
From the Department of Diagnostic Radiology, Lund University,
Malmö University Hospital, S-205 02 Malmö, Sweden

Simultaneous Videoradiography
and Solid State Intraluminal Pharyngeal

Manometry during Barium Swallow;
Videomanometry

Rolf Olsson

Malmö 1995
w ' ;'•



To my parents,

Margit and Olle.

© Rolf Olsson
Printed by Studentlitteraturs printing office,
Lund, Sweden 1995



Orgunizatiun
LUND UNIVERSITY

Dept of Diagnostic Radiology
Malmö University Hospital
S-205 02 Malmö, Sweden

Document name
DOCTORAL DISSERTATION

Date of issui
"November 17, 1995

CODEN:
ISRN LUMEDW/MEXM-1015-SE

Aulhurls)

Rolf Olsson

Sponsoring organization

Tide and subtitle
Simultaneous videoradiography and solid state intraluminal pharyngeal
manometry during barium swallow; videomanometry

Abstract

5 £2

Simultaneous videoradiography and solid state intraluminal pharyngeal manometry
(videomanometry) was used in nondysphagic volunteers and in dysphagic patients.
The technique was also applied in an experimental model in order to evaluate
intrabolus pressure. Normal manometric values were established in 25 nondysphagic
volunteers and these results were then compared with videomanometry in dysphagic
patients. We also studied the movement of the manometry catheter both in
vojunteers and in patients. Dysphagic patients with and without a cnco-
pharyngeal indentation were examined in another study.
Our normal values in nondysphagic volunteers are in accordance with normal values
in the literature. Regarding catheter movement we found a previously not
described sensor movement where the sensor in the upper esophageal sphincter
followed the laryngeal elevation with no response to soft palate elevation.
We found a longitudinal asymmetry in the pharynx with higher contraction
pressures at lower levels. In the experimental model we found that intrabolus
pressure was dependent on bolus volume, lumen narrowing, sensor position, flow
rate, and bolus viscosity. In patients with a cricopharyngeal indentation we
found weak pharyngeal constrictors with outpouching of the lumen above and below.
Finally, an dysphagic patients with a normal radiologic investigation, video-
manometry displayed abnormalities in 745! of the patients. We conclude that
barium swallow and manometry are complementary and we suggest the addition of
pharyngeal solid state manometry, preferably with simultaneous videoradiography,
in dysphagic patients.

Key words
dysphagia, manometry, videoradiography, upper esophageal sphincter, pharynx,
deglutition, cricopharyngeal muscle

Classification system and/or index terms (if any)

Supplementary bibliographical information Language
English

ISSN and key title ISBN

Recipient's notes Number of pages Price

Security classification

Distribution by (name and address) Rolf Olsson, Dept of Diagnostic Radiology,
Malmö University Hospital, S-205 02 Malmö, Sweden

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all reference
sources permission tp-^nrb|ish and disseminate the abstract of the above-mentioned dissertation.

Signature . n,t, August 10, 1995



From the Department of Diagnostic Radiology, Lund University, Malmö University

Hospital, S-205 02 Malmö, Sweden.

Simultaneous Vidcoradiography and Solid State Intraluminal

Pharyngeal Manometry during Barium Swallow;

Videomanometry

Rolf Olsson

leg läkare

Akademisk avhandling som med vederbörligt tillstånd av Medicinska Fakulteten vid

Lunds Universitet for avläggande av doktorsexamen i medicinsk vetenskap kommer alt

offentligen försvaras i Medicinskt Forskningscentrum, Universitetssjukhuset MAS,

Malmö, fredagen den 17 november 1995, kl 9.00.

Fakultetsopponent: Professor William J Ravich, Division of Gastroenteroiogy, The Johns

Hopkins Hospital, Baltimore, USA.



Videomanometry

This thesis is based on the following papers:

I. Olsson R, Nilsson H, Ekberg O. Simultaneous videoradiography and

pharyngeal solid state manometry (videomanometry) in 25 nondysphagic

volunteers.

Dysphagial995;10:36-41.

II. Olsson R, Nilsson H, Ekberg O. Pharyngeal solid-state manometry catheter

movement during swallowing in dysphagic and nondysphagic participants.

Academic Radiology 1994; 1:339-344.

III. Olsson R, Kjellin O, Ekberg O. Videomanometric aspects of pharyngeal

constrictor activity.

Dysphagia (accepted for publication)

IV. Olsson R, Nilsson H, Ekberg 0. An experimental manometric study

simulating upper esophageal sphincter narrowing.

Invest Radiol 1994;29:630-635.

V. Olsson R, Ekberg O. Videomanometry of the pharynx in dysphagic patients

with a posterior cricopharyngeal indentation.

Academic Radiology 1995 ;2:597-601.

VI. Olsson R, Castell JA, Castell DO, Ekberg O. Solid-state computerized

manometry improves diagnostic yield in pharyngeal dysphagia: simultaneous

videoradiography and manometry in dysphagia patients with normal barium

swallows.

Abdominal Imaging 1995;20:230-235.

The papers will be referred to in the text by their roman numerals (I-VI).



Videomanometry

CONTENTS

Abbreviations 5

Introduction 6

Dynamic Pharyngeal Anatomy 7

Videoradiography 8

Manometry 9

Solid State Manometry 10

Pharyngeal Manometry 11

Technical Considerations in Pharyngeal Manometry 13

Contact and Cavity Pressures in the Pharynx 13

Simultaneous Videoradiography and Solid State Manometry 16

Aims of the study 20

Materials and methods 21

Statistics 28

Results 29

Discussion 35

Summary and conclusions 47

Acknowledgements 49

References 50

Papers I - VI 57



Videomanometry

ABBREVIATIONS AND DEFINITIONS

Dysphagia =

Pharyngeal

dysfunction =

PES =

UES =

CPM =

Pressure =

Manometry =

mmHg =

SD =

SEM =

Subjective symptoms of swallowing difficulties.

Abnormal function, not necessarily

accompanied by dysphagia.

Pharyngo-esophageal-segment (correct anatomic term).

Upper-esophageal-sphincter (often used, more functional

description of PES).

Cricopharyngeal muscle.

Force exerted per unit area.

Measurement of pressure.

Millimeters of mercury (pressure unit).

Standard Deviation.

Standard Error of the Mean.
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INTRODUCTION

Swallowing is the smoothly coordinated transportation of a bolus, from the oral cavity,

through the pharynx and esophagus, and into the stomach. When normal it is the

combination of voluntary, automatic, and autonomic functions (101).

Abnormalities in the oral cavity, pharynx, and esophagus may hamper normal swallow as

may impairment of the neurologic control. Swallowing complaints, defined as the

subjective awareness of swallowing difficulties (dysphagia), are common, especially in

neurologic patients. Barer reported nearly 30%, and Gordon 45% of stroke patients to

suffer from dysphagia (7, 65). Several studies have also reported up to 30% of

hospitalized populations to suffer from dysphagia (7, 68, 87, 91).

In the examination of the dysphagic patient several diagnostic modalities are available

(109). The clinical and neurological examinations are important, followed by

radiographic and/or endoscopic examination for assessment of morphological changes

(26, 28). When this is ruled out, more functional investigations are used, such as dynamic

barium swallow, pH-monitoring, manometry, scintigraphy, ultrasound, and electro-

myography.

Dynamic cine- and videradiography of pharyngeal barium swallow provides

morphological as well as qualitative functional information of the swallowing sequence

(51, 52, 55, 58, 78, 90, 121). However, dynamic barium swallow relies mainly on

functional qualitative judgement, failing to quantify the results. This is for example the

case when trying to assess pharyngeal paresis in terms of degree of barium retention in

the pharynx.

In this context, intraluminal pharyngeal manometry is capable of providing a more

quantitative analysis of pharyngeal muscle function in terms of intraluminal pressure

registration. Concurrent barium swallow and pharyngeal manometry combine qualitative
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assessment of bolus transport with quantitative registration of the contractions of the

pharyngeal wall.

Recent advances in manometric technology together with computer analysis of the data

have facilitated pharyngeal manometry and the combined technique has been advocated

by several authors (16, 23, 60, 79, 94, 97, 110, 118).

Dynamic Pharyngeal Anatomy

The pharynx participates in swallowing, respiration, positioning, and speech (11, 35, 42,

47, 48). The tongue, hyoid bone, larynx and the pharyngeal constrictors are structures

involved in the pharyngeal swallow which consists of a complex series of events. Many

of these events are capable of dislocating the manometry catheter and thereby interfere

with the manometric registration.

In the early phase of the pharyngeal swallow the nasopharynx is closed off by the

elevation of the soft palate against the superior pharyngeal constrictor. The hyoid bone is

then pulled in a cranial and dorsal direction followed by a ventral excursion. The

laryngeal elevation moves the pharyngoesophageal segment (PES) cranially. The tilting

down of the epiglottis occurs during laryngeal elevation synchronously with the

movement of the hyoid bone.

The opening of the PES depends on the relaxation of the cricopharyngeal muscle and the

laryngeal elevation pulling the sphincter open and also the bolus pressure (12, 13, 29).

The motor performances of the pharynx are guided by local sensations in the oral cavity.

Once pharyngeal swallow is elicited it proceeds automatically without further voluntary

control. The sensory and motor innervations of the pharynx are found in the medulla (9,

101, 102, 115). The sensory neurons are found in the nucleus tractus solitarius and the

motorneurons of the pharyngeal constrictors are located in the nucleus ambiguus.
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Several cranial nerves are involved: The trigeminal nerve (V) supplies the tensor veli

palatini, the anterior digastric muscle and the mylohyoid muscle that connect the hyoid to

the mandible. The facial nerve (VII) supplies the posterior digastric and the stylohyoid

muscles that connect the hyoid to the cranium. The motorneurons of the constrictors

(superior, middle and inferior), levator veli palatini, palatopharyngeal, salpingo-

pharyngeal, and intrinsic laryngeal muscles are supplied by the glossopharyngeal (IX),

and the vagus nerves (X). The styloglossus, genioglossus, and the hyoglossus muscles

are supplied by the hypoglossal nerve (XII).

Videoradiography

The radiologic evaluation of the pharynx requires both a dynamic examination with cine-

or Videoradiography, as well as series of double contrast spot films to evaluate

morphology (56, 69, 77, 105). The dynamic recording of barium swallow is a well

established technique in evaluation of motility and bolus transport (45, 55). Cine-

technique is today replaced with video in most radiological institutions.

The dynamic recording enables frame by frame or slow motion analysis of the pharyngeal

swallowing sequence with detailed evaluation of laryngeal elevation, soft-palate closure,

hyoid bone movement, epiglottic tilt, closure of the laryngeal vestibule, opening of the

pharyngo-oesophageal segment, and pharyngeal clearance. It also allows for quantitative

measurement of movement of anatomical structures and qualitative assessment of bolus

transport (51, 53, 57).

The videoradiographic examination is non-invasive and can be performed in almost any

patient. The patient is examined in lateral and frontal projection during barium swallow

in an upright position. The effectiveness and contribution of the radiologic study in

patients with severe swallowing impairment depends upon the patience and skill of the

radiologist. A videorecording of two or three barium swallows is usually enough to

assess pharyngeal swallow even in neurologically impaired patients (52).
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The radiologic examination can reveal the anatomic and/or physiologic abnormalities

causing dysphagia and it can also identify compensatory strategies or therapeutic

techniques which can improve the dysphagia. Such strategies and techniques f\re head

positioning, larynx positioning, breathing techniques, and altered bolus consistencies.

Manometry

Pressure is the force acting perpendicular to an area. Physiological pressures are usually

expressed in millimeters of mercury (mm Hg). Many other pressure units are available,

for example Pascal (Pa), Newton/m2, cm of H20.

Manometry (from the Latin words mano = flow and metor = measure, the Greek words

manos = thin and matron = measure) records intraluminal flow and pressure activity and

quantifies changes in intraluminal pressures that in the pharynx are caused by

contractions of the muscles of the gullet. Such intraluminal pressures can be described as

either contact pressures, when the manometric sensor is in direct contact with the

pharyngeal wall, or cavity pressures when the sensor is completely surrounded by air or

fluid. During swallowing the latter is also called intrabolus pressure (15, 16).

Intraluminal esophageal manometry has been used extensively as a test of esophageal

function for more than 100 years (86). In the early history of manometry, pressures were

obtained by means of intraluminal balloons and static water-filled catheters within the

esophagus. Around 20 years ago the development of low-compliance perfusion systems

contributed to more accurate measurements of intraluminal pressure and motility (2, 46).

The continuous perfusion prevented occlusion of the sensors.

Solid-state intraluminal transducers have developed during the last decade and have

further improved the manometric accuracy (22). These sensors are located on the

catheter (Fig 1.) and can be placed in the gullet with direct measurement on the site of

interest. Together with the advances in computer technology, analysis and storage of

manometric data have been facilitated (20).
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Fig 1. The solid-state manometry catheter with 4 sensors located 3 cm apart and a
radiopaque tip at the end. The distal sensor is circumferential.

Solid State Manometry

One of the available solid state sensors is the Konigsberg solid state transducer (Fig 1.)

(Konigsberg Instruments Inc., Pasadena, CA, USA). The circumferential sensor consists

of a silastic annulus filled with glycerine which surrounds a miniature titanium

diaphragm. To this metal diaphragm, silicon strain gauge elements are integrated. When

pressure is exerted on the metallic diaphragm, the semi conductor properties of the

piezo-electric silicon strain gauge are changed and the mechanical pressure is thus

conducted into changes in an electric current applied to the sensor.

10
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The oil filled chamber (25 mikroliter of glycerine or castor oil) produces an extremely

non-compliant system compared to perfused catheters that suffers from high compliance

because of the elasticity of the catheter walls.

The volumetric compliance of the Konigsberg system is as low as 0.000007 mnvYmm

Hg. The diameter of the circumferential sensor is 5.2 mm and the active length is 2 mm.

The maximum pressure is 1000 mm Hg. The non-linearity and hysteresis combined are ±

1%. The flat frequency response is 3000 Hz (flat to 1% in water). The pressure rise rate

is > 2000 mm Hg/ sec. Important to consider is the temperature sensitivity of the solid

state sensors. Calibration needs to be done at body temperature.

Pharyngeal Manometry

Pharyngeal manometry is, compared to esophageal manometry, a less frequently used

technique with difficulties in pressure recording due to the rapid pharyngeal swallowing

sequence, the movement of the soft palate and the larynx and also the radial asymmetry

of intraluminal pressure (5, 8, 61, 62, 98, 112, 114, 122, 127, 128). Perfused manometry

is not suitable in the pharynx because of the continuous flow that will trigger swallowing.

Furthermore, perfused manometry has to be performed in a supine position because of

the need to calibrate the sensors at the same level.

Pharyngeal manometry in an upright physiologic position, with accurate recording

technique, makes solid-state manometry a prerequisite in pharyngeal manometry (24,

104, 120).

11
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Fig 2. The analogue pressure registration is converted to a digital in the Polygraf A/D

converter.

Manometric evaluation of the pharynx with solid state manometry and computerized

analysis, where the analog signal is converted to a digital (Fig 2.)(Polygraf and Polygram,

Synectics, Stockholm, Sweden), have been described in several papers from Don Castell

and his group in Philadelphia (19, 20, 21, 22, 23, 24, 25, 85). They have thoroughly

described the difficulties in pharyngeal manometry due to the rapid contractions of the

striated muscles in the pharynx and the radial asymmetry with higher pressure in the

antero-posterior direction. This group has also reported normal values in pharyngeal

manometry in terms of contraction and relaxation but also in timing and coordination

between various events during pharyngeal swallow.

12
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Technical Considerations in Pharyngeal Manometry

Pharyngeal pressures are usually expressed in millimeters of mercury (Hg) and they are

normally expressed relative to atmospheric pressure. Changes in atmospheric pressure

seldom have an effect on physiological pressures but calibration and establishing a "zero"

pressure is necessary to achieve reproducible and comparative data.

In 1982 Orlowski described the requirements for accurate recording of pharyngeal

pressures (104). He studied the frequency characteristics of pharyngea! pressure

complexes in normal subjects and found a recording accuracy of 48 Hz needed for high-

fidelity recording in the pharynx. Orlowski concluded that solid state sensors are needed

in pharyngeal manometry. Frequency content of upper oesphageal pressure has also been

reported by Ask (4). The frequency analysis of peristaltic pressure waves in these two

studies were done by Fourier analysis which can be described as the distribution of signal

strength at different frequencies. A low compliance perfusion system has a bandwidth of

approximately 23 Hz (4). A computerized recording system is also needed to faithfully

register frequencies up to 48 Hz (Polygram, Synectics, Stockholm, Sweden).

In upper esophageal sphincter manometry, displacement of the manoinetric sensor is a

problem, due to the movements of the anatomical structures during swallowing. The

Dent sleeve is a 6 cm long pressure sensor developed to measure the sphincter pressure

in spite of sphincter movement (41, 80, 82). The sleeve is, however, perfused and the

recording accuracy is not in line with solid state technique. Another drawback with the

sleeve is the risk of underestimating duration of sphincter relaxation due to the oncoming

peristaltic contraction at the top of the sleeve.

Contact and Cavity Pressures in the Pharynx

Contact pressure is defined as the pressure registered when the manometric sensor is in

direct contact with the pharyngeal wall inducing a direct contact force on the sensor

13
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membrane. This is the case when the pharyngeal constrictors contract around the sensor

with no air or fluid in between. Such contact pressure is relatively easy to define and

measure, as long as the recording device is properly calibrated and meets the previously

described requirements of pharyngeal manometry (14, 15).

Cavity pressure is defined as the pressure recorded when the manometric sensor is

completely surrounded by air or fluid. When the sensor is surrounded by air, for example

in the oropharynx, the pressure should be equal to atmospheric pressure, and calibrated

to zero (0 mm Hg).

Another cavity pressure occurs when the sensor is completely surrounded by fluid. The

pressure in a static fluid will increase with gravity, that means a pressure increase

proportional to the depth of the sensor in the fluid. The density of the fluid will also

affect the static intrabolus pressure. A static fluid is seen when the bolus is held on the

tongue during the oral phase of swallowing.

In a flowing fluid, however, as seen during the pharyngeal phase of swallowing, many

different factors become important, thus making manometric evaluation difficult. This

pressure is called hydrodynamic pressure or often referred to as intrabolus pressure. The

intrabolus pressure is difficult to define and standardize in an exact and reproducible way

(14, 15, 16).

The cause of the flow will be a pressure gradient from one place to another within the

fluid. The frictional resistance and the fluid acceleration are also important. Further the

elasticity of the walls and the viscosity of the fluid have to be considered. The viscosity

can be explained as the friction within the fluid. The units are Ns/m2 or cp (centi pois)

where Icp = IxlO"3 Ns/m2. The density of the fluid is also important (p = kg/m3), as are

the rheological properties of the fluid in terms of turbulent or laminar flow.

14
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Two equations are important in manometry and flow measurements. These are

Bernoulli's and Poiseuille's equations:

Bernoulli: E = P + pgh + '/2 pv2

E = total fluid energy per unit volume

P = static pressure

p = density

g = gravity (9.8 m/s2)

h = fluid height

v = velocity (m/s)

Bernoulli's equation states that the total fluid energy is given by the static pressure

energy and the gravitational energy and the kinetic energy of the fluid.

When there is laminar flow in a tube the equation of Poiseuille states:

PoiseuiHe: Q

0 = flow mL/sec

P\-P* - pressure gradient between ends of tube

TC= 3.14

/ •= inner radius of tube

L = length of tube

u = viscosity of fluid

The equation of Poiseuille states that the flow is dependent on the pressure gradients at

the ends of the tube, the radius of the tube and the length of the tube. It also states that

to maintain the same flow the pressure gradient will have to be increased if the viscosity

of the fluid is increased.

15
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Simultaneous Videoradiography and Solid State Manometry

The combination of simultaneous videoradiography and intraluminal manometry provides

fluoroscopic control of sensor positioning and allows for pressure recording and analysis

with respect to bolus transport. It combines movement analysis with pressure recordings.

When solid state sensors are employed the technique can be used in an upright,

physiologic position, with the patient comfortably seated, eliminating the discomfort of

supine swallowing, and without the discomfort of the continuous flow from a perfused

manometry catheter (Fig 3.).

Fig 3. Simultaneous videoradiography and solid state intraluminal manometry during
barium swallow. The pressure registration is displayed on the videoscreen and also
registered on the computer. The subject is comfortably seated and fluoroscopy is
performed in a lateral projection.

16
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The history of simultaneous examinations started already in 1954 when Fyke measured

pharyngeal pressure with a micro-tip transducer fitted on a gastric.tube (63). He used

simultaneous cineradiography and manometric recordings with a galvanometer and a

polygraph. In 1956 Atkinson performed rapid serial radiographs during pharyngeal

manometry with perfused technique (6).

Ten years later in 1966, Sokol et al reported their experience with simultaneous

cineradiography and perfused intraluminal manometry of the pharynx (119).

In 1985, Isberg and Nilsson reported solid state manometry with the Gaeltec solid state

sensors and simultaneous cineradiography (73, 74). They studied movements of the UES

and the manometric device in 9 healthy volunteers and found an upward movement of

the nanometry catheter that correlated to the elevation of the soft palate. The pressure

was recorded on a polygraph.

In 1987, Mendelsohn and McConnel described a simultaneous technique with perfused

manometry. In 1988 McConnel described simultaneous fluoroscopy and solid state

manometry (100). McConnel called the technique manofluorography. He used the

Gaeltec solid state sensor and recorded simultaneously on video and also performed

computer analysis of the data (27, 95, 96, 97, 98, 99). McConnel introduced a new

terminology in the analysis of pharyngeal swallowing; "Hypopharyngeal Suction Pump",

"Oropharyngeal Propulsion Pump", "Tongue Driving Force" and "Pharyngeal Clearing

Force".

In 1988, Kahrilas used concurrent videofluoroscopy and solid state manometry in 8

volunteers to study UES function. He found that larger bolus volumes increased the

diameter of sphincter opening and prolonged sphincter relaxation (82).

In 1989, Jacob and Kahrilas used solid state manometry and simultaneous video-

radiography with polygraph recording to study the UES in 8 volunteers. This was a

thorough study of UES opening and volume dependent variables such as intrabolus

pressure and opening duration (76).

17
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Also in 1989, Cook described the simultaneous technique in 2 studies involving healthy

volunteers (32, 33). He used solid state sensors with a conventional eight-channel

polygraph. This was also a study of the upper esophageal sphincter. He concluded that

UES opening involves sphincter relaxation, anterior laryngeal traction, and intrabolus

pressure. He also found volume dependent changes in UES dimensions and UES timing

indicating a sensory feedback mechanism generated by the brain stem swallowing

centers.

In 1990, Dantas from the same research group used the same technique in 6 patients with

cricopharyngeal bars (37). They found normal contact pressures in the pharynx but

increased upstream intrabolus pressure. They have also studied different bolus variables

with this technique (38, 39). A high-density barium preparation increased the intrabolus

pressure as well as the UES opening duration and anterior hyoid movement. In these

studies the Gaeltec solid state catheter were used and recorded on a polygraph without

computerized analysis.

In 1992, Shaker and Dodds applied the perfused sleeve device concurrently with

videoradiography in a study of the esophagoglottal closure reflex. They concluded that

esophageal distension by air or balloon evokes a glottal closure mechanism suggesting

the existence of an esophago-glottal reflex (116).

In 1992, Kahrilas used solid state manometry with simultaneous videofluoroscopy to

study pharyngeal clearance. He emphasized pharyngeal shortening as an important

mechanism in pharyngeal clearance (84).

In 1993, Ren et al used perfused manometry concurrent with videofluoroscopy in a study

of intrabolus pressure and concluded that intrabolus pressure can serve as an indicator of

the forces resisting peristaltic transport. They called the technique video-

fluoromanometry (111).

18
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In 1993, Ergun used the simultaneous technique in 8 volunteers and argued strongly for

the use of fluoroscopic sensor positioning when performing pharyngeal timing studies

(60). They used solid state sensors and videorecording but polygraph registration

without computer.

In 1994, Dejaeger used manofluorography to analyze swallowing in the elderly and

found that incomplete UES relaxation is more frequent in the elderly. This study used

solid state technique with 5 sensors oriented posteriorly and videorecording with a

conventional polygraph registration (40).

Several authors have concluded that the most complete understanding of pharyngeal

bolus transport requires both manometric and radiographic input and that concurrent

radiography and manometry will play a more prominent role in the future (Fig 4.) (16,

23,60,79,94,97, 110, 118).

Fig 4. Simultaneous videoradiography and pharyngeal manometry with concordant

frame-by-frame analysis of manometry and barium swallow.

19
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AIMS OF THE STUDY

The main aim of this investigation was to evaluate if the combination of simultaneous

solid state intraluminal manometry and pharyngeal videoradiography was possible to

perform in our laboratory and to collect diagnostic information from this combined

technique.

• To adopt computerized solid state manometry simultaneously with dynamic video-

radiography during pharyngeal barium swallow.

• To analyze the normal videomanometric variables in healthy volunteers.

• To analyze the exact movements of the manometric sensors, especially the UES-

sensor, during pharyngeal swallow.

• To analyze longitudinal asymmetry during videomanometry of the pharynx.

• To develop an experimental model to elucidate the importance of intrabolus pressure

around a narrowing in an artificial pharynx.

• To adopt videomanometry in patients with a cricopharyngeal bar.

• To adopt videomanometry to increase the diagnostic yield in dysphagic patients with a

normal barium swallow.

20
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MATERIALS AND METHODS

Paper I

Thirty healthy volunteers with no history of swallowing complaints were initially

included in the study. The study was approved by the ethical committee of the University

of Lund. Two volunteers were excluded because of failure to pass the manometry

catheter through the nose. One of these 2 had a history of nose fracture in childhood and

the other had adenoid surgery in childhood. Three of the remaining 28 were excluded

from the manometric interpretation since abnormal function was revealed during the

simultaneous videoradiography. We found 2 with retention of barium in the pharynx

between swallows. One of them had retention in both the vallecula and the piriform

sinuses and the other only in the vallecula. One volunteer had a defective epiglottic tilt

with an incomplete downfolding of the epiglottis but without any penetration of barium

into the airways. Since the aim of the study was to define normal manometric values all 3

individuals with an abnormal videoradiographic finding were excluded from the

manometric interpretation. The remaining twenty-five healthy volunteers (11 males and

14 females between 23 and 59 years with a mean of 36 years) were examined with

simultaneous videoradiography and pharyngeal solid state manometry.

The examination was performed with the volunteers seated and with fluoroscopy and

videorecording in a lateral projection (Fig 3.)(Multidiagnost 3, Philips Medical Systems,

Netherlands). The manometry catheter was introduced through the nose with a small

amount of lubricant (AGO, Stockholm, Sweden) or anesthetic lubricant (Xylocain, Astra,

Södertälje, Sweden) when needed, in the nostrils. All participants swallowed 10 ml of a

barium suspension (60% w/v); at least three barium swallows and three dry swallows

were recorded. The fluoroscopic image with manometric tracings was displayed on a

monitor for real-time observation and also recorded on a videocassette recorder (S-

VHS). Video analysis was performed with varying speed and also frame by frame

analysis.

21
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The manometry-system was an intraluminal solid state transducer system. The

manometry-catheter had a diameter of 4.6 mm with 4 solid-state-pressure transducers

positioned 3 cm apart (Fig 1 .)(Konigsberg Instruments Inc., Pasadena, CA). The 3

proximal sensors were standard microtransducers with a single recording site measuring

120 degrees, while the distal transducer was circumferential (5.2 mm diameter) allowing

360 degree measurements. All sensors were radiopaque and easily identified during

fluoroscopy. The system was noncompliant; the volumetric compliance was 7x10~6

mnP/mm Hg and the pressure rise rate was over 2000 mm Hg/sec. The analogue signal

was converted to a digital signal (Fig 2.)(Polygraf, Synectics, Stockholm, Sweden). The

videofluoroscopic image and the manometric registration were mixed using a Microeye

Video Output Card (Digihurst Ltd, Roystone, GB) and recorded together on the

videotape (S-VHS). The computer was a commercial IBM-compatible 386 computer and

the software was Polygram Upper-GI-Edition by Gastrosoft Inc./ Synectics Medical

(Synectics). All pressure values were expressed in mm Hg (1.0 mm Hg = 133 N/m , 7.5

mm Hg = 1 kPa, 50 mm Hg = 68 cm H:0) and referred to atmospheric pressure. The

system was calibrated at 0 mm Hg and at 50 mm Hg. The calibration was done at 37° C.

The sampling frequency was 64 Hz.

Contact pressure was defined as the pressure registered when the pharyngeal wall was

directly in contact with the transducer. Intrabolus pressure was defined as the pressure

registered when !he transducer was within the fluid, i.e. the contrast media, confirmed

during fluoroscopy. The manometry catheter was introduced through the nose and

fluoroscopically positioned with its distal transducer in the upper-esophageal sphincter

(LIES). The 3 proximal transducers were positioned with the recording sites in a dorsal

direction. This was possible to confirm since the opening of the unidirectional sensors is

visible during fluoroscopy. The catheter also has a marker outside the nostrils of the

subject, indicating the direction of these sensors.

During UES-manometry 7 variables were analyzed. These were: I/ resting LIES

pressure, 2/ residual pressure during UES relaxation for both wet and dry swallows, 3/
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duration of UES relaxation, 4/ LIES contraction pressure, 5/ the tongue base pressure

which was defined as the contact pressure between the posterior tongue thrust and the

pharyngeal wall, 6/ the contact pressures at the level of the inferior pharyngeal

constrictor, and II the intrabolus pressure at the level of the inferior pharyngeal

constrictor. Resting UES-pressure was measured with the catheter resting for a minimum

of 10 s in the UES. UES resting pressure was measured at the beginning and at the end

of the examination in order to get a long registration with the subject as relaxed as

possible. During swallow the pharynx-larynx-elevation moved the UES in a cranial

direction. An "M"-shaped configuration of the manometry wave appeared during

swallow when the catheter was correctly positioned in the cranial part of the UES as

described by Castell (25). Residual pressure during relaxation was measured for both wet

and dry swallows. UES contraction pressure was identified as the peak pressure when

the peristaltic wave reached the UES.

Paper II

Twenty consecutive patients referred for radiologic evaluation of dysphagia and 20 non-

dysphagic volunteers were examined with simultaneous videoradiography and

intraluminal pharyngeal solid state manometry. The patients (11 males and 9 females)

were between 29 and 64 years with a mean age of 46 years and the volunteers (9 males

and 11 females) were between 23 and 59 years with a mean age of 35 years. The

volunteers were selected from the same group of volunteers as in paper 1. The 20 best

videorecordings from the volunteers study were chosen and reevaluated.

Simultaneous videoradiography and pharyngeal manometry (videomanometry) was

performed with the subject seated during fluoroscopy in a lateral projection as described

above in paper I. The movements of the manometric sensors were measured from the

videorecording (lateral projection). From each of the 20 patients and each of the 20

volunteers the best video sequence during a 10 ml barium swallow was chosen with

respect to correct sensor positioning as described above. The measured distances were
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given in millimeters and corrected for magnification by means of the known distance (30

mm) between every sensor.

The maximum cranial elevation of the soft palate and the maximum cranial elevation of

the first manometric sensor at the level of the soft palate were measured. Then the

maximum laryngeal elevation during deglutition was measured with the upper margin of

the thyroid cartilage as reference point. The maximum cranial elevation of the distal

circumferential sensor (UES-sensor), with the correct sensor position in the proximal

part of the UES as described above as reference point, and the position of this sensor

after swallowing were also registered.

Paper III

Ten of the healthy volunteers from paper I were included in this study. There were 6

males and 4 females aged between 24 and 53 (mean age 34). Thirteen manometric

variables were chosen and analyzed. The variables were 3 peak pressures in mm Hg, 4

durations of events in msec and 6 slopes in mm Hg/sec. The three peak pressures were at

tongue base level, at inferior constrictor level and at cricopharyngeal level. The four

durations were propagation time from tongue base level to inferior constrictor level, time

between pressure peaks from tongue base to inferior constrictor, pressure wave duration

at tongue base and pressure wave duration at inferior constrictor level. The six slopes

were I/pressure build-up rate and 2/pressure decay rate at three levels; tongue base,

inferior constrictor, and cricopharyngeal level.

Paper IV

A laboratory model was developed in order to study the intraluminal pressures within an

artificial pharynx with a variable diameter of a lumen narrowing.
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Intrabolus pressure was defined as the hydrodynamic pressure registered when the

manometric sensor was positioned within the fluid. An angiographic injector device

(Angiographic injector Mark IV, Medrad Technology, Pittsburgh, PA) was used with a

variable flow rate and variable injection volume. A flow rate around 10-20 ml per second

was considered comparable with human pharyngeal deglutition with an ordinary bolus

volume of 10-20 ml and an approximate duration of 1 second. The pharyngeal walls

were simulated with an ordinary commercially available balloon with a diameter of 15

mm expandable to 30 mm during fluid injection. The narrowing was created by a plastic

ring with a variable diameter. The length of the experimental narrowing was 2 mm and

the diameter was varied between 6 and 10 mm. The manometric system was a solid state

system with a manometry catheter with 4 sensors as described before (Konigsberg

Instruments, Pasadena, CA). In the laboratory experiments only the distal circumferential

sensor was used.

In the first experiment the distal circumferential sensor was placed 4 mm below the

lumen narrowing with a diameter of 7 mm in this experiment. The sensor was then

withdrawn with increments of 1 mm until a level 5 mm above the narrowing. At each

location 7 ml of water was injected with a constant flow rate of 20 ml per second.

In the second experiment the diameter of the lumen was changed from 6 to 10 mm with

increments of 1.0 mm. The injected volume was 10 ml and the flow rate was 20 ml per

second. The intrabolus pressure was measured 5 mm above the sphincter.

In the third experiment the diameter of the lumen was constant (7 mm) but the injected

volumes were changed from 1 to 20 ml with increments of 1 ml. The intrabolus pressure

was measured 5 mm above the narrowing. The flow rate was 20 ml/sec.

In the fourth experiment a constant volume (10 ml) was injected with different flow rates

ranging from 5 to 30 ml per second. The intrabolus pressure was measured 5 mm above

the narrow lumen.
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In the fifth experiment 3 fluids with different viscosity were used. The 3 fluids were

ordinary tap water with a viscosity of 0.695 mPaS (Fluid 1) and a water-soluble contrast

medium, Gastrografin (Schering, Germany), with a viscosity of 8.9 mPaS at 37° C (Fluid

2), and 18.5 mPaS at 20° C (Fluid 3). Ten ml of each of the 3 fluids were injected with a

constant flow rate of 20 ml per second. The diameter of the lumen narrowing was 7 mm,

and the intrabolus pressure was measured 5 mm above the lumen narrowing.

Paper V

A total of 150 patients with moderate to severe pharyngeal dysphagia (sensation of food

getting stuck in the throat) or cough during swallowing, were studied over a 2-year

period with simultaneous videomanometry as described before.

A total of 16 of these 150 patients showed a posterior indentation at the level of the

cricopharyngeal muscle exceeding 25% of the dimension of the adjacent cervical

oesophagus measured from the videoradiography in lateral projection. They were divided

in a group (n = 8) with an indentation of 25-50% and another group (n = 8) with an

indentation of more than 50%. The control group consisted of 16 sex- and age-matched

patients from the same group of 150 patients but without a posterior indentation.

The width of the PES was calculated by measurements directly on the screen and then

corrected for the enlargement factor by measuring the known intersensor distance of 3

cm on the manometry catheter. Three sagittal dimensions of the PES were measured; at

the level of the cricopharyngeal muscle, 1 cm above and 1 cm below. The maximum

laryngeal elevation was also measured with the upper margin of the thyroid cartilage as

reference point. Contact- and intrabolus pressures were measured as described before.
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Paper VI

One hundred patients with moderate to severe pharyngeal dysphagia were studied over a

one-year period with simultaneous videomanometry. No patients with the globus

sensation of a lump in the throat were included. All patients were initially examined in the

radiological department in Malmö with a dynamic videoradiography including barium

swallow in a supine and upright position, solid bolus swallow and different bolus

consistencies. The examinations were performed by an experienced radiologist with

interest in dysphagia. The initial barium study was completely normal in 19 patients (12

M and 7 F, mean age 47, range 19-69).

Within 4 weeks these 19 patients were all examined with simultaneous videoradiography

and pharyngeal solid state manometry. The examination was performed as described

before. Manometric parameters for the patients were compared to a group of 24 normal

volunteers (l l M and 13 F, mean age 37, range 23-59), 14 of whom were evaluated in

Philadelphia and 10 of whom were evaluated in Sweden.

The evaluation of the manometric recordings were done in collaboration with Don and

June Castell at the Graduate Hospital in Philadelphia using the same manometric set-up,

including computer software, to assure identical analysis in Malmö and Philadelphia.
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Statistics

Although the samples sometimes were rather small (paper III) it seemed reasonable to

assume that the variables were normally distributed and thus parametric statistics were

used except in the laboratory experiment where non-parametric statistics were used.

All values are arithmetic means of at least three swallows ± 2 SD or ± SEM when

appropriate. Statistical comparisons between groups were made using two-tailed

Student's t test for independent samples. Two-tailed p-values < 0.05 were regarded as

significant. When appropriate 95% confidence limits for the difference were also given.

Fisher's exact test was used for relationship between two variables in the 2x2 table in

paper II. The odds ratio for such a relationship was given. A Pearson product-moment

correlation coefficient was used to test the correlation between dependent variables in

paper II. Analysis of variance (ANOVA) was used to reveal differences between three or

more independent samples in paper III. One-factor ANOVA for repeated measurements

were used to compare the means from three or more groups.

In the laboratory study (paper IV) non-parametric statistics were used and all values

were given as medians with 95% confidence intervals. Statistical comparisons were made

using Mann-Whitney U test. Probability values of < 0.05 were regarded as significant.

The calculations were made using True Epistat 4.0® (Epistat Services, Richardson,

Texas, USA) on an IBM-compatible PC or StatView II® (Abacus Concepts Inc,

Berkeley, CA, USA) on a Macintosh LC II.
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RESULTS

Paper I

Mean resting pressure in the upper esophageal sphincter was 90 ± 33 (± 2 SD) mm Hg.

Mean residual pressure during relaxation of the upper esophageal sphincter was 7.2 ±

8.0 (± 2 SD) mm Hg during barium swallow and 3.8 ± 6.2 (± 2 SD) mm Hg during do-

swallow. The mean duration of upper esophageal sphincter relaxation was 601 ± 248 (±

2 SD) msec. The mean peristaltic contraction of the upper esophageal sphincter was 254

± 143 (± 2 SD) mm Hg. Fourteen (56%) of the 25 had a measurable intrabolus pressure

(mean 3 3 + 1 7 mm Hg) at the level of the inferior pharyngeal constrictor. A specific

finding was discovered when the epiglottis tilts down hitting the manometric sensor. This

epiglottic tilt was identified in 7 subjects (28%) and caused pressures around 600 mm

Hg.

The catheter was generally well tolerated and no examination had to be interrupted

because of discomfort. Fluoroscopic control during catheter introduction reduced patient

discomfort compared to blind intubation. No significant age or gender differences were

found in the 7 manometric parameters analyzed. The mean UES resting pressure was

higher (98 + 31 mm Hg) in the volunteers under 30 (n = 9) years of age than in the

volunteers over 40 (n = 7) (92 ± 21 mm Hg). The difference was, however, not

significant (p = 0.33).

The total videomanometric examination time was less than 10 min in all 25 volunteers.

The total fluoroscopy time was within 100 sec.
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Paper II

The videoradiographic interpretation revealed 2 different types of catheter movement

with regard to the UES. We found that the catheter either was lifted in a cranial direction

during the closure of the soft palate (type 1), or stayed unaltered in the UES until the

beginning of the laryngeal elevation and then followed the UES cranially with no

previous response to the soft palate motion (type 2). The type 2-movement was more

common and was found in 31 out of 40 (77%) and the type 1-movement in 9 out of 40

(23%).

The comparison of movement and pressure parameters for the type 1 and the type 2

revealed several significant differences. The elevation of the soft palate was significantly

higher (p = 0.001) in the type 1 group compared with the type 2 group. Correspondingly,

the elevation of the soft palate sensor was higher in type 1. Furthermore the maximum

cranial elevation of the UES sensor was significantly (p = 0.03) higher in the type 1

group. The UES resting pressure was significantly (p = 0.004) higher in type 2. There

was no significant age difference between type 1 and type 2.

We also compared the patient group (n = 20) with the volunteer group (n = 20). The

soft palate caused an upward movement of the distal sensor in the UES in 8 out of 20

patients (40%) but in only 1 of the 20 volunteers (5%) although there was no significant

difference between the soft palate motion between the patients and the volunteers. There

was a small but significantly higher laryngeai elevation in the patient group compared

with the volunteers. The position of the UES sensor after swallowing (UES caudal) was

significantly lower in the volunteer group and the UES resting pressure was significantly

higher among the volunteers.

Then we compared high versus low UES resting pressure regarding the different types of

sensor movement. A resting pressure of 83 mm Hg was chosen to divide the material in

equal parts. In the high pressure group 19 out of 20 (95%) were found to have the type 2

movement of the UES sensor.
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The movement of the sensor at the level of the soft palate followed the movement of the

soft palate. There was a good correlation between the cranial movement of the soft

palate and the cranial sensor movement at this level (r = 0.98). There was no significant

difference between the different groups regarding the peak soft palate pressures.

The combined analysis with concordant videoradiography and manometry revealed that

the manometric UES relaxation started before the laryngeal elevation had reached its

peak elevation on videoradiography. This was important during type 2 movement. When

the UES relaxation started the sensor dropped in a caudal direction for approximately

0.5 sec (mean duration of UES relaxation) until the UES contraction again squeezed the

sensor and together completed the laryngeal descent.

Paper///

The peak pressures varied at different levels in the pharynx and were highest at the PES

level, lower at the inferior pharyngeal constrictor level and lowest at the level of the

tongue base (p = 0.0023). The rate of the pressure rise varied considerably at different

levels within the pharynx. It was highest at the level of the PES and lowest at the level of

the tongue base (p = 0.02). The rate of the pressure fall was highest at the level of the

inferior constrictor, lower at the cricopharyngeus level and lowest at the level of the

tongue base (non-significant; p = 0.3).

The duration of contraction was longer at the tongue base level compared to inferior

constrictor level (p = 0.017).

The speed of propagation of the contraction wave between the middle and inferior

constrictors was 13 ± 2 cm/sec for the beginning of the upstroke and 17 ± 3 cm/sec for

the peak contraction wave.

Between subjects correlations were found between all of the components of the pressure

wave shapes; the pressure build-up rate, the peak pressure and the pressure decay rate at
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each of the three manometric levels. The correlation coefficient r was in the 0.8-0.9

vicinity, the highest heing r = 0.97 (p = 0.0001) between the up-slope and the down-

slope at the inferior constrictor level. The lowest being r= 0.73 (p = 0.017) between the

peak pressure and the down-slope at the tongue base.

No correlations were found between the strength and speed of contraction and the speed

of propagation of the contraction wave. Thus between the pressure build-up rate at the

tongue base and the propagation time from the tongue base to the inferior constrictor,

the correlation coefficient was only r = 0.36 (p = 0.3).

Due to movements of the catheter and the elevation and descent of the pharynx during

swallowing it was difficult to measure the duration of the contraction in the

cricopharyngeus as well as the propagation speed of the contraction wave between the

inferior constrictor and the cricopharyngeus.

Paper IV

The experimental model showed that the intrabolus pressure within the lumen narrowing

was lower than the intrabolus pressure above. The maximum intrabolus pressure was

registered I mm above the experimental lumen narrowing. The intrabolus pressures at

the levels 1-4 mm above the lumen narrowing were all higher than the pressures at the

corresponding levels below the narrowing.

High intrabolus pressures (30-90 mm Hg) above the experimental narrowing was

registered when the diameter of the narrowing was 6 to 8 mm. The highest intrabolus

pressure was found with a narrow lumen (diameter 6 mm). There was a pronounced

intrabolus pressure drop when the lumen diameter was increased from 6 to 7 mm. When

the diameter of the narrowing was 9 mm or more the intrabolus pressure was not

increased.
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An increase in bolus volume led to an increase in intrabolus pressure above the

narrowing. This was measured with volumes ranging from 1 to 20 ml. A higher flow rate

also increased the intrabolus pressure above the narrowing. The greatest rise of

intrabolus pressure was seen when the flow rate increased from 5 to 10 ml per second.

When the viscosity of the injected fluid was increased there was a significant rise of the

amplitude of the intrabolus pressure (p<0.05), and also a significant prolongation of the

duration of elevated intrabolus pressure (p<0.05). The duration of increased intrabolus

pressure was 2.5 sec with the contrast medium of highest viscosity compared to 1 sec for

water.

Paper V

Significant differences between the patients with and without a CP bar were the sagittal

diameter of the PES, the pharyngeal constrictor contraction pressure and the duration of

intrabolus pressure in the PES. Patients with CP bar all showed significant increase in the

sagittal dimension of the pharynx above the CP bar, i.e. at the level of the inferior

pharyngeal constrictor and likewise at the upper cervical oesophagus below the CP bar.

However, at the very level of the CP bar, patients with a 25-50% indentation actually

had the same width as the controls. Only in patients with more than 50% indentation

there was a slight decrease in the PES dimension compared to controls. This decrease

was at the magnitude of 30%. The CP bar patients showed lower contraction pressure at

the level of the inferior pharyngeal constrictor compared to controls (p = 0.002). Other

variables did not show any significant differences. The resting pressure of the PES was

not significantly higher in the CP bar patients compared to the controls. Intrabolus

pressure did not differ at the level of the tongue base, inferior constrictor level or PES

level. The duration of the intrabolus pressure was, however, longer at the PES level in

CP bar patients (p = 0.03).

Laryngeal elevation was significantly lower in patients with a more than 50% indentation

(p = 0.006).
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Paper VI

Seven manometric events that might contribute to the symptom of pharyngeal dysphagia

were defined. These were: I/ High UES resting pressure, 21 High residual UES pressure

(pressure at nadir of the swallow), 3/ Weak pharyngeal contractions, 4/ "Pharyngeal

Spasms" defined as long, multiple peaked contractions in the pharynx 3 cm above the

UES, 5/ Abnormally long durations of both the pharyngeal contraction and the UES

relaxation, 6/ Reduced UES compliance, defined as an abnormally long UES relaxation

interval (time from the beginning of the relaxation to the nadir) and pharyngeal

contraction interval (time from the beginning of the contraction to the peak), II

Incoordination, defined as failure of the UES to relax before the pharyngeal contraction

reached the transducer located 3 cm proximal of the UES.

Using these 7 events to evaluate the 19 dysphagic patients we found that 5 patients had

no abnormalities of any of them; their manometry was essentially normal and gave no

clues to their dysphagia.

The remaining 14 patients had from 1 to 6 abnormal manometric events each, with 5

having high UES resting pressures, 5 having high UES residual pressures, 3 with weak

pharyngeal contractions, 3 with pharyngeal spasms, 7 prolonged contraction/relaxation

times, 5 reduced compliance, and 7 with incoordination.

34



Videomanometry

DISCUSSION

Simultaneous videoradiography and pharyngeal solid state manometry provides

qualitative and quantitative information by assessing bolus transport and intraluminal

pharyngeal pressures combined. The examination can be performed in an upright

physiologic swallowing position without the discomfort of a perfused catheter system.

The manometry catheter is introduced through the nose, preferably with a small amount

of anesthetic lubricant in the nostril. This anesthesia of the mucosa in the nasal cavity will

not affect the pharyngea! swallow. It has been shown that anesthesia of the oral cavity

does not affect pharyngeal swallow (103). The discomfort during the examination is

minor and we have today performed 431 with only 17 (3.9%) interrupted examinations

(9 because of difficulties in introducing the catheter through the nose, 7 because of

pharyngeal discomfort and 1 because of a Zenker's diverticulum).

Fluoroscopic guidance in a lateral projection during intubation reduced patient

discomfort and made it easier to insert the catheter and to avoid inadvertent entrance of

the catheter into the laryngeal vestibule. Thereby patient discomfort was reduced

compared to blind intubation. The total examination time was less than 10 min both in

volunteers and dysphagic patients. The total fluoroscopy time was within 100 sec in the

volunteer study and up to 180 sec in dysphagic patients. The radiation dose to the

volunteers was estimated to be around 0.3 mSv (milliSievert) and to the patients around

3.0 mSv.

The fluoroscopic control of the manometric sensors is especially important when

measuring UES function, as the UES sensor must be positioned in the crania! aspect of

the UES to record a true relaxation during laryngeal elevation. Laryngeal elevation varies

between patients and also between swallows and thereby fluoroscopy becomes necessary

to achieve optimal sensor position in the midzone of the UES at the peak of laryngeal

elevation.
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When the sensor is positioned in the middle or caudal aspect of the UES the laryngeal

elevation will move the UES above the sensor and instead an esophageal pressure will be

measured. This can be misinterpreted as UES relaxation on the manometric tracing.

When the UES sensor is properly positioned, the manometric recording will show an

"M"-configuration consisting of )/ a pressure increase when the high pressure zone

moves cranially onto the sensor, 21 a pressure decrease during UES relaxation and 3/ a

pressure increase during UES contraction (22, 25).

Perfused sleeve catheters measure pressure due to pharyngeal contraction of the sleeve

anywhere along its length (41, 80, 83). This technique has been employed to compensate

for difficulties caused by the axial UES movement. The sleeve is probably the best

modality for registration of onset of UES opening. However, the sleeve will record the

peristaltic contraction at the cranial extreme of the sleeve during the ongoing UES

opening and thus under-estimate the duration of the UES opening. The pressure rise rate

of perfused manometry systems is also considered too slow to accurately record

pharyngeal pressure changes and therefore solid state manometry is recommended in

pharyngeal manometry.

We found 2 different types of sensor movement within and around the UES. When the

distal manometric sensor was correctly positioned in the cranial part of the UES in order

to assess UES relaxation, the closure of the soft palate was crucial because of the

potential risk of the soft palate motion to lift the UES sensor out of the UES before UES

elevation (type 1 movement). An incorrect sensor position could not always be

recognized during interpretation of the manometric tracings solely. The soft palate

induced cranial movement of the UES sensor caused an abrupt fall of the UES pressure

to atmospheric pressure which could be misinterpreted as UES relaxation. This type 1

movement was however not common in our study.

In 60% of the patients and in 95% of the volunteers the position of the sensor in the UES

was unaltered during the closure of the soft palate. The cranial movement of the UES

sensor followed the UES- and laryngeal elevation until the relaxation of the UES (type

2).
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Dodds and Isberg have described the soft palate elevation with lifting of the manometry

catheter during the early phase of pharyngeal swallow (type 1), and several authors have

described the orad excursion of the UES onto the catheter with a potential risk of

measuring cervical esophageal pressure because of the cranial movement of the high

pressure zone (44, 73). The concordant cranial movement of the UES and the UES-

sensor (type 2) without soft palate influence has, however, not been described before.

We believe that this type of movement is seen when the resting pressure of the UES is

high. The high resting pressure in the UES grasps the catheter and probably prevents the

catheter from moving cranially during the lifting of the soft palate. Instead, the cranial

catheter movement occurs during the UES elevation, still with a firm grasp from the

resting pressure of the UES which is further increased by the motion induced sphincter

response during UES elevation. Then, when the UES relaxation starts, shortly before

peak laryngeal and UES ascent, the catheter drops caudally before the UES has reached

its peak elevation. After completion of UES relaxation the oncoming peristaltic

contraction again grasps the catheter in the UES. This occurs during laryngeal and UES

descent causing a caudal displacement of the wedged catheter when the swallow is

completed. The described course of events must be kept in mind when interpreting the

duration of UES relaxation. Simultaneous radiology makes interpretation much easier.

The type 2 movement as stated above could have an erroneously long UES relaxation

because of the "catheter-drop" from the elevated UES. The oncoming peristaltic

contraction, which is the end of UES relaxation, will not be registered until the

contraction reaches the UES sensor which has "dropped" caudally.

It has been described that the UES resting pressure is higher in younger individuals and

the type 2 movement is likely to occur more frequently among them (62, 117, 118).

Furthermore, UES resting pressure is sensitive to intraluminal distension (1, 64, 67, 75,

80, 92). The diameter of our circumferential sensor is 5.2 mm resulting in higher resting

pressures than those obtained by catheters with a smaller diameter (126). The mean

resting pressure was close to 100 mm Hg among our volunteers and the motion induced

sphincter contraction was able to induce pressures around 150 mm Hg, sufficient enough

to lift the catheter. All the participants in our study had a cranial movement of the UES
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sensor, ranging from 8 to ]4 mm, and all participants had a caudal displacement (below

its preswallow level) of this sensor after each completed swallow.

There was no difference between patients and volunteers regarding the soft palate

motion although 19 out of 20 volunteers had the type 2 movement. Instead the

determining factor is thought to be the UES resting pressure as described above.

In individuals with the type 1 movement, the soft palate motion will dislocate the LIES

sensor cranially and a false UES recording will be obtained. In individuals with the type 2

movement, the UES sensor will follow the orad excursion of the UES and a true UES

pressure should be obtained, as well as the "M"-configuration of the UES recording. In

both groups the sensor position after swallowing will be caudal to the initial requiring

sensor adjustment between each swallow.

Our findings highlights the importance of sensor positioning with simultaneous

fluoroscopy when performing pharyngeal manometry (60, 94).

Technical considerations are important in manometry. Solid state sensors are

temperature sensitive and calibration of the sensors should be performed at body

temperature since these sensors have a temperature zero shift of ± 1 mm Hg /1° C.

The barium suspension should be at least at room temperature and definitely not chilled

since this would cause severe temperature artifacts. We recommend registration of

atmospheric (zero) pressure in the oropharynx at the beginning and at the end of every

examination to make corrections for any baseline drift due to temperature differences.

The mean UES resting pressure in our healthy volunteers was 90 ± 33 mm Hg. This is in

accordance with the values presented by Castell (73 ± 58 mm Hg) using the same

manometric equipment, but without fluoroscopic control. Wilson reported UES resting

pressures around 40 mm Hg with a solid state catheter with a diameter of only 2.8 mm

(125, 126). UES is sensitive to intraluminal distension and our catheter diameter is 4.6

mm and the circumferential sensor 5.2 mm, which probably explains these differences.
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UES resting pressure is also sensitive to catheter movement and 10 sec rest is necessary

before registration.

A stress-induced rise in UES pressure has been described by Cook and thus it is

preferable to repeat the UES measurement at the end of the examination when the

patient usually is more relaxed and the UES resting pressure lower (30, 31, 81). The

residual pressures during relaxation in this study are in accordance with those published

by Wilson (7.1 ± 10.6 mm Hg), however slightly higher than those of the Castells (-0.7

± 7.4 mm Hg) who use 5 ml of water as bolus during wet swallows. A standardized

technique is important and we routinely use 10 ml of a barium suspension (60% w/v)

since many radiologic and manometric parameters are dependent on bolus volume.

Timing of hyoid movement, magnitude of laryngeal elevation, UES opening, onset and

duration of UES relaxation and intrabolus pressure are ail volume dependent (32, 33, 38,

39, 89).

We found a significant difference (p = 0.0011) between residual UES pressure during

barium and dry swallows (24, 25). We believe that this is due to the intrabolus pressure

in the UES during barium passage with a hydrodynamic pressure when the sensor is

within the barium (94). Barium has a higher density and viscosity than water and this has

been shown to induce higher intrabolus pressures explaining the differences in residual

pressures with different manometric techniques.

Thus, it is important to evaluate relaxation both during dry and wet swallows and

fluoroscopic sensor positioning is helpful to confirm a correct sensor position in the UES

at peak laryngeal elevation. During wet swallow with barium, the intrabolus pressure

during UES relaxation will create an erroneously high relaxation pressure that obviously

can be misinterpreted as incomplete UES relaxation. If dry swallows are added the

registration will show a true UES relaxation pressure if the sensor is properly positioned

(34).

When interpreting the videoradiographic barium swallow we like to use opening as a

description of barium flow through the UES. A radiologically normal UES opening is a
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free flow of barium through the UES without any indentation and with a sagittal lumen

diameter of 8-10 mm. When performing UES manometry we use the term relaxation to

describe an intraluminal pressure drop to 0 mm Hg in the case of a complete UES

opening. This, of course, occurs when the pharyngeal walls has left the sensor. Since the

UES sensor has a diameter of 5.2 mm, theoretically manometry could register a complete

relaxation, but the radiography displays an incomplete opening of 6 mm sagittal

diameter.

An incomplete UES opening thus may, but need not to be, associated with incomplete

sphincter relaxation (29, 34, 59). This must be kept in mind and registration of true

muscle relaxation needs intramuscular electromyography (EMG), a method too invasive

to be performed routinely (59, 75, 88).

Besides opening/relaxation we also registered the contraction pressure in the UES when

the peristaltic wave reached the UES. UES contraction is an integrated part of

pharyngeal peristalsis and contributes to bolus transport through the UES (3, 123). The

UES contraction is an active transport mechanism like the tongue thrust and the

constrictor activity. The UES contraction was significantly higher (p< 0.0001) than the

peristaltic activity in the pharynx. The peristaltic contraction of the UES occurs during

laryngeal descent and the high values of the UES contraction is probably partly due to

the motion of the UES. In accordance with UES resting pressure, motion induced

sphincter response occurs if the transducer is not in a resting position and

correspondingly the UES contraction is influenced by the synchronous descent of the

larynx and the UES, causing motion induced sphincter response.

Among the healthy volunteers we found almost the same contraction pressures at the

level of the tongue base corresponding to the middle pharyngeal constrictor and at the

level of the inferior constrictor. Our mean values (134 and 137 mm Hg) are in

accordance with those reported by Castell with mean pharyngeal peak pressure of 122 ±

72 mm Hg. Activity in the pharyngeal constrictors, when of proper timing and strength,

clears bolus material from the pharynx by propelling it into the oesophagus. Therefore,
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the pharyngeal constrictor activity is one of the components of the pharyngeal swallow

(19, 82, 84).

Pressure and timing studies in ten of the healthy volunteers revealed a tendency of peak

pressures increasing towards the distal pharynx which is in line with other recent studies

that found a conspicuous longitudinal asymmetry within the pharynx (60, 114).

Furthermore, in prior studies radial asymmetries with the highest pressure

anteroposteriorly (about 150 mm Hg) have been shown (98, 114).

Although the peak pressure and the speed of propagation of the constrictor wave varied

between individuals, they did not correlate, i.e. high speed does not mean high pressure.

This could be an expression for the fact that different pharyngeal constrictor functions

are controlled from different localizations within the central nervous system (93).

In prior radiologic studies nondysphagic volunteers and dysphagic patients xvith

pharyngeal dysfunction were found to have a speed of propagation of the constrictor

wave of 12 cm/sec (10). This corresponds to the beginning of the upstroke in our series

of 13 cm/sec. The finding that the propagation of the pressure peak was faster than the

start of the pressure rise may be due to that the pressure rise was more than twice as high

at the inferior pharyngeal constrictor level than at the middle pharyngeal constrictor

level. This may reflect that the two muscles derive innervation from different, but closely

located, areas within the nucleus ambiguus (9). This separate innervation may therefore

lead to differences in the contraction pattern.

Intrabolus pressure is the hydrodynamic pressure that is registered when the manometric

sensor is surrounded by fluid. We found measurable intrabolus pressures in 14 (56%) of

our 25 volunteers. An elevated intrabolus pressure has been postulated as an important

finding in UES dysfunction indicating defective relaxation. None of these volunteers

showed defective opening, i.e. no posterior bar. Therefore, it is surprising that 56 % of

our healthy volunteers showed intrabolus pressure. Normal values for intrabolus pressure

has, however, not been established in the literature.
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Dantas performed concurrent videofluoroscopy and manometry in six patients with

prominent CP-bars (37). The manometric finding in his six patients was an increase in the

intrabolus pressure cranial to the UES. Increased intrabolus pressure was, however, not a

constant finding in our patients with cricopharyngeal bars. In the laboratory model we

have shown that intrabolus pressure is dependent of bolus volume, flow rate, bolus

viscosity and the presence of a distal lumen narrowing. In this model, intrabolus pressure

increased with increasing bolus volume, flow rate and bolus viscosity. Therefore,

intrabolus pressure per se is not a reliable indicator of abnormal UES relaxation/opening

(29,34,76, 111).

In the laboratory model only a very narrow lumen produced an increase in upstream

intrabolus pressure. Experimental lumen diameters over 8 mm only produced low

intrabolus pressures. This is in line with the clinical observation that fluid barium is

seldom retained above a defective opening of the UES/ cricopharyngeal bar, even if the

bar is pronounced.

The reason for the CP-bar in many patients is probably the outbulging of weak

pharyngeal walls above and below the normal sphincter. Our results show that in patients

with a posterior cricopharyngeal bar the cricopharyngeal muscle per se has a normal

radiologic opening as well as manometric relaxation and contraction while the segments

above and below are abnormally wide and display low contraction pressures. The CP-bar

therefore is an indicator of an abnormal PES adjacent to the cricopharyngeal muscle.

This has been discussed by van Overbeek who found that the UES often remains intact in

patients with neurologic disorders but with a complete paralysis of the hypopharynx

(106, 107). This also probably explains the drawbacks with cricopharyngeal sphincter

myotomy (18, 59, 70, 71, 72, 100, 106, 107, 124). If this theory holds true myotomy

should only be performed in patients with normal pharyngeal constrictors and with a

clear-cut pathology in the UES in terms of defective manometric relaxation or a very

high resting pressure (71). This needs further evaluation (29, 36, 49, 50, 51, 54, 66, 79,

108, 113).
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We also demonstrated the importance of increased intrabolus pressure above a narrow

sphincter when the viscosity increased. Increase in fluid viscosity influenced both the

amplitude and the duration of the intrabolus pressure elevation. This has also been

observed by Wilson who found a longer duration of the pharyngeal swallowing complex

with solid or semisolid boluses than with liquids (125). Dantas et al found an increase in

pharyngeal transit time when comparing high-density with low-density barium (38).

The degree of sphincter opening can be assessed on videoradiography but manometry

provides important additional information about intraluminal relaxation and duration of

UES opening. A common clinical and radiological observation is that after

cricopharyngeal myotomy the increase in diameter of the UES is not always obvious.

Though, the patients regularly report improvement of their symptoms. This corresponds

with the findings in the laboratory model with a 30-40% drop in intrabolus pressure for

each millimeter increase of lumen diameter.

Furthermore, the experimental part demonstrated that the increased intrabolus pressure

just above the narrowing was dependent on volume and flow rate. Low volume and low

flow rate did not increase the intrabolus pressure. Therefore, only patients with normal

activity in the tongue base and the pharyngeal constrictors will display an increased

intrabolus pressure upstream the defective opening of the UES. A patient with weak

tongue thrust or paretic pharyngeal constrictors will not develop an increased intrabolus

pressure. The compliance of the weak pharynx, however, in terms of outbulging of the

pharyngeal walls, is probably easier to assess during barium swallow.

Thus intrabolus pressure is difficult to evaluate in pharyngeal manometry without a

thorough knowledge of the technical set-up, and comparison between different groups

performing these examinations could be impossible because of the many variables

involved.

We found a peculiar high peak pressure during pharyngeal manometry. The epiglottic tilt

sometimes hit a manometric sensor and caused a pressure around 600 mm Hg. Already

in 1975 Dodds described pressures as high as 600 mm Hg in the hypopharynx (43).
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These peak pressures were probably caused by epiglottic motion. In our study this was

found in 7 of 25 volunteers (28%), always easily recognized on the simultaneous

videoradiography. It is not a constant finding in every swallow and small adjustments of

the sensor position can overcome the artifact. It is important to exclude these high values

from the manometric interpretation of the pharyngeal constrictors. They may, however,

indicate normal epiglottic function. Radiology reveals movements of different anatomical

structures in and around the pharyax, such as the hyoid bone, the larynx, and the

epiglottis. Manometry does not give any information about these events. The

"manometric epiglottic tilt" is however an exception giving manometric information

about epiglottic motion and it is found at the level of the inferior pharyngeal constrictor.

Our studies show fundamental differences between radiologic and manometric

monitoring of pharyngeal swallow, in terms of their relation to the bolus. While the

radiologic test to a great extent is preoccupied by the bolus and its transportation

through the pharynx, manometry only reveals a glimpse of the bolus, namely the small

and nonconspicuous intrabolus pressure which at least in a normal person, swallowing a

liquid bolus in an upright position, is low: 0-40 mm Hg. However, for a more viscous

bolus the intrabolus pressure can be quite substantial. Brasseur and Dodds have

elaborated intraluminal pressure differences in the circumstance of peristalsis and found

elevated intrabolus pressure only within a very narrow zone ahead of the occluding walls

(16).

Interestingly enough, the radiologic study more or less is over when the bolus has left the

pharynx. This is in contrast to manometry that starts to record contraction pressure

events in a particular segment of the pharynx, a couple of milliseconds after that segment

has become free of bolus. Therefore, manometry mainly is confined to immediate post-

swallow events.

In a clinical setting, barium swallow is the most widely used procedure for screening

dysphagic patients. The introduction of high speed cineradiography and

videoradiography has improved the diagnostic outcome. However, many patients with

pharyngeal dysphagia remains a diagnostic enigma because of a normal dynamic barium
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swallow. In order to further elucidate pharyngeal function in these patients we adopted

videomanometry in 19 patients with a normal barium swallow including morphological

and functional evaluation of both pharynx and oesophagus. Moreover, the patients

symptoms were such that a pharyngeal abnormality was likely as an explanation, a feeling

of obstruction in the throat during swallowing or cough during swallowing.

We found that 74 % of the patients who were radiologically normal showed

abnormalities during the videomanometric study.

The manometric variables used for describing pharyngeal function were chosen to reflect

certain events such as pharyngeal constrictor strength, and coordination between events

such as timing of UES opening in relation to pharyngeal constrictor activity. A review of

the videos did not yield any additional information. The finding of a high residual UES

pressure during relaxation was not associated with any posterior indentation of the

cricopharyngeal muscle within the UES.

The discrepancy between barium swallow and manometry reflects the complexity of

bolus flow through the pharynx.

None of the patients with defective UES relaxation had high intrabolus pressures within

the pharynx. This finding fails to support the idea that compensation by increased tongue

thrust occurs in this situation.

Three patients had weak pharyngeal contractions on manometry. On the barium swallow

they had no sign of retention or impaired movement of the pharyngeal wall. This finding

suggests that constrictor function may not be as important for bolus transport through

the pharynx as previously believed. These patients had a normal tongue thrust and these

findings highlights the importance of a normal tongue thrust for pharyngeal bolus

transport (95). The fact that no increased barium residue was found in the vallecula or

piriform sinuses indicates that this is a non-reliable radiographic indicator of pharyngeal

constrictor activity.
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Similarly, a long duration of pharyngeal contraction and UES opening is difficult to

demonstrate during the barium study. One might have expected a reduced UES

compliance to be reflected in a defective opening of the UES during barium swallow.

There is, however, a wide variety in the timing of UES compliance and the opening

during barium swallow is difficult to quantify and compare with the manometric findings.

A failure of the UES to relax manometrically before pharyngeal contraction reached the

area was sometimes seen on the barium swallow as a prolonged indentation of the

cricopharyngeal muscle. This early posterior indentation, which may be appreciated as a

late relaxation, is rather subjective and no figure concerning exact timing is available.

Barium swallow reflects bolus transport through the pharynx. This in turn relies on

muscular activity in the surrounding muscular tube including tongue and pharyngea!

walls. We have found that certain muscular activities can be impaired manometrically and

barium flow still be normal. This is likely to fall into the category of compensated

swallow as it has been described by Buchholtz et al (17).

Solid state computerized pharyngeal manometry is a useful adjunct to videoradiography

and can provide important additional information in the diagnosis of dysphagic patients.

Barium swallow and manometry are complementary and we suggest the addition of

pharyngeal solid state manometry, preferably with simultaneous videoradiography, in

dysphagic patients with a normal barium swallow but with clinical evidence of

pharyngeal dysfunction.
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SUMMARY AND CONCLUSIONS

Simultaneous videoradiography and pharyngeal solid state manometry provides

qualitative and quantitative information by assessing bolus transport and intraluminal

pharyngeal pressures combined. It can be performed with the subject seated in an

upright physiologic swallowing position during fluoroscopy in a gastrointestinal

radiology laboratory.

Simultaneous videoradiography provides fluoroscopic control during insertion of the

manometry catheter, thereby reducing patient discomfort.

The simultaneous technique enables sensor control and sensor localization at different

regions of interest such as: soft palate, tongue base, pharyngeal constrictors and UES.

Sensor movement is variable and fluoroscopic control important.

Intrabolus pressure can be confirmed during pressure registration when the sensor is

completely surrounded by the barium bolus.

Measurable intrabolus pressure is not per se an indicator of pharyngeal dysfunction.

The experimental model showed that intrabolus pressure was dependent on lumen

narrowing, sensor position, bolus volume, flow rate and viscosity.
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• Videoradiographic opening during the barium swallow can be correlated to the

concordant registration of the intraluminal relaxation registered by manometry.

• Relaxation of the UES can be assessed during both wet and dry swallows.

• The epiglottic tilt can be identified on videoradiography, thus avoiding the confusion

of erroneously high constrictor activity.

• Timing and coordination of the pharyngeal swallow sequence can be performed and

related to movements of the participating anatomical structures.

• There is a substantial longitudinal asymmetry in pharyngeal pressure response in

normal individuals.

• There is a wide variety in the timing of UES opening/ relaxation, where the pressure

registration is extremely dependent on sensor positioning.

• The radiologic finding of a CP-bar is often only an indicator of a more widespread

dysfunction around the PE-segment easily evaluated with the simultaneous technique.

• In many patients with a posterior CP-bar the major abnormality is weak constrictors

with outpouching of the lumen above and below.

• The simultaneous technique provides new diagnostic information in dysphagic

patients with pharyngeal dysphagia and normal barium swallow.
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