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Preface

The swallowing act can be studied with various radiographic methods such
as conventional radiography including plain films with and without barium
contrast medium, cineradiography, and videofluorography. In addition, the
anatomy of the swallowing apparatus, including the mouth, larynx and
pharynx can be delineated by CT or MRI.

The pharyngeal swallow is a complex process of contractions and relaxations
of several muscles which is regulated by the central nervous system. The
detailed mechanisms controlling normal swallowing are not completely
understood. Thereby the pathophysiology behind abnormal pharyngeal
function is not always clear. This monograph focuses on certain functional
aspects of the swallowing process as they appear on a cineradiogram using
liquid barium contrast medium. The monograph is based on material which,
in part, has been previously published [1,2,3,4].
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Definitions

In the present investigation, the terms dysphagia, pharyngeal dysfunction, and
dysphagic patient respectively are used according to the following definitions:

Dysphagia: A subjective feeling of disturbances in the course of swallowing.
The term includes a long list of sensations such as a feeling of obstruction, a
feeling of residual bolus material in the pharynx after the completion of a
swallow, a feeling of misdirected swallowing into the airway, a feeling of a
lump in the throat between swallowing, or a feeling of inability to swallow.

Pharyngeal dysfunction: Presence of functional changes such as paresis of any
of the pharyngeal muscles, incoordination of the cricopharyngeal muscle,
dysmobility of the epiglottis, passage of bolus into the airways, or incomplete
clearing of the pharynx of bolus material — pharyngeal dysfunction may be
found in patients with dysphagia as well as in patients without dysphagia.

Morphologic changes include tumours, strictures, webs, diverticula or other
structural obstacles to the proper passage of the bolus.

Note, that dysphagic patients may or may not have pharyngeal dysfunction
and /or morphological changes, and that pharyngeal dysfunction and/or
morphological changes can occur in individuals without dysphagia.

Significantdy): In the present investigation the expression significant(ly)
refers exclusively to a statistically proven significance - i.e. p < 0.05.

Correlation: In the present investigation the term correlation refers to statis-
tical correlation and describes a measure of association.



Anatomic and Functional Aspects of
Swallowing

General Considerations

The pharynx consists of a muscular tube connected with the nasal and oral
cavities, and with the laryngeal vestibule and esophageal opening.

The pharynx consists of three parts: the epi-, meso- and hypopharynx,
respectively. The epipharynx (nasopharynx) extends from the base of the
skull to the level of the hard palate. The mesopharynx (oropharynx) extends
from the level of the hard palate to the level of the valleculae. The hy-
popharynx extends from the valleculae to the lower border of the cri-
copharyngeal muscle.

The superior part of the epipharynx is attached to the base of the skull and
is immobile during swallow. The meso- and hypopharynx are attached to
the surrounding structures by muscles and ligaments and are mobile during
swallow. Both the mesopharynx and the hypopharynx are a common path-
way for the respiratory and alimentary systems.

The pharyngeal musculature consists of two functionally different groups of
muscles — the constrictors and the elevators.

Pharyngeal Constrictor Musculature

The pharyngeal constrictors are composed of three portions, i.e. the superior,
middle and inferior (Fig 1). These striated muscles overlap each other and
insert into a dense collagenous sheet of multidirectional fibres, the buc-
copharyngeal aponeurosis. The superior portion of the constrictor muscle is
attached to the base of the skull by the pharyngobasilar fascia, to the
pterygomandibular raphe, to the mandible, and to the tongue. The middle
constrictor emerges from the hyoid bone and the stylohyoid ligament. The
inferior constrictor muscle emerges from the thyroid and cricoid cartilage
and from the lateral thyrohyoid ligament. The pharyngeal constrictor
muscles surround parts of the pharynx and unite posteriorly into the pharyn-
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Sup. pharyngeal
constrictor muscle
(4 portions)

Middle pharyngeal
constrictor muscle

Inf. pharyngeal
constrictor muscle

Cricopharyngeal
muscte

Figure 1 . Schematic drawing of the pharyngeal constrictor musculature.

geal raphe. Functioning as a unit, the striated muscles contract sequentially
propelling an uninterrupted peristaltic-like wave through the pharynx.

The Cricopharyngeal Muscle

The cricopharyngeal muscle consists of three portions, i.e. (1) the oblique, (2)
the transverse, and (3) the longitudinal. The superior portion is called the
oblique portion and its muscle bundles emerge from the lateral aspect of the
cricoid cartilage and project in an oblique craniodorsal direction to join the
muscle of the contralateral side in the pharyngeal raphe of the posterior wall
of the pharynx. This superior portion can also be considered the caudal part
of the inferior pharyngeal constrictor muscle (Fig 2).

The middle portion of the cricopharyngeal muscle, the transverse portion, is
attached to the posterior lateral aspect of the cricoid cartilage from which it
surrounds the pharynx in a semicircular arrangement. Frequently, the
middle portion is separated from the oblique superior portion by a triangular
area of fibrous tissue, known as Killian's dehiscence (Fig 2).
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The inferior portion of the cricopharyngeal muscle, the longitudinal portion,
is attached to the inferior posterior aspect of the cricoid cartilage and runs
inferiorly where it mingles with the longitudinal muscle bundles of the
esophagus (Fig 2).

Figure 2. Schematic draw-
ing of the cricopharyngert
muscle with its three por-
tions (a) the oblique portion,
(b) the transverse portion,
(c) the longitudinal portion,
(d) inferior pharyngeal con-
strictor, (th) thyrcid cartilage,
(cr) cricoid cartilage, (t) tra-
chea.

Pharyngeal Elevator Musculature

The elevator musculature of the pharynx consists of two main muscles: The
stylopharyngeal and palatopharyngeal muscles. The stylopharyngeal
muscle emerges from the styloid process and the base of the skull and
attaches to the thyroid cartilage and along the sides of the epiglottis. A minor
portion of the stylopharyngeal muscle intermixes with the superior and
middle pharyngeal constrictor musculature. The palatopharyngeal muscle
emerges from the aponeurosis of the soft palate, the eustachian tube car-
tilage and the pterygoid process. One portion attaches to the interior surface
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of the thyroid cartilage and the other portion mingles with the constrictor
muscles. The palatopharyngeal muscle is the main elevator muscle of the
pharynx. The mylohyoid and the geniohyoid muscles may, also, be con-
sidered as additional elevator muscles. The function of the elevator muscles
of the pharynx is elevation of the pharynx and consequently of the larynx
during swallowing. In addition, the pharyngeal constrictor musculature acts
as a minor pharyngeal elevator due to its oblique muscle fiber arrangement.

The Hyoid Bone

The hyoid bone is composed of a body and four cornua and is attached to
adjoining structures by ligaments and muscles. The stylohyoid ligaments run
from the lesser cornua of the hyoid bone to the styloid processes. The hyoid
bone is also connected to the styloid process by the stylohyoid muscle. The
hyoid bone is connected to the mandible by the mylohyoid and geniohyoid
muscles and is attached to the tongue by the hyoglossus muscle, which
emerges from the greater cornua and the body of the hyoid bone. Caudally
the hyoid bone is attached to the thyroid cartilage by the hyothyroid liga-
ment, thyrohyoid membrane, and by the thyrohyoid muscle, which emerges
from the body and the greater cornua of the hyoid bone (Fig 3). The two

Epiglottis

Hyoid bone

Medial hyothyroid
ligament

Thyroid cartilage

Lateral hyothyroid
ligament

Thyrohyoid membrane

Figure 3. The hyoid bone and the thyroid cartilage attached to each other by the lateral
and medial hyothyroid ligaments and the thyrohyoid membrane.
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greater cornua of the hyoid bone and the hyothyroid ligament are part of the
lateral pharyngeal wall in the mesopharynx. The mylohyoid and hyoglossus
muscles work in synchrony to raise the hyoid bone. Also the stylohyoid
muscles elevate the hyoid bone whereas the geniohyoid and mylohyoid
muscles work simultaneously to move the hyoid bone anteriorly. The two
bellies of the digastric muscle participate in both movements.

Laryngeal Vestibule

The laryngeal vestibule constitutes the air filled cavity between the vocal
cords and the pharynx and can be subdivided according to function as
proposed by Ekberg [5]. This subdivision is made by an arbitrary plane
extending from the inter-arytenoid incisure to the superior notch of the
thyroid cartilage, -.hereby dividing the vestibule into a superior and an
inferior space. The superior space is called, according to Ekberg, the sub-
epiglottic space and is demarcated by the aryepiglottic folds and the named
plane. The inferior space is called the supraglottic space and is demarcated by
the named plane and the vocal cords (Fig 4).

Figure 4. The laryngeal vestibule: Epiglottis - E, Subepiglottic space - SE, Supraglottic
space - SG, Laryngeal ventricle • L V
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The closure of the laryngeal vestibule during swallowing is performed in a
sequence of events as follows [5].

The supraglottic space closes first in cranial direction starting with apposi-
tion of vocal cords, false vocal cords and then lateral walls. At the time of
completion of the supraglottic space closure, the downfolding epiglottis has
reached a transverse position with its tip against the posterior pharyngeal
wall. The subepiglottic space is then closed from above in caudal direction
by further tilting of the epiglottis. In a closed vestibulum the compressed
lumen of the supraglottic segment is oriented in a sagittal plane and the
lumen of the subepiglottic segment is oriented in a slightly tilted axial plane.

Figure 5. The thyroid car-
tilage, the epiglottis and the
thyroepiglottic ligament. Thyroepiglottic

ligament
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The epiglottis

The epiglottis is a cartilage shaped like a racket with a lid and a shaft, the
petiolus. The shaft is attached by the thyroepiglottic ligament to the posterior
interior surface and the medial aspect of the thyroid cartilage (Fig 5). The
anterior aspect of the epiglottis is attached by the hyoepiglottic ligament to
the hyoid bone (Fig 6). The epiglottis is laterally fixed on both sides by the
pharyngo-epiglottic plicae. During swallowing the epiglottis tilts down with
its tip into the esophageal inlet.

Figure 6. The epiglottis is
attached to the hyoid bone
by the hyoepiglottic liga-
ment.

Hyoepiglottic
ligament



Neuroanatomic and
Neurophysiologic Aspects of
Swallowing

Deglutition is brought about by a functional interaction of the mouth,
pharynx and esophagus. The neurophysiological control of deglutition in-
volves three separate but interacting phases [6,7,8,9,10].

The oral phase is the initial part of the swallow, in which food, by mastication
and intraoral manipulation, is formed into a bolus of the size suitable for
transport through the pharynx and esophagus.

During the pharyngeal phase the bolus passes without voluntary control to the
esophagus. During this phase the respiratory tract is protected by a coordi-
nated closure of the palatopharyngeal isthmus, the vocal cords and laryngeal
vestibule. The closure of the laryngeal vestibule is also achieved by elevation
of the larynx and tilting down of the epiglottis.

The autonomically controlled esophageal phase, propels the bolus to the
stomach.

The different muscles participating in the swallowing act are innervated by
cranial nerves V, IX, X and XII. The muscles of mastication are controlled by
the third division of the trigeminal nerve (V3), while the tongue movement
is controlled by the hypoglossal nerve (XII) and ansa cervicalis. The en-
dolaryngeal muscles are innervated by the vagus nerve (X) which also
innervates the muscles of the palate, except for the tensor veli palati which
is innervated by V3. The pharyngeal muscles are also innervated by the vagus
nerve, except for the stylopharyngeal muscle which is innervated by the
glossopharyngeal nerve (IX). The movements of the hyoid bone and the
larynx during swallowing are regulated by multiple nerves (V3, VII, and

The cortical representation for swallowing and mastication is localized
immediately anterior to the precentral cerebral cortex. From this region
pathways descend through the internal capsule and the subthalamic regions
to the level of the substantia nigra and the mesencephalic reticular formation
of the upper brainstem. Stimulation of this pathway evokes mastication with
swallowing [7].
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The paired swallowing 'renter: reside in the hindbrain. The swallow centers
consist of ill-defined broad zones located lateral to the midline and ventral
to the caudal portion of tlie fourth ventricle, which incorporate the nucleus
tractus solitarii and tht* \ entrornedial reticular formation around the nucleus
ambiguus.

Sensory afferent neurons from receptors in the mouth, pharynx, and larynx
pass in the fifth, seventh, ninth and tenth cranial nerves to the swallowing
centres in the brainstem. The input fibres from these cranial nerves and
higher cerebral centers synapse with;n the nucleus tractus solitarii or the
reticular formation.

The efferent control to the musculature of the neck is transmitted via axons
whose cell bodies reside in the central nuclei of the trigeminal (V), facial (Vil),
and hypoglossal (XII) cranial nerves [6,9]. The nucleus ambiguus, which is
located laterally to the floor of the fourth ventricle, is the somatic motor
nucleus of the ninth, tenth, and eleventh cranial nerves. The axons of these
nerves originate at different levels within the nucleus ambiguus without any
well-defined boundary between the different nuclei of the nerves [6,9].

Two major theories have been proposed to describe the neural mechanism
that executes the oral and pharyngeal phases of swallowing: the reflex chain
hypothesis [8] and the central pattern generator hypothesis [6). However, the
exact details of the control systems for the different phases in the swallowing
act have not been determined. The reflex chain hypothesis by Doty [8]
proposes that swallowing proceeds as a chain of linked reflexes caused by a
bolus moving through the mouth and pharynx stimulating sensory receptors
that sequentially trigger the next step in the swallow sequence. The second
hypothesis, the central pattern generator hypothesis by Miller [6], suggests
that once swallowing is initiated, the ensuing swallowing sequence is pro-
grammed by a network of neurons in the swallowing centers in the medulla
oblongata that function independently of sensory feedback. Thus, this hy-
pothesis proposes that a central pattern generator for swallowing is not
influenced by or dependent on peripheral feedback.

Some evidence exists to support both the reflex chain and the pattern
generator hypotheses of swallowing [8,11,12,13] and it might be assumed
that both types of mechanism are operative.
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The Normal Act of Swallowing

The normal act of swallowing occurs step by step and can be separated into
three functionally distinct phases, which involve a long series of events
during a very short period of time.

In the first phase, the oral phase, the oral content is formed by mastication and
intraoral manipulation by the tongue into a bolus of proper size for swallow-
ing. The tongue moves the bolus around in the mouth and finally the bolus
is placed in the tongue groove to be moved posteriorly over the tongue base
and pharyngeal isthmus into the mesopharynx initiating the swallowing
reflex [14]. The exact nature of the complex stimulus or stimuli that trigger
the pharyngeal swallow has not been clearly defined [6, 7]. However, it is
believed that the swallowing reflex can be triggered by contact of bolus
material with the posterior portion of the tongue and the pharyngeal isthmus
[ 15]. At this time the epipharynx is already closed from the rest of the pharynx
by a superior movement of the soft palate. The hyoid bone is elevated in a
superior and slightly posterior direction and simultaneously the larynx is
eievated.

The pharyngeal phase begins when the bolus reaches the mesopharynx. The
bolus is pressed by the back of the tongue against the posterior pharyngeal
wall and is thrust into the hypopharynx by a powerful tongue motion.
Closure of the supraglottic space of the laryngeal vestibule starts as the bolus
is pushed through the pharyngeal isthmus [16, 17, 18]. The simultaneous
elevation of the hyoid bone and the larynx leads to a tilting of the epiglottis
from an upright to a transverse position, closing the subepiglottic space of
the laryngeal vestibule. Pharyngeal peristalsis is a cranial to caudal muscular
contraction that begins in the epipharynx and progresses to the hypopharynx
[19, 20, 21]. The peristaltic contractions of the pharyngeal constrictors help
to propel the tail of the bolus through the hypopharynx and to cleanse the
pharynx after the swallow. At the same time the epiglottis assumes a trans-
verse position and then tilts down with its tip into the esophageal inlet to
cover the laryngeal inlet and to obliterate the subepiglottic space of the
laryngeal vestibule [5, 22]. The more detailed mechanisms by which the
epiglottis is tilted down from its upright position to an inverted position with
its tip in the esophageal inlet are not yet fully understood.

The intrabolus forces mediated by an oncoming bolus together with the
traction caused by superior and anterior elevation of the larynx [23] and the
relaxation of the cricopharyngeus muscle lead to an opening of the upper
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esophageal segment including the cricopharyngeal region [23,24]. The bolus
is propelled into the esophagus.

The autonomically controlled esophageal phase propels the bolus to the
stomach. During this phase the muscles of the tongue relax and the tongue
returns to a resting position in the mouth. During relaxation of the pharyn-
geal constrictor and levator muscles, the hyoid bone and the larynx return
to their resting positions and the epiglottis returns to an upright position.
The cricopharyngeal muscle, as a part of the upper esophageal sphincter,
assumes a tonic contraction.
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General Introduction

Normal swallowing requires normal morphology and neuromuscular func-
tion of the mouth and pharynx. Abnormality of morphology and function
may result in impaired oral and pharyngeal function, which may vary from
a difficulty in initiating the swallow to a total inability to swallow. Impair-
ment of pharyngeal function may appear as a subjective perception of
disturbances — dysphagia (p. 8) — or functional changes that may be
detected by diagnostic methods — pharyngeal dysfunction (p. 8).

Pathologic conditions underlying impaired pharyngeal function can be
differentiated into two main categories: morphological changes in the
pharynx, and disturbances of the neuromuscular activity. The first category,
morphological changes in the pharynx, includes stenoses, diverticula,
rumours, inflammatory processes and webs in the esophageal inlet. The
second category, disturbances of the neuromuscular activity, includes both
the diseases affecting the central nervous system, e.g. cerebrovascular insults,
tumours, inflammatory diseases, Parkinsons disease etc., and the diseases
that affect the motor neurons, such as ALS, dermatomyositis, myasthenia
gravis, polio, etc. [25].

In many patients, dysphagia and/or the pharyngeal dysfunction result in
feeding problems, disease and psychosocial problems. The patients try to
relieve their symptoms by altering their diet, avoiding foods that are difficult
to swallow, such as solids, including crisp fruits, vegetables, meat, and dry
bread products [26], and this may result in malnutrition. The patients often
try to change the preparation of the food and change their eating habits.
Solids are cut into small pieces and carefully chewed. Liquids are sipped
slowly and carefully, and double swallowing may be used to clear the
pharynx from retained bolus material. These measures prolong the feeding
time and the patients often fail to finish meals together with their tablemates
[26]. All the secondary effects of the impairment of the swallowing may have
a psychosocial impact both on the patients and their families.

Complaints related to swallowing — dysphagia — are relatively frequent
and were, for instance, in a recent study found in 25% of individuals aged
50 to 79 years [27]. The frequency of dysphagia is high in individuals with
pharyngeal dysfunction but dysphagia may also occur in patients without
any detected pharyngeal dysfunction [21, 28]. Dysphagia is also more com-
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mon among elderly than among younger individuals [29,30,31]. Although
pharyngeal dysfunction may be asymptomatic, it usually evokes symptoms
including dysphagia. However, there is poor correlation between the type
of symptoms and the type of pharyngeal dysfunction [32].

Patients with complaints related to swallowing can be differentiated into two
groups, according to the results of the clinical and radiological examination.
The first group consists of those who, besides dysphagia, also have roentgen
diagnostic signs of pharyngeal dysfunction and/or morphological changes.
The second group includes dysphagic patients with complaints only: those
patients in whom the radiologic examination failed to demonstrate any
pathological changes, according to the currently accepted diagnostic criteria.

In the past, the radiological examination has focused on morphological
changes such as stenoses, diverticula, tumors or webs. The introduction of
high speed cineradiography and videoradiography has made it possible to
better evaluate coordination of various movements of structures such as the
tongue, pharyngeal walls, hyoid bone, epiglottis, larynx, etc., which im-
proves the evaluation of functional changes such as pareses of pharyngeal
constrictors, incoordination of the cricopharyngeal muscle, defective tilting
of the epiglottis, defective closure of the laryngeal vestibule, aspiration of
bolus material into the trachea, etc. [33].

Despite the use of these techniques, there remains a group of dysphagic
patients in whom no pharyngeal dysfunction or morphological change can
be detected, which could explain the patients symptoms. It is, however,
conceivable that these dysphagic individuals may have some, undiscovered,
underlying morphological or functional disturbance that evokes their symp-
toms. Disclosing such a disturbance would make it possible to explain to the
patient the cause of his/her symptoms, which is often of great psychologic
impact, and, possibly, to offer him/her special training or other therapy in
the future.

It is possible that the cineradiogram contains information that could help to
disclose such, to date occult, disturbances of the swallowing act. Information
that has not been utilized in clinical evaluation is the quantitative informa-
tion represented by the lengths and speeds of movements of various struc-
tures that are visible on the rineradiogram.

The interest in measuring the lengths and speeds of movements of various
laryngeal and pharyngeal structures or of the bolus during swallowing dates
back to approximately the 1930s. The data obtained from these measure-
ments complement our knowledge about the pharyngeal phase of swallow-
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ing and serve as a basis for various hypotheses about the swallowing
mechanisms. To measure these parameters the following methods or their
combinations have been and are used: cineradiography and videoradiogra-
phy [19,20,34,35,36] with frame rate varying from 6 frames/s [37] to 100
frames/s [35]; manometric studies, sometimes, in combination with cine- or
videoradiography [12, 13, 37, 38, 39]; and studies employing electrical im-
pedance [40]. The obtained information has been presented in a variety of
poorly comparable units such as frame/s, msec, cm/s, cm, and also as less
precise assessments [41] such as one and a half vertebral body. Differences
in the size and composition of patient material, employed techniques, exami-
nation conditions (such as size, consistency of the bolus and patient position)
and in the hardly comparable measurement units may have contributed to
the controversy on the physiological and palhophysiological mechanisms of
the swallowing act. One of the objectives in the present investigation was to
perform a systematic analysis of the various speeds and lengths of move-
ments, as seen on the cineradiogram, in the same individuals.

The present investigation dealing with measurements of the speeds of the
peristaltic wave, the apex of the bolus, of the lengths of movement of the
hyoid bone, elevation of the larynx and approximation of the thyroid car-
tilage to the hyoid bone, is in principle based on two hypothetical presump-
tions of the author.

The first presumption is that the lengths of movements of various structures,
and the speed of the peristaltic wave and the speed of the apex of the bolus
are due to contractions and relaxations of muscles participating in the
swallowing act, under CNS control. Consequently, valuable information on
the neuromuscular function of the swallowing apparatus can be gained by
measuring these movements and speeds. The information obtained from
normal subjects could enrich and possibly improve our understanding of the
physiology of swallowing. The information obtained from individuals with
swallowing disturbances may yield data for creating new hypotheses to
explain mechanisms underlying the respective dysfunction.

The second presumption is that even very mild, and hereto undefined,
pharyngeal dysfunction, may cause dysphagia. Therefore, a group of dys-
phagic patients without radioiogically detected pharyngeal dysfunction
underwent the same tests as a group of non-dysphagic volunteers. This was
done in order to reveal if an abnormality in some of the measured parameters
may signal the presence of some latent dysfunction.

The information included in the measured parameters would not be of use
for possible future clinical or research application unless the influence of
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factors that may potentially change these parameters is known. Therefore,
the influence on these parameters of factors related to the examination
technique, such as the volume of the bolus or the examination position of the
patient, and factors related to the individuals, such as gender and age, was
also investigated.



Purpose of Investigation

The main purpose of this investigation was to study the act of swallowing
as reflected in cineradiography, in non-dysphagic healthy volunteers and in
patients with dysphagia, both without pharyngeal dysfunction and to com-
pare some well-definable and measurable swallowing parameters in these
two groups of individuals.

The parameters studied were: speed of pharyngeal peristalsis, speed of the
apex of contrast medium bolus at swallowing, and the lengths of movement
and the movement patterns of the hyoid bone and larynx at swallowing.

The specific aims of this investigation were:

• to study if the size of the contrast medium bolus used at cineradiography
has any measurable effect upon pharyngeal peristaltic speed or speed of
bolus.

• to study if the size of the contrast medium bolus used at cineradiography
has any measurable effect upon elevation of the larynx and movement of
the hyoid bone.

• to study if patient positioning has any effect on the speed of the peristaltic
wave or the apex of the bolus.

• to study if there are any differences in the inter- and intrapersonal variations
in the measurable swallowing parameters among the individuals included
in the investigation.

• to investigate if the two-step fashion movement of the hyoid bone changes
with the posture of the individual.

• to investigate if there are differences between dysphagic and non-dys-
phagic individuals in any of the aforementioned parameters. This is an
attempt to find an undisclosed dysfunction underlying the patients symp-
toms.

Further, it was decided to test the usefulness of measuring the movements
that are visible on the cineradiograph in both non-dysphagic and dysphagic
individuals with or without pharyngeal dysfunction. These measurements
were performed in an attempt to demonstrate any relationship, if present,
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between abnormal movement and some well-defined types of pharyngeal
dysfunction. Thus the subsequent aims of the investigation were:

• to study possible differences in the amount of elevation of the larynx
between individuals with and without pharyngeal dysfunction (Chapter
5).

• to study the spatial relationship between the hyoid bone and the thyroid
cartilage during swallowing in patients with and without epiglottic dys-
function in order to better understand the morphodynamic background of
epiglottic dysmobility (Chapter 6).



Material

A total of 264 individuals examined at the Department of Diagnostic Radi-
ology, Malmö General Hospital, Sweden, have been included in the present
investigation. Individuals who had undergone surgery of the head and neck
or who had pharyngeal neoplasia were excluded in the present investigation.
The proper material consists of several cineradiograms obtained from each
one of these 264 individuals. One individual could participate in more than
one group as later described.

Of the 264 individuals, 75 served as normal controls while the remaining 189
were referred to the X-ray department due to dysphagia.

The individuals who served as normal controls consisted of two categories
of volunteers:

15 volunteers and 60 patients referred to the X-ray department for examina-
tions other than of the pharynx and esophagus.

All the individuals who served as normal controls were asked about past or
present dysphagia and were accepted only if such symptoms were denied.

The 189 dysphagic patients were differentiated in two categories of individu-
als according to the results of the radiographic examination:

• patients with dysphagia but without detected pharyngeal dysfunction or
morphological changes such as stenoses, diverticula, webs etc., and

• dysphagic patients with detected pharyngeal dysfunction.

Al! individuals included in the present investigation are separated into nine
groups according to the special problems dealt with in the different chapters
of this presentation.

In this chapter the nine groups are described in detail and are assigned
Arabian numerals. In the following chapters the pertinent groups are de-
scribed only briefly.

Group 1:15 non-dysphagic volunteers, 7 women and 8 men with a mean age
of 29.7 (range 21—41). They were examined in upright position, right lateral
decubitus horizontal and right lateral decubitus position with the table tilted
head-down 30° with a bolus volume of 10 ml. The cineradiograms were



28 Cineradiography of the Liquid Bolus Swallow

analyzed for speed of the peristaltic wave, speed of the apex of the bolus,
and pattern of the movement of the hyoid bone (ch 1, 2, 3, 4, 5). Ten of the
non-dysphagic volunteers also participated in another experimental setting
in which they are named as non-dysphagic volunteers, group 2.

Group 2:10 non-dysphagic volunteers, 6 women and 4 men with a mean age
of 29.9 (range 21—41). They were examined in upright sitting position, with
a bolus volume of 2.5, 5, 10, and 20 ml swallowed in increasing order of
volume. The cineradiograms were analyzed for speed of the peristaltic wave,
speed of the apex of the bolus, movement of the hyoid bone, and movement
of the larynx (ch 1,2,3,4,5). These 10 non-dysphagic volunteers are the same
individuals who in another experimental setting are named non-dysphagic
volunteers of group 1.

Group 3:60 consecutive non-dysphagic patients, 25 women and 35 men with
a mean age of 46.6 (range 19—74) who were examined in upright sitting
position, swallowing a mouthful of contrast medium. The cineradiograms
were analyzed for movement of the larynx and presence of pharyngeal
dysfunction (ch 5).

Group 4:10 consecutive dysphagic patients without pharyngeal dysfunction
on the cineradiogram, 3 women and 7 men, with a mean age of 51.9 (range
17—78). They were examined in upright sitting position, with a bolus volume
of 2.5, 5, 10, and 20 ml swallowed in increasing order of volume. The
cineradiograms were analyzed for speed of the peristaltic wave, speed of the
apex of the bolus, movement of the hyoid bone, and movement of the larynx
(ch 1,2,3,4,5).

Group 5:10 consecutive dysphagic patients, 4 with pharyngeal dysfunction
(2 with mild retention of bolus material in the pharynx, 1 with Plummer
Vinson membrane and 1 with delayed tilting of the epiglottis) and 6 without
any pharyngeal dysfunction on cineradiograms, 5 women and 5 men, with
a mean age of 67.1 (range 41—87). They were examined in upright sitting
position swallowing a mouthful of contrast medium. The patients were
instructed to complete the swallow of the bolus and then without delay
swallow the next bolus of contrast medium. The cineradiograms were ana-
lyzed for speed of the peristaltic wave in all 10 patients and in 7 of the 10
patients the speed of the apex of the bolus was also analyzed. In the remain-
ing three patients the speed of the apex of the bolus could not be measured
with satisfactory accuracy, because of head movements during swallowing
(chl,2).
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Group 6: 60 dysphagic patients without pharyngeal dysfunction on ciner-
adiograms. In order to obtain more even distribution of patients with respect
to age, patients in this group were selected as follows: (1) 20 consecutive
patients within age range 20—40 years, 14 women and 6 men, with a mean
age of 31.6 (range 22—39), (2) 20 consecutive patients within age range
50—60 years, 6 women and 14 men, with a mean age of 56.6 (range 51—59),
(3) 20 consecutive patients aged 75 years or older, 17 women and 3 men, with
a mean age of 81.2 (range 75—86). They were examined in upright sitting
position, swallowing a mouthful of contrast medium. The cineradiograms
were analyzed for speed of the peristaltic wave (ch 1).

Group 7:75 consecutive dysphagic patients, with or without roentgendiag-
nostic signs of pharyngeal dysfunction, 48 women and 27 men, with a mean
age of 64.7 (range 18—94). They were examined in upright sitting position,
swallowing a mouthful of contrast medium. The cineradiograms were ana-
lyzed for movement of the larynx and presence of pharyngeal dysfunction
(ch 5).

Group 8: 19 consecutive dysphagic patients with normal mobility of the
epiglottis, 6 women and 13 men, with a mean age of 58.9 (range 43—83). They
were examined in an upright sitting position, swallowing a mouthful of
contrast medium. Their cineradiograms were all normal. The cineradio-
grams were analyzed for the approximation of the thyroid cartilage towards
the hyoid bone during swallowing (ch 6).

Group 9:15 consecutive dysphagic patients with dysmobility of the epiglot-
tis, 4 women and 11 men, with a mean age of 60.7 (range 30—85). They were
examined in an upright sitting position, swallowing a mouthful of contrast
medium. Ten of the patients showed only dysmobility of the epiglottis while
the remaining 5 patients showed one or two additional pharyngeal dysfunc-
tions such as paresis in one of the pharyngeal constrictor muscles (4 patients),
and incoordination of the cricopharyngeal muscle (2 patients). The ciner-
adiograms were analyzed for the approximation of the thyroid cartilage
towards the hyoid bone during swallowing (ch 6).

The patient material in groups 8 and 9 was obtained from a survey of 90
consecutive pa tients showing normal mobility of the epiglottis at swallowing
and 90 consecutive patients showing dysmobility of the epiglottis at ciner-
adiography, respectively. The criterion for including the patients into the
groups 8 and 9 was radiographic opacification of both the hyoid bone and
the thyroid cartilage.

A survey of the total material is also given in Tables I and II.
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Table I. Subjects included in the following chapters.

No. of
Group patients Definition, characteristics Chapter

1 15 Non-dysphagic volunteers swallowing 10 ml boluses in sitting, 1,2,3,4,5
horizontal and head tilted down 30° positions.

2 10 Non-dysphagic volunteers swallowing 2.5, 5,10, and 20 ml 1, 2 ,3 ,4 ,5

boluses in increasing order.

3 60 Non-dysphagic volunteers swallowing a mouthful of bolus 5

4 10 Dysphagic patients swallowing 2.5, 5,10, and 20 ml boluses in 1,2,3,4,5
increasing order.

5 10 Dysphagic patients swallowing a mouthful of bolus with no 1,2
interruption between swallows.

6 60 Dysphagic patients swallowing a mouthful of bolus, aged 20—40 1

years, 50—60 years, > 75 years.

7 75 Dysphagic patients swallowing a mouthful of bolus. 5

8 19 Dysphagic patients with normal tilting of the epiglottis swallowing 6
a mouthful of bolus.

9 15 Dysphagic patients with dysmobility of the epiglottis swallowing a 6
mouthful of bolus.

Table II. Group(s) of individuals included in the different chapters.

Chapter

1

2

3

4

5

6

Investigation

Speed of the peristaltic wave

Speed of the apex of the bolus

Relation between the speed of the peristaltic wave and the
speed of the apex of the bolus

Movement of the hyoid bone during swallow

Elevation of the larynx

Epiglottic dysmobility

Group(s) of subjects
(no. of individuals)

1 (n=15)
4(n=10)
6 (n=60)

1 (n=15)
4(n=1C)

1 (n=15)
4(n=10)

1 (n=15)
4(n=10)

1 (n=15)
3 (n=60)
7(n=75)

B(n=19)

2(n=10)
5(n=10)

2(n=10)
5(n=7)

2(n=10)

2(n=10)

2(n=10)
4(n=10)

9(n=15)



Radiographic Methods

Single Film Technique

The patients referred for X-ray examination due to dysphagia were first
subjected to a conventional examination of the pharynx and esophagus using
a single-film technique. The pharynx was examined with plain single films
and films taken during and after swallowing a liquid barium sulphate
suspension. The plain films and the films during swallowing barium sul-
phate were obtained in upright position in the posterior-anterior (PA) and
left lateral projections. The films obtained after swallowing barium sulphate
were taken in lateral, PA, left anterior oblique (LAO) and right anterior
oblique (RAO) projections. Furthermore, PA, LAO, RAO and lateral films of
the pharynx were obtained when the pharynx was inflated (puffed up)
against closed mouth and nostrils. The esophagus was examined in LAO and
RAO projections during and after swallowing barium sulphate.

A barium sulphate suspension (113% weight/volume Barytgen ®, Fushimi
Pharmaceutical Co Ltd, Kagawa, Japan) was used as contrast medium. The
patients were asked to take a mouthful of contrast medium and to swallow
on command.

The plain radiograms were analyzed for:

• Passage of bolus material into the airways, incomplete cleansing of the
pharynx from bolus material.

• Presence of morphologic changes such as tumours, strictures, diverticula,
webs.

Henceforth, the radiograms performed with single film technique will be
referred to as pharyngograms and esophagograms, respectively.

Cineradiography

The cineradiograms were obtained with the aid of a high-speed film camera
(Arriflex 35 mm XG 9210) mounted on a 9"/5" X-ray intensifier (Philips XG
1450). The exposures were made with the aid of a cinepulse unit (Philips XG
7002). The distance between the X-ray tube and the input screen of the
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intensifier was 115 cm. The exposures were made at between 70 and 80 KV
with a pulse time of 5 msec and with a maximum tube current of 130 mA.
The film speed was 50 frames/s. Scopix RP IC (AGFA) negative film was
used. The mean radiation dosages to main structures in the area of a complete
cineradiogram were as follows: thyroid gland (27 mGy), eye (0.2 mGy) and
bone marrow (0.44 mGy) [33].

The cineradiograms during barium swallowing were all obtained in an
upright sitting position in anterior-posterior (AP) and left lateral projections.
Volunteers in group I were also examined in other positions as described
earlier in this chapter. If not otherwise stated the patients were asked to take
a mouthful of contrast medium and hold it in their mouth and swallow on
command. The swallow of contrast medium was followed by several dry
swallows. This procedure was repeated three times in each projection. In the
prospective study (Chapters 1,2,3,4,5) the size of the bolus varied according
to special schedules described in the different chapters.

The same type of contrast medium (Barytgen® 113% weight/volume) was
used at cineradiography as for the single film pharyngograms. The amount
of contrast medium swallowed each time will subsequently be designated
the bolus.

The cineradiograms obtained were analyzed on a Tagarno 35 CX analector
permitting display at varying speeds including a frame by frame analysis.



Observed Events and Measured
Parameters on Cineradiograms

The cineradiograms were analyzed and several swallowing parameters and
events were registered, i.a.:

• epiglottic mobility, i.e. the first movement of the epiglottis from the upright
to the transverse position and its second movement from the transverse to
the inverted position with its tip in the esophageal inlet.

• closure of the subepiglottic and supraglottic segments of the laryngeal
vestibule as well as the vocal cords.

• peristalsis in the pharyngeal constrictor muscles in AP and lateral projec-
tions.

• incoordinated opening of the cricopharyngeal muscle seen as an indenta-
tion in the posterior wall of the pharyngoesophageal junction in the lateral
projection.

The cineradiographic analysis included the following measurements:

• speed of the pharyngeal peristaltic wave.

The peristalsis in the posterior pharyngeal wall was clearly outlined as a
peristaltic wave, which in the lateral projection was seen as a descendent
bulging of the posterior pharyngeal wall into the pharyngeal lumen. The
time taken for the peristaltic wave to pass a 4 cm distance from the level of
the caudal end-plate of the 2nd cervical vertebral body to approximately the
level of the cranial end-plate of the 5th cervical vertebral body was measured
(Fig 7). The procedure of measuring the time by frame counting and calcu-
lation of the speed is described in detail in Analytic methods, p. 38.

• speed of the apex of the bolus

Time for the apex of the bolus to pass a 4 cm distance from the level of the
caudal end-plate of the 2nd cervical vertebral body to approximately the
level of the cranial end-plate of the 5th cervical vertebral body was measured
(Fig 8). The procedure of measuring the time by frame counting and calcu-
lation of the speed is described in detail in Analytic methods, p. 38.
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Figure 7. Measurement of
the time needed by the per-
istaltic wave to pass a 4 cm
distance from the level of
caudal end-plate of 2nd cer-
vical vertebral body.

Figure 8. Measurement of
the time needed by the
apex of the bolus to pass a
4 cm distance from the level
of the caudal end-plate of
2nd cervical vertebral body.
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• movement of the hyoid bone

The movements of the hyoid bone during swallowing were measured in the
left lateral position using the most anterior aspect of the body of the hyoid
bone as a reference point. The initial movement in superior and slightly
posterior direction was measured from the resting position to the position
of maximal elevation.

The second movement in anterior direction was measured from the position
at maximal elevation to the maximal anterior position.

The net movement was measured from the resting position to the maximally
elevated anterior position (Fig 9).

The procedure of measuring the length of the movements is described in
detail in Analytic methods, p. 38.

Figure 9. Measurement of
the movement of the hyoid
bone. 1: First movement: su-
periorly and slightly posteri-
orly, 2: Second movement:
anteriorly, 3: Net movement.

• elevation of the larynx

This parameter was measured in the left lateral position with the lower
surface of the vocal cords as a reference point. Measurements were per-
formed at two stages during the act of swallowing, 1) when the apex of the
bolus had reached the level of the valleculae, and 2) at the maximal elevation.
Both distances of larvngeal movement at the two different stages were
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Figure 10. Measurement of
the distance oflaryngeal
elevation when the apex of
the bolus had reached the
level of the valleculae (1),
and at the maximal elevation
(2) with the lower surface of
the vocal cords as a refer-
ence point.

valeculae

the lower surface of
(he vocal cords in the
resting position

maximum elevation — - ^ ! J

the lower surface of
the vocal cords in the
resting position

measured from the same caudal point in the resting position (Fig 10). The
procedure of measuring the distances is described in detail in Analytic
methods, p. 38.

• approximation of the thyroid cartilage to the hyoid bone

The parameter shows the changes in distance between the thyroid cartilage
and the hyoid bone during swallowing. This parameter was measured in the
left lateral position with the opacifications of the anterior superior portion of
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Figure 11. Measurement
of the approximation of the
thyroid cartilage to the hyoid
bone. (1) The maximal dis-
tance between the thyroid
cartilage and the hyoid
bone. (2) The minimal dis-
tance between the thyroid
cartilage and the hyoid
bone.

the thyroid cartilage and the ossifications of the most anterior portion of the
hyoid bone as the reference points. Measurements were performed at two
stages in the act of swallowing, 1) the maximal distance between the refer-
ence points of the thyroid cartilage and the hyoid bone at rest between
swallows, and 2) the minimal distance between the reference points of the
thyroid cartilage and the hyoid bone during swallowing (Fig 11). The pro-
cedure of measuring the distance is described in detail in Analytic methods, p.
38.



Analytic Methods

All cineradiograms were projected on the screen of a Tagarno 35 CX projec-
tor. The magnification factor of the resultant image on the screen has been
estimated by measuring the projected image of a calibration lead rod of
known length in 15 volunteers. The lead rod had been placed in the midline
on the necks of volunteers during cineradiograms in the left lateral projec-
tion. The magnification factor on the screen for the cineradiograms in the left
lateral projection, which was the only projection used for all the measure-
ments presented in the monograph, was calculated to be 2.0.

The speed of the peristaltic wave and the apex of the bolus were calculated
from the time it took for the peristaltic wave or apex of the bolus to pass
through a distance of 4 cm. A distance of 8 cm was indicated by placing an
8 cm long paper strip on the screen which corresponds to a distance of 4 cm
in the patient. The paper strip was placed parallel to the long axis of the
pharynx with the caudal end immediately above the cricopharyngeal
muscle, thus being positioned between the caudal end-plate of the C2 verte-
bral body and the cranial end-plate of the C5 vertebral body. The time it took
for the peristaltic wave or the apex of the bolus to pass through the measured
distance was calculated from the known film speed and the number of
frames obtained from an electronic automatic frame counter. This frame
counting was repeated three times for each swallow and a mean (rounded
to a whole number of frames) was estimated. The mean of these means from
3 different swallows in each individual, was, again, rounded to a whole
number, and served as the number of frames that was used to calculate the
speed of the peristaltic wave or the apex of the bolus in each individual. The
speed is given in cm/s.

The lengths of the movements of the hyoid bone, the larynx, and the distances
between the thyroid cartilage and the hyoid bone were measured as follows.
A paper sheet was placed on the screen of the Tagarno analector, the relevant
positions of the structures studied were marked with a pencil and the
distance between the marked points was measured with a ruler and cor-
rected for the known magnification factor of 2.0. The lengths and distances
are given in mm.

All measurements concerning speed of the peristaltic wave, speed of bolus,
movement of the hyoid bone, elevation of the larynx and approximation of
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Table III. Calculated speed (cm/s) of the peristaltic wave or the apex of the bolus moving
over a 4 cm distance using a film speed of 50 frames/s.

No. cf frames

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

25

24

25

Speed (cm/s)

2-102

1-102

66.7

50.0

40.0

33.3

28.6

25.0

22.2

20.0

18.2

16.7

15.4

14.3

13.3

12.5

11.8

11.1

10.5

10.0

9.5

9.1

8.7

8.3

8.0

No. of frames

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Speed (cm/s)

7.7

7.4

7.2

6.9

6.7

6.5

6.3

6.1

5.88

5.71

5.56

5.41

5.26

5.13

5.00

4.89

4.76

4.65

4.55

4.44

4.35

4.26

4.17

4.08

4.00

the thyroid cartilage to the hyoid bone (ch 1, 2, 3,4, 5,6) were made by the
same observer. The measurements of the elevation of the larynx and the
evaluation of pharyngeal dysfunction (groups 3 and 7) in chapter 5 were
made by another observer. Measurements made by different observers were
never matched with each other.

The precision of estimating the speed from sequential frames using frame
counting decreases with increasing measured value of the speed, a fact which
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appears clearly from Table III. The higher the speed the fewer the number of
frames obtained. Consequently, the risk for potential error in absolute values
of calculated speed increases with increasing speed. For example, the differ-
ence of 1 frame may be as great as 100 cm/s (between 100 and 200 cm/s) or
as small as 0.08 cm/s (between 4.00 and 4.08 cm/s).

In the present investigation, three independent time calculations were per-
formed for each separate bolus swallow. Very little variation in the time
calculations was observed. The maximum variation was 1/50 of a second (1
frame) in a few cases. This confirmed the accuracy of the calculation and the
individual observer reproducibility. This high reproducibility is in good
agreement with earlier investigations emloying the same calculation tech-
nique [36].

All cineradiograms were obtained and analyzed with the same equipment.

Statistical Methods

The statistical techniques used were analysis of variance and covariance
including repeated measurement [42]. Adjustment for age was performed
by including age as a covariant. Correlation was estimated by Pearson
productmomentcoefficient.

Statistical analysis disclosed that most of the parameters measured on ciner-
adiograms decreased with increasing age of the subjects, either significantly
such as speed of the apex of the bolus (p - 0.046) and second movement of
the hyoid bone (p = 0.01), or showed a tendency to such a dependence such
as speed of peristalsis (p = 0.15), movement of the hyoid bone (first p = 0.28
and net p = 0.14), and movement of the larynx (p = 0.46 and p = 0.40). To
avoid this bias in the further statistical evaluation of other factors that may
influence the speeds and movements analyzed in the present investigation,
all measured data were adjusted for age. In the separate chapters, the
measured data are presented first without adjustment for age and then after
adjustment for age. All statistical evaluation of differences and correlations
is based on data adjusted for age with the only exception being the correlation
between the age and the speed of the peristaltic wave in chapter 1, where the
measured speeds were used without adjustment for age.

L. . j .



1. Speed of the Peristaltic Wave

Introduction

Pharyngeal peristalsis is a crucial component of the pharyngeal swallowing
act and is essential for transporting portions of the bolus through the
pharynx. Especially important is the cleansing function of peristalsis which
removes bolus material from the pharynx and prevents aspiration. Pharyn-
geal peristalsis is a product of the pharyngeal constrictor muscle activity
which results in a coherent wave of contractions that moves caudally through
the muscles, transporting the bolus into the esophagus [15,43]. The continu-
ous contractions narrow the pharyngeal lumen and increase the intraluminal
pressure, resulting in a peristaltic wave moving from the epi- to the hy-
popharynx. The peristaltic wave is visible on the cineradiogram, in lateral
projection, as a propulsive wave in the posterior wall of the pharynx. The
different constrictor muscles act as a common functional unit and cannot be
differentiated from each other during cineradiography of the swallowing act.

Dysfunction in the pharyngeal constrictor muscles may result in retention of
bolus material in the hypopharynx after completion of the swallow. This
retention of bolus material can be seen on a cineradiogram. Such dysfunction
of the pharyngeal constrictor muscle activity is detected in some of the
patients with a feeling of residual bolus material in the pharynx after swal-
lowing. However, in some patients with this feeling of bolus retention no
sign of dysfunction can be detected. Among these patients a subtle, hereto
undefined, pharyngeal dysfunction may cause symptoms. The diagnostic
criteria currently used in evaluation of the cineradiogram do not utilize the
quantitative information included in the cineradiogram such as the speed or
length of movements of structures that are visible on the cineradiogram.
Peristalsis is one of the basic manifestations of pharyngeal constrictor activ-
ity, and therefore, theoretically, it cannot be excluded that an abnormal speed
of the peristaltic wave could represent a mild or early dysfunction of the
pharyngeal constrictor muscles or a sign of incoordination in the central
control of the swallowing act. Such a mild pharyngeal dysfunction could
only be detected by measuring th" speed of the peristaltic wave. The incite-
ment to the study presented in this chapter is the proposed hypothesis, that
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the change in the speed of the peristaltic wave would be a valuable parameter
for detection of functional impairment of the swallowing act.

If measurements of the speed of the peristaltic wave by cineradiography are
to be used to detect early pharyngeal dysfunction, then the question arises:
is the peristaltic speed influenced by factors other than a suspected disease?
Such factors are the volume of the bolus, the position of the patient, the sex
or age of the patient, and the time interval between consecutive swallows.
This chapter is, therefore, focused on investigation of the possible influence
of these factors on the speed of the peristaltic wave.

Material and Method

The material consisted of cineradiograms obtained from five groups of
individuals.

Group 1:

Fifteen non-dysphagic volunteers without pharyngeal dysfunction swallow-
ing boluses of 10 ml of contrast medium. They were examined in three
different positions; upright, right decubitus horizontal and right decubitus
with the table tilted head-down 30°

Group 2:

Ten non-dysphagic volunteers without pharyngeal dysfunction swallowing
boluses of 2.5, 5, 10 and 20 ml of contrast medium in increasing order of
volume.

Group 4:

Ten dysphagic patients without pharyngeal dysfunction swallowing boluses
of 2.5,5,10 and 20 ml of contrast medium in increasing order of volume.

Group 5:

Ten dysphagic patients, 4 with and 6 without pharyngeal dysfunction,
swallowing a mouthful of contrast medium. The patients were instructed to
complete the swallow and without interruption swallow an additional four
boluses of contrast medium, thus swallowing five consecutive boluses.
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Group 6:

Sixty dysphagic patients without pharyngeal dysfunction, divided into three
age groups, swallowing a mouthful of contrast medium.

The groups are described in further details in Material, p. 27. The peristaltic
wave was observed from the beginning of the peristaltic wave in the poste-
rior pharyngeal wall and its speed was calculated over a distance of 4 cm,
from the level of the caudal end-plate of the second cervical vertebral body
to approximately the level of the cranial end-plate of the fifth cervical
vertebral body. The procedure of measuring the time by frame counting and
the calculation of the speed is described in detail in Analytic methods, p. 38.

Results

The speed of the peristaltic wave in the individual subjects in groups 2 and
4 is graphically presented in Figures 1:1a and b. Mean values and SD for each
group with respect to swallowed bolus volume are given in Table 1:1 without
adjustment for age (see p. 40). The speed of the peristaltic wave varied
between 10—17 cm/s in group 2, and between 7—25.0 cm/s in group 4. In
the remaining text all results are presented after adjustment for age.

Table 1 :l. Speed of the peristaltic wave in pharyngeal constrictors in 20 individuals who
swallowed different bolus volumes. Speed is given in cm/s; mean (SD). 10 non-dysphagic
volunteers (group 2) and 10 dysphagic patients (group 4), all without pharyngeal dysfunc-
tion. Not adjusted for age.

Bolus volume

Group 2

Group 4

15 ml

13.0(1.7)

11.7(4.2)

5 ml

13.2(2.4)

12.4 (4.9)

10 ml

12,9 (2,0)

12.2 (3.9)

20 ml

12.8(1.8)

11,6(4.1)

The volume of the bolus did not influence the speed of the peristaltic wave
either in the non-dysphagic volunteers (group 2) or in the dysphagic patients
(group 4) who both swallowed the boluses in increasing order of volume.
There were no significant differences in the speed of the peristaltic wave at
four different bolus volumes within the groups (Table 1 :II). The differences
in interpersonal variation between groups were not significant (fig 1:1 a and
b). The intrapcrsonal variations in the speed of the peristaltic wave were
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Figure 1:1. The speed of the peristaltic wave in individual subjects at different bolus
volumes, a) non-dysphagic volunteers (group 2), b) dysphagic patients (group 4).
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Table 1 :ll. Speed of the peristaltic wave in pharyngeal constrictors in 20 individuals who
swallowed different bolus volumes. Speed is given in cm/s; mean (SD). 10 non-dysphagic
volunteers (group 2) and 10 dysphagic patients (group 4), all without pharyngeal dysfunc-
tion. Speed adjusted for age.

Bolus volume 2.5 ml 5 ml 10ml 20 ml

Group 2

Group 4

12.2(1.7)

12.5(4.2)

12.4(2.4)

13.2 (4.9)

12.1 (2.0)

13.0(3.9)

12.0(1.8)

12.4(4.1)

significantly (p = 0.05) higher among dysphagic patients (group 4) compared
with non-dysphagic volunteers (group 2) (fig 1:1 a and b).

There was no statistically significant difference in the speed of the peristaltic
wave between the non-dysphagic volunteers (group 2) and the dysphagic
patients (group 4) at any bolus volume. However, the speed of the peristaltic
wave in one dysphagic patient (group 4) was higher, and in one lower, than
the ± 2 SD interval of speeds in the non-dysphagic volunteers (group 2), at
all bolus volumes (Fig 1:2).

cm/s

2.5 5.0 10.0 20.0

ml

Figure 1:2. The speed of the peristaltic wave in dysphagic patients (group 4) at different
bolus volumes. Superimposed is + 2 SD interval of the speeds of the peristaltic wave in
the nondysphagic volunteers (group 2).
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cm/s

Erect Horizontal Head tilted

Figure 1:3. The speed of the peristaltic wave in the 15 individual non-dysphagic subjects
(group 1) swallowing boluses in three different positions. 'Note that some of the individual
subjects had the same values and therefore are overprojected.

The speed of the peristaltic wave in the 15 individual non-dysphagic subjects
(group 1) swallowing boluses in three different positions is graphically
presented in Fig 1:3. The orientation of the pharyngeal axis with respect to
gravity significantly influenced the speed of the peristaltic wave. The speed
of peristaltic wave decreased when the position was changed from erect to
horizontal and further to head-down position (Fig 1:4, Table 1:111). The
change in the speed of the peristaltic wave, statistically evaluated as one
function, and not as separate differences between the three different posi-
tions, was significant (p = 0.001). The inter- and intrapcrsonal variations were
similar for all three positions (Fig 1:3).

The speed of the peristaltic wave showed a slight tendency (p = 0.15) to
reduction with age. The speed seemed to decrease slightly with increasing
age, however, the correlations between speed of the peristaltic wave and age
were not statistically significant among the 20 individuals in groups 2 and 4
or among the 60 dysphagic patients (group 6). The speed of the peristaltic
wave at three boluses swallowed by 60 dysphagic patients without pharyn-
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Figure 1:4. The mean speed of the peristaltic wave decreased significantly (p=0.001)
when changing position of the 15 non-dysphagic volunteers in group 1.

Table 1 :lll. Speed of the peristaltic wave in pharyngeal constrictors in 15 non-dysphagic
volunteers (group 1) swallowing 10 ml bolus in erect, horizontal and 30° head tilted down
positions. Speed is given in cm/s; mean (SD)

Position: Erect Horizontal Head tilted 30° down

Group 1 12.5(1.9) 11.5(1.7) 11.3 {1.7)

geal dysfunction (groups 6) is given in Table 1:IV. Correlation between age
and the mean speed of the peristaltic wave in each of the 60 individual
dysphagic subjects (group 6) is graphically presented in Fig 1:5. The boluses
were swallowed as a separate bolus at approximately 30 seconds interval.

The speed of the peristaltic wave in the 10 individual subjects in group 5 who
swallowed five boluses without interruption between swallows is graphi-
cally presented in Fig 1:6 and its mean values and SD are given in Table 1:V.
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Figure 1:5. Correlation between age and the mean speed of the peristaltic wave in 60
individual dysphagic subjects (group 6) who swallowed three separate boluses.

Table 1 :IV. Speed of the peristaltic wave in pharyngeal constrictors in 60 dysphagic
patients without pharyngeal dysfunction (group 6) who swallowed three separate boluses.
Speed is given in cm/s; mean and SD.

Bolus

Mean

SD

1

12.7

3.0

2

12.5

2.9

3

12.5

2.7

Mean of 1 - 3

12.6

The time interval between different swallows did not influence the speed of
the peristaltic wave. There was no statistically significant difference in the
speed of the peristaltic wave between the three different swallows with
approximately 30-second intervals in the 60 individual dysphagic patients
(group 6) (Table 1 :IV) or between the five different swallows without inter-
ruption in the 10 individual dysphagic patients (group 5) (Table 1:V).
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cm/s

Figure 1:6. The speed of the peristaltic wave in the 10 individual dysphagic subjects with
and without pharyngeal dysfunction (group 5) who swallowed five boluses without inter-
ruption between swallows.

Table 1 :V. Speed of the peristaltic wave in 10 dysphagic patients (group 5) who swallowed
five boluses without interruption between swallows. Speed is given in cm/s; mean and SD.

Bolus

Mean

SD

1

13.2

2.9

2

13.7

2.7

3

13.2

2.4

4

13.1

2.8

5

13.4

3.1

Mean of 1-5

13.3

No statistical difference was found in the speed of the peristaltic wave
between men and women.

Discussion

The results showed that the mean speed of peristalsis was almost the same
in the group of healthy volunteers (group 2) and in both groups of dysphagic
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patients without pharyngeal dysfunction (groups 4 and 6). Furthermore,
there was no significant difference in the speed of the peristaltic wave at
different bolus volumes despite the fact that the volume varied by a factor
of 8 (from 2.5 ml to 20 ml). The speed was approximately 12 cm/s which is
in accordance with other investigations of the speed of pharyngeal peristalsis
using cineradiography and/or intraluminal manometry [37, 44, 45].

According to Buchholz et al. [46] the pharynx has a great ability to adapt to
changes in the bolus such as consistency, viscosity, elasticity, volume, and
temperature and also to changes in head and neck posture. It is known that
patients with pharyngeal dysfunction show a spontaneous tendency to
diminish the volume of the bolus in order to achieve a safe swallow [46].
Furthermore, in the treatment of patients with detected pharyngeal dysfunc-
tion successively increasing the volume of the bolus, beginning with a small
bolus, as well as varying the viscosity and the consistency of the bolus are
used in an attempt to establish a safe swallow [47]. The therapeutic success
thereby achieved suggests that some compensatory mechanism may exist
which may be activated by a successive increase in the volume of the bolus.
The results of the present study suggests that the increase in the speed of the
peristaltic wave is not responsible for such a therapeutic effect. The present
study suggests that there must be another compensatory mechanism re-
sponsible for adaptation to an 8-fold increase in the bolus volume. A similar
conclusion can also be drawn from a previous study by Kahrilas and co-
workers [12], which was performed on 8 normal subjects with manometry
and videofluoroscopy in which the velocity of the pharyngeal peristalsis was
15 cm/s and did not change significantly with a 10-fold increase in bolus
volume.

The following conclusion of clinical importance can be drawn from the
results presented here — it is not necessary to know the exact volume of the
swallowed bolus when the speed of the peristaltic wave is measured on
cineradiograms or videorecordings.

Among the non-dysphagic volunteers in the present study, the pharyngeal
function, as reflected by the speed of the peristaltic wave, appeared relatively
constant and showed small, non-significant differences despite 8-fold varia-
tion of the bolus volumes. This suggests that (1) the "pacemaker" located in
the medullary swallowing centers which synchronizes contractions in the
pharyngeal musculature has, in normal individuals, a constant rhythm and,
also, (2) that the "pacemaker" does not respond to sensory impulses from
the mouth or hypopharynx which relate to bolus volume. Such a fixed
pattern of swallowing pre-programmed in a network of neurons in the
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swallowing centers has earlier been proposed by Miller [6] as one of two
current theories on control mechanisms of the swallowing act. However, the
here suggested unresponsiveness of the coordination center to sensory im-
pulses from bolus volume does not necessarily mean that the center cannot
be influenced by other sensory feedback. The significant decrease of the
speed of the peristaltic wave with changes in posture, found in non-dys-
phagic volunteers (group 1) makes the existence of some sensory feedback
likely. Therefore, a hypothesis is proposed that the speed of the peristaltic
wave is controlled from the swallowing centers in a pre-p grammed pattern
which may, however, respond to certain afferent impulses such as those
associated with changes of posture. The nature of such impulses in this
particular case is unknown including possible origins from the pharynx or
vestibular centers.

The speed of the peristaltic wave varied significantly more with the bolus
volume in dysphagic patients (group 4) than in non-dysphagic volunteers
(group 2) and, in addition, in one patient speeds at all bolus volumes were
higher and in one lower than ± 2 SD interval from the group of non-dys-
phagic volunteers. If the presumption that the speed of peristalsis is control-
led centrally is correct, then these results may suggest, that, in some dy-
sphagic patients, the underlying cause of their dysphagia originates in a
disturbance of central control. Such a central control disturbance may be
cineradiographically manifested merely as an aberrant speed of the peristal-
tic wave. The dyscoordinated contractions in the pharynx musculature may
then result in aberrant afferent sensory impulses perceived as different
symptoms of dysphagia.

Even though there was no statistically significant difference in the speed of
the peristaltic wave between the groups of non-dysphagic volunteers and
dysphagic patients, 2 out of 10 dysphagic patients had a speed which could
be considered pathologically low —9 cm/s — and high — 25cm/s(Fig 1:2).
The group of the dysphagic patients is heterogeneous with respect to the
symptoms and likely also with respect to the underlying process. It is
conceivable that, in two patients included in this small material, the abnor-
mally high or low speed of the peristaltic wave may be associated with the
pathologic process underlying their dysphagia. An abnormal speed of the
peristaltic wave may therefore be potentially considered a new sign of
pharyngeal dysfunction. \ lowever, todefine normal speed limits a dedicated
study of a large number of individuals is needed.

Pharyngeal dysfunction implies failure of one or several components of the
swallowing act and includes paresis of the pharyngeal constrictor muscles,
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incoordination of the cricopharyngeal muscle and dysmobility of the epiglot-
tis. The frequency of pharyngeal dysfunction has been shown to increase
with age [31,48]. Pharyngeal '"sfunction, occurring with increased
frequency among elderly patients includes paresis of any or all pharyngeal
constrictor muscles, resulting in bolus retention and thereby an increased
risk for aspiration. However, no attention has been paid to a potential mild
abnormal pharyngeal function in terms of altered speed of the peristaltic
wave. If the speed of the peristaltic wave was dependent upon age it could
be that the change in the speed with increasing age could contribute to
pharyngeal dysfunction. However, this investigation has shown that one of
the basic components of the swallowing act — the speed of the peristaltic
wave did not significantly change with age in all 80 individuals investigated
(groups 2,4,6).

In daily clinical work some of the patients referred for cineradiography are
for various reasons bedridden and have to be examined in a recumbent
position. If a reduced speed of the peristaltic wave is found in these patients,
then this finding has to be evaluated critically and should not be considered
a definite sign of pharyngeal dysfunction because a decrease of the speed
also occurs with changes in posture in normal individuals. As shown in the
present investigation a significant (p = 0.001) decrease of the speed of the
peristaltic wave was registered at swallowing in the horizontal position as
compared with swallowing in the erect position and even more when the
subject was examined in a head-down tilted position.

A possible criticism of the results in the present investigation is the fact that
no specified time interval was used between swallows. Theoretically, a long
time interval between the swallows may imply that the pharyngeal muscles
had completely recovered between the swallows and were ready to respond
to the next nerve impulses at each separate swallow. Therefore, the pharyn-
geal muscles would act as if every swallow occurred in a state of complete
recovery and possible changes in speed related to the interval in time would
not be apparent. As shown in the present investigation no significant change
occurred in the speed of the peristaltic wave between different swallows
when the boluses were swallowed either with approximately 30 seconds
interval (group 6) or without interruption (group 5). This suggests that the
time interval between swallows does not influence the speed of the peristaltic
wave.

The following conclusion of clinical importance can be drawn from the
aforementioned statement: correct measurements of the speed of the peristal-
tic wave by means of cineradiography or videorecording are obtained from
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any swallow; even retrospectively without knowledge of the exact time
interval between swallows. Consequently, there is no need for strictly stand-
ardized time intervals between swallows which, in addition, could poten-
tially stress impaired patients.

Conclusions

Speed of the peristaltic wave is constant in individuals without pharyngeal
dysfunction and is not significantly influenced by the volume of the bolus,
the interval in time between different boluses swallowed, the presence of
dysphagia, or the age or sex of the individual.

Speed of the peristaltic wave decreases significantly when changing posi-
tion from erect to horizontal and when the table is tilted 30° head-down.

Intrapersonal variations of the speed of the peristaltic wave is higher in
dysphagic patients than in non-dysphagic individuals.

Measurements of the speed of the peristaltic wave can be carried out
retrospectively from previously recorded cineradiographies and videore-
cordings, provided that magnification factor and film speed are known, as
no knowledge of the time interval between swallows or of the bolus
volumes is required.

Abnormally high or low speed of the peristaltic wave may be the first mild
or early sign of pharyngeal dysfunction.

Therefore, measurement of the speed of the peristaltic wave may be useful
in the clinical evaluation of pharyngeal function.



2. Speed of the Apex of the Bolus

Introduction

The bolus is transported from the mouth into the pharynx by the tongue
which successively presses against the hard palate in an aboral direction. The
exact mechanism for the transport of the bolus through the pharynx into the
esophagus is not completely understood and is the subject of controversy in
the literature. Various mechanisms and their combinations such as positive
or negative pressure in the pharynx, subatmospheric pressure in the
esophagus, peristaltic wave, and gravity have been postulated to be re-
sponsible for the transport of the bolus through pharynx [19, 20, 37, 39, 49,
50,51,521.

Apart from gravity, the force which moves the bolus is produced by muscu-
lar contraction. While the speed of the peristaltic wave gives information
regarding the timing of the sequential contractions of the pharyngeal con-
strictor musculature, the speed of the bolus provides additional information
about contractile force of the pharyngeal constrictors as well as the muscles
responsible for the movements of the tongue and soft palate and, possibly,
other muscles which create the subatmospheric esophageal pressure. It is
conceivable that dysfunction of the muscles, either an altered contractile
force or a defective timing of their contractions, may result in an abnorma1

speed of the bolus. An abnormal speed of the bolus may therefore indicate
the presence of muscular dysfunction or the presence of incoordination of
the central control of swallowing in individuals in which cineradiography
fails to demonstrate any pharyngeal dysfunction, according to the currently
known criteria of dysfunction.

In order to use the sp>ed of the apex of the bolus as a potential clinical
criterion to disclose pharyngeal dysfunction, it is essential to analyze factors
that might potentially alter the spe^d of the bolus in individuals without
pharyngeal dysfunction. Factors that potentially may influence the speed of
the bolus on cineradiograms performed with liquid barium include: the
bolus volume, the interval between swallows, the position of the individual
at swallowing, and age or sex of the individual. Therefore, the speed of the
best defined part of a moving bolus, its apex, was studied in various experi-
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mental settings in non-dysphagic and dysphagic individuals with normal
pharyngeal function.

Material and Method

The material consists of cineradiographs obtained from four groups of
individuals:

Group 1:

Fifteen non-dysphagic volunteers without pharyngeal dysfunction swallow-
ing boluses of 10 ml of contrast medium. They were examined in three
different positions: upright, nght decubitus horizontal and right decubitus
with the table tilted head-down 30°.

Group 2:

Ten non-dysphagic volunteers without pharyngeal dysfunction swallowing
boluses of 2.5, 5, 10, and 20 ml of contrast medium in increasing order of
volume.

Group 4:

Ten dysphagic patients without pharyngeal dysfunction swallowing boluses
of 2.5,5,10, and 20 ml of contrast medium in increasing order of volume.

Group 5:

Ten dysphagic patients, 4 with and 6 without pharyngeal dysfunction,
swallowing a mouthful of contrast medium. The patients were instructed to
complete a swallow and then without delay swallow four additional boluses
of contrast medium, thus swallowing five consecutive boluses. In three of
the 10 patients it was impossible to measure the speed of the apex of the bolus
due to head movement artefacts. In the remaining seven dysphagic patients
five boluses were analyzed.

The groups are described in further detail in Material, p. 27.

The time for the apex of the bolus to pass over a distance of 4 cm from the
level of the caudal nd-plate of the 2nd cervical vertebral body to approxi-
mately the level of t^e cranial end-plate of the 5th cervical vertebral body
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was measured. The procedure for measuring the time by frame counting and
the calculation of the speed are described in detail in Analytic methods, p. 38.

Results

The measured speed of the apex of the bolus in the individual subjects is
graphically presented in Figures 2:1a and b. Mean values of the measured
speeds and SD for each group with respect to swallowed bolus volume are
given in Table 2:1 without adjustment for age (see p. 40). The speed of the apex
of the bolus varied between 17 and 67 cm/s in group 2, and between 11 and
67 cm/s in group 4. In the further text, all results are presented after
adjustment for age.

Table 2:1. Speed of the apex of the bolus at different bolus volumes. Speed is given in
cm/s; mean (SD). 10 non-dysphagic volunteers (group 2) and 10 dysphagic patients (group
4). All without pharyngeal dysfunction. Not adjusted for age.

Bolus volume Z5ml 5 ml 10 ml 20 ml

Group 2

Group 4

35.5(12.0)

23.2(7.1)

37.4 (9.2)

24.8 (9.5)

45.4(13.9)

25.0(11.8)

44.4(12.6)

31.6(17.2)

The speed of the apex of the bolus increased significantly (p = 0.012) with
increasing bolus volume in non-dysphagic volunteers (group 2) and had a
tendency (p = 0.09) to increase in dysphagic patients (group 4) (Fig 2:2)
(Table 2:11). The trend of increasing the speed with increasing bolus volume
was significantly parallel (p = 0.01) between the two groups (Fig 2:2).

Table 2:11. Speed of the apex of the bolus at different bolus volumes. Speed is given in
cm/s; mean (SD). 10 non-dysphagic volunteers (group 2) and 10 dysphagic patients (group
4). All without pharyngeal dysfunction. Adjusted for age.

Bolus volume 25 ml 5 ml 10 ml 20 ml

Group 2

Group 4

32.1 (12.0)

26.6(7.1)

33.9 (9.2)

28.2 (9.5)

42.0(13.9)

28.5(11.8)

40.9 («2.6)

35.0(17.2)
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Figure 2:1. The speed of the apex of the bolus in individual subjects at different bolus
volumes, a) 10 non-dysphagic volunteers (group 2), b) 10 dysphagic patients (group 4).
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Figure 2:2. Illustrating the significant increase of the speed of the apex of the bolus (cm/s)
(mean per group) in 10 non-dysphagic volunteers (group 2) (p=0.012) and the tendency
to such an increase in 10 dysphagic patients (group 4, p=0.09) at different bolus volumes.
The parallel nature of the increase in both groups is significant (p=0.01).

The interpersonal variations within the groups in speed of the apex of the
bolus were large in both groups and there were no significant differences
between the two groups in this respect.

The speed of the apex of the bolus in the individual subjects (group 1)
swallowing boluses in the three different positions is graphically presented
in Fig 2:3, and its mean values and SD are given in Table 2:111.

Table 2:111. Speed of the apex of the bolus in 15 non-dysphagic volunteers (group 1)
swallowing 10 ml bolus in erect, horizontal and head down tilted 30° positions. Speed is
given in cm/s; mean (SD)

Position:

Mean

Erect

45.2(14.8)

Horizontal

48.6(14.7)

Head tilted 30° down

51.8(21.6)
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Figure 2:3. The speed of the apex of the bolus in the 15 individual subjects (group 1)
swallowing boluses in three different positions. ' Note that the speed in some of the
individual subjects was identical and the values are therefore overprojected.

The orientation of the pharynx with respect to gravity did not significantly
influence the speed of the apex of the bolus. A statistical tendency to increase
the speed of the bolus occurred when the pharyngeal axis became perpen-
dicular to gravity (horizontal position of the individual) and even more when
the bolus moved against gravity (object tilted 30° head down) (Table 2:111).
The increase in speed of bolus when changing positions in 15 non-dysphagic
volunteers (group 1) swallowing 10 ml bolus was, however, not significant,
mainly because of the large inter- and intmpersonal variations. The inter- and
intrapersonal variations which can be seen in Fig 2:3, were similar in erect and
horizontal positions and insignificantly higher in head down tilted 30°
position.

The highest speed of the apex of the bolus —100 cm/s — was noted in 1 case
when changing the position from erect to horizontal and head down tilted
positions (group 1), while the highest measured speeds occurred when
changing the bolus volumes were 66.7 cm/s at 10 or 20 ml boluses (groups
2, and 4).
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Figure 2:4. The speed of the apex of the bolus in the 7 dysphagic subjects with and without
pharyngeal dysfunction (group 5) who swallowed five boluses without interruption between
swallows.

The speed of the apex of the bolus in 7 individual subjects in group 5 who
swallowed five boluses without interruption between swallows is graphi-
cally presented in Fig 2:4 and its mean values and SD are given in Table 2:IV.

The time interval between different swallows did not influence the speed of
the apex of the bolus. There was no statistically significant difference in the
speed of the apex of the bolus between the five different swallows in the
seven individual dysphagic subjects (group 5) (Table 2:IV). The inter- and
intrapersonal variations were large in this group (Fig 2:4).

Table 2:1V. Speed of the apex of the bolus in 7 dysphagic patients (group 5) with and
without pharyngeal dysfunction who swallowed five boluses without interruption between
swallows. Speed is given in cm/s; mean and SD.

Bolus

Mean

SD

1

38.7

14.2

2

33.2

9.4

3

35.3

10.7

4

38,0

14.6

5

31.7

9.0

Mean of 1—5

35.4
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The speed of the apex of the bolus was significantly influenced (p = 0.046)
by the age of the individuals. The speed of the apex of the bolus decreased
with increasing age.

There was no statistical difference in the speed of the apex of the bolus
between men and women.

Discussion

There is an accordance between the speed of the apex of the bolus measured
in this investigation and the speed found by other investigators who
measured the speed (cm/s) using different techniques [37, 40, 49]. In the
present investigation the speed of the apex of the bolus for different groups
and bolus volumes varied between 11—67 cm/s in the upright position.
Fischer and co-workers [40] found that the bolus was propelled from the
pharynx into the esophagus with a speed of 10—70 cm/s in a study of the
changes of intraluminal electric impedance in 9 subjects swallowing boluses
of different volume. Atkinson and co-workers [37] registered a speed of
40—50 cm/s in a simultaneous manometric and cineradiographic study,
using a film speed of 6—12 frames, in 8 patients in sitting and supine position,
swallowing bolus of different volume and nature.

The transport of the bolus through the pharynx is believed to be accom-
plished or aided by several mechanisms or their combinations. Some authors
consider the peristaltic wave to be the main force that propels the bolus
through the pharynx [19,20,37]. According to Ramsey et al. [20], the activity
in the pharyngeal constrictor muscles creates a "pharyngeal stripping wave"
which is the major propulsive force in all normal swallowing of semiliquid
and solid material. This theory is supported by Saunders et al. [19] and
Atkinson et al. [37]. It is also believed that gravity aids the passage of the
liquid bolus in the upright position [20,37, 50].

Rushmer and Hendron [49] have suggested that the propelling force during
deglutition depends "upon the action of the tongue and the pharyngeal
constrictor muscles down to the level of the clavicle." In addition, a negative
intraluminal pressure in the hypopharynx and upper esophagus has been
proposed to have some effect on the passage of the bolus [39, 50].

It appears unlikely that the peristaltic wave itself could have any significant
impact on propulsion of the majority of a liquid bolus as it moves 2—4 times
more slowly than the apex of the barium bolus, as shown in the present
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examination. Also, the contribution of gravity to the speed of the bolus seem
to be minimal because no decrease of the speed of the apex of the bolus was
noted in the 15 volunteers (group 1) when they were tilted to horizontal, and
30° head down positions, ie, when the gravitational force become perpen-
dicular or slightly opposite to the direction of bolus movement. On the
contrary, a statistical tendency to increase the speed of the apex of the bolus
was noted when the bolus moved without the aid of the gravity or against
it.

The results obtained here are most consistent with the theory suggesting
tongue movement to be the major force propelling the liquid bolus through
the pharynx, as proposed by McConnel et al. [38,39,53, 54]. The statistically
significant increase of the speed of the apex of the bolus with increasing bolus
volume in non-dysphagic volunteers (group 2, p = 0.012), the tendency to
such an increase in dysphagic patients (group 4, p = 0.09), and the significant
parallel nature of this trend (p = 0.01) strongly indicate that the speed of the
apex of the bolus increases with larger bolus volumes. An increase in the
speed of the bolus with increasing bolus size has been observed by Fischer
and co-workers [40] who discussed whether the higher velocity seen with a
large bolus is simply "the result of changes in the initial length of the
pharyngeal muscles or depends on an increased discharge of nerve impulses
into the pharyngeal muscles." However, according to McConnel et al. [38]
and our own observations, the onset of the contraction of the pharyngeal
constrictors occurs too late to be a major force in propelling the bolus through
the pharynx. During barium swallow, the pressure generated by the tongue
in the oropharynx is transmitted throughout the entire fluid, equally in all
directions. Conceptually, this pressure generation is analogous to the action
of a pump in which the tongue acts as a piston, and the pharyngeal walls
supported by the tension of the constrictors represent the chamber of the
pump. The pump model and the decisive role of the tongue in generating
the pharyngeal pressure is supported by recent manofluorographic studies
by McConnel et al. [38,39, 53,54].

In the present study, not only the speed of the apex of the bolus increased
significantly with larger bolus volumes but also, in the same individuals, the
length of the antero-superior movement of the hyoid bone (Chapter 4). This
second movement of the hyoid bone is closely related to the anterior move-
ment of the tongue base away from the posterior wall of the mesopharynx
[54]. It is conceivable that the extent and possibly also the force of the tongue
movement increases, with larger bolus, therewith increasing the intralumi-
nal pressure with resultant acceleration of the apex of a liquid bolus in the
direction of lowest resistance — to the esophagus.
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The significant increase of the speed of the apex of the bolus suggests that
the forces propelling the bolus through the pharynx are regulated by neural
control mechanism based on the sensory feedback from the receptors in the
oropharynx. This control mechanism seems to be exact and stable, because
approximately the same speeds of the apex of the bolus were obtained at 5
consecutive swallows of boluses of identical size (group 5).

Speculation, as to whether the significant decrease of the speed of the apex
of the bolus with increasing age observed here depends on a possible
decrease of muscular power or on a decrease of receptor sensitivity or
efficiency of the central neuron, lies outside the limits of this study.

The increase of the speed of the apex of the bolus when changing the posture
of the individuals from erect to horizontal and head-down tilted positions,
which appears from Fig 2.3 and Table 2:111, was not statistically significant
because of large intrapersonal variations. It is conceivable that the large
numerical values of the variations depend on the inherent low exactness of
the measuring method in the highest range of the speed as discussed on p.
39. Most of the speed measurements, in group 1, varied between 33.3 and
66.7 cm/s which means, that the movement of the bolus over the short
distance of 4 cm was imaged on 3 to 6 frames (Table III, p. 39). Possible errors
that may have resulted from measuring a real speed in this manner may be
exemplified as follows. In a hypothetical, extreme situation, a measured
difference of 18 cm/s — between 50 and 66.7 cm/s (i.e. 4 and 3 frames) —
could correspond to either a real speed difference of 2 cm/s, between real
speeds of 66 and 68 cm/s, or to a real speed difference of 49 cm/s, between
51 and 99 cm/s. Theoretically, to increase the exactness of the measurements
and, consequently, to diminish the variations, the high speed of the apex of
the bolus could be measured over a longer distance. This is, however, not
expedient because it is known that the speed decreases inferior to the
cricopharyngeal muscle [37, 49] and the measurement would, in that case,
also include the proximal esophagus. The most appropriate way of increas-
ing the precision of the measurements would be to use a higher frame rate.
However, attempts to increase the frame rate with the equipment used in the
present investigation were unsucces 4ue to the thermal overload of the
X-ray tube. The benefit of increasing the frame rate also has to be weighted
against the risks of increased radiation dose to the patient.
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Conclusions

• The speed of the apex of the bolus increases significantly with increasing
bolus volume in individuals without pharyngeal dysfunction.

• The speed of the apex of the bolus has a tendency to increase when
changing position from erect to horizontal and when the table is tilted 30°
head-down.

• The speed of the apex of the bolus is not significantly influenced by the
time interval between different boluses swallowed or by patient gender.

• The speed of the apex of the bolus is significantly influenced by the age of
the individual.

• Measurements of the speed of the apex of the bolus can be carried out
retrospectively from previously recorded cineradiographs and videore-
cordings, provided that magnification factor and film speed are known.
The significance of these measurements cannot be determined unless the
bolus volume, patient age and position of the patient at the time of the
examination are known.



3. Relation Between the Speed of the
Peristaltic Wave and the Speed
of the Apex of the Bolus

Introduction

Both the peristaltic wave and the movement of the bolus reflect the activity
of the oral and pharyngeal muscles, and their speed can be considered as
direct or indirect measures of the activity of these muscles. On the cineradio-
gram, the visible peristaltic wave directly demonstrates the successive
sequence of contractions of the pharyngeal constrictor muscle fibers, while
the movement of the bolus is due to a more complex course of events. As
both the speed of the peristaltic wave and the speed of the apex of the bolus
reflect, to some extent, the activity of the same muscles, it would be interest-
ing to see the extent to which the speed of the apex of a liquid bolus depends
on the speed of the peristaltic wave. This knowledge may increase the, to
date somewhat controversial understanding of the mechanisms responsible
for transport of liquid bolus through the pharynx.

The objective of this chapter is to compare the results of chapters 1 and 2,
which deal with the speeds of the peristaltic wave and the apex of the bolus,
in order to determine if there is a correlation between these two parameters
in different examination positions and at different volumes of the bolus
swallowed.

Material and Method

The material consists of cineradiographies obtained from three groups of
individuals.

Group 1:

Fifteen non-dysphagic volunteers without pharyngeal dysfunction ex-
amined in three different positions; upright, right lateral decubitus horizon-
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tal, and right lateral decubitus position with the table tilted head-down 30°
swallowing 10 ml of contrast medium.

Group 2:

Ten non-dysphagic volunteers without pharyngeal dysfunction swallowing
boluses of 2.5, 5, 10, and 20 ml of contrast medium in increasing order of
volume.

Group 4:

Ten dysphagic patients without pharyngeal dysfunction swallowing boluses
of 2.5,5,10 and 20 ml of contrast medium in increasing order of volume.

The groups are described in further detail in Material, p. 27

The time taken by the peristaltic wave and the time for the apex of the bolus
to pass over a distance of 4 cm, from the level of caudal end-plate of the 2nd
cervical vertebral body to approximately the level of the cranial end-plate of
the 5th cervical vertebral body was measured. The procedure of measuring
the time by frame counting and the calculation of the speed are described in
detail in Analytic methods, p. 38.

Results

In non-dysphagic and dysphagic individuals without pharyngeal dysfunc-
tion (groups 2 and 4), who swallowed 2.5—20 ml boluses in erect position
the measured speed of the peristaltic wave varied between 9.0 and 25 cm/s
and the measured speed of the apex of the bolus varied between 11.0 and 67
cm/s. Mean values and SD for both groups, adjusted for age, are given in
Tables 1:11 and 2:11 (groups 2 and 4).

The speed of the peristaltic wave did not change while the speed of the apex
of the bolus increased significantly (p = 0.012) with larger bolus volumes in
non-dysphagic volunteers (group 2) (Fig 3:1) and had a similar tendency (p
= 0.09) to increase in dysphagic patients (group 4) (Fig 3:2).

The speed of the peristaltic wave in 15 non-dysphagic volunteers (group 1)
varied in erect position between 9.0 and 15.0 cm/s and in head-down tilted
position between 9.1 and 15.4 cm/s. The speed of the apex of the bolus in
these individuals varied in erect position between 17 and 67 cm/s, and in
head-down tilted position between 14 and 100 cm/s.
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Figure 3:1. The mean speeds of the peristaltic wave and the apex of the bolus with
different bolus volumes in 10 non-dysphagic volunteers (group 2).
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Figure 3:2. The mean speeds of the peristaltic wave and the apex of the bolus with
different bolus volumes in 10 dysphagic patients (group 4).
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Mean values and SD of the speed of the peristaltic wave and the speed of the
apex of the bolus in erect, horizontal, and in 30° head-down tilted positions
are given in Tables 1:111 and 2:111 (group 1).

The speed of the peristaltic wave decreased significantly (p = 0.001) while
the speed of the apex of the bolus showed a tendency to increase when
changing the position in the 15 non-dysphagic volunteers (group 1) from
upright to horizontal and head-down tilted positions (Fig 3:3).

cm/s

60 -

50 -

40 -

30 -

20 -

10 -

Speed of the apex of the bolus

Speed of the peristaltic wave

erect horizontal head-down position

Figure 3:3. The mean speeds of the peristaltic wave and the apex of the bolus in 15
non-dysphagic volunteers (group 1) with respect to the posture.

No statistically significant correlation between the speed of the peristaltic
wave and the speed of the apex of the bolus was found in any group at any
bolus volume (groups 2 and 4) or in any examining position (group 1). The
correlation coefficients varied between —0.11 and —-0.37. The speeds of the
peristaltic wave and of the apex of the bolus in individual non-dysphagic
volunteers (group 1) are plotted with respect to posture in Figure 3:4.
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Figure 3:4. There was no significant correlation between the speed of the peristaltic wave
and the speed of the apex of the bolus at any examination posture in 15 non-dysphagic
volunteers (group 1). (upright*, horizontal V, head tilted down M).

Discussion

The speed of the peristaltic wave decreased significantly (p = 0.001) while
swallowing against gravity, while the speed of the apex of the bolus showed
a tendency to increase in the same individuals (group 1). The speed of the
peristaltic wave was not influenced by the increase in the bolus volume
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(group 2 and 4) while the speed of the apex of the bolus increased signifi-
cantly (p = 0.012) with larger bolus volumes (group 2) and had a tendency
(p = 0.09) to such an increase (group 4). Although the direction of movement
of the peristaltic wave and of the apex of the bolus are the same, the results
presented here suggest the absence of a relation between these two param-
eters which are measurable on the cineradiogram. The speed of the peristaltic
wave reflects the speed of propulsion of the contraction wave '" ~ough the
pharyngeal constrictors. In contrast to this organic nature of the peristaltic
wave, the speed of the apex of a liquid bolus reflects the results of the action
of various muscular groups on a foreign body—the bolus — that is propelled
through the pharynx. Although the tone of the pharyngeal constrictors is
likely essential for maintaining the pharyngeal intraluminal pressure that is
created by the movement of the tongue, the contractions of the constrictors
do not seem to substantially contribute to the forces that propel the major
portion of a liquid bolus through the pharynx. The strongest evidence of the
independence between the speed of the peristaltic wave and the speed of the
apex of the bolus is the fact that no correlation between these speeds was
demonstrated at any of the bolus volumes swallowed in erect position, or at
10 ml bolus volume swallowed in three different positions. Another reason
why the peristaltic wave cannot be responsible for the transport of the first
portion of the liquid bolus is the fact that the peristaltic wave becomes visible
in the posterior wall of the pharynx when the bolus has already reached the
level of the valleculae (38] or more aboral parts of the pharynx and moves
2—4 times more slowly than the bolus as shown by the present investigation.

One possible explanation for the demonstrated increase in the speed of the
apex of the bolus with increased bolus volume here may be the increase in
the intraluminal pressure which is created by the tongue motion and by the
pharyngeal muscles in order to handle a larger bolus volume or to propel
the bolus against gravity. The mechanism of this increase in intraluminal
pressure is discussed in the previous chapter. Therefore, the pressure
generated in the oropharynx by the tongue movement is, probably, the main
force propelling the bolus through the pharynx, as suggested in the previous
chapter and also by McConnel el al. [38,39,53, 54].

The main function of the peristaltic wave, when swallowing a liquid bolus,
appears to be the transport of its terminal portion, a clearing function which
has also been suggested from studies by other authors employing other
techniques for studying the swallowing act [38,39, 50,53].
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Conclusions

• It is concluded from the present investigation that the peristaltic wave is
not the major force that propels the initial part of a liquid bolus through
the pharynx.

• It is suggested that the tongue movement has a dominating role and throws
the first portion of a liquid bolus through the pharynx.



4. Movement of the Hyoid Bone
during Swallow

Introduction

The movement pattern of the hyoid bone as well as the timing of its move-
ments during different phases of the swallowing act have been investigated
in several studies [11,15,19,20,34,36,41,50,55,56]. Movement of the hyoid
bone is said to most often occur in a two-step fashion, first an upward and
then a forward movement, and is thought to be important for the closure of
the airways, including the tilting down of the epiglottis [34]. Some abhors
have claimed that the movement pattern of the hyoid bone differs depending
on the size of the bolus [20]. The movements of the hyoid bone can be studied
on most cineradiograms because of the radioopacity of the hyoid bone. As
no defined dysfunction has been attributed to an isolated disturbance in the
movement of the hyoid bone, little attention is paid to its movements in the
routine evaluation of cineradiograms.

Theoretically, changes in the normal two-step movement pattern and/or of
the normal length of the different movements might reflect dysfunction of
several muscles that are attached to the hyoid bone and that participate in
the swallowing act. These muscles are: the stylohyoid and hypoglossus
muscles which elevate the hyoid bone, the geniohyoid muscle which moves
it anteriorly and also the mylohyoid and digastric muscles which participate
in both movements. An impaired function of these muscles or an incoordi-
nation of their contraction may, conceivable, also produce abnormal sensory
impulses perceived by the patient as dysphagia. Detection of such a dysfunc-
tion, in dysphagic patients without any other pharyngeal dysfunction, might
help explain their symptoms and provide a better understanding of dyspha-
gia. In order to disclose such a dysfunction of these muscles by studying the
movement of the hyoid bone on a cineradiogram, it is essential to know the
extent to which the movement is affected by variables such as bolus volume,
position of the individual during swallow, sex and age of the individuals.

Such systematic analysis has not been performed to the author's knowledge,
and quantitative knowledge of hyoid bone movement is ..lited. Ekberg [34]
measured the lengths of both movements in 50 non-dysphagic volunteers
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following a swallow of a mouthful of barium contrast medium by means of
cineradiography. Dodds and co-workers [11] measured the "maximal supe-
rior and anterior excursion of the hyoid bone" at different bolus volumes in
15 subjects by means of videoradiography.

The objective was to obtain systematic data of the movement of the hyoid
bone, which was studied under different conditions in an attempt to reveal;

• if there is any difference in movement patterns or length of movements
between non-dysphagic and dysphagic individuals.

• if the length of the first or second or net movements are influenced by the
bolus volume.

• if bolus volume or gravity affects the movement pattern of the hyoid bone.

• if the special movement patterns are influenced by age or sex of the
individual.

Material and Method

The material consisted of cineradiographies obtained from three groups of
individuals.

Group 1:

Fifteen non-dysphagic volunteers without pharyngeal dysfunction ex-
amined in upright, right lateral decubital position nnd with the table tilted
head-down 30°, swallowing 10 ml of contrast medium.

Group 2:

Ten non-dysphagic volunteers without pharyngeal dysfunction swallowing
2.5,5,10, and 20 ml of contrast medium in increasing order of volume.

Group 4:

Ten dysphagic patients without pharyngeal dysfunction swallowing 2.5, 5,
10 and 20 ml of contrast medium in increasing order of volume.

The groups are described in further details in Material, p. 27.

The movements of the hyoid bone during swallowing were measured in left
lateral projection using the most anterior aspect of the body of the hyoid bone
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as a reference point as described on p. 33 and shown in Fig 9, p. 35. The pattern
of movement was recorded in all three groups. In group 2 and 4 the lengths
of the first, the second, and the net movements were measured. The pro-
cedure of measuring the length of the movements is described in Analytic
methods, p. 38.

Results

The hyoid bone initally moved cranially and slightly posteriorly (first move-
ment) and then anteriorly (second movement). During the second movement
the hyoid bone also performed a slight (10—15°) tilt with the cornua moving
in a cephallad direction. This two-step movement was observed in all
individuals (group 1, 2, 4), regardless of their sex or age and regardless of
whether or not they were dysphagic. In addition, this pattern of two-step
movement of the hyoid bone did not change when the bolus volume or the
position of the individual was changed.

First Movement of the Hyoid Bone

The measured lengths of the first movement of the hyoid bone in 10 non-dys-
phagic volunteers (group 2) varied between 4 and 24 mmand in 10 dysphagic
patients (group 4) between 4 and 16 mm (not adjusted for age). The lengths
of the first movement in the individual subjects of groups 2 and 4 are
graphically presented, after adjustment for age, in Figures 4:1 a and b. Mean
values and SD, after adjustment for age, for these groups with respect to
swallowed bolus volume are given in Table 4:1.

Table 4:1. First movement of the hyoid bone in 20 individuals who swallowed different bolus
volumes. Movement measured in mm; mean (SD). 10 non-dysphagic volunteers (group 2)
and 10 dysphagic patients (group 4), all without pharyngeal dysfunction. Adjusted forage.

Bolus volume 2.5 ml 5 ml 10ml 20 ml
Group 2

Group 3

9.5(4.4)

9.0(3.5)

8.8(4.4)

9.2 (3.5)

9.0 (6.6)

10.6(3.7)

9.8 (5.7)

9.5(4.4)
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Figure 4:1. The length of the first movement in the individual subjects at different bolus
volumes, a) 10 non-dysphagic volunteers (group 2), b) 10 dysphagic patients (group 4).
' Note, that the lengths of the first movement in some of the individuals was identical and
the values are therefore overprojected.
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The size of the bolus did not significantly influence the first movement of the
hyoid bone in any group of individuals. As seen from Table 4:1, the first
movement of the hyoid bone did not change with larger boluses when the
boluses were swallowed in increasing order of volume (group 2 and 4).

There was no significant difference in the length of the first movement
between the non-dysphagic volunteers (group 2) and the dysphagic patients
(group 4) at any bolus volume (Table 4:1). The intrapersonal variations in the
first movement were significantly lower in the dysphagic patients (group 4)
than in the non-dysphagic volunteers (group 2) (p < 0.001) (Fig 4:1 a and b).
The interpersonal variations within the groups in the first movement of the
hyoid bone were not significantly different. However, the dysphagic patients
(group 4) showed a tendency (p = 0.09) to smaller interpersonal variations
than the non-dysphagic volunteers (group 2) (Fig 4:1 a and b).

The length of the first movement had a statistical tendency (p = 0.28) to
decrease with increasing age.

Second Movement of the Hyoid Bone

The measured lengths of the second movement of the hyoid bone in 10
non-dysphagic volunteers (group 2) varied between 9 and 22 mm and in 10
dysphagic patients (group 4) between 7 and 23 mm (not adjusted for age).

The lengths of the second movement in the individual subjects of groups 2
and 4 are graphically presented, after adjustment for age, in Figures 4:2 a and
b. Mean values and SD, after adjustment for age, for each group with respect
to swallowed bolus volume are given in Table 4:11.

Table 4:11. Second movement of the hyoid bone in 20 individuals who swallowed different
bolus volumes. Movement measured in mm; mean (SD). 10 non-dysphagic volunteers
(group 2) and 10 dysphagic patients (group 4), all without pharyngeal dysfunction. Adjusted
for age.

Bolus volume 2.5 ml 5 ml 10 ml 20 ml

Group 2

Group 4

10.3(1.8)

15.3(4.0)

11.9(2.9)

14.0(3.7)

12.1 (3.4)

16.3(4.4)

14.4(3.8)

17.9(4.2)
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Figure 4:2. The length of the second movement of the hyoid bone in the individual
subjects at different bolus volumes, a) 10 non-dysphagic volunteers (group 2), b) 10
dysphagic patients (group 4). 'Note that the length of the second movement in some of
the individuals was identical and the values are therefore overprojected.
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Figure 4:3. Illustrating the significant increase (p=0.009, p =0.006) of the length of the
second movement in 10 non-dysphagic volunteers (group 2) and in 10 dysphagic patients
(group 4) with larger bolus volumes.

The second movement of the hyoid bone increased significantly with increas-
ing bolus volumes in non-dysphagic volunteers (p = 0.009) (group 2) and in
dysphagic patients (p = 0.006) (group 4) (Table 4:11) (Fig 4:3). The trend to
increase the second movement of the hyoid bone was significantly (p = 0.001)
parallel between the two groups (Table 4:11, Fig 4:3). Dysphagic patients
(group 4) showed a significantly larger (p = 0.02) second movement of the
hyoid bone at all volumes as compared with non-dysphagic volunteers
(group 2).

There were no differences in intrapersonal variations between the groups
(Fig 4:2a and b). The interpersonal variations were slightly larger in the
dysphagic patients (group 4) compared with the non-dysphagic volunteers
(group 2) (Table 4:11) (Fig 4:2 a and b), but the difference was not statistically
significant.

The length of the second movement decreased significantly with increasing
age (p = 0.01).
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Net Movement of the Hyoid Bone

I he measured lengths of the net movement of the hyoid bone in 10 non-dys-
phagic volunteers (group 2) varied between 5 and 27 mm and in 10 dysphagic
patients (group 4) between 9 and 27 mm, not adjusted for age. The length of
the net movement in individual subjects is graphically presented, after
adjustment for age, in Figures 4:4 a and b. Mean values and SD, after
adjustment for age, for each group with respect to swallowed bolus volume
are given in Table 4:l!'I.

Table 4:111. Net movement of the hyoid bone in 20 individual? who swallowed different
bolus volumes. Movement measured in mm; mean (SD). 10 non-dysphagic volunteers
(group2) and 10 dysphagic patients (group A), all without pharyngeal dysfunction. Adjusted
for age.

Bolus volume

Group 2

Group 4

15.2(6.7)

17.1(5.1)

5jnl _

16.7(6.0)

17.2(3.6)

10 rnl

17.9(7.0)

18.9(6.1)

20ml

16.9(6.1)

20.1 (5.1)

The net movement of the hyoid bone increased with larger volumes in both
the non-dysphagic volunteers (group 2) and in the dysphagic patients (group
4). I fowever, the increase was only statistically significant (p - 0.03) in the
dysphagic patients (group 4)(Fig 4:5).

The mean value of net movements of the hyoid bone was slightly smaller in
non-dysphagic volunteers (group 2) than in dysphagic patients (group 4) at
all bolus volumes, but the differences were not statistically significant (Table
4:111). The intrapersonal variations in the net movement of the hyoid bone
were significantly smaller (p < 0.05) in the dysphagic patients (group 4) than
in non-dysphagic volunteers (group 2) (figures 4:4 a and b). The interper-
sonal variations of the net movement were very small in both groups (2 and
4) and there was no significant difference between the groups.

The length of the net movement had a statistical tendency (p-0.15) to
decrease with increasing age.

There was no statistically significant difference between men and women in
the length of the different movements at any bolus volume examined.
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Figure 4:4. The length of the net movement in the individual subjects at different bolus
volumes, a) 10 non-dysphagic volunteers (group 2), b) 10 dysphagic patients (group 4).
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Figure 4:5. Illustrating the increase of the length of the net movement with larger boluses
in 10 non-dysphagic volunteers (group 2) and in 10 dysphagic patients (group 4).

Discussion

In most cases the hyoid bone moves first superiorly-posteriorly and then
anteriorly-superiorly [34,41, 50,57]. Ekberg found one-step elevation of the
hyoid bone in 20% of 50 non-dysphagic volunteers and discussed the possi-
bility of underlying latent dysfunction in those individuals [34]. Other
authors observed that the aforementioned two-step movement at small bolus
volume changed to a direct "oblique forward" movement at large bolus
volumes [20]. The results of the present study do not confirm the observation
of change in the movement pattern. In the present investigation, the hyoid
bone moved in a two-step fashion and this two-step movement pattern did
not change with change of bolus volume or position of the individuals,
regardless of their age, sex or the presence of dysphagia.

In the literature, the quantitative descriptions of the movement of the hyoid
bone are few and vary between description of "maximal elevation of the
hyoid bone equal to the height of a cervical vertebral body" [19] to measure-
ments of 9 stages of its movements [57]. The lengths of the two movements
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of the hyoid bone found in the present investigation are in agreement with
observations of Ekberg [34] who measured the same two movements using
the lower margin of the mandible and the cervical spine as the reference
points.

In the present investigation, the length of the first movement of the hyoid
bone did not significantly change with increasing bolus volumes, in contrast
to ihe length of the second movement which increased significantly with
larger bolus volumes in both groups (p = 0.009 and p = 0.006 respectively).
In addition, the trend to increase the second movement with larger boluses
was highly significantly (p =0.001) parallel between the two groups. The
here found difference between the two movements in response to changes
in bolus volume gives rise to a hypothesis that there are different neural
control mechanisms for each movement.

Two principal theories have been proposed to describe the neural mecha-
nisms that control the oral and pharyngeal phases of swallowing. The central
pattern generator hypothesis [6] explains the control of swallowing
sequences to be effected from neurons in the medulla in a stereotype pre-
programmed manner, not influenced by any sensory feed-back. The reflex
chain hypothesis [8] explains the swallowing sequence as a chain of linked
reflexes evoked by the bolus moving through the pharynx. This second
hypothesis presumes, consequently, a sensory feedback. Some authors com-
bine both theories and suggest that "although swallowing is a centrally
programmed motor sequence, the inputs from the peripheral receptors can
control the complete motor sequence through sensory feedback" [58].

Concerning the movement of the hyoid bone, the present results support the
latter combined theory by suggesting the existence of a pre-programmed
control for its first movement and a regulated control for its second move-
ment. The non-responsiveness found here of the first movement to changes
in boids volume suggests that the first movement is controlled from the
medulla in a pre-programmed way. Functionally, the first movement may
be seen as a preparatory stage of swallowing when the hyoid bone elevates
together with larynx. A normally completed first movement prepares ana-
tomical conditions for the subsequent increase in the width of thepharvngeal
lumen as well as for the folding down of the epiglottis. It is conceivable that
this preparatory stage does not require adaptation to the bolus, but is
initiated and exerted in a stereotype manner. However, when the bolus
enters the pharynx, the pharynx must adapt to its size. It is therefore
conceivable that the second movement which occurs during the passage of
the bolus is the movement that adapts to the size or consistency of the bolus
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[11,59]. It is the second movement that increases the anteroposterior diame-
ter of the pharynx, thereby making it possible to accommodate boluses of
different size.

The hypothesis proposed here of the regulatory nature cf the second move-
ment is supported by previous observations of an increase of the AP diameter
of the pharyngeal lumen with larger boluses [20] as well as results showing
that the extent of anterior movement of the larynx appears to be related to
the size and consistency of the bolus swallowed [16]. Also Dodds and
co-workers [11] have found an increase of the superior an • anterior hyoid
bone movements with increasing bolus volumes. However, they [11]
measured the two perpendicular components of the entire movement and
not the two true partial movements with diffferent directions — the first and
the second. Therefore, they were unable to observe that the initial part of the
movement is unaffected by the increase in bolus volume, in contrast to the
significant increase of the second movement of the hyoid bone. Consequently
ihe possibility of two different neural control mechanisms responsible for
the entire movement could not be suggested from their results. Similarly,
measurements of only the net movement, as measured in the present inves-
tigation, could not result in this hypothesis.

The net movement increased in both the non-dysphagic volunteers (group
2) and the dysphagic patients (group 4) but the increase was only statistically
significant in the group of dysphagic patients (p = 0.03). The ne movement
is not a true movement but the result of two movements with different
directions. The lower significance (p = 0.03) of dependence on the bolus
volume of the net movement as compared with that of the second movement
(p = 0.009 and p = 0.006 respectively) demonstrates lower sensitivity of this
parameter in the evaluation of possible disturbances in function of the
muscles attached to the hyoid bone. It also demonstrates the necessity of
measuring the true movements of the hyoid bone, the first and the second,

The present investigation c i not disclose any differences in the length of the
first movement of the hyoid bone between the two groups (2 and 4) of
subjects examined. The fact that the lengths of the first movement were
similar in both groups further supports the here advanced hypothesis that
the first movement is a stereotyped movement, pre-programmed in the CNS.
However, although the length of the second movement increased signifi-
cantly in both the non-dysphagic volunteers (group 2, p = 0.009) and dy-
sphagic patients (group 4, p = 0.006), the length of the second movement was
significantly (p = 0.002) larger at all bolus volumes in the dysphagic patients
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(group 4). The explanation for the differences between the two groups in the
length of the second movement could, theoretically, be that the dysphagic
patients may have had some underlying, as yet undetected, disturbance in
their act of swallowing, which caused their dyspahgia. If these patients had
a defect or delayed elevation and/or anterior movement of the larynx and
pharynx, their anteroposterior diameter of the pharyngeal lumen might have
been diminished. This, conceivably, might produce a feeling of obstruction
or, maybe, even a painful unpleasant swallow, especially when larger bolus
volumes had to be transported through the pharynx., The possibility of such
a delayed or defective movement of the larynx in the initial slage of swal-
lowing is suggested by a non-significantly (p = 0.07) lower ekvation of the
larynx at the moment when the bolus reached the level of valleculae in the
same individuals (group 4) compared with the non-dysphagic volunteers
(group 2) (chapter 5). Further support for this possibility may be seen in the
significantly (p = O.(X)l) lower elevation at the same moment in dysphagic
than in non-dysphagic patients both with and without pharyngeal dysfunc-
tion (chapter 5). An increase, above that normally expected, in the anterior
movement of the hyoid bone would result in an additional increase in the
AP diameter of the pharyngeal lumen and could conceivably compensate
for a defect or delay in elevation of the larynx and pharynx. It is therefore
possible that the dysphagic patients (group 4) voluntarily or involuntarily
increased the contractions of their muscles including those attached to the
hyoid bone. This would increase the anterior movement of the hyoid bone
in an attempt to increase the diameter of the pharyngeal lumen and facilitate
transport of the bolus through the pharynx.

Conclusions

A hypothesis is advanced suggesting that the first posterior-superior
movement o. the hyoid bone is controlled from the CNS in a pre-pro-
grammed stereotype manner without sensory feedback in contrast to the
second anterosuperior movement which is regulated by sensory feedback
and adapts the pharyngeal lumen to the size of the bolus.

Measurement of the first posterosuperior movement and the second an-
terosuperior movement is a more sensitive way of evaluating hyoid bone
movement compared with measurement of the net movement either
directly or as its inferosuperior and posteroanterior components.
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Introduction

During the pharyngeal passage of the bolus the larynx moves superiorly and
anteriorly [8,15,19, 20]. The superior movement shortens the craniocaudal
pharyngeal dimension and plays a part in the important displacement of the
larynx away from the passing bolus, thereby protecting the laryngeal inlet.
The anteriorly directed movement of the larynx increases the antero-poste-
rior diameter of the pharyngeal lumen [20]. The extent of this latter move-
ment has been reported to be related to the bolus size [16]. In addition, it is
assumed that elevation of the larynx and pharynx is important in opening
the pharyngo-esophageal segment during swallowing [6, 8,15,60, 61]. The
anteriorly directed movement starts when the bolus reaches the level of the
valleculae, and maximal elevation is completed later in the pharyngeal phase
of swallowing [20]. After the completion of the swallow, the larynx and
pharynx return to their resting positions. With repetitive swallowing of
liquids the larynx and pharynx are only slightly lowered between swallows
and do not return to the resting position [20]. The elevators of the pharynx
include: the stylohyoid, stylopharyngeus, geniohyoid, mylohyoid and thy-
rohyoid muscles, as well as both bellies of the digastric muscle, and also the
middle and inferior pharyngeal constrictors [62].

Mendelsohn and McConnel have stressed that an incomplete laryngeal
elevation is directly related to impaired passage of the bolus through the
pharyngoesophageal segment and aspiration [63]. Adrian and Kemp [17]
have stated that the closure of the laryngeal vestibule and of the vocal cords
is independent of the degree of the laryngeal elevation. This statement may
possibly apply to the lower part of the laryngeal vestibule and the vocal
cords, which are closed by the intralaryngeal muscles. The upper part of the
laryngeal vestibule is closed from above by the base of epiglottis during its
tilting, and this, in part, is executed by extralaryngeal muscles. In this
investigation, a hypothesis has been proposed that an adequate approxima-
tion of the larynx and the hyoid bone is an important condition for proper
tilting of the epiglottis (Chapter 6). As elevation of the larynx is an integral
component of this approximation, it is conceivable that defective elevation
of the larynx alone may contribute to a defective downfolding of the epiglot-
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tis. In this way the upper, subepiglottic part of the laryngeal vestibule would
remain open to intrusion of the passing bolus material A possible connection
between the tilting of the epiglottis and laryngeal movement has also been
suggested earlier [46].

Among pharyngeal dysfunctions, those resulting in aspiration of food and
liquids into the respiratory tract are the most dangerous as they may lead to
serious pulmonary complications. These, fortunately, are rare although
minor sequelae of such dysfunctions are not uncommon. For example, in
patients with pharyngeal dysfunction accompanied by aspiration, Ekberg
and Hilderfors found bronchopneumonia and chronic pulmonary disease in
13% and 10% of patients, respectively [64].

Buchholz and co-workers [46] suggested that increased upward and forward
"displacement" of the larynx may compensate for a deficiency of epiglottic
tilting or of glottic closure. If the length of laryngeal elevation were depend-
ent on the volume of a liquid bolus, then it would be possible to search for
an optimal bolus volume that could be recommended to the patients to
prevent aspiration or, at least, decrease its frequency. The investigation into
whether such a dependence exists has been one of the aims of this study.
Another aim was the investigation of possible differences in the length of
laryngeal movement in patients with dysphagia alone, compared with those
with cineradiographically demonstrable pharyngeal dysfunction. This was
in order to examine the question of whether there may be any underlying
neuromuscular dysfunction of the laryngeal elevators, which may explain
swallowing complaints or cineradiographically demonstrated pharyngeal
dysfunction in these patients.

Therefore, a thorough study of the movement pattern of the larynx during
swallowing, under different conditions and in different groups of patients,
with and without swallowing complaints, was conducted in an attempt to
reveal:

• whether the bolus volume influences the elevation of the larynx in non-
dysphagic volunteers and in dysphagic patients, respectively.

• whether the elevation of the larynx differs between individuals with and
without pharyngeal dysfunction.

• whether there is a special time-relation between the onset of laryngeal and
hyoidal elevation during swallowing in normal volunteers.
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Material and Methods

The material consisted of cineradiograms obtained from five groups of
individuals.

Group 1:

Fifteen non-dysphagic volunteers without pharyngeal dysfunction swallow-
ing boluses of 10 ml of contras* medium in upright, right decubitus horizon-
tal and right decubitus with the table tilted head-down 30°, respectively.
Their cineradiograms were evaluated foi time-relation of movements of the
larynx and of the hyoid bone.

Group 2:

Ten non-dysphagic volunteers without pharyngeal dysfunction swallowing
boluses of 2.5, 5, 10 and 20 ml oi contrast medium in increasing order of
volume. Their cineradiograms were evaluated for elevation of the larynx.

Group 3:

Sixty non-dysphagic patients swallowing a mouthful of contrast medium.
Their cineradiograms were evaluated for elevation of the larynx, and pre-
sence or absence of pharyngeal dysfunction.

Group 4:

Ten dysphagic patients without pharyngeal dysfunction swallowing boluses
of 2.5, 5.. 10, and 20 ml of contrast medium in increasing order of volume.
Their cineradiograms were also evaluated for elevation of the larynx.

Group 7:

Seventy-five dysphagic patients swallowing a mouthful of contrast medium.
Their cineradiograms were evaluated for elevation of the larynx, and pre-
sence or absence of pharyngeal dysfunction.

The groups are described in further details in Material, p. 27.

Elevation of the larynx can be measured on the lateral view. The location of
the vocal cords is visible on the cineradiogram as a difference in radiodensity
between the soft tissue of the vocal cords and the air in the subglottic space.
The movement of the larynx on swallowing follows a two-step pattern. The
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first step is an elevation. The second step is an anterosuperiorly directed
movement and it starts when the bolus has reached the level of the valleculae.

The laryngeal elevation was measured in the left lateral position with the
lower surface of the vocal cords as the reference point. Measurements were
performed at two stages in the act of swallowing: when the apex of the bolus
had reached the level of the valleculae and at maximal elevation. Both
measurements were made with reference to the same caudal point in the
resting position as shown in Figure 10, p. 36. The procedure of measuring the
distances is described in detail in Analytic methods, p. 38.

In the following text, the following three terms are used to denote two
measured lengths of laryngeal elevation, and a calculated one: "elevation
(vail)", "maximal elevation", and "percentage elevation (vail)".

The first, "elevation (val!)", denotes the length of laryngeal elevation from
the resting position to the position the larynx had reached at the moment
when the bolus reached the vallecular level.

The second, "maximal elevation", denotes the length of laryngeal elevation
from the resting position to the maximum cephalad position attained during
swallowing.

The third term, "percentage elevation (vail)", expresses the percentage of the
total laryngeal elevation that was achieved at the moment when the bolus
had reached the valleculae.

The "percentage elevation (vail)" was calculated according to the formula:

% elevation{vall) -
elevation{vall) x 100
maximal elevation

and denoted: percentage elevation (vail).

Pharyngeal dysfunction was evaluated with respect to the established cri-
teria and included registration of the following major dysfunctions: incoordi-
nation of the cricopharyngeal muscle, paresis of the pharyngeal constrictor
musculature, webs, and Zenker's diverticula. In order to investigate putative
relationships between possible defective movement of the larynx and the
risk of aspiration of bolus material, pharyngo-laryngeal dysfunction was
divided into the following two categories: (1) defective closure of the laryn-
geal vestibule, which was represented by intrusion of bolus material into the
laryngeal vestibule and (2) aspiration of bolus material into the trachea. The
latter represents the greater degree of insufficiency of the mechanisms
protecting the airways — the proper aspiration. Defective tilting of the
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epiglottis, which was present to a greater or lesser degree in each category
of pharyngo-laryngeal dysfunction, was considered as an integral com-
ponent of the dysfunction and was, therefore, not statistically evaluated
separately.

The cineradiograms of the 15 non-dysphagic volunteers (group 1) were
reviewed in order to reveal whether the elevation of the larynx started and
ended prior to, synchronously with, or after the beginning or end of the hyoid
bone movement.

Results

Elevation of the Larynx when the Bolus Re? hed the Valleculae

The mec sured lengths of elevation (mean values and SD) for the two groups
(groups 2 and 4) with respect to swallowed bolus volume are given in Table
5:1, without adjustment for age.

The measured lengths of elevation of the larynx when the bolus reached the
vallecula in 10 non-dysphagic volunteers (group 2) varied between 4 and 25
mm and in 10 dysphagic patients (group 4) between 6 and 28 mm (not
adjusted for age). In the further text, all results are presented after adjustment
for age (sec p. 40). The laryngeal elevation in individual subjects is graphically
presented in Figures 5:1a and lb.

Table 5:1. Elevation of the larynx (vallecula; maximal) in 20 individuals who swallowed
different bolus volumes. Elevation measured in mm; mean (SD). 10 non-dysphagic
volunteers (group 2) and 10 dysphagic patients (group 4), all without pharyngeal dysfunc-
tion. Not adjusted for age.

Bolus volume

Group 2

Group 4

2.5

Vallec
mean
(SD)

15.2
(6.1)

18.7
(4.6)

ml

Max
mean
(SD)

22.4
(4.8)

24.0
(5.9)

5 ml

Vallec
mean
(SD)

18.8
(6.1)

15.8
(4.4)

Max
mean
(SD)

26.9
(4.5)

25.3
(4.4)

10ml

Vallec
mean
(SO)

16.4
(6.1)

16.2
(7.2)

Max
mean
(SD)

26.4

(4-t)

26.1
(8.1)

20

Vallec
mean
(SD)

14.0
(5.1)

15.5
(6.1)

ml

Max
mean
(SD)

4.8
(6.5)

27.3
(9.9)
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Figure 5:1. The elevation of the larynx when the bolus reaches the valleculae in individual
subjects at different bolus volumes, a) 10 non-dysphagic volunteers (group 2), b) 10
dysphagic patients (group 4).
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Table 5:11. Elevation of the larynx whnn the bolus had reached the valleculae in 20
individuals who swallowed different bolus volumes. Elevation measured in mm; mean (SD).
10 non-dysphagic volunteers (group 2) and 10 dysphagic patients (group 4), all without
pharyngeal dysfunction. Adjusted for age.

Bolus volume 2.5 ml 5 ml 10ml 20 ml

Group 2

Group 4

14.6(6.1)

19.3(4 6)

18.2(6.1)

16.4(4.4)

15.8(6.1)

16.8(7.2)

13.4(5.1)

16.1(6.1)

The volume of the bcius did not significantly influence the laryngeal eleva-
tion when the bolus had reached the valleculae in the non-dysphagic volun-
teers (group 2) or in the dysphagic patients (group 4), both of which swal-
lowed the boluses in increasing order of volume (Table 5:11). The elevation
of the larynx was not influenced by the increasing bolus volume in non-dys-
phagic volunteers (group 2) and had a tendency to decrease with increasing
bolus volume in dysphagic patients (group 4) (Table 5:11). This difference
between healthy volunteers and dysphagic patients in response to an in-
creased bolus volume was nearly significant (p - 0.07).

Intrapersonal variations in the laryngeal elevation had a tendency to be
smaller in dysphagic patients (group 4) compared with non-dysphagic
volunteers (group 2) (Fig 5:1 a and b). The interpersonal variations within
the groups with regard to the laryngeal elevation were similar.

Maximal Elevation of the Larynx

The measured maximal lengths of laryngeal elevation in 10 non-dysphagic
volunteers (group 2) varied between 12 and 33 mm and in 10 dysphagic
patients (group 4) between 11 and 40 mm (not adjusted for age). The mean
values of the maximum elevation of the larynx are given in Table 5:1 (not
adjusted for age) and in Table 5:111 (adjusted for age). The maximal elevation

Table 5:111. Maximal elevation of the larynx in 20 individuals who swallowed different bolus
volumes. Elevation measured in mm; mean (SD). 10 nondysphagic volunteers (group 2)
and 10 dysphagic patients (group 4), all without pharyngeal dysfunction. Adjusted forage.

Bolus volume

Group 2

Group 4

2.5 ml

21.6(4.8)

24.9 (5.9)

5 ml

26.1(4.5)

26.1 (4.4)

10 ml

25.5(4.2)

26.9(8.1)

20 ml

24.0 (6.5)

28.1 (9.9)
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Figure 5:2. The maximal elevation of the larynx in individual subjects at different bolus
volumes, a) 10non-dysphagic volunteers (group 2), b) 10 dysphagic patients (group 4).
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of the larynx in individual subjects is graphically presented in Figures 5:2a
and b. The volume of the bolus did not significantly influence the maximal
laryngeal elevation in either of the groups which swallowed different bolus
volumes (groups 2 and 4). There was no significant difference in the maximal
laryngeal elevation between non-dysphagic volunteers and dysphagic
patients (groups 2 and 4), both without pharyngeal dysfunction (Table 5:111).
There were no significant differences in intra- or interpersonal variations
among these groups (group 2 and 4) (Fig 5:2 a and b).

Percentage Elevation of the Larynx when the Bolus Reached the Valleculae

No significant difference in percentage elevation (vail) was found between
the non-dysphagic volunteers (group 2) and the dysphagic patients (group
4) (Table 5:IV). The percentage elevat'on (vail) did not significantly change
with changes in bolus volume.

There was no statistically significant difference between men and women in
the length of the different movements at any bolus volume examined.

Table 5:1V. Percentage elevation (vail). The figures express, in per cent, the proportion of
maximum laryngeal elevation achieved at the moment when the bolus reached the
valleculae (mean SD). 10 non-dysphagic volunteers (group 2) and 10 dysphagic patients
(group 4), all without pharyngeal dysfunction. Adjusted for age.

Bolus volume 2.5 ml 5 ml 10 ml 20 ml

Group 2

Group 4

65.7(20.9)

79.1 (14.6)

68.9(18.4)

62.3(12.1)

60.9(18.2)

61.0(15.2)

57.7(21.1)

58.0(13.5)

Frequency of Pharyngeal Dysfunction

Dysfunction, except for defective closure of the laryngeal vestibule and
paresis of the pharyngeal constrictor muscles, was significantly (p = 0.001)
more frequent in dysphagic patients (group 7) than in non-dysphagic
patients (group 3) (Table 5:V). Aspiration of bolus material into the trachea
occurred significantly more frequently in dysphagic patients —16% — than
in non-dysphagic patients — 0%. Incoordination of the cricopharyngeal
muscle occurred in a significantly higher percent c( dysphagic patients —
37% — than in the respective group of non-dysphagic patients —15%. The
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Table 5: V. Number and frequency (in per cent) of various types of pharyngeal dysfunctions
among 60 non-dysphagic and 75 dysphagic patients (groups 3 and 7). P-value of
differences between the two groups.

Type of dysfunction

Any

Defective closure of the
laryngeal vestibule

Aspiration of bolus material
into the trachea

Incoordination of the
cricopharyngeal muscle

Paresis of the pharyngeal
constrictor muscles

Others

Non-dysphagic patients
(Group 3)

No.

18

10

0

9

0

0

%

30

17

0

15

0

0

Dysphagic patients
(Group 4)

No.

45

22

12

28

7

4

%

60

29

16

37

9

5

p-value

0.001

(n.s.)

0.0001

0.006

0.08

(n.s.)

percent of individuals with any type of dysfunction was significantly higher
in dysphagic patients — 607c — than in the respective group of non-dy-
sphagic patients — 30%.

Elevation of the Larynx in Individuals with Pharyngeal Dysfunction

The values given in Table 5:VI show the laryngcal elevation separately for
individuals swallowing without signs of pharyngeal dysfunction and that of
patients with defective closure of the laryngeal vestibule, aspiration of bolus
material into the trachea, incoordination of the cricopharyngeal muscle and
paresis of the pharyngeal constrictor muscles, respectively.

From the given figures it can be seen that the elevation was less in patients
with all the mentioned forms of pharyngeal dysfunction than in the 72
patients with normal swallowing.

The percentage difference between laryngeal elevation in dysphagic and
non-dysphagic individuals with a normal swallowing act and that of patients
with defective closure of the laryngeal vestibule, with aspiration of bolus
material into the trachea, and wkh cricopharyngeal incoordination, respec-
tively, is given in Table 5:VI1. In this table also the p-values for the registered
differences are given.
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Table 5:VI. Elevation of the larynx in individuals without dysfunction and in those with
dysfunction without respect to the presence or absence of dysphagia (groups 3 and 7
pooled).

Elevation

valleculae (mm) max (mm)

Type of dysfunction

percentage
elevation (vail)

mean SD mean SD mean SD

None

Defective closure of the
laryngeal vestbule

Aspiration of bolus material
into the trachea

Incoordination of the
cricopharyngeal muscle

Paresis of the pharyngeal
constrictor muscles

72 13.1 5.3 21.6 5.5 59.5

12

16.9

32 10.2 5.8 19.7 5.9 48.9 22.9

9.1 6.0 20.2 6.9 43.3 23.4

37 11.0 6.3 20.0 7.1 52.0 21.2

8.6 7.0 16.1 5.6 45.9 29.0

Individuals with aspiration of bolus material into the larynx had lower
laryngeal elevation than individuals without dysfunction. The laryngeal
elevation when the bolus had reached the valleculae was 29% lower (p =
0.03) when expressed in mm and 28% lower (p = 0.003) when expressed in
per cent of maximal elevation (Table 5:VII). Also, in individuals with in-

•v

4 Table 5:VII. Differences and their p-values in elevation of the larynx between individuals
with pharyngeal a/sfunction and those without dysfunction (groups 3 and 7). Differences
are expressed in per cent of the mean value for individuals without dysfunction (-sign
means lower).

Elevation

Type of dysfunction

Percentage
Valleculae (mm) Maximum (mm) elevation (vail)

N ditf% p-value diff% p-value diff% p-value

Defective closure of the
laryngeal vestibule 32

Aspiration of the bolus into
the trachea 12

Incoordination of.the
cricopharyngeal muscle 37

-23 0.007

-29 0.03

-16 0.06 -7

ns

ns

-19 0.01

-28 0.003

i

ns -12.5 0.04
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coordination of the cricopharyngeal muscle, the laryngeal elevation when
the bolus had reached the valleculae was 16% lower (p = 0.06), when ex-
pressed in mm, than in individuals without dysfunction, and 12.5% lower
(p = 0.04) v hen expressed in per cent of maximal elevation (Table 5:VII). In
individuals with defective closure of the laryngeal vestibule the laryngeal
elevation when the bolus had reached the valleculae was 23% lower (p =
0.007), when expressed in mm, than in individuals without dysfunction and
19% lower (p = 0.01) when expressed in per cent of maximal elevation (Table

The differences in maximal laryngeal elevation between any group of the
three types of dysfunction, as compared with those without dysfunction,
were not significant (Table 5.VII).

In all 12 individuals in group 7 with aspiration of bolus material into the
trachea, the elevation of the larynx occurred simultaneously with the first
movement of the hyoid bone. In 10 of them, the maximum elevation of the
larynx was completed synchronously with the completion of the second
movement of the hyoid bone, while in the remaining two elevation of the
larynx continued for a short instance.

The elevation of the larynx occurred simultaneously with the first movement
of the hyoid bone in 14 of the 15 non-dysphagic volunteers (group 1). In the
remaining volunteer elevation of the larynx occurred slightly before the first
movement of the hyoid bone. Elevation of the larynx continued after the end
of the second movement of the hyoid bone in six of the 15 non-dysphagic
volunteers (group 1). In the remaining nine non-dysphagic volunteers the
maximal elevation of the larynx was achieved by the end of the second
movement of the hyoid bone.

Discussion

The mean length of elevation of the larynx was approximately 2.5 cm (Table
I) which is in good accordance with 2.0—2.5 cm found in a fluoroscopic
analysis of the upper esophageal sphincter during swallowing [12]. It is also
roughly in accordance with the less precise assessments described in the
literature as "one and a half vertebral body" [41], "two cervical vertebral
bodies" [62], and "the height of one vertebral body and disc space" [63]).

According to some authors, the elevation of the larynx and pharynx begins
as the bolus starts to move [19, 50]. Others found that the elevation of the
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larynx starts after the beginning of the movement of the hyoid bone and that
the larynx moves faster than the hyoid bone [20]. The results of the present
study do not confirm those findings. On the contrary, the results show that
elevation of the larynx started simultaneously with the first movement of the
hyoid bone in 14 out of the 15 individuals (group 1). Thus, in accordance
with a previous observation [56] the results found in the present investiga-
tion suggest that the larynx moves synchronously with the hyoid bone in
most individuals.

The 60% frequency found here of pharyngeal dysfunction among the dys-
phagic patients (group 7) is in accordance with that found earlier in dys-
phagic patients (61%) [31]. The 30% frequency found here of pharyngeal
dysfunction among the non-dysphagic patients (group 3) is higher than that
found earlier in non-dysphagic individuals (17%) [21].

The present investigation has revealed an interesting and, possibly, impor-
tar*• fact, that the difference in elevation of the larynx between individuals
v J i and without pharyngeal dysfunction was not at the moment of com-

/• i »n of the elevation (maximum elevation) but during the course of the
•.\?ment. It was the first portion of the laryngeal elevation that was

) ;; ificantly reduced in patients with pharyngeal dysfunction: at the mo-
<ye nt when the bolus had reached the level of the valleculae, as demonstrated
./. Table 5:VII.

This means that, at the moment when the bolus had reached the valleculae,
the larynx had covered a significantly shorter distance in individuals with
defective closure of the laryngeal vestibule, with aspiration of contrast
material into the airways, and with incoordination of the cricopharyngeal
muscle, than in individuals without pharyngeal dysfunction (Tables 5:VI and
5:VII). The possible explanation of this finding is that, in patients with
pharyngeal dysfunction, the initial movement of the larynx is either slower
than in individuals without dysfunction, or that it commences later in
relation to the propulsion of the bolus. It is conceivable that there is an
underlying neuromuscular dysfunction as a common denominator for the
slower speed and/or later start of the laryngeal movement, and for the
specific muscular malfunction causing the defective closure of the laryngeal
vestibule, the aspiration of bolus material into the trachea or the incoordina-
tion of the cricopharyngeal muscle.

However, it cannot be excluded that a "low" (mean 29% lower) position of
the larynx, at the critical moment when the bolus has almost reached the level
of the superior laryngeal inlet, is a spatial condition in individual muscle
arrangements which predisposes to aspiration of bolus material into the
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airway. At that moment, the mechanisms protecting the airway have not
accomplished their function, i.e. closure of the laryngeal vestibule and tilting
of the epiglottis. This assumption could be supported by the hypothesis
proposed in Chapter 6, which suggest that certain spatial conditions are
required for correct tilting of the epiglottis during swallowing. Approxima-
tion of the thyroid cartilage of the larynx to the hyoid bone is effected by
some of the muscles which are involved in laryngeal elevation. Therefore, it
is possible that approximation of the thyroid cartilage to the hyoid bone is
an important factor for proper epiglottic function and vestibular closing.

An alternative explanation for the observed lesser elevation of the larynx at
the moment when the bolus reaches the level of the valleculae could be that
tht bolus reaches the level of the valleculae earlier in patients with dysfunc-
tion, while the movement of the larynx itself— both its starting synchroni-
zation and speed of elevation — is similar to that of individuals without
dysfunction. This would imply that, in patients with pharyngeal dysfunc-
tion, either the initial speed of the bolus is higher or that there is dyscoordi-
nation of the swallowing act with precocious propulsion of the bolus.

It has been suggested that the elevation of the larynx, particularly its antero-
superior movement, depends on the size of the bolus [12,16]. Results of the
present study do not confirm such a dependence as neither the maximum
elevation of the larynx nor its elevation at the moment when the bolus
reaches the valleculae changed significantly with changes in bolus volume.
However, in the present study the length of elevation was measured in the
resultant direction and not as separate superior and anterior components of
this movement. The movement of the larynx is closely linked with the
movement of the hyoid bone. As the second movement of the hyoid bone,
anteriorly and slightly superiorly, significantly increases with larger bolus
volume, as shown in the present investigation (Chapter 4), it is possible that
the anterior component of the laryngeal movement may also increase with
increasing bolus volume.
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Conclusions

• Elevation of the larynx, both the initial and the maximal elevation, is not
influenced by the size of the bolus, sex, age or presence of dysphagia.

• Pharyngeal dysfunctions such as defective closure of the laryngeal vesti-
bule, aspiration of bolus material into the trachea, and incoordination of
the cricopharyngeal muscle, are associated with significantly lower initial
elevation of the larynx, at the moment when the bolus reaches the level of
the valleculae, whereas the maximal laryngeal elevation is normal.

• In most individuals the elevation of the larynx occurs synchronously with
the movement of the hyoid bone.

M
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Introduction

During swallowing the airways are protected against aspiration by a com-
plex series of events. Initially in the act of swallowing the vocal cords are
forced tightly together. This happens synchronously with the first swallow-
ing movements of the tongue and the elevation of the soft palate.

When the vocal cords have been closed together the muscles of the false cords
(lateral thyroarytenoid muscles) are contracted, and the supraglottic portion
of the laryngeal vestibule and the laryngeal ventricular sinuses are dosed.
The remaining portion of the laryngeal vestibule—the subepiglottic portion
— stays open until the bolus has reached the level of the valleculae (Fig 4, p.
13). At this moment the epiglottis is tilted down to an inverted position with
its tip in the esophageal inlet. The subepiglottic portion of the laryngeal
vestibule is thereby compressed and obliterated by the epiglottic lid.

The epiglottic movement during swallowing is performed in a two-step
fashion. At first the epiglottis is moved from its upright resting position to a
transverse position in the hypopharynx, perpendicular to the longitudinal
axis of the pharynx. During this phase of the movement the epiglottis retains
its form, with a convexity which is initially posteriorly-directed, but which,
on assumption of the transverse position, becomes caudally-directed.

After a very short moment in this position, and synchros ~ily with initiation
of the peristalsis in the pharyngeal constrictors, the epiglottis is tilted further
down with its tip in the esophageal inlet. During this second phase of
epiglottic movement the form of the epiglottis is changed. Its convexity is
reshaped to a concavity and this caudally-directed concavity fits closely the
ary-region. This results in a watertight closure of the laryngeal vestibule and
no portion of the bolus can enter the laryngeal inlet.

Thus, at swallowing the larynx and the laryngeal vestibule are successively
closed from below. The vocal cords and the supraglottic portion of the
laryngeal vestibule are compressed from side to side. The subepiglottic
portion of the laryngeal vestibule is compressed in the transverse plane by
the inverted and down-tilted epiglottis.
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After the act of swallowing and the passage of the bolus the vocal cords and
the laryngeal vestibule are reopened more or less synchronously. The
epiglottis is very quickly tilted back to its resting position.

An impaired function of the epiglottis — an absent, delayed or incomplete
tilting down at swallowing — is in this report defined as "epiglottic dysmobil-
ity". In colloquial medical terminology epiglottic dysmobility is termed
"pseudobulbar palsy". (The reason for this term is the very common episodes
of aspiration of bolus material into the airway in this condition).

Epiglottic dysmobility is very common. Ekberg and co-workers [28] reported
that it is found in 33% of all patients who are referred for a radiological
examination because of dysphagia. They also reported that epiglottic dys-
mobility was found in 9% of non-dysphagic individuals subjected to a
cineradiography [21].

The more detailed patho-physiological mechanisms underlying this dis-
order are still unclear and have baffled researchers [16,20,22,65,66].

In epiglottic dysmobility the subepiglottic portion of the laryngeal vestibule
remains open, or is closed too late during the act of swallowing. As a
consequence of this defect, bolus material will enter the laryngeal vestibule
down to the level of the false cords. When the larynx — the vocal cords and
the false cords—reopens after the act of swallowing, this bolus material will
be aspirated down into the airway.

An epiglottic dysmobility may be slight or severe, i.e. a smaller or larger
portion of the bolus may enter the laryngeal vestibule during swallowing,
and a smaller or larger part of this material may then be aspirated into the
larynx and the trachea.

Furthermore, an epiglottic dysmobility will imply that bolus remnants,
instead of being cleared out and collected in the valleculae by the retilting of
the epiglottis will remain in the hypopharynx after swallowing. Fragments
of this bolus material may also be aspirated into the airway after a swallow-
ing act.

Defective swallowing movements of the hyoid bone and /or defective eleva-
tion of the larynx during the act of swallowing are factors that in several
reports have been suggested as responsible for epiglottic dysmobility [20,30,
34,46],

A careful comparative study of the spatial relationships between the hyoid
bone and the thyroid cartilage during swallowing, in individuals with and t
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without epiglottic dysmobility, may yield valuable information about the
patho-physiological mechanisms underlying this disorder.

Therefore, the purpose of this study was to measure the distance between
the hyoid bone and the thyroid cartilage during swallowing, in a group of
dysphagic patients with normal epiglottic mobility and in another group
with epiglottic dysmobility. This would allow assessment of the degree of
approximation of the thyroid cartilage to the hyoid bone during swallowing
and thus determination of whether any differences in these measurements
could help to explain the background of epiglottic dysmobility.

Material and Method

The material consisted of cineradiograms obtained from two groups of
individuals.

Group 8:

Nineteen dysphagic patients, with normal tilting of the epiglottis, swallow-
ing a mouthful of contrast medium.

Group 9:

Fifteen dysphagic patients, with dysmobility of the epiglottis, swallowing a
mouthful of contrast medium.

Epigiottic dysmobility was defined as any defective tilting of the epiglottis
ranging from unchanged upright position (no tilting at all) to horizontal
position (perpendicular to the long axis of the pharynx). Downfolding of the
epiglottis caudal to the horizontal position was considered normal tilting.

The groups are described in further details in Material, p. 27.

The approximation of the thyroid cartilage towards the hyoid bone was
measured in the left lateral projection using the anterior superior portion of
the thyroid cartilage and the most anterior portion of the hyoid bone as the
reference points. The measurements were performed at two stages in the act
of swallowing, as described on p. 36 and as shown in Fig 11.

Maximum and minimum distance between the thyroid cartilage and the
hyoid bone during swallowing was measured, in mm, as described in
Analytic methods, p. 38. The size of body parts and also the distance between
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the thyroid cartilage and the hyoid bone vary among individuals; it was
therefore decided to eliminate the influence of such a variation by using a
relative measure of approximation between the two structures.

For that purpose the percentage approximation between the thyroid car-
tilage and the hyoid bone during swallowing was calculated according to
the formula:

„ . maximum distance - minimum distance ^nn

% Approx = : T7- x 100
rr maximum distance

Results

The maximum distance in resting position between the thyroid cartilage and
the hyoid bone varied between 12 and 40 mm in 19 dysphagic patients with
normal tilting of the epiglottis (group 8) and between 20 and 38 mm in 15
dysphagic patients with defective tilting of the epiglottis (group 9). Min-
imum distance (at maximal approximation) between the thyroid cartilage
and the hyoid bone varied between 1.5 mm and 16.5 mm in patients with
normal tilting of the epiglottis (group 8), and between 5.5 and 29 mm in
patients with epiglottic dysmobility (group 9). The percentage approxima-
tion of the thyroid cartilage to the hyoid bone in individual subjects in groups
8 and 9 is graphically presented in Fig 6:1.

The mean values of percentage approximation for each group are given in
Table 6:1. From this table it is clear that the percentage approximation of the
thyroid cartilage to the hyoid bone was significantly (p = 0.05) higher in
patients with normal tilting of the epiglottis than in those with defective
tilting of the epiglottis — 72% and 54% respectively.

Table 6:1. The percentage approximation (range, mean) and its p-value in dysphagic
patients with normal tilting of the epiglottis (group 8) and in dysphagic patients with
dysmobility of the epiglottis (group 9)

Group

8

9

No. patients

19

15

Percentage approximation

range

48.5-93.3

23.9-74.4

mean

72.0

54.4

P-value

>0.05
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Figure 6:1. The percent-
age approximation of the
thyroid cartilage towards the
hyoid bone in the individual
subjects (group 8 and 9).

8

In dysphagic patients with normal tilting of the epiglottis (group 8) the
percentage approximation of the thyroid cartilage to the hyoid bone during
swallow ranged from 49% to 93% (mean 72%) (Table 6:1, Fig 6:1).

In the dysphagic patients with defective tilting of the epiglottis (group 9) the
percentage approximation of the thyroid cartilage to the hyoid bone during
swallow ranged from 24% to 74% (mean 54%) (Table 6:1, Fig 6:1).

No significant correlation between age and the percentage approximation
was found in either group (8 and 9).

Discussion

The hyoid bone is easily identified in the lateral cineradiogram. Contrary to
thia, the thyroid cartilage is visible at cineradiography only if the cartilage is
to some extent calcified.

Fortunately, the thyroid cartilage is fairly often opacified enough to be clearly
visible on a lateral cineradiogram. In such individuals the movements of the
thyroid cartilage can be measured during the act of swallowing — and
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variations of the distance between the hyoid bone and the thyroid cartilage
can also be measured.

The forces and movements responsible for proper tilting of the epiglottis are
not fully understood. The few existing descriptions and theories of epiglottic
function do not offer a complete explanation for the entire cycle of movement
and reshaping of the epiglottis.

The initiation of epiglottic tilting is, in the opinion of some authors, caused
by the motion of the tongue [19,21,35] whereas, according to others, by the
elevation of the larynx [22, 50, 65, 66]. Elongation of the hyoepiglottic
ligament and compression of the median thyrohyoid fold secondary to
extreme thyrohyoid approximation have been suggested as alternatives for
the mechanisms usually invoked in the downfolding of the epiglottis, such
as pressure by the base of the tongue, swallowed bolus, or tension from the
aryepiglottic muscles [22].

A short survey of the pertinent anatomy is necessary for a proper under-
standing of the dynamics of epiglottic dysfunction.

The epiglottic cartilage has the shape of a tennis racket. The handle of the
racket — the petiolus — is firmly fixed to the posterior aspect of the thyroid
cartilage by the thyro-epiglottic ligament (Fig 6:2)

The epiglottis is also connected to the hyoid bone. The fan-shaped hyo-
epiglottic ligament extends posteriorly from the hyoid bone, attaching to the
anterior aspect of the epiglottic lid (Fig 6:2). Furthermore, the epiglottis is
attached to the tongue by the medial glosso-epiglottic plica.

Only two small paired muscles are attached to the epiglottis. The ary-epiglot-
tic muscles run cranially in the margins of the aryepiglottic folds, from the
ary-region of both sides, to attach to the lateral margins of the epiglottic lid.
A contraction of these muscles will pull the epiglottis caudally down over
the ary region.

The thyro-epiglottic muscles are thin muscles running from the internal
surface of the thyroid cartilage in a cranio-dorsal direction to attach to the
margins of the epiglottic lid. According to anatomical text-books the action
of the thyro-epiglottic muscles is thought to be downward-pulling of the
epiglottis. However, if the epiglottis is in its upright resting position a
contraction of these muscles is more likely to retain the epiglottis in this
position.

However, the muscles attached to the epiglottis would seem too small and
too weak to execute the very fast and precise movements the epiglottis
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Figure 6:2. The epiglottis is
attached to the thyroid car-
tilage by the thyroepiglottic
ligament and to the hyoid
bone by the hyoepiglottic
ligament.

Hyoepiglottic
ligament

Thyroepiglottic
ligament

Figure 6:3. (A) the thyroid
cartilage, (B) the hyoid
bone, (C) the tip of the
epiglottis. An approximation
of the thyroid cartilage to
the hyoid bone resulting in a
change of the position of the
epiglottis.

exhibits during the act of swallowing. This conclusion is in agreement with
the opinion expressed in other reports in the literature [22]. Therefore, it
seems reasonable to assume that the swallowing movements of the epiglottis
are secondary to those of anatomical structures to which the epiglottis is
attached. According to such a theory the function of the ary-epiglottic and
thyro-epiglottic muscles would rather be to reshape the epiglottis to an
appropriate form for its different positions at rest and during swallowing.

Movement of the epiglottis is dependent on its anatomical connection to the
hyoid bone and the thyroid cartilage and, consequently movement of these
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structures is transmitted to the epiglottis. Also, changes in the mutual spatial
positions of the hyoid bone and the thyroid cartilage may also change the
position of the epiglottis. Theoretically, an approximation of the thyroid
cartilage to the hyoid bone would change the position of the epiglottis from
an upright position to a transverse one (Fig 6:3).

If this hypothesis is true then a defective mutual movement pattern of the
hyoid bone and the thyroid cartilage during swallowing would result in
epiglottic dysmobility.

From the results obtained in the present investigation it is clear that the
approximation of the thyroid cartilage to the hyoid bone during swallowing
was much larger in patients with normal epiglottic function than in those
with epiglottic dysmobility. The difference was significant (p = 0.05) and
suggests that an approximation less than 49% is inconsistent with normal
function of the epiglottis during swallowing. However, it is also clear that
epiglottic dysmobility may appear in patients with an approximation as high
as 74%.

The net conclusion that can be drawn from the obtained results is that a 49%
approximation of the thyroid cartilage to the hyoid bone during swallowing
is a prerequisite for a normal epiglottic function but that other factors also
may be involved to produce epiglottic dysmobility.

Elevation of the thyroid cartPage towards the hyoid bone is the result of
contraction of the thyrohyoi. uscle, together with synergistic contractions
of the inferior pharyngeal constrictor and stylopharyngeal muscles. Since the
stylopharyngeal muscle attaches to the margins of the thyroid cartilage as
well as to the margins of the base of the epiglottis, it may help to elevate the
epiglottis. This muscle helps to elevate the epiglottis by pulling the base of
the epiglottis backwards simultaneously with the elevation of the thyroid
cartilage. Such an elevation of the base of the epiglottis, at the moment of its
transverse position, would change the geometric orientation of the direction
of contractile force of the thyroepiglottic muscle. Earlier in this report it has
been stressed that this muscle has the function of keeping the epiglottis
upright in resting position between swallows. When the thyroid cartilage
has been approximated to the hyoid bone and the epiglottis thereby has
attained a transverse position in the hypopharynx, the action of the muscle
must be changed. In the transverse position of the epiglottis, contraction of
the thyroepiglottic muscle will pull the epiglottis further downwards to an
inverted position in the esophageal inlet (Fig 6:4a— c).
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B

Figure 6:4. Schematic drawing, il-
lustrating that an approximation of the
thyroid cartilage (1) to the hyoidbone
(2) will change the direction of contrac-
tile force of the thyroepiglottic muscle
(3) resulting in a further downfolding
of the epiglottis (black).

At the same time there is a remodelling of the epiglottic lid from a cranial
concave to a cranial convex shape. In this context it is important to stress that
the epiglottic lid consists of elastic cartilage with a preformed shallow
cup-shape. Such structures have two steady states. This remodelling may
conceivably be performed by contraction of the same muscle.

This above-proposed hypothetical mechanism may be involved in the poorly
understood final stage of epiglottic downfolding and reshaping, as it adds
the force of the thyroepiglottic muscle to the force of the aryepiglottic muscle,
which by itself is considered incapable of downfolding the epiglottis.
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The high values of percentage thyro-hyoid approximation obtained in
several patients with epiglottic dysmobility (Fig 6:1) do not necessarily
contradict the necessity of high grade approximation for proper epiglottic
tilting. These patients may have been suffering from essentially isolated
dysfunction of muscles tilting the epiglottis, including paresis or dyscoordi-
nation, while the function of muscles elevating the thyroid cartilage was
preserved.

Theoretically, there may be a variety of patho-physiological and morpho-
logic changes underlying an epiglottic dysmobility. Some of the patients with
low values may have had a general impairment of the pharyngeal and
laryngeal -teuromuscular function including both the muscles elevating the
thyroid cardlage and those actively tilting the epiglottis.

This theoretical assumption could be supported by earlier findings presented
in this thesis, namely that the degree of elevation of the larynx, at the instant
when the bolus reaches the level of the valleculae, was significantly lower (p
= 0.05) among patients with pharyngeal dysfunction when compared with
those without pharyngeal dysfunction (chapter 5).

It could, theoretically, be that since the larynx may elevate later in patients
with epiglottic dysmobility, as discussed in chapter 5, the bolus has already
reached beyond the level of the laryngeal vestibule at the time of attainment
of the transverse position by the epiglottis. In such a situation, an alternative
or supportive mechanism for downfolding of the epiglottis, such as pressure
from the base of the tongue and from the swallowed bolus, would act too
late to help in the tilting of the epiglottis over the laryngeal introitus. Thus,
the result may be that the epiglottis will remain in a transverse position,
regardless of the outcome of the final approximation of the thyroid cartilage
towards the hyoid bone.

Such a theoretical assumption could explain the fact that epiglottic dysmo-
bility may even occur in patients with high grade approximation of the
thyroid cartilage towards the hyoid bone. However, no patient in the mate-
rial with an approximation of more than 74% had any signs of epiglottic
dysmobility.

In conclusion, a high grade approximation between the thyroid cartilage and
the hyoid bone occurs during normal swallowing with a normal tilting of the
epiglottis. This high grade approximation is the basis for a hypothesis of an
active role of the thyroepiglottic muscle together with the aryepiglottic
muscle in the end-stage of downfolding and reshaping of the epiglottis
during swallowing.
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Conclusion

• The proper downfolding of the epiglottis during swallowing is, in part,
dependent on the degree of approximation of the thyroid cartilage to the
hyoid bone.



Summary of the Results

Differences, correlations and dependences given in the further text are all
statistically significant

With increasing volume of the liquid bolus

• the speed of the peristaltic wave

- was unchanged in both r.on-dysphagic and dysphagic individuals
without pharyngeal dysfunction (Chapter 1)

• the speed of the apex of the bolus

- increased in non-dysphagic individuals

- had a tendency (p = 0.09) to increase in dysphagic individuals (Chap-
ter 2)

• the first, posterosuperior movement of the hyoid bone

- was unchanged in non-dysphagic and dysphagic individuals (Chap-
ter^

? • the second, anterosuperior movement of the hyoid bone
i-

j - increased in non-dysphagic and dysphagic individuals (Chapter 4)

• the net movement of the hyoid bone

- increased in dysphagic individuals

- was unchanged in non-dysphagic individuals (Chapter 4)

• the movement of the hyoid bone

- did not change its two-step movement pattern in non-dysphagic o:
dysphagic individuals (Chapter 4)

• the elevation of the larynx

- was unchanged in non-dysphagic and dysphagic individuals (Chap-
; ter 5)
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With change in posture from erect to horizontal, and to 30° head down
positions

• the speed of the peristaltic wave decreased in non-dysphagic individuals
(Chapter 1)

• the speed of the apex of the bolus was unchanged in non-dysphagic
individuals (Chapter 2)

• the movement of the hyoid bone did not change its two-step movement
pattern in non-dysphagic individuals (Chapter 4)

The time interval between swallows

• did not influence the speed of the peristaltic wave or the speed of the apex
of the bolus in dysphagic individuals (Chapter 1 and 2)

There was no correlation between the speed of the peristaltic wave and the speed of
the apex of the bolus at any bolus volume in non-dysphagic and dysphagic
individuals or at any posture in non-dysphagic individuals (Chapter 3)

Between non-dysphagic and dysphagic individuals, both without pharyngeal
dysfunction, there were no differences:

• in the speed of the peristaltic wave (Chapter 1)

• in the speed of the apex of the bolus (Chapter 2)

• in the first and net movement of the hyoid bone (Chapter 4)

• in the elevation of the larynx (Chapter 5)

except for

• the second, anterosuperior movement of the hyoid bone which was larger
in the dysphagic than in the non-dysphagic individuals (Chapter 4).

• the intrapersonal variations in the speed of the peristaltic wave which were
significantly higher in the dysphagic than in the non-dysphagic individu-
als (Chapter 1).

The frequency of pharyngeal dysfunction, such as aspiration of bolus material
into the trachea or incoordination of the cricopharyngeal muscle, was higher
in dysphagic than non-dysphagic individuals (Chapter 5).
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When individuals were pooled without respect to the presence or absence
of dysphagia, the elevation of the larynx, at the moment when the bolus reached
the level of valleculae, was lower in individuals with defective closure of the
laryngeal vestibule, in those with aspiration of bolus material into the
trachea, or those with incoordination of the cricopharyngeal muscle than in
individuals without pharyngeal dysfunction. There was no corresponding
difference in the net, total laryngeal elevation (Chapter 5).

The approximation between the thyroid cartilage and the hyoid bone was greater in
individuals with normal tilting of the epiglottis than in those with defective
tilting of the epiglottis (Chapter 6).

With increasing age of the individuals

• the speed of the apex of the bolus decreased (Chapter 2)

• the second movement of the hyoid bone decreased (Chapter 4)

• the speed of the peristaltic wave was unchanged (Chapter 1)

• the first and the net movement of the hyoid bone were unchanged (Chap-
ter^

• the elevation of the larynx was unchanged (Chapter 5)

There was no difference between males and females in any of the measured
or calculated parameters.



Conclusions

Based on the results of the present investigation, the following conclu-
sions can be drawn

Measurements of the speed of the peristaltic wave can be carried out
provided that magnification factor and film speed are known (Chapter 1)

Measurement of the speed of the peristaltic wave can be useful in the
clinical evaluation of pharyngeal function as it potentially may disclose a
pharyngeal dysfunction (Chapter 1).

Measurements of the speed of the apex of the bolus can be carried out,
provided that magnification factor and film speed are known. The signif-
icance of these measurements cannot be determined unless the bolus
volume, patient age and position of the patient at the time of the examina-
tion are known (Chapter 2).

The peristaltic wave is not the major force that propels the initial part of a
liquid bolus through the pharynx (Chapter 3).

Measurement of the first posterosuperior movement and the second an-
terosuperior movement is a more sensitive way of evaluating hyoid bone
movement compared with measurement of the net movement either
directly or as its inferosuperior and posteroanterior components (Chapter
4).

A short initial elevation of the larynx seem to be a predisposing factor for
defective closure of the laryngeal vestibule with risk for subsequent aspira-
tion of bolus material into the airways (Chapter 5).

The proper downfolding of the epiglottis during swallowing is, in part,
dependent on the degree of approximation of the thyroid cartilage to the
hyoid bone (Chapter 6).
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Based on the results in the present investigation, the following conclu-
sions for further research can be drawn.

• An abnormally high or low speed of the peristaltic wave can be the early
sign of pharyngeal dysfunction. However, to define normal speed limits a
dedicated study of a large number of individuals is needed (Chapter 1).

• When selecting patient material for further research, consideration should
be given to the fact that the age of the patient may influence the results
obtained. If selection is not feasible, then the results should be corrected
for age (Chapter 1—5).



Hypothesis

Based on the results in the present investigation, the following hypotheses
have been proposed:

• The speed of the peristaltic wave is controlled from the swallowing centers
in a preprogrammed pattern which may, however, respond to certain
afferent impulses such as those associated with changes in posture (Chap-
ter 1).

• The speed with which the apex of a liquid bolus is propelled through the
pharynx is partly the result of pressure from the base of the tongue,
whereas the speed of the tail of the bolus through the pharynx is likely the
result of the peristaltic wave (Chapter 2).

• The first posterosuperior movement of the hyoid bone is controlled by the
CNS in a pre-programmed stereotype manner without sensory feedback
in contrast with the second anterosuperior movement which is regulated
by sensory feedback and adapts the pharyngeal lumen to the size of the
bolus (Chapter 4).
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Abstract

In the evaluation of the dysphagic patient, radiology is crucial as a technique
for monitoring morphology and function. In particular, high-speed cine-
radiography can reveal a variety of pharyngal dysfunctions. However, in the
literature and in practice the difference between normal and abnormal
function is not always clear. This monograph is based on high-speed cine-
radiographies of swallowing in 75 non-dysphagic volunteers and in 189
dysphagic patients.

The purpose was to study whether differences in bolus volumes, patient
position, age, and gender had any effects on the following parameters: the
speed of the peristaltic wave and apex of the liquid barium bolus; the length
of movement and the movement pattern of the hyoid bone and larynx; and
epiglottic function. Also differences in these parameters between non-dys-
phagic and dysphagic individuals were analyzed.

The study disclosed that the speed of the bolus, as well as the anterior-supe-
rior movement and net movement of the hyoid bone increased significantly
with larger bolus volumes. The position of the individual in relation to
gravity significantly influenced the speed of peristalsis. In most of the
measured parameters there were no differences between non-dysphagic and
dysphagic individuals except for differences in the intrapersonal variations
and in the anterior-superior movement of the hyoid bone. In patients with
pharyngeal dysfunction the initial stage of the elevation of the larynx was
significantly slower than in patients without dysfunction. The approxima-
tion of the thyroid cartilage to the hyoid bone was significantly greater in
individuals with normal epiglottic function than in those with epiglottic
dysmobility.

It is suggested that abnormal speed of peristalsis may be a mild form of
dysfunction. Measurements of the aforementioned speeds and movements
can be done if bolus volume, age and position of the patient, film speed, and
magnification factors are known.

Hypotheses concerning epiglottic function and central control of swallowing
are proposed.


