increase the duration of GPJ and UES opening. The pharyngeal phase of swallowing
takes longer for larger volumes simply because there is more fluid to transport. The GPJ,
pharynx, and UES do open wider for larger volume boluses, but not enough to transport
these boluses in the same amount of time.

The model predicts the pressures within the bolus to be directly proportional to
the viscosity. Analytical solutions of similar flow situations predict the same behavior.
Manometry measurements do not. This is because a substantial volume of air is
swallowed with every bolus. This volume of air is roughly equal to the volume of the
pharyngeal chamber prior to swallowing (Pouderoux 1996).. The air has the effect of
reducing pressures within the bolus by compressing.

The major effect of viscosity on the pharyngeal swallow is to reduce the transport
time by reducing the rate of fill and pharyngeal clearance. This can be attributed to the
increased significance of viscous forces. The viscous forces dominate over inertial forces
for Reynolds numbers less than 1. For pharyngeal peristalsis, this occurs at a kinematic
viscosity of 9 cm?/s or less for a 20 mL bolus using the parameters discussed in section
4.2.3.

Changing the position of the head during swallowing results in geometrical
modifications that influence the filling of the pharynx. Literature shows that the entrance
to the larynx is better protected in the chin-tuck position and less protected in the
extended position. With our protocol, we were unable to predict any significant

differences between head positions because we used the mid-viscosity fluid. With this
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fluid, no significant change in the rate of fill was observed due to the dominance of

viscous forces. The model would be best applied to flow situations where inertial effects
are important. This would correspond to studies using the low-viscosity fluid.

While our protocol did not investigate subjects in the supine position, we were
still able to study the effect of gravity on the pharyngeal phase of swallowing with the
mathematical model. By doing so, it was determined that the effect of gravity is
significant for the lower viscosity fluids only. The effect is to increase the rate of fill and
reduce the static pressure within the bolus. These results concur with investigations
reported in the literature.

The accuracy of the numerical method was verified by solving the most difficult
simulation with a refined mesh and showing that the results did not change significantly.
It was also demonstrated that the mathematical model is able to predict similar results in a
second normal subject while having the flexibility to account for the geometric
differences between subjects. The largest limitation of the model was determined to be
the inability to move the boundary with two-phase flow. This limitation could be
eliminated if we could move boundaries during the filling simulation. The result of this
limitation is inaccurate predictions of the pressures and stresses within the pharyngeal
chamber. It has also been discussed why the pressures measured manometrically have to
be interpreted carefully due to the movement of the catheter and the presence of air
throughout the phayrngeal phase of swallowing.

The next chapter discusses how the model can be applied to gain insight on
swallowing disorders. Recommendations for improvements will be discussed in chapter

g, ,
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Table 7.2.3.--Comparison of UES Flow Duration

units (s) S mL 10 mL 20 mL

Subject 4 0.36 0.57 0.67

Kabhrilas, et al. (1993) 059+0.01 | 06112002 | 0.65+0.02

Cook, et al. (1989) 0.48+0.05 | 0.55+0.05 | 0.62+0.07

Jacob, et al. (1989) 0.45+£0.01 | 0.50+0.02 | 0.54+0.03

Table 7.2.4.--Comparison of UES Dimension at Maximum Opening

units (cm) Subject 4 Cook, et al. (1989) Jacob, et al. (1989)
5 mL 7.0 11.0£1.9 8.5+0.5
10 mL 8.6 11.8+1.6 10.5+0.5
20 mL 13.2 13.3+£2.0 : 11.8+0.4

Table 7.2.5.--Bolus Pressure at Maximal UES Opening
(from Cook, et al. 1989)

units (mmHg) Upstream UES Downstream
S mL 79+2.1 3.8144 26+2.5
10 mL 7.8+2.1 5.1£4.0 24+3.0

20 mL 13.84¢2.1 13.8 £5.2 11.3+2.1




Table 7.3.1.--Timing of Events Demonstrating the Effect of Bolus Viscosity

Time (s) Low Mid High
GPJ Opening 0.0 0.0 0.0
GPJ Fully Open 0.13 0.13 0.13
Fill 0.20 0.23 0.23

UES Open 0.27 0.3 0.33
GPJ Closed 0.33 0.33 0.33
UES Closed 0.83 0.87 0.9

Table 7.3.2.--Duration of Events Demonstrating the Effect of Bolus Viscosity

Time (s) Low Mid High

Time to Open GPJ 0.13 0.13 0.13
GPJ Opening Duration 0.33 0.33 0.33
Time to Fill 0.20 0.23 0.23

GPJ Close - UES Open 0.07 0.03 0.00
Pharyngeal Clearance 0.5 0.53 0.57
UES Opening Duration 0.57 0.57 0.57
Total Time 0.83 0.87 0.9

119



120

Table 7.4.1.--Timing of Events Demonstrating the Effect of Head Position on the 10
mL, low-viscosity swallow

Time (s) Back Neutral Forward
GPJ Opening 0.0 0.0 0.0
GPJ Fully Open 0.10 0.13 0.10
Fill 0.20 0.23 0.20
UES Open 0.27 0.30 0.30
GPJ Closed 0.33 0.33 0.33
UES Closed 0.73 0.87 0.8
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Table 7.7.1.--Timing of Events for the 10 mL, LoW-Viscosity Swallow
Demonstrating the Variability between Subjects

Time (s) Subject 4 Subject 6
GPJ Opening 0.0 0.0
GPJ Fully Open 0.13 0.10
Fill 0.20 0.20
UES Open 0.27 0.30
GPJ Closed 0.33 0.33
UES Closed 0.83 0.83

Table 7.7.2.--Duration of Events for the 10 mL, Low-Viscosity Swallow
Demonstrating the Variability between Subjects

Time (s) Subject 4 Subject 6
Time to Open GPJ 0.13 0.1
GPJ Opening Duration 0.33 0.33
Time to Fill 0.20 0.20
GPJ Close - UES Open 0.07 0.03
Pharyngeal Clearance 0.50 0.50
UES Opening Duration 0.57 0.53
Total Time 0.83 0.83
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Table 7.7.3.--Dimensions of Pharyngeal Chamber Demonstrating the Variability

between Subjects

Length (cm) Subject 4 Subject 6
Height of GP]J at fill 7.56 9.44
Width of GP)J at fill 1.45 1.80

Maximum width of UES 0.86 0.87




A)

B)

®

Figure 7.2.1.--Volumetric flowrate (A), width (B), and velocity (C) at the GPJ
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Figure 7.2.4.--Intrabolus pressure in the UES while sphincter area is increasing. (from
Jacob, et al. 1989)
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Figure 7.3.3.--Velocity vector plots at 0.18 seconds after GPJ opening for the low-, mid-,

and high-viscosity fluids for 10 mL boluses demonstrating the effect of viscosity.
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Figure 7.3.5.--Pressure histories at the level of the larynx demonstrating the effect of
bolus viscosity. (A) Total time, (B) Filling, (C) UES open.
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Figure 7.3.6.--Total normal stresses at the entrance of the larynx demonstrating the effect

of bolus volume. (A) Total time, (B) Filling, (C) UES open.
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C) Head-tilt back

Figure 7.4.1.--Finite element meshes for the A) head-tilt forward, B) neutral, and C)
head-tilt back positions demonstrating the geometrical differences at the point of fill.
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Figure 7.4.2.--Pressure histories at the level of the larynx demonstrating the effect of head
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Figure 7.5.2.--Flowrate through the UES for the A) low-, B) mid-, and C) high-viscosity

10 mL boluses demonstrating the effect of gravity.
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Figure 7.5.3.--Velocity vector plots at t = 0.11 demonstrating the effect of gravity on the

low-viscosity, 10 mL swallow.
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Figure 7.5.4.--Velocity vector plots at t = 0.11 demonstrating the effect of gravity on the

mid-viscosity, 10 mL swallow.
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Low Viscosity - 10 mL - Regular Mesh
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Figure 7.6.1.--Velocity vector plots at t = 0.17 for the regular and refined mesh

demonstrating the accuracy of the numerical solution.
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Figure 7.6.2.--Pressure histories near the entrance to the larynx for the regular and refined
mesh demonstrating the accuracy of the numerical solution.
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Figure 7.7.3.--Pressure histories at the level of the larynx demonstrating the variability

between subjects. (A) Total time, (B) Filling, (C) UES open.
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CHAPTER 8.--DISORDERED SWALLOWING

8.1.--Introduction

The analysis presented in the previous chapter demonstrated how the
mathematical model can be used to gain insight on the normal swallow. In this chapter,
how the model can be used to learn more about the parameters affecting swallowing
disorders is discussed. As discussed in chapter 1, there are many causes of dysphagia.
The main symptom of dysphagia that we are most interesting in modeling is laryngeal
penetration. Laryngeal penetration is when the bolus enters the laryngeal vestibule.
Laryngeal penetration can lead to aspiration. Aspiration occurs during normal breathing
when liquid that has entered the larynx is inhaled, soiling the bronchial tree. Chronic
aspiration can lead to asthma and/or lung infections, such as pneumonia.

The most common cause of laryngeal penetration is poor timing between the oral
and pharyngeal phases of swallowing (Rubesin 1995). In this situation, the elevation of
the larynx does not complete before the initiation of the oral phase. This premature
leakage of bolus from the oral cavity into the pharynx enters the laryngeal vestibule.

Retention of the bolus in the pharynx can also lead to laryngeal penetration.

Stasis of bolus material in the pharynx is generally due to neuromuscular diseases,
tumors, or structural disorders such as diverticula. Esophageal disorders, such at
gastroesophageal reflux disease or obstructions can also lead to laryngeal penetration.

In this chapter, the mathematical model is used to study two common occurrences
that can result in laryngeal penetration. The filling simulation is applied to study the
premature leakage of the bolus into the pharynx due to poor coordination between the
oral and pharyngeal phases. Specifically, the effect of bolusfvolume, bolus viscosity, and
gravity on laryngeal penetration is investigated. These effects will be discussed in section

8.2. The moving boundary simulation is applied to a fluoroscopy study of a patient who
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had suffered a recent cerebrovascular accident. This patient displayed bolus retention in

the pharynx due to weakened pharyngeal musculature. How the model can be used to
estimate possible methods for improving swallowing function is investigated. The results
of the model applied to the dysphagic patient is discussed ingsection 8.3. Section 8.4
summarizes the chapter.

8.2.--Simulating Laryngeal Penetration

The model applied to subject 4 is used to simulate laryngeal penetration. This
section presents a model of the most common occurrence of penetration; the
discoordination of the oral and pharyngeal phases. As discussed above, this occurs due to
incomplete elevation of the larynx before arrival of the bolus at this location. In many
situations, the larynx completes the elevation, protecting the airway throughout the
remainder of the swallow after penetration of a small portion of the bolus. This is well
demonstrated by the MPEG movie, larpen.mpg, on the CD included with this dissertation
showing a fluoroscopy study of a normal subject where laryngeal penetration occurs.
Frames 19 and 20 show the bolus penetrating the laryngeal vestibule. Elevation
completes in frame 21 and the remainder of the bolus is transported to the esophagus
following pharyngeal peristalsis.

Since this type of penetration occurs early in the swallow, we can model it with
just the filling simulation. The amount of bolus penetrating the larynx can be quantified
by allowing flow in the region of the entrance to the larynx. This location is determined
by analysis of the fluoroscopic images just prior to the completion of elevation. A stress-
free boundary condition is specified in this location. The boundary conditions at the GPJ,
UES, and posterior and remaining anterior walls are the same as for the normal swallow.
Figure 8.2.1 details the boundary conditions for this model.

8.2.1.--Bolus Viscosity

The purpose of simulating laryngeal penetration is to determine what combination
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of bolus variables cause the greatest amount of penetration. The 5, 10, and 20 mL, low-

viscosity swallows from subject 4 were used for this purpose. Since it was found in
chapter 7 that geometrical differences were only great between different volumes and not
viscosities, the properties of the mid- and high-viscosity boluses were used in the 5, 10,
and 20 mL, low-viscosity geometries to study the effect of v;iscosity on different volumes.

Figure 8.2.2 shows the flowrate through the larynx for the low-viscosity, 5, 10,
and 20 mL geometries. These simulations were re-run using the properties for the mid-
and high-viscosity boluses to demonstrate the effect of viscosity on the amount of
penetration. The numbers in parentheses in the legend indicate the total amount
penetrating during the entire simulation. For all volumes, the low-viscosity fluid shows
the greatest amount of penetration. This should be expected based on the discussion in
chapter 7. The low-viscosity fluid fills the pharyngeal chamber faster reaching the
opening to the larynx sooner due to the increased significance of inertial forces. More of
the bolus is transported early in the swallow due to the increased velocity of the bolus
head. Notice that the high-viscosity bolus shows a greater amount of penetration than the
mid-viscosity fluid. MPEG movies of these simulations (larlow.mpg, larmid.mpg, and
larhigh.mpg), included on the CD included with this dissertation, demonstrate why. The
higher viscosity bolus spreads out less than the lower viscosity boluses due to increased
viscous forces. This bolus clings to the walls of the pharynx more resulting in longer
contact time with the opening to the larynx.

In chapter 7, it was found that the higher viscosity fluids take longer to fill the
pharyngeal chamber. These simulations stop at the point of fill for the low-viscosity
fluid. The simulations are not continued to the point of fill for the mid- and high-
viscosity fluids because we want to compare penetration amounts over the same duration
of laryngeal exposure for all fluids in order to compare differences between the same

swallow. Continuing the simulations to the point of fill for the mid- and high-viscosity
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fluids effectively leaves the entrance to the larynx open longer. We need to compare over

the same duration of laryngeal opening, not the filling duration.
8.2.2.--Bolus Volume

Figure 8.2.3 shows the effect of bolus volume for the three fluids. Above, we
discussed the need to do the simulations over the same time period in order to compare
viscosity effects. Recall from chapter 7 that the difference in the time to fill between
volumes was entirely due to the time to open the GPJ. We want the time for comparison
to be constant over the time the larynx is exposed to the bolﬁs. This duration begins after
the GPJ has fully open. The time from the GPJ fully open to fill is constant among
volumes and therefore, the time that is used to compare for constant laryngeal exposure.

To compare between bolus volumes, the data are normalized over the length of
the opening to the larynx. The opening to the larynx was chosen arbitrarily over the
length of two elements for each mesh. The lengths of these opening vary slightly
between volumes. The length in the 5 mL, 10 mL, and 20 mL meshes is 0.9 cm, 0.64 cm,
and 0.60 cm, respectively. The total flowrate integrated over tim¢ normalized by length
is shown in parentheses in the legends of these plots. These 'data show no correlation
with bolus volume. The volume demonstrating the largest amount of penetration changes
between viscosities. Also, for each viscosity, there is only a small variation in the
magnitude of penetration between volumes.
8.2.3.--Gravity

The effect of gravity on laryngeal penetration was also studied using the low-
viscosity, 20 mL geometry from subject 4. Figure 8.2.4 shows the results for the low-,
mid-, and high-viscosity bolus samples. As discussed in section 7.5, the gravitational
forces play a significant role in the transport of the low-viscosity fluid. Without
including gravitational forces in this simulation, none of the low-viscosity bolus

penetrates the entrance to the larynx. The reason for this effect is demonstrated in figure
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8.2.5. The effect of the force of gravity is to pull the bolus closer to the entrance of the

larynx as seen in this figure. Without gravity, the bolus is positioned more toward the
back of the pharynx effectively eliminating exposure to the entrance of the larynx.
Obviously, eliminating the force of gravity is not an option for treatment in dysphagic
subjects, but this result does suggest the importance of body positioning. Further studies,
including varying the body position, should be done to fully investigate the significance
of gravity on laryngeal penetration.

Similar amounts of penetration are seen for the mid- and high-viscosity fluids.
The amount of penetration actually increases for the high-viscosity fluid without gravity.
Whether or not this small difference is significant requires investigation of more
swallows and more subjects.

From this limited study, we can see how the model can be used to learn more
about parameters affecting laryngeal penetration. It has been demonstrated that the
viscosity of the bolus has a large effect on the amount of penetration. Low-viscosity
fluids fill the pharynx faster resulting in a greater risk of penetration before laryngeal
elevation can complete. In fact, it is common clinical practice to restrict dysphagic
patients diets to thick liquids (Ganger and Craig 1990). The model helps us to understand
why this practice is needed.
8.3.--Simulating Ineffective Peristalsis

The same modeling techniques used on the normal subject were applied to a
patient with weakened pharyngeal musculature. This person had suffered a recent
cerebrovascular accident. This patient demonstrated poor control in both the oral and
pharyngeal phases of the swallow. Each bolus required multiple attempts to be
transported from the oral cavity to the pharyngeal chamber. We chose to model the
portion of the swallowing sequence where pharyngeal peristalsis was first initiated. At

this time, most of the bolus had been transported to the pharyngeal cavity, but peristalsis,
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laryngeal elevation, or opening of the UES hadn’t occurred. The next attempt to swallow

resulted in elevation, initiation of peristalsis, and transport of some of the contents of the
pharyngeal chamber through the UES. The time from initiation of peristalsis to UES
closure is the duration modeled.

An MPEG movie, dysfluor.mpg, of the portion of the fluoroscopy study modeled
is included on the CD with this dissertation. For this first swallow in the fluoroscopy
study, 5 mL of the high-viscosity sample was placed in the patients mouth. Notice that
the dysphagic patient never achieves complete closure of the pharyngeal lumen behind
the bolus. Since complete closure of the pharyngeal lumen was never observed, later
swallows could not be modeled since the residual bolus from the previous swallow was
not cleared during the duration of the study. Even though 5 mL of the sample was placed
in the patient’s mouth, the amount of this bolus transported to the pharynx and UES is
unknown due to the residual remaining in the mouth and pharynx. Multiple swallows
were required to transport the bolus from the mouth to the pharynx, and into the
esophagus. Also notice that the patient displays reverse peristalsis resulting in
penetration into the nasopharynx. Because the movement of each node is prescribed,
these events can be accounted for with the moving boundary simulation.

Since the bolus was already filling the pharyngeal chamber, only a moving
boundary simulation was run. The velocity of the boundary of the bolus was prescribed
in the same manner as discussed in section 6.5.5. The boundary condition at the GPJ was
left free (no-stress) since there seem to be little oral control and closure of the GPJ was
never observed. The boundary condition at the UES was also free, the same as in the
normal model.

An MPEG movie, dysSh.mpg, of the moving boundary simulation can also be
found on the CD included with this dissertation. Notice that reverse flow is seen during

much of the simulation. Figure 8.3.1 shows the flowrate through the GPJ, UES, and
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width of the UES for this simulation compared to the results from the moving boundary

simulation of the 5 mL, high-viscosity swallow from a normal subject (subject 4). This
figure further demonstrates the ineffective transport of the bolus for the dysphagic
patient. The total flow through the UES is only 0.97 cm2 compared to 7.89 cm? for the
normal subject. There is continuous flow through the GPJ for the dysphagic subject, but
the net flow is nearly zero (0.0008 cm?). Also notice that the UES opens much wider for
the normal subject.

Figure 8.3.2 compares the stresses near the entrance to the larynx for the normal
and dysphagic subjects. The stresses are negative because they are acting in the negative
x-direction. Note that the magnitude of the stress is decreased in the dysphagic subject.
From the analysis of squeezing flow presented in section 3.6, this can be attributed to the
reduced velocity of wall movement and increased separation between the anterior and
posterior walls of the pharynx. Since the forces at the boundary of the fluid must equal
the forces at the walls of the pharynx, it can be concluded that the muscles are not
generating as much force in the dysphagic patient as in the normal subject.

To determine if different fluids would increase the effectiveness of bolus
transport, the simulation was re-run using the properties of the low- and mid-viscosity
samples. MPEG movies of these simulations, dys51.mpg, dys5m.mpg, are also included
on the CD with this dissertation. Notice that the amount of reverse flow is dramatically
decreased for the low-viscosity fluid. Figure 8.3.3 shows the flowrate through the GPJ
and the UES for these three fluids. Note the significant increase in the transport of the
bolus for the low-viscosity fluid. As discussed in chapter 7, less viscous fluids require
less force to transport; thus, the weakened muscles are able to transport the lower
viscosity fluid much more effectively.

This analysis suggests that a dysphagic patient with weakened pharyngeal

musculature may be able to transport fluids with lower viscosities more effectively than
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fluids where viscous forces dominate. The amount of residual bolus remaining in the

pharyngeal chamber will be reduced with increased efficiency of fluid transport. This
will also decrease the number of swallows required to clear any residual bolus. If the
amount of residual bolus is reduced, the risk of aspiration after the swallow is lessened.
8.4.--Summary

In this chapter, the model was used to investigate the parameters affecting
swallowing disorders. The filling simulation was applied to study the most common
cause of laryngeal penetration; premature leakage of the bolus into the pharynx. This
investigation of the parameters influence laryngeal penetration suggest fluids with higher
viscosities, where viscous forces dominate, result in slower filling of the pharynx
allowing more time for the entrance to the larynx to close. It was also found that bolus
volume has no significant effect on the amount of laryngeal penetration. As in chapter 7,
it was found that gravitational forces only play a significant role in the transport of the
low-viscosity fluid. The amount of penetration without gravitational forces was
significantly greater with the force of gravity included in the model for the low-viscosity
fluid. Gravitational forces had no effect for the mid- or high-viscosity fluids. The effect
of gravitational forces and body positioning requires further study for lower viscosity
fluids to make significant conclusions about clinical applications.

The same modeling techniques were also applied to fluoroscopy data from a
dysphagic patient exhibiting weakened pharyngeal musculature. The model
demonstrated the ineffective bolus transport by showing that reverse flow occurs during
the moving boundary simulation. The results of the model confirmed that the flowrate
through the UES is dramatically reduced compared to a normal subject. The forces at the
walls of the pharynx were also shown to be reduced for the dysphagic patient. Re-
running the simulation using the properties of the low-viscosity fluid showed a dramatic

increase in the amount of bolus transported to the esophagus.
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The results of these two investigations of possible causes of laryngeal penetration

give conflicting results. In the case of laryngeal penetration due to premature leakage of
the bolus, it was found that higher viscosity fluids results in a reduced risk of penetration.
For the situation where penetration occurs due to insufficient clearing of the bolus from
the pharyngeal cavity, we find that the low-viscosity fluids reduce the risk of bolus
retention. The difference in the conclusion is due to the difference in the problem. The
application of the model provides insight into the effects of different parameters on the
pharyngeal phase of swallowing, but the results should be interpreted carefully. It cannot
be concluded which answer is best for any given situation. The model is intended to be
used as a tool to aid in the understanding of dysphagia. It cannot be used without

standard evaluation techniques and good clinical judgment.
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Figure 8.2.1.--Representative finite element mesh demonstrating the boundary conditions
for the laryngeal penetration simulations.
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Figure 8.2.5.--Velocity vector plots demonstrating the effect of gravity on laryngeal
penetration in the low-viscosity, 20 mL simulation.
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CHAPTER 9.--CONCLUSIONS AND RECOMMENDATIONS

9.1.--Introduction

This final chapter summarizes this dissertation by hiéhlighting the major
conclusions of this work. This chapter also provides suggestions for the many directions
in which this research can continue. Suggestions for improvements on the current model
along with ideas for future models are also presented.
9.2.--Conclusions :

Dysphagia is a significant medical problem most commonly affecting the elderly
population. Twelve to thirteen percent of hospitalized patients and 40% of nursing home
patients suffer from dysphagia (Groher and Bukatman 1986 and Donner 1986). Thirty to
forty percent of the patients who have suffered from cerebrovascular accidents experience
complete or partial loss of the swallowing function (Reddy, ef al. 1990). With the
increasing numbers of the elderly population, improvement in the understanding of such
disorders is needed. A mathematical model can aid in the understanding of dysphagia by
allowing the clinician to learn more about how different parameters affect the swallowing
function.

Many studies in the literature have shown the current analysis techniques, such as
manometry and fluoroscopy, provide detailed information about the swallowing function.
These methods are also useful in the development of the mathematical model. The
mathematical model can provide flow information these methods cannot. The advantage
of the mathematical model is the ability to study the effect of changing parameters
without exposing the patient to the invasiveness of manometry or excessive radiation
exposure from fluoroscopy.

There are many models in the literature for flow situations similar to flow in the

pharynx, but these models cannot adequately predict the fluid mechanics in the pharynx.
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They cannot account for the complex movements of the pharyngeal wall. The model

developed in this dissertation can. Its major advantage is the ability to specify these
movements on an individual patient basis since the movement data are provided from a
fluoroscopy study of each subject.

This dissertation has demonstrated the ability to use the model to investigate
parameters affecting the normal swallow: volume, viscosity, head position, and
gravitational forces. The effect of these parameters on swallowing has been studied
extensively in the literature. The mathematical model confirms much of these findings
and had provided additional information about the pharyngeal phase of swallowing. It
has been found that the volume effect on the timing of the swallow and bolus geometry
varies between subjects. Through application of the model, this effect has been attributed
to the geometrical differences of the pharynx between subjects. The effect of viscosity
has been ascribed to the relative significance of viscous forces to inertial forces in the
equations of motion. When inertial forces dominate (Re > 1), recirculation patters can be
seen in the flow simulations. When viscous forces dominate (Re < 1), no recirculations
are seen in the flow field. The pressures predicted with the model show a direct
correlation with bolus viscosity. This prediction agrees with other mathematical models
of similar flow situations, but disagrees with manometry data. This is due to the presence
of air during the pharyngeal phase of the swallow not accounted for in the moving
boundary simulations. The application of the model to the study of head positioning was
inconclusive, but could show an effect for flow situations where inertial forces become
more important than viscous forces. It has been shown that gravitational forces are
negligible in the transport of the bolus through the pharynx except when inertial forces
dominate. |

The numerical accuracy of the model was verified through mesh refinement.

Application of the model to a second normal subject demonstrated the flexibility of the
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model in accounting for geometrical differences while still predicting similar flow

characteristics.

Application of the model to the study of the swallowing disorders provided
insight into how laryngeal penetration can be reduced. It has been shown that the
pharynx fills faster for the low-viscosity fluid. This effect increases the risk of
pharyngeal penetration before the swallow due to discoordination of the oral and
pharyngeal phases of swallowing. The higher-viscosity boluses hold together more
reducing the risk of aspiration before the swallow. |

The model was applied to a dysphagic patient with weakened pharyngeal
musculature. The model demonstrated the ineffective bolus transport. It has been
demonstrated that because viscous boluses require a greater force to propel through the
pharynx, the risk of bolus retention after the swallow increases. The effectiveness of
bolus transport was increased for fluids where inertial effects dominate.

The application of the mathematical model to normal and disordered swallowing
has provided additional insight on the effects of bolus volume and viscosity, head
positioning, and gravity on the pharyngeal phase of swallow.ing. The mathematical
model helps to explain the effects of different parameters, but cannot tell a priori which
solution is best for any given swallowing disorder. The model can be used to aid in the
treatment of dysphagia, but is only useful when combined with standard evaluation
techniques and good clinical judgment.
9.3.--Recommendations

Many ideas have been generated in the process of developing, applying, and
presenting this model. This section will discuss the many directions this research can
continue, including additional simulations with the current model, improving the current
model, additional human subject studies, and ideas for new models.

9.3.1.--Applying the current model
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Currently, there are data from 6 fluoroscopy studies. With these data, the

differences between subjects could be studied more thoroughly. The sixth study used a
modified protocol using the low-viscosity fluid for the head-tilt forward and back
swallows. The model could be applied to this study to see if head position has any effect
when inertial forces dominate. The effect of viscosity could be estimated with the current
model for subject 4 just by using the properties of the low-viscosity fluid in the geometry
from the mid-viscosity swallow. It would also be interesting to study the effect of head
position on laryngeal penetration. Analysis of the images from subject 4 could show
where to locate the entrance to the larynx. The same procedure as described in section
8.2 could be applied to these data to learn the effect of head position on laryngeal
penetration. The effect of gravity could also be further investigated with the current data.
The model could be easily modified to have gravity acting in any direction.
9.3.2.--Improving the current model

A major disadvantage of applying the current model is the time investment
required to analyze the images. Currently, the image analysis is done by hand.
Automation of this procedure could greatly reduce the time to generate the model.
Automation is difficult due to the poor resolution of the bolus. Each pixel has a value
between 0 and 256 assigned to it. The difference between the value of the pixels in the
bolus with the pharyngeal musculature is only on the order of 10 to 20. Increasing the
contrast of the fluoroscopic image would make automation of the image analysis much
easier, especially in the region of the GPJ. Increasing the intensity of the X-rays would
increase the contrast, but is not an option due to the increased risk to the patient and
examiner. Another possible way to increase the contrast is to reduce the fluoroscopic
flaring. Flaring is seen at the boundary of the body where nothing is being imaged. This
is the brightest area on the imqges with the smallest pixel values. Johnsson, et al. (1995)

use a protocol where a water filled latex glove is held under the chin to reduce the amount
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of dead space on the fluoroscopic images reducing flaring. Future studies should

incorporate this addition to the protocol to see if the contrast of the images is enhanced.

The model as it exists has been shown to be useful in understanding gross effects
of various parameters, but needs improvement to provide further understanding of the
causes of these effects. It has been found that the largest flaw of the model to be ignoring
the air phase during the moving boundary simulation. The key to improving the model is
to include the air phase by allowing for a moving boundary during a filling simulation.
This currently is a limitation of the software used to solve the mathematical model. Two
solutions exists; development of new software for this purpose, or waiting for Fluid
Dynamics International, Inc. to include this capability in their product. The best option is
the one requiring less time. FDI plans to incorporate this capability in the version 8.0.

Another improvement of the current model would be to account for the non-
Newtonian behavior of the bolus. As discussed in section 3.7 many foods exhibit non-
Newtonian behavior. It may be worthwhile to investigate the how a non-Newtonian fluid
model affects the results of the simulations. Non-Newtonian models supported by
FIDAP were discussed in section 3.3. If new software is developed, it can be developed
to include any non-Newtonian model desired.
9.3.3.--Additional studies

The same modeling techniques can be applied to add‘itional human subject
studies. A study including larger volumes could indicate if there is a maximum flowrate
through the pharynx. Also of interest is the effect of volume on different viscosity
swallows. The effect of viscosity has been reported to be more profound for higher
volumes (Dantas, et al. 1993). Confirmation of the scant data in the literature is needed.
Combined fluoroscopy and manometry studies could be done to see if the catheter affects
the bolus flow. The effect with viscosity would be the most interesting. This could shed

light on the discrepancy between the data from Dantas, ef al. (1993) and Hamlet, et al.
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(1996) discussed in section 7.3.1. Also, manometric studies could provide further insight

on the discrepancy between manometric data and the results from the model.
Fluoroscopic images of swallows in the supine position could give additional information
about the role of gravity in the swallow. It would also be worthwhile to study the
reproducibility of the model by having the same subject swallowing the same bolus
multiple times and modeling each swallow. From these data, the variation of the
boundary condition at the GPJ, flowrates and pressures can be statistically analyzed.

Further human subject studies using ultra-fast computerized tomography should
be done to study the role of air in the pharyngeal swallow. Ultra-fast CT scans show the
cross-section of the pharyngeal chamber. Temporal and spatial resolution is limited, but
these data could provide valuable information that could be used in the development of
future models. It would also be interesting to combine these studies with manometry to
further elucidate whether the sensor is in contact with bolus or air. The effect of bolus
volume and viscosity on the amount of air contacting the pressure sensor would also be
interesting data to analyze. It would also be informative to use this procedure, if possible,
to study the variation due to head and body position.

The validity of using the different parameters in the simulations should be
investigated. A fluoroscopy study of a subject in the supine position could be modeled.
These results can be compared to a similar study in the upright position but with gravity
acting in the direction of gravity in the supine swallow. This could indicate if gravity has
any significance on the geometry of the bolus. It also will lend validity to models where
the direction of gravity is arbitrarily assigned. Models where the viscosity is arbitrarily
assigned could be verified by comparing the results of a simulation based on the actual
bolus properties to the simulation that has a similar volume with arbitrary viscosity.
9.3.4.--Additional models

The model presented in this dissertation only accounted for the fluid mechanics of
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the bolus in a two-dimensional geometry. To further understand the mechanism of

swallowing, the role of the fluid-solid interaction should be investigated. This requires a
different constitutive relationship for each muscle type involved in the pharyngeal
swallow. There is currently no data in the literature describing the behavior of any of the
muscles involved in the pharyngeal phase of swallowing. Constitutive relations would
need to be developed or borrowed from similar muscle types within the human body.
Software that can solve the combined fluid-solid model would have to be developed or
purchased for this purpose.

Expanding the current model to a three-dimensional geometry would result in
greater accuracy. As discussed in section 2.4.2, the best description of the cross-section
of the pharynx is elliptical. To generate a three-dimensional model, the cross-section of
the pharyngeal chamber would need to imaged. As mentioned above, ultrafast CT scans
can be used for this purpose. These data, combined with bi-planar fluoroscopic data, can
be used to generate three-dimensional geometry data as a function of time as
demonstrated by Kahrilas, ef al. (1993). An alternate method would be to use data from
bi-planar fluoroscopy and assume elliptical geometry. The current version of FIDAP can
handle a three-dimensional model, but limits the number of nodes with prescribed
velocities via the time function command. This limitation may be eliminated in future
versions of the software and can be circumvented by prescribing the movements through
the use of a FORTRAN subroutine. The amount of data involved in prescribing
individual movements of every node on a three-dimensional finite element mesh may be
too large for many computer platforms to handle. As always, certain assumptions can be
made to simplify the model. '

This is just a brief summary of the many directions this research could continue.
The amount of literature data on the subject of the pharyngeal swallow is proof that there

is considerable interest in investigating this topic. This mathematical model is simply
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another tool that can be used in the study of swallowing. This dissertation has

demonstrated that a mathematical model can be used to provide additional insight into

both normal and disordered pharyngeal swallowing.
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