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Zusammenfassung

Das vegetative Nervensystem kontrolliert lebenswichtige Funktionen wie die

Regulation der Nährstoffaufnahme, des Stoffwechseis oder des kardiovaskulären

Systems. Vegetative Prozesse unterliegen nicht der willkürlichen Kontrolle und werden

im Regelfall auch nicht bewusst wahrgenommen. Wie diese Regulation und Kontrolle

beim Menschen erreicht wird, ist noch unzureichend verstanden. Ein Grund liegt sicher

in der Schwierigkeit, geeignete physiologische Parameter zu identifizieren, und in

methodischen Beschränkungen, die komplexe Interaktion verschiedener

physiologischer Systeme zu untersuchen. Die vorliegende Arbeit stellt einen Versuch in

diese Richtung dar. Ziel war die Untersuchung grundlegender Regelmcchanismen am

Beispiel der glatten Magenmuskulatur. Dabei folgten die Experimente einem

gemeinsamen Aufbau: Die antrale kontraktile Aktivität wurde als Antwort Punktion auf

einen definierten peripheren oder zentralen Reiz betrachtet. Zur Beobachtung dieser

Reaktion wurden Magnctresonanzbildgebungsverfahren (MRI) entwickelt. Zunächst

wurde durch die Kombination von MRI und hochauflösender Druckmessung die

Änderung der antroduodenalen Motorfunktion bei Stimulation duodenaler

Nährstoffrezeptoren untersucht. Es konnte gezeigt werden, dass dabei die zeitliche

Koordination der Kontraktionsaktivitäl und der antroduodcnalc Druekgradient eine

zentrale Rolle einnehmen. Durch Einsatz des Motilinagonistcn Erythromycin wurde

diese normale physiologische Funktion verändert, wobei Episoden starker

Kontraktionsaktivität auftraten. Dass sich MRI verglichen mit Manomctrie als

wesentlich zuverlässiger zur Detektion antraier Kontraktionen erwies, muss bei der

Interpretation von Druckdaten berücksichtigt werden. Gegenstand eines weiteren Teils

der Arbeit war die Frage, wie die Aktivität der glatten Muskulatur durch das

Zentralnervensystem moduliert wird. Als externer Reiz wurde ein Gefühl der

Eigenrotation durch Bewegung des Sichlfeldes erzeugt. Es konnte gezeigt werden, dass

unter diesen Bedingungen eine deutliche Hemmung der antraten Kontraktionsaktivilät

auftritt, die jedoch unabhängig von der Intensität der subjektiven Wahrnehmung der

Versuchspersonen aufzutreten scheint. Gegenwärtig wird untersucht, welche zentralen

Mechanismen für diese Auswirkungen auf das vegetative System verantwortlich sind.

Ein weilerer Aspekt der Arbeit war die Identifizierung der Mechanismen, die für die

Ausbreitung von oral verabreichten Medikamenten vor Absorption im



Gastrointestinaitrakt verantwortlich sind. Dazu wurde ein kolloidales

Medikamentenmodell entwickelt, dessen Ausbreitungsdynamik durch den Einschluss

eines MR-Konlrasimittels in eine Liposomhülle verfolgt werden konnte. Dies könnte

wertvolle Hinweise lürdie Optimierung galenischer Eormulierungcn liefern.



Summary

The autonomic nervous system performs crucial tasks such as the control of the

respiratory and cardiovascular system or the regulation of gastrointestinal function.

Visceral functions are not subject to voluntary control and are usually not consciously

perceived. Despite intensive research on how this regulation is achieved, a great

amount ol uncertainty prevails. Partly responsible for this arc the difficulty in

iclcntilying suitable physiological parameters and methodological limitations when

trying to assess the complex interaction between different physiological systems. This

work aimed to address these shortcomings. The experiments followed a common basic

structure: a stimulus was applied either peripherally or centrally and, disregarding the

cascade of events in between, the final response was assessed by imaging antral

contractile activity by dynamic MRI. For this purpose, magnetic resonance imaging

techniques were developed. In the first part, the response of antral activity to caloric

stimulation of duodenal nutrient receptors was studied by a combination of MR

imaging and high-resolution manometry to obtain complementary information on

pressure and wall motion. We found that temporal and spatial coordination of

contractile activity and the antroduodenal pressure gradient play a crucial role for

normal gastric function. This normal function was altered by (he motilin agonist

erythromycin that induced episodes of strong contractile activity. In the second part of

the work, we investigated (he role of the brain in the modulation of gastric motor

activity. The external stimulus was illusory sei Emotion elicited by circular vection. We

observed a characteristic inhibition of antral contractile activity, largely independent of

Ihc centrally generated symptoms of motion sickness. Currently it is investigated,

which central mechanisms are responsible for this effect on the vegetative system. An

additional aspect of this work was the identification of the mechanisms underlying the

distribution of orally administered drugs in the gastrointestinal tract. For this purpose,

we developed a colloidal drug moetel, whose distribution dynamics could be followed

by enclosing an MR contrast agent in a phospholipid vesicle. This provides valuable

information for the optimisation of galenic preparations. In summary, MRI offers

unique possibilities to study visceral regulatory systems, as demonstrated on the

example of gastric function, thus allowing new insights into the underlying



mechanisms. In addition, MRI can be expected to make important contributions to the

design of orally administered drugs.
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Chapter 1

Introduction

Like most visceral processes, gastric function is closely regulated, but rarely gets to our

immediate attention. This regulation is accomplished by a hierarchical organization of

the different control mechanisms involved. The most basic functions and reflexes, e.g.

peristaltic contractions, are embedded in the enteric nervous system, an extensive

neural network situated in the gut wall. These basic activities are modulated from

various sources by humoral mechanisms and through the autonomic nervous system.

The regulatory mechanisms underlying gastric function are far from being resolved,

particularly in humans, partly because of a lack of suitable techniques for its

assessment. One aim of this work was therefore to develop magnetic resonance

imaging (MRI) methods to assess regulatory control mechanisms underlying gastric

molor function. Improved knowledge of these mechanisms is also important for (he

design of orally administered drugs, whose bioavailability is strongly affected by the

behavior of the formulation in the gastrointestinal tract. Since current understanding of

the release and distribution of drugs in the gastrointestinal tract is scanty, we aimed

further to develop a method to monitor the intragastric distribution of a drug model by

MRI.

Antroduodenal contractile activity

In the postprandial state, the contractile motor activity in the gaslroduoclenal region is

largely determined by feedback from small intestinal chemo- and mechanoreccptors.

Infusion of nutrients into the duodenum daring emptying of liquid leads to a drastic

change in gastroduodenal motor activity by suppression of antral pressure waves,

stimulation of phasic pyloric pressure events and an increase in basal pyloric tone
'"

.

However, the role of the different mechanisms responsible for the delivery of nutrients

to (he small intestine (proximal and distal gastric contractile activity, pyloric resistance
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and duodenal motor activity) is unclear. While no single factor could be identified to

exert a dominant control
1" 4, the concerted action of the different motor mechanisms

appears to be required for the control of gastric emptying. This hypothesis is further

supported by the observation that the stomach is capable of reorganizing its motor

activity when individual motor components fail, before compromising the nutrient load

delivered to the small intestine
.

It has been shown that the timing of antral, pyloric

and duodenal contractile events strongly influences transpyloric flow \ Transpyloric

flow is pulsatile
6'

', and depends on the spatial and temporal organization of the motor

events in the proximal and distal stomach, the duodenum and the resistive force of the

pyloric sphincter 's'\

Studies on the mechanisms underlying the regulation of gastric emptying ideally should

include a simultaneous assessment of all motor components correlated with transpyloric

flow on a second-to-second basis and should take into account the temporal and spatial

relationship of these mechanisms 8. Since conclusions drawn from animal studies can

hardly be extrapolated, there is a need for combined techniques to assess the individual

motor components - wall motion and intraluminal pressure - and, as the outcome

variable, transpyloric flow in humans, Such studies have not been performed due to

methodological limitations. So far. only two studies combined an imaging modality,

vicleofluoroscopy and scintigraphy respectively, with intraluminal manometry in

humans '

.
Much of the current knowledge about the relationships between individual

motor components arises from the assessment of intraluminal pressures. Perfusion

manometry allows to study antral, pyloric and duodenal pressures simultaneously
'' 8,

but does not directly reflect wall motion. The motion of the luminal wall can be

assessed by vicleofluoroscopy with good spatial and temporal resolution K. However.

the technique only yields 2D projections so that gastric emptying cannot be quantified,

and its application is severely limited by the radiation burden involved.

Ultrasonography has been developed to assess wall motion and gastric emptying
l2' u

.
The drawbacks are that, for functional studies, ultrasonography is restricted to liquid

meals, can only partly image the gastric lumen and is subject to artifacts from air. It is

(he only method so far to quantify transpyloric flow in humans, even (hough with

limited precision '\ Magnetic resonance imaging methods have been used to quantify

gastric emptying
K iA

and wall motion
'' 's. MRI studies so far have focused on antral
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motility, while the gastroduodenal region has not been assessed. The reason is that

navigation to the area of interest is still difficult compared to ultrasonography and that

temporal resolution is low. Imaging of the abdomen, where respiratory and peristaltic

motion limits acquisition times, poses particular demands on MR imaging techniques.

Flaving no trigger available as in cardiac MRT, imaging of gastric motor activity
O OO O ö O J

requires rapid data acquisition balanced against sufficient signal to noise intensity in

order to visualize complex mechanical processes.

The aim of the first part of this work was therefore to develop an MRI method to assess

intraluminal pressures concurrently with gastric wall motion and She rate of gastric

emptying. This technique has then been applied to study the motor mechanisms during

intraduodcnal lipid infusion before and after administration of the motilin agonist

erythromycin. In addition, we aimed to develop new imaging strategies for the

assessment of gastroduodenal function.

Sensory conflicts and the central modulation of gastric motility

The role that the brain exerts in the control of gastric function has been appreciated

since the beginning of the century, when it was shown that emotional states evoked by

external stimuli can have a profound impact on motor patterns in the GI tract
|l"

~

.

Since then, a variety of environmental stimuli have been demonstrated to affect gastric

motility. Cold pressor stress, where subjects hand is repeatedly exposed the (o 4 °C

cold water, is associated with antral inhibition and changes in pyloric and duodenal

0 1 O 0

motility
~

and labyrinthine stimulation delays gastric emptying "". Motion stimuli also

have an effect on gastric function
~ ' ~

.
Vection has been used to investigate the effect

of illusory self-motion on gastric function and to understand the nature of the

accompanying physiological symptoms of motion sickness 25'26.

Illusory self-motion can be experienced b\ gazing from a bridge onto a river or looking

at a train take off from an adjacent track. Since the vestibular system can only detect

acceleration and deceleration, information on constant motion has to rely completely on

(he visual system. Therefore, self-motion can be induced by moving the surround of a

stationary subject e.g. by a rotating optokinetik drum (circular vection). A recent study

using PET/ investigated the cortical areas involved in the visual perception of self-

,i



motion "'.It was shown that visual motion stimulation not only activates bilaîerally a

parieto-occipital visual area but also deactivates the parieto-insular vestibular cortex.

The authors found a positive correlation between the perceived intensity of circular

vection and the relative changes in cerebral blood flow in parietal and occipital areas.

They concluded that reciprocal visual-vestibular interaction acts as a multisensory

mechanism for self-motion perception, shifting the dominant sensorial weight from one

sensory modality to the other.

The mechanisms underlying the physiological symptoms of motion sickness are not

understood, even though there has been intensive research motivated by the Pact that

motion sickness represents the most critical health problem during the first days of

space flight. A general concept for (he explanation of motion sickness has been

proposed by Reason "'. Motion sickness results when there is a mismatch between

predicted and actual sensory inputs. In case of circular vection, the incoming

somatosensory information from the visual, vestibular and proprioceptive system is

inconsistent with previous sensory-motor experiences. This visual-vestibular conflict

signal triggers the different mechanisms mediating the symptoms of motion sickness.

Adaptation or habituation to the stimulus \\ ill decrease the symptoms over long-term or

repeated exposure to the stimulus. The physiological correlates of motion sickness

include various effects on cardiovascular and respiratory system as well as the

gastrointestinal and neuroendocrine system ~9.

Changes in gastric function have been shown to occur under circular vection. A close

relationship was found between the incidence of motion sickness symptoms and gastric

rhythm disturbances determined by electrogastrography (EGG) ~\ However, intensity

of the EGG is not directly correlated with the contractile activity of the stomach wall *"

.

Vection slows gastric emptying in susceptible subjects "n. an effect, which was not

closely related to the observed intensity of symptoms. Since, as described above.

gastric emptying is the result of a variety of motor components, its assessment alone

does not allow to derive information on the effects of vection on gastric motility. So

far, no direct observation of gastric contractile activity during experience of vection has

been reported. Thus, it remains subject of debate whether changes in gastric activity are

the cause of the motion sickness symptoms or just occur coincidentally.
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The aim of the second part of the work was therefore to investigate by MRI the

response of gastric motility and gastric emptying to an external vection stimulus.

Monitoring intragastric drug distribution

The behaviour of orally administered drugs in the gastrointestinal tract strongly

influence their bioavailability. This is particularly true for enzymes that rely on

substrates in the GT tract or if timing and location of drug absorption is important. Only

little is known about the mechanisms governing the distribution of a given galenic form

in the gastrointestinal tract. As a consequence of the growing complexity of drugs,

suitable methods are needed to monitor the release of drugs from specific galenic

preparations within the gastrointestinal tract in order to understand the relevant factors

influencing their distribution. Drug formulations can then be optimized with respect to

their behaviour in the gastrointestinal tract.

Gamma scintigraphy, where the drug is labeled with radioisotopes, has been used for

this purpose ^. Drawbacks of this technique are the radiation burden involved and the

lack of three-dimensional information on drug distribution and the anatomical

environment. Magnetic resonance imaging (MRI) would be an attractive alternative or

supplementary tool to gamma scintigraphy, since the technique provides 3D

information, is free of ionizing radiation and allows the assessment of gastric motor

function. In the rat stomach, the fate of a solid dosage form has recently been visualized

by MRI ~. No studies have yet been perlornied using MRI to follow the intragastric

distribution of a realistic drug model that resembles galenic formulations in humans.

The aim of the third part of the work was to develop a method to visualize the

distribution of Gd-DOTA-labelled liposomes as a drug model in the human stomach

after ingestion of a liquid or a solid meal.
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Chapter 2

Combining MRI and manometry to assess antroduodenal
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Abstract

Background/Aims: Understanding of the control mechanisms underlying gastric motor

function is limited, in part due to methodological shortcomings in its assessment. The

aim of this study was to develop a combined magnetic resonance imaging and

manometry technique to obtain detailed information on pressure geometry relations and

apply this to study the effect of duodenal nutrient stimulation and intravenously

administered erythromycin.

Methods: Antral contractile activity was followed by combined dynamic magnetic

resonance imaging (MRI) and antroduodenal high-resolution manometry (20 pressure

ports) in 7 healthy subjects. Gastric volume was determined by MRI at fixed intervals.

Stainless steel markers on the catheter allowed tracking of the assembly. After

intragastric administration of 600 ml 20 Ll glucose solution, motility was assessed for

30 min under intraduodenal nutrient infusion, before the stomach was filled again.

Thereafter, erythromycin was infused intravenously and the protocol continued for a

further 15 min.

Results: All contraction waves were antegrade and no lumen occlusive contractions

were observed in the antrum (lumen occlusion: 47 ± 14 %). The propagation speed of

these peristaltic contraction waves was 2.5 ± 1.3 mm/s. 82 % (51/62) of all observed

contraction waves were detected manometrically. 49 % of all contractile events

(241/496) were associated with a detectable pressure event. The degree of lumen

occlusion of the contractile events that had no observed pressure change was 47 ±

15%. After erythromycin, episodes of strong antroduodenal contractions were

observed, but antral activity was highlv variable between subjects.

Conclusions: The combined MRI and manometry technique introduced in this study

allows correlation of antroduodenal wall motion and pressure. A detailed knowledge of

antroduodenal mechanics is fundamental to an understanding of the underlying control

mechanisms.
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Introduction

The control of nutrient liquid emptying is strongly influenced by feedback signals from

small intestinal receptors. Intraduodenal lipid infusion slows gastric emptying,

stimulates tonic and phasic pyloric motor activity and suppresses antral pressure

waves'. Erythromycin, a motilin agonist, has been shown to accelerate pathologically

delayed gastric emptying \ These effects are attributed primarily to increased antral

activity with stimulation of distinctive high pressure waves, which sweep aboracl along

the distal stomach, and to suppression oi' localized pyloric motor activity \ The

contribution of each of these mechanisms to the acceleration of gastric emptying have,

however, not been identified.

The deficiencies in our current understanding of the mechanics of antropyloroduoclenal

motor function contributing to gastric emptying in humans can be attributed largely to

technical difficulties in the .simultaneous assessment of gastric emptying, gastric wall

motion and intraluminal pressures. The majority of studies so far has relied exclusively

on the measurement of one of these variables. Gastric scintigraphy has been used most

extensively 4, but has poor temporal resolution. Luminal manometry has good temporal

resolution, but the relationship between pressure patterns and transpyloric flow has not

yet been established. As the relationships between the mechanical factors that

determine gastric emptying are complicated, the ability to simultaneously record gastric

wall motion and intraluminal pressures on a second to second basis would be expected

to add important information to that gained from measurement of pressure alone. With

magnetic resonance imaging, it is now feasible to combine real-time gastric imaging

and intraluminal pressure measurement to overcome (he shortcomings of current

techniques
5'

.
The imaging technique should provide three dimensional information

since the anatomy of the distal stomach and duodenum cannot be displayed completely

by techniques relying on imaging in a single plane (e.g. fluoroscopy, ultrasound).

Previous applications of magnetic resonance imaging techniques assessed gastric motor

function in single planes '. The recent development of high speed MR imaging

techniques with image acquisition in multiple planes now enables real-time three-

dimensional data acquisition. Furthermore, advances in water-perfused high-resolution

11



manometry capable of measuring small pressure gradients have made this technique

especially well suited for the analysis of antropyloric mechanics.

In this chapter we report the development of a technique combining manometry and

MRI to evaluate the pressure-geometry relationships of the antropyloroduodenal region.

A quantitative analysis of the pressure data is presented in chapter 3.

Methods

Subjects

Seven healthy subjects (5 m, 2 f; 23 to 45 years) with no prior history of

gastrointestinal disease participated in the study. All subjects gave written informed

consent, and the study protocol was approved by (he Ethics Committee of the

Department of Internal Medicine at the University Hospital Zurich.

Experimental protocol

The experimental protocol is shown in Figure la. Subjects attended the laboratory after

an overnight fast. The manometric assembly, which had a chain of 19 recording

sidcholes spaced at 3 mm intervals (Figure lb) was inserted through an anaesthetised

nostril and positioned across the p\lorus using previously validated transmucosal

potential difference criteria 8. The position of the catheter was controlled visually by-

two MR markers on both sides of the pressure-sensitive zone. A second tube (inner

diameter 1.5 mm, outer diameter 2.5 mm), which ran alongside the manometric

assembly ended in the stomach and was used for intragastric infusions. An intravenous

catheter for the infusion of placebo (saline solution) or erythromycin (Erythrocinc®,

Abbot, Switzerland) was inserted into the antecubital fossa. After phase TII of the

mterdigcstive migrating motor complex (MMC). an mtraduodcnal nutrient liquid

infusion (equal volumes of 25 % dextrose and a 10 7c lipid emulsion (1.1 kcal/ml,

Intralipid®, Kabi-Vitrum, Stockholm. Sweden)) was started at a rate of 2 ml/min (2.1

kcal/min). This rate was maintained throughout the study. The subject was placed in the

MR scanner supine at 30° towards the left lateral position to ensure filling of the

antrum. Isotonic saline solution (750 ml. marked with Gd-DOTA 600 pJVI Dotarcm®,

Laboratoire Guerbct, Aulnav-sous-Bois, France) as a paramagnetic MRT contrast agent

12



was infused over 4 min through the gastric tube. Antropylorocluodenal pressures were

recorded throughout the study.

Ä Study protocol

volume scan

/ motility scan

JLPijjlijL^

erythromycin
infusion

IP P 01

t
15

gastric filling

30 45 55

Î
70 Time [min]

stomach refilled with saline

to 750 ml

Intraduodenal lipid infusion

B Manometric assembly

sideholes used forTMPD

measurement

30 cm
3 mm

.ÜÜÜÜ OTTCru ü Ü O O O'ÖTrörrjnrjrj-~~-K

19 1 d 10 7

4 mm

MRI Market- Duodenum Antrum

Figure 1: a) Study protocol: a series of four MRÏ scans, a 'volume scan' to measure

intragastric liquid volume and three 'motility scans' to assess antroduodenal wall motion, was

performed Ihrce times. Prior to the third scries, erythromycin was administered intravenously.

Pressures were recorded continuously throughout the study and an mtraduodcnal infusion was

maintained at 2.1 kcal/mm. b) Manometric assembly: The arrangement of the perfused

sideholes and I he markers, which indicated the zone of pressure recording sideholes of the

assembly in the MR images. TMPD recording was used io aid correct positioning of the

catheter across the gastroduodenal junction.
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Part I: Immediately following the intragastric saline infusion, an MR scan was

performed to measure the intragastric liquid volume ('volume scan"). This was

followed by three dynamic MR scans of 90 s duration each, to assess gastric motility

('motility scan"). This basic sequence was repeated twice at 15 tnin intervals (total 30

mm).

Pari 2: At 40 min, erythromycin (200 mg) was given as i.v. infusion over 20 min. At

45 min, another 500 -- 750 ml isotonic saline solution was infused and two more

sequences of volume and motility scans were performed for a further 30 min. Since

after i.v. infusion of erythromycin the gastric lumen was almost empty within 15 min,

only (he first 15 min of data were analysed. The timings and other details of the

experimental setup are given in Figure I.

Magnetic resonance imaging

All studies were performed in a 1.5 Tesla whole body imager (Philips Gyroscan ACS-

NT, Best, The Netherlands). Two different types of scans were used: (I) a scan to

determine the amount of liquid in the gastric lumen i'volume scan") and (2) a scan to

assess gastric wall motion in three dimensions ("motility scan").

Volume scan: Intragastric liquid volume was measured with a previously described

method
. Briefly, a Turbo Spinecho scan (transverse slice orientation, echo time TE =

12 ms, repetition time TR = 576 ms. flip angle 90°) with 24 contiguous slices (7.5 mm

slice thickness) was performed over 60 s. The in-plane resolution was 1.5 mm (matrix

size: 256 x 256 pixels, field of view: 380 mm). To avoid motion artifacts, the scan was

divided into four measurement periods of 15 s each,and the subjects were asked to hold

their breath in expiration during the length of these measurements.

Motility scan: A dynamic scan was designed to assess 3D wall motion in Ihc

antropyloroduodenal area and to track the position of the manometric assembly markers

(see below), in order to determine the exact position relative to the pylorus and antrum.

Over 90 s. seven slices were acquired each second using a multislice gradient echo

echo planar (EPl) sequence (coronal slice orientation. EPI factor 5, TE = 5 ms, TR = 8 1

ms, flip angle: 20°, matrix size: 128 4 28 pixels. Field of view: 400 mm, resolution: 3
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mm. slice thickness: 7 mm). The scan was triggered by a signal from (he computer.

which acquired the manometric data, so MRI and manometry data were synchronised

precisely.

Manometric technique

Pressures were recorded with a perfusion manometry system along a 20 channel,

silicone rubber manometric assembly (Figure lb; 0.4 mm inner diameter for the

reording channnels, sidchole spacing: 3 mm. perfusion rate 0.08 ml/min, perfusion

pump driving pressure: I atm. pre flushed with CO;; Dentsleeve, Parks i de, .Australia).

The system had a pressure response rate of 150 mmHg/s or greater on sidehole

occlusion. 19 channels were used for pressure recordings with ports spaced 3.3 mm

apart along a 6 cm segment of the assembly to monitor pressures in the

antropyloroduodenal region. Sideholes 3 and 17 were perfused with normal saline from

separate reservoirs and transmucosal potential difference (TMPD) was measured

concurrently with manometry to aid the positioning of the catheter across the pylorus.

Manometric data were recorded at 8 samplcs/min. Transducer drift was corrected every

15 min using an underwater reference, and measurement uncertainly was minimized (o

within 0.5 mmHg. A larger (0.9 mm diameter) channel in the assembly, which opened

into the duodenum 14 cm from the pylorus, was used to deliver the intraduodenal

nutrient infusion.

Data Analysis

Terminology: The term 'wave' is used to imply propagation between at least two

points of observation. 'Motility' is used as a general term and refers to motor function

as measured by either method, manometry or MRI. Individual wall indentations are

called contractile events (contractions). A spatial progression of contractile events in

time is defined as a contraction uv/rc. Pressure increases at least 5 mmHg above

baseline (see below) in a single manometric channel were defined as pressure eve/its.

Pressure events showing a progression in time over at least two manometric channels

are called pressure waves.

MRJ: Gastric emptying was assessed by measuring gastric volume every 15 minutes. In

all 24 slices of a volume scan, the eoniour of the stomach content was outlined semi-
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automatically. These areas were multiplied by the slice thickness and added to obtain

the intragastric volume.

To analyse antral contractions, MR motility scans al each time point were evaluated for

average speed of progression of the contraction, average degree of lumen occlusion and

average distance from the pylorus. The degree of occlusion of the gastric lumen by a

contraction at any time point was measured manually and defined as the smallest

distance between opposite sides of the gastric wall in the contracted state in relation to

the uncontractcd state, expressed as a percentage.

To relate these geometrical variables to changes of pressure, proximal and distal

markers as well as the course of the assembly in the antropyloric region were identified

manually in each image of a series of dynamic scans relative to the location of the

pylorus. This was carried out without reference to (he pressure data. The spatial

location of pressure events and wall motion were defined as the points where the

assembly and a virtual line connecting the opposing antral wall indentations intersected.

Contractions were therefore characterised by their position relative to (he assembly,

their speed, propagation and their degree of lumen occlusion. A contraction wave was

defined antegrade if its propagation speed (determined by a linear fit of the

displacement over time curve) exceeded 0.5 mm/s.

Manometric data: The pressures recorded included a hydrostatic pressure component

due to the differences in height between the subject and the manometric transducers as

well as a component corresponding to intraabdominal pressure. All pressures were

expressed relative to a baseline pressure defined as the 5th centile of the pressure values

in channel 19 of the manometric assembly during the pre-erythromycin period. This

channel was always in the duodenum. Recordings were only analysed when the TMPD

readings indicated that the assembly was correctly positioned across the pylorus.

Pressure events: During dynamic scan periods, the manometric data were subdivided in

lime into blocks of eight digitised values corresponding to the acquisition time of a

single MR image (I si. Since (he resolution of the MRI was on the order of the

manometric sidchole spacing (3 mm), (he highest pressure \aiue within the 1 s time
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frame over the tracked MR image and the two adjacent pressure channels was chosen

as the pressure event corresponding to the wall indentation.

Continuous pressure activity: When the image analysis and the tracking of the

manometric assembly allowed assignment of specific manometric channels to the

pylorus, pressures recorded from all channels proximal to the pyloric channels were

used to calculate mean antral pressure, all channels distal to the pylorus yielded the

mean duodenal pressure, and the three pyloric channels itself the mean pyloric pressure.

Pressure events and waves: A software program was developed to automatically detect

antral pressure events and waves under visual control (manometric data displayed as

contourplots). The area under the curve was defined in each antral channel as the area

under the pressure vs. lime curve during pressure events. The area under the curve was

calculated relative to antral baseline, and the result was scaled to a total time period of

15 min for each study period. The channel with maximum area under the curve (AUG)

was used to distinguish levels of antral pressure activity between subjects. Furthermore,

(he frequency of pressure waves was calculated.

Statistics

Data were analysed by t-test (significance level p < 0.05, tendency defined as 0.05 < p

< 0.1) and arc presented as means ± SD. unless stated otherwise.

Results

Magnetic resonance imaging: fhe number of contraction waves observed was 62. the

total number of contractile events 635. All contraction waves (Figure 2a) were

antegrade and no lumen-oeelusive contractions were observed in the antrum (lumen

occlusion; 47 + 14 %). The propagation speed of these peristaltic contraction waves

was 2.5 ± 1.3 mm/s. The median gastric emptying rate was 12.0 ml/min for the first 15

min (4.2 - 17.8 ml/min) and 9.3 ml/min for the second 15 min (4.5 - 10.6 ml/min).

After erythromycin, strong contractions (Figure 2 b) occurred in all subjects, so (hat the
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position ot the manometuc assembly and individual contiacbons could not be tiackcd

Gastnc emptying aftei eiythtomycm occuued at 20 3 ml/mm (11 0 - 39 I ml/min)

A Duodenal nutrient infusion

Marker ?
„ ,

Jpylorus

\
Contraction

Pyloric pressure

I

%érWh

^mmi- >
- v -<;-as.

B after erythromycin i.v.

"kS

Figure 2: (A) Antiocluodenal motilitv dining intiaduoclenal lipid miusion the MR image

shows the aniiopyloiodnodenal aica and an anlial conti action The piovnml maikei and paits

ol the issunblv are visible ami allow identification ol the position ot (he sidehole chain ot the

assembly The 3D lepiesentation ot the coiresponding manomttuc tiacmgs uighl) shows a high

piessuie band thai coincided well with the pylône position (B) Eivthiomycin induced episodes

ol stiong anliodaodenal conti ictions (note the difteient piessuie langes m the plots)
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Manometric evaluation: Before erythromycin, the median antral pressure wave activity

expressed as the AUG was 5939 mmHg s (249 - 15755 mmHg s) for the first 15 min

and 2673 mmHg s (932 - 16659 mmHg si for the second 15 min. Median frequency of

pressure waves before erythromycin was 2.7 /min (0 - 3.4 /min) and 2.4 /min (0 - 3.6

/min).

Median wave speed was 4.0 mm/s (0 - 5.5 mm/s) and ?:.\ (2.4 - 5.8 mm/s). All antral

pressure waves were antegrade (total number of pressure waves = 51; number of

pressure events defined in single channels = 254). The amplitude of pressure events

was 12.5 ± 5.5 mmHg. After erythromycin, episodes of strong antroduodenal

contractions were obsenecl. but antral activity was highly variable between subjects.

The AUG after erythromycin was 17562 mmHg . s (2222 - 325296 mmHg . s). Median

frequency of pressure waves was 1.1 /min (0.2 - 3.3 /min); median wave speed was

5.1 mm/s (2.5 - 8.4 mm/s).
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Figure 3: Emptying rate vs. AUO before erythromycin infusion, over 15 mm after first gastric

filling and after erythromycin infusion, over 15 min after second gastric filling. Antral activity

could not be related to gastric emptying.
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Comparison between manometric and MRI data: 82 % (51/62) of all observed

contraction waves were detected manometrically. 49 % of all contractile events

(241/496) were associated with a detectable pressure event. The degree of lumen

occlusion of the contractile events that had no observed pressure change was 47 ±

15%.

There was a tendency to an increased emptying rate after erythromycin, while antral

contractile activity, expressed as AUG of antral pressure events, was not found to be

different in the time period assessed after erythromycin (Figure 3). This was largely due

to the delayed reaction of antral contractile activ ity to erythromycin infusion.

Prior to erythromycin, the pylorus appeared as a ô - 9 mm thick structure separating

antrum and duodenum and was observed to move forwards and backwards during

antral contractions. The position of the pylorus as determined on the MR images

coincided with a narrow (< 9 mm) zone of high pressure in the manometric recordings

(pyloric pressure 7.8 ± 2.9 mmHg, antral pressure 3.7 ± 1.8 mmHg; duodenal pressure

3.2 ± 1.5 mmHg). The deviation of the MRI defined pylorus from the manometric port

with maximum pyloric pressure over all subjects was 4.1 ± 0.6 mm. which corresponds

to the magnitude of the MR image resolution [?>} mm").

Discussion

hi this work, high-resolution manometry and MRI were combined to assess (he

relationship between wall motion and pressure tracings during intragastric nutrient

infusion.

During inlraduodenal nutrient infusion, the anatomical pylorus corresponded to a high-

pressure zone identified manometrically. which is consistent with the known

stimulation of pyloric sphincter activity '. The lack of correlation between antral motor

activity and gastric emptying during duodenal nutrient infusion may indicate that either

antral contractions arc not primarily responsible for gastric emptying in this situation,

or that the commonly accepted parameters of antral motor activity (i.e. amplitude,
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frequency, propagation speed of pressure waves, antral motility indices) are not the

most relevant parameters l0. In agreement with previous studies
,
we found that

erythromycin altered the rate of gastric emptying and the pattern of contractile events in

the antrum, leading to episodes of strong antral activity. Amplitudes of pressure events

increased after erythromycin in all subjects, but there were large interindividual

differences. While some subjects showed only a moderate increase and mostly

peristaltic events, a distinct class of pressure events characterised by high amplitudes

was prevalent in others. This probably reflects variations of individual susceptibility to

erythromycin.

The study further aimed to investigate the relationship between wall motion and

pressure tracings, especially in the situation of non lumen-occlusive contractions in the

vicinity of the gastroduodenal junction. We acquired multiple slices in order to obtain

three-dimensional information on anatomy and motility of the entire antroduodenal

region. The pressure ports of the catheter were localised with the MRI markers on the

assembly so that local pressure events could be related to local wall deformation in the

antropyloroduodenal region. Thus uncertainty with the interpretation of manometric

data due to movement of the assembly as a whole could be avoided, and we were able

to discriminate between motion of the pylorus and the manometric catheter. We

observed that manometry has a good sensitivity in detecting antral peristaltic

contractions, while a substantial proportion of individual contractile events were not

reflected in the pressure tracings. We did not find a simple relationship between the

degree of lumen occlusion and pressure, which would provide a simple threshold for

the ability of manometry to detect wall deformations. It is however reasonable to expect

that pressure would be influenced by the propagation speed of the wave, the degree of

lumen occlusion and, (he geometry of the antrum and the contractile state of the

pylorus.

Three-dimensional, dynamic information on wall motion obtained by MRI combined

with pressure information from high resolution manometry provides novel insights into

gastric mechanics and its modulation by nutrient stimulation and pharmacological

agents. We have been able to correlate the contractile activity in the antrum with the

associated pressure tracings. The lack of correlation between antral motor activity and
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gastric emptying suggests that lumen-occlusive antral contractions are not primarily

responsible for gastric emptying of non-nutrient liquid during intraduodenal nutrient

infusion. Furthermore, erythromycin induced distinct changes in the pattern of wall

motion of the distal stomach with the occurrence ol strong contraction episodes.
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Abstract

The relative contributions to gastric emptying from common cavity antroduodenal

pressure difference ("pressure pump") vs. propagating high pressure waves in the distal

antrum ("peristaltic pump") were analyzed using time-resolved 3-D MRI concurrent

with high resolution manometry during liitraduodenal nutrient infusion at 2 kcal/min.

Gastric volume and space-time pressure and contraction-wave histories in the

antropyloroduodcnal region were assessed in 7 healthy subjects. The subjects fell into

distinct "high" (n = 4) and "low" (n = 3) antral pressure activity groups, where the high

activity group had lower average rate of gastric emptying. Pressure history in the distal

antrum was dominated by periods of relative quiescence and pressure during

quiescence remained unchanged during emptying, suggesting that common cavity

pressure levels were maintained by increasing wall muscle tone with decreasing

volume. The aboral progression of antral high-pressure events was correlated with

increasing pyloric resistance, indicating that transpyloric flow tended to be blocked

during antral contraction-wave activity. WTe conclude that emptying, delayed by

duodenogastrie feedback, is dominated by the "pressure pump" mechanism controlled

by pyloric opening during periods of relative quiescence in antral pressure- and

contractile-wave activity.

Introduction

Although animal studies indicate that gastric emptying is often pulsatile and that the

pylorus is important in regulating the rate of gastric emptying M, the patterning of

antral motor and pressure events, their coordination with pyloric opening and their

relative contributions to gastric emptying in humans arc not well understood. For

example, intermittent transpyloric flow could, in principle, be created by either

intermittent increases in antral pressure in the presence of a relatively constant pyloric

resistance, or by intermittent pyloric opening in the presence of relatively constant

antroduodenal pressure difference. In particular, the relative contributions of common

cavity and phasic transpyloric pressure differences, the role of the pylorus in regulating

transpyloric flow and the \ariations in these components with meal composition and

volume have not been delineated
^ h.
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Mechanically, time-local components of gastric emptying may be grouped within

"peristaltic pump" or "pressure pump" contributors to transpyloric flow. The

"peristaltic pump" contribution to gastric emptying occurs during the short duration

periods of pressure increase just proximal to the pyloric channel induced by an

advancing contraction wave when the pUortis is open. The volume of transpyloric flow

during these peristalsis-induced increases in Pv - Pn depends both on the magnitude and

duration of phasic pressure increase and on the resislance to flow within the pyloric

channel. Depending on the diameter of the pyloric channel, flow is directed both

aborally and orally during phasic increases m antral pressure.

The "pressure pump" contributor to gastric emptying is associated with flow during

periods of relative quiescence in contraction-induced pressure activity in the distal

antrum. Like (he peristaltic pump contribution, the rate of transpyloric flow depends on

the magnitude of the common cavity pressure difference P.\ - Pd and the resistance to

flow, as determined by the diameter of the pyloric channel during the quiescent periods.

The relative contributions of peristaltic and pressure pump to gastric emptying depends

on several factors, including the coordination between pyloric opening and phasic

pressure excursions in the distal antrum, degree of and duration of opening of the

pyloric channel during quiescent periods, and the magnitudes ol antroduodenal pressure

differences during pyloric opening periods. Furthermore, the combination of motor

events responsible for emptying depends on physiological responses to the composition

of the meal, to gastric volume and to pharmacological substances, which alter gastric or

duodenal sensory function ^7. In this study we analyze local contributions to emptying

delayed by controlled nutrient infusion in the proximal duodenum.

The aim of the present study is to assess the relative contributions to gastric emptying

of the pressure and peristaltic pumps in humans during emptying of non-nutrient saline

with the rate of emptying delayed by controlled intraduodenal nutrient infusion. To

analyze these primary contributors to gastric emptying we have concurrently assessed

intragastric pressure using high-resolution manometry
l

and antropyloroduodcnal

anatomy with 3-D MRI g"'2.
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Methods

Subjects

Concuiicnl MRI and mgh-iesolution manomeliy studies weie peifoimed on seven

healtln submits (live men two women) ige 2^ to 15 veais AH subjects gave wnttcn

lnioinKcl consent, and the stud\ was appioved by the Ethics Committee ol the

Univeisity Hospital Zuueh

Study protocol

Sublets fasted overnight pnoi to the study The manomettic assembly (4 mm outer

(hametei) and a second tube (2 5 mm diametei, used toi mtiagasuic instillation of

s time) weie passed into the stomach \ia an anesthetized nostril lhe manomctnc

assembly was positioned acioss the p\lotus using hansraucosal potential chlleience

(sec below) Following phase III ol the mtcidigestne migiating motoicomplex, an

mh aduodenal miusion commenced The infusion consisted of a nutuent liquid (equal

volumes ol 25% devhose and 10% mttabpid 1 1 kcal/ml, Kabi Vitium, Stockholm,

Sweden) deluded at the late ol 2 ml/mm (2 1 kcal/mm) foi the lemamdci oi the study

Altei 30 minutes ol miusion the subiect was tiansletied to the MR scannet and

positioned lying 30° to the light side to ensiue tilling oi the anttum An isotonic saline

solution (750 ml volume) was then mlused into the gastiic lumen ovci about 4 minutes

The sahne was maiked with 600 uM Gd DOTA (taboiatioic Gueibet, Aulnay-sous

Bois, Fiance) as a conti ast agent foi MRI All MRI studies weie peifoimed using a

Philips Gyioscan ACS-NT 1 5 lesla whole body scannei

Ail data evaluated weie collet led dining the lust pan ot 'he studv Within 2 3 minutes

altei the stomach was Idled a MR \olume scan" was peiloimecl to measuie the

volume ot liquid m the stomach Two additional \olume scans weie peiloimecl 15 and

30 minutes later m oidei to assess the täte ol gastiic emptying Between each pan of

volume scans, thiee motility scans weie earned out to assess changes m

antiopyloioduodenal anatomy o\ei time Manomctnc piessmes weie lecoidecl

uninteuuptcd throughout the study with the exception ol peiiodic shoit penocls foi

iccahbiation oi manomettic teteience piessuie
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AIR Imaging

Volume scans: To determine intragastric liquid volume, a Turbo Spinecho scan (TR =

576 msec, TE = 12 msec) with 24 contiguous slices (7.5 mm slice thickness) was

performed over 60 s using a previously established methodology '"2 Tn-plane pixel

resolution was 1.5 mm (256 • 256 pixels; fieid-of-view = 384 mm). To minimize

motion artifacts the scan was divided into four periods of 15 seconds each and the

subjects were asked to hold their breath during each period. The measured volume

necessarily included both the ingested liquid and gastric secretion.

Motility scans: To assess antropyloroduodcnal motility and pressure-geometry

relationships, rapid multi-planar scans were carried out over multiple 90 s periods.

Seven slices were imaged per second usmg a multislice gradient echo EPI sequence

(coronal slice orientation; EPI factor 55; TE = 5 ms; TR = 81 ms; flip angle = 20°;

matrix size = 128 • 128 pixels with a resolution of 3 mm: fiekl-of-view = 384 mm; slice

thickness = 7 mm). The scan was triggered by a signal from the computer controlling

manometric data acquisition to synchronize MRI with manometry.

Manometry

A perfusion manometry system (Dentsleevc, Australia) with optimized electronics

(transducer drift < 0.1 mmHg/15 min, Sedia. Fribourg, Switzerland) was used to record

pressures along a catheter with 21 ports (0,4 mm lumen diameter, 4 mm outer

diameter), 19 of which were used for pressure in this study and one for intraduodenal

nutrient infusion. The catheter was preflushed with CO^ to eliminate air bubbles and

water perfusion was limited to 0.0S ml/min. To obtain high spatial resolution through

the antropyloroduodenal region, the 19 pressure recording ports were spaced 3.3 mm

apart along a 6 cm segment of the assembly. The third and seventeenth sideholes were

perfused with normal saline from separate reservoirs and transmucosal potential

difference (TMPD) was measured concurrent with manometry to aid the positioning of

the catheter across the pylorus. To identify the position of the catheter on MR images,

two small stainless steel markers were placed on the catheter at each end of the 19-holc

array. The manometric data were recorded for the entire duration of the study at 8

samples/s. Transducer drift was regularly corrected over the study period using an
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underwater reference and measurement uncertainty was minimized to within 0.5

mmHg 8. The infusion port was roughly 14 cm below the pylorus.

Data analysis

The data analyzed were limited to times during which the TMPD readings indicated

correct placement of the catheter across the pyloric channel 6. Pressure data were

analyzed using several statistical techniques as described below. In preliminary analysis

it was determined that stable statistics for pressure differences required about 2000

samples collected at 8 samples/s (i.e., about 4 minutes of data).

Statistical analysis of pressure characteristics associated with transpyloric flow required

accurate determination of the location of the pylorus along the catheter as a function of

time. To this end. the manometric data were interpolated between ports usiug splines

and plotted as contours of constant pressure ("isocontours"). During mtraduodcnal

nutrient infusion a relatively well-defined band of high pressure was observed in the

isocontour plots for all subjects, extending roughly 6 - 10 mm along the lumen.

Antral, pyloric and duodenal ports: We defined the "pyloric port" as the manometric

port closest to the local maximum in pressure within the high pressure band. The

proximal and distal extremities of the pyloric channel were subsequently identified by

the "antral port" and "duodenal port" defined as the manometric ports I cm proximal

and 1cm distal from the pyloric port, respectively. Because the antral, pyloric and

duodenal ports are defined relative to the space-time distribution in

antropyloroduodcnal pressure, the catheter sideholes. which define these ports, can

change with time.
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Table I. Basal pressures P* and shoulder pressures (PSp) using the entire manometric datasct.

Pressures are given relative to PDL

Subject Pa* P,.* l»sr-Pv*

SI 0.4 2.7 3.5

S2 2.8 3. S 3.5

S3 0.0 1.4 4.4

S4 0.4 i -)

S5 0.6 3.3 4.1

S6 1.1 2.6 4.0

S7 3.7 5.6 4.5

Basal Pressures: Antral, pyloric and duodenal basal pressures (Pa*, Pp* and Pn*) were

defined as the average value of the lowest 5 '
c of the manometric pressures recorded in

the antral, pyloric and duodenal ports, respectively, over the entire data period,

excluding recalibration and TMPD misalignment periods. (As a check, PA* was also

calculated by including ail antral channels. The difference between the two approaches

was within the imprecision of the measurement.) Because gastric emptying is

associated with antroduodenal pressure difference, all pressures were referenced to the

duodenal basal pressure (Pp*) unless otherwise indicated. Pyloric and antral basal

pressures are catalogued in fable 1.

Level of antral pressure activity: We quantify the differences in levels of phasic and

nonphasic pressure activity between subjects m relationship to the existence of "high

pressure events" (HPE), where a HPE is defined as a group of pressure values in any

antral channel which exceed a predefined lived threshold relative to antral basal

pressure PA*. That is. a HPE is a period where P - Pa* exceeds a predefined value Php -

PA*. Because these periods were used to compare between subjects, the threshold Pup -

PA* was set to the same level for all subjects. We discuss below our basis for choosing
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the particular HPE threshold, PHp - Pa* = 5 mmHg. Antral pressure activity in

individual subjects was then quantified using the following statistical measures:

1. Maximum Area Under Curve (MiixM'C). The area under curve (AUC) was defined

in each antral channel as the area under the pressure vs. time curve during HPE

periods. The AUC was calculated w ith P\* as the baseline and the result scaled to a

total time period of 30 min. To account for inirasubjcct differences in pressure-

wave positioning, the antral channel with the maximum area under curve

(MaxAUC) was used to distinguish le\eis of antral pressure activity between

subjects.

2. Average Pressure of HPEs. The Ancrage pressure of high pressure events" was

defined as the average pressure during HPE periods, relative to the antral basal

pressure, in the channel with MaxAUC.

3. Totitl duration of HPEs. The "total duration of high pressure event periods" is the

time (in seconds) over which HPEs occurred, scaled to 30 minutes, in the antral

channel with MaxAUC. Thus. MaxAUC = (Average Pressure of HPEs) • (Total

duration of FIPEs). Further discussion of these quantifications is given in Table 2.

"Active" vs. "quiescent" periods and High Pressure Events: In order to contrast the

relative contributions to gastric emptying of progressive antral pressure events

(peristaltic pump) with the intermediate periods of relative quiescence (pressure pump),

we first separated antral pressure-time history into subject-specific "high" and "low"

pressure periods using the "shoulder" pressure, Psp, as described in the Appendix. The

definition of Psp follows from the pressure-time history in the distal antrum in

individual subjects which, as in Figure 2a. has the structure of spikes of high pressure

activity rising from a bed of low level pressure fluctuations. As described in detail in

the Appendix. Psp is an objective measure of pressure, obtained from the "cumulative

frequency distribution" (see Figure AD that defines the transition between the lower-

level pressure fluctuations and the higher, spikier pressure events in the antral pressure

port.
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Table 2: Volume of gastric emptying (VGE) and characteristics of antral HPEs during 30 min.

periods. MaxAUC = maximum of S(P, - PA*) At for all samples (P, - PA*) > 5 mmHg. Columns

IV and V derive from channel with MaxAUC. Average pressure of HPEs (relative to PA* = l/N

L (P, - PA :') for all samples ( P, - PA 0 > 5 mmHg, where N is the total number of samples. Total

duration of HPEs = (MaxAUC)/(Average pressure of HPFs). Frequency of propagating HPEs =

number of HPEs per minute that propagate at a speed of 24 mm/s (determined from isocontour

plots). "Low pressure gap" is an estimate of the low-pressure region between antral propagating

HPEs and the pyloric channel in the "high pressure activity" group.

I 11 ITT 1\ V VI VII

Ancrage Total

VGE MaxAUC pressure duration
Frequency of

Low pressure
Subject

[ml] fmniHg.sl of HPEs

|mniHg|

of HPEs

[si

propagating

HPEs [/min]
gap [cm ± SD]

SI 460 172 5 S 29.6 0.00

S 2 424 1623 11.7 138.7 1.10 1.4 ± 0.5

S3 408 272 6.4 42.5 0.00

S4 356 60 8.0 7.5 0.00

S 5 290 1322 7.5 176.3 1.18 1.3 ±0.5

S6 160 1598 9.6 166.5 0.63 3.1 ±0.3

S 7 130 1660 8.2 202.4 0.96 1.6 ± 0.6

As shown in Table 1, relative shoulder pressure, Psp - Pa*, was between ?>.?i and 4.5

mmHg for all subjects (3.9 ± 0,43 SD). For this reason we chose the fixed threshold

Php-Pa* = 5 mmHg, a value just above the highest value of Psp - Pa*, to define "high

pressure events" (HPEs) in all subjects (Sieraper and Cooke14 used the same threshold

for counting HPEs in the antrum based purely on subjective observation). "Active"

periods are therefore those periods within HPEs, that is when pressure PA- Pa* exceeds

5 mmHg, whereas "quiescent" periods are those in between, where relative pressure is

below 5 mmHg.

Propagating HPEs. nonpropagating HPEs and c/uiescent periods: We isolated HPEs

for all antral channels on the computer, then compared the locations and structure of the

extracted FlPEs with corresponding space-time structure of pressure in the isocontour
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plots. From this comparison we subjectively separated all HPEs into "propagating" and

"nonpropagating" groups. As an objective criterion, we required that all propagating

HPEs appear clearly on the isocontour representation as pressure waves with wave

speed between 2 and 4 mm/s. Once the propagating subclass of HPEs was extracted,

the remaining time periods were divided into "nonpropagating HPEs" and "quiescent

periods". In this way. the pressure-lime history in the antral ports of all subjects was

subdivided into propagating HPEs (PIIPE), nonpropagating HPEs (NPHPE) and

quiescent periods (QP).

Window means: The time mean of quantity X (where X could be pressure, pressure

gradient, etc.) was defined over specified periods excluding the periods where the

TMPD readings indicated incorrect placement of the catheter across the pyloric

channel. To assess the variation of basal and mean pressure with time, we divided the

data period into shorter time intervals, or "windows", and computed the mean and basal

pressures within each window. The minimum time interval had to be sufficiently long

lo contain enough sample for stable statistics. Tests suggested that at least 1000

pressure samples (at 8 samples/s) were required for stable statistics, so the total time

interval was separated into three time windows with a minimum of 2000 pressure

samples in each window. Basal pressure and time averages were computed for each

time window.

The pressure gradient Ap/Lp across the pyloric channel was estimated as (P,\-Pd)/Lp,

where the length Lp is the distance between the antral and duodenal ports (2 cm).

Results

Emptying vs. high pressure activity in the antrum

In Table 2 subjects are numbered from the highest to the lowest gastric volumes

emptied during the first 30 minutes (VGE). Note that the VGE differed widely among

subjects and that the average pressure during HPEs varied from 5.7 to 12.0 mmHg

above the antral basal pressure with no correlation with volume emptied. However, the

max area under curve (MaxAUC) varied from 60 mmHg.s lo 1660 mmHg.s in such a
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way that all subjects could be separated into "high" and "low" antral pressure activity

groups (Figure 1). Correspondingly, the total durations of HPEs were significantly

higher in the high antral pressure activity group (Table 2). As indicated in Table 3, the

low activity subjects displayed no propagating high pressure events, and a significantly

higher percentage of time was occupied by quiescent periods (98 % ± 2.8 SD vs. 76 %

± 9.4 SD) in the low-activity group. Nevertheless, Figure 1 indicates that the average

volume of liquid emptied was higher m the low pressure activity group (251 ml in the

high activity group vs. 408 ml m the low activity group). The correlation coefficient

between VGE and MaxAUC was - 0.65.

Whereas subjects in the low activity show relatively little high pressure activity

proximal to the pyloric channel, those m the high activity group show clear high

amplitude peristaltic pressure wa\e actnity. These time-space pressure characteristics

were typical of the two groups. Antral pressure waves terminated roughly J cm

preceding the pyloric channel creating a gap of low pressure. Die length of this "low

pressure gap" is tabulated in Table 2 for the four "high activity" subjects. Subject 6

differed from the other three high actnity subjects S2. S5. and S7 in that the low

pressure gap was over twice as w ide (3.1 cm for S6 vs. 1.4. 1.3, 1 6 cm for subjects 2. 5

and 7). This difference aftects the statistics (discussed below).
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Figure 1: The level of antral pressure activity, as defined by MaxAUC, plotted against the

volume of gastric emptying (VGE) over a 30 nun. period between the first and third volume

scans. The 7 subjects organized into "high pressure activity'' (S2, S5, S6, and S7) and "low

pressure activity" (SI, S3, and 84) groups. The average volume emptied in the high activity

group (251 ml) was lower than the average VGE in (he low activity group (408 ml).
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Table 3: Percent ol time occupied by quiescent periods (QP), Non Propagating High Pressure

Events (NPHPE), and Propagating High Pressure Events (PIIPE) averaged over the antral

channels.

Subject QP [G | NPHPE [G] PHPEI%1

SI 08 8 1 2 0

C-7 73 4 3.3 23.3

S3 95 5 4.5 0

S4 09 S 0.2 0

S5 75.5 3.4 21.1

S6 89 8 3.1 7.1

S7 63 5 5 31.5

Basal and mean pressures, pressure gradient

Figure 2 show a representative example of time history of antral, pyloric and duodenal

pressures measured from the antial port, pyloric port and duodenal port over

approximately 30 minutes for "high activity" subject 2. All pressures are referenced to

duodenal basal pressuie. Particulaily evident in air liai and pyloric pressure are

intermittent spikes in pressure ovei lying low-level pressuie fluctuations. Also evident is

the overall higher baseline pressuie in the antium as compared with the duodenum (sec

also Table 1). To assess the overall changes m background pressure during gastric

emptying, we plot in Figure 3 average antral and pyloric port pressures measured

within the "quiescent" periods m each ol three time windows spanning the roughly 30-

minute data peiiods (see Methods) Wheieas "quiescent penod" was defined in (he

antral port using the 5 mmHg thieshold desenbed in Methods, in (he pylonc port the

"quiescent periods" were defined using the shoulder pressure in that poit (see Methods

and Appendix). More impoilantly. theie was no change m average pressure during the

periods of quiescence during the 30 minute periods ol gaslnc emptying (p ~ 0.6).
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In Figure 3, pressures are referenced to antral basal pressure, PA* (Table 1). Figure 3

indicates thai the average pressure during quiescence in the pyloric channel is of order

2 mmHg above antral basal pressure.

Antropyloroduodcnal pressure relationships

In Figure 4. the "active" and "quiescent" periods are shown in the pyloric channel and

in the first three antral channels (see Figure 3 legend). The black bars identify "active"

periods and the spaces between the black bars the "quiescent" periods in the given port.

In the pyloric port (he quiescent periods are those wdth the least pyloric resistance, and

therefore the most likely to allow transpyloric flow. We observe that, during this 90 s

period, the pyloric quiescent periods occur during periods of quiescence also in the

antral channels, and that the resistance to transpyloric flow appears to be highest during

antral pressure wave periods.

To determine if this observation is a general one, we search for a statistical relationship

between antral peristaltic wave activity and pyloric resistance (measured by pressure)

in the four high-activity group subjects. In Figure 5 we show pairs of frequency-

distributions for each subject of pressures in the pylorus during periods of propagating

FIPEs in the antrum (solid curves) and periods of antral quiescence (dashed curves),

designated as described in Methods. Zero pressure on these plots is the duodenal basal

pressure Pn*; the vertical arrows indicate the pyloric basal pressure Pp*.
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Figure 4: "Active" and "quiescent" periods in the pyloric channel and in the three antral

channels over a 90 s time window. "Acthe" periods arc shown with the black bars, and

"quiescent'" periods are those in between. In the pyloric channel "active" periods are (hose

periods where antral pressure exceeds 5 mmHg relative to antral basal pressure. In the pyloric

channel "active" periods are those where pressure exceeds the shoulder pressure defined for the

pyloric channel from the CFD (Appendix). Note that the progressive antral pressure waves

occur during periods when resislance to transpyloric flow is high, and (hat the quiescent periods

in the pyloric channel tend to occur during quiescent periods in antral pressure.
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Figure 5: Fraction of total samples below a variable pressure P (Frequency Distribution i.

conditioned on periods of tune where ptopagating HPEs exist m the antrum (solid curves) and

on periods of quiescence in antral pressure activity (dashed ctuves) for the four subjects in the

high activity group (Figure I). Piessuies aie given relative to duodenal basal pressure P'n- The

vertical arrows show pyloric basal pressure Pr ( Fable I). In subjects 2, 5 and 7 the fraction of

samples between PP' and P|. + 4 mmHg drops significantly during periods of antral

propagating pressure waves. Such a drop does not exist m subiect 6 due to the exceptionally

large "low pressure gap" between the end of the antral contraction waves and the pyloric

channel (Table 2).
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Subjects 2, 5 and 7 display similar characteristics: at the lowest pyloric pressures,

within a few mmHg from Pp*, when the resistance to transpyloric flow is at a

minimum, the fraction of samples during the existence of propagating antral HPEs is

much lower than during quiescent period in the antrum. This drop in the fraction of

pressure samples in the range Pp* and Pi-* + 4 mmHg is roughly a factor of two and is

statistically significant (p = 0.028). Thus, the probability of transpyloric flow, for these

three subjects, is significantly higher during antral quiescent periods than during the

existence of antral propagating pressure waves.

The same trend is not observed with subject 6. This différence is a direct reflection of

the difference in extent of the "low pressure gap" which precedes the pyloric channel

(see Figure 4b). Because the low pressure gap is over twice as wide in subject 6 as

compared with subjects 2, 5, and 7 (Table 2), the antral peristaltic pressure waves

progress to only within about 3 em of the pyloric channel before terminating. As a

consequence, these distant peristaltic pressure waves had little influence on pyloric

pressure variation for this subject.

The relationship between pyloric resistance and antral pressure activity is analyzed

further in Figure 6 where the level of pyloric resistance is correlated with the

advancement of antral contraction waves. Specifically, average pyloric pressure for the

periods when propagating HPEs pass each antral pressure port, is plotted in Figure 6 as

a function of the antral port number. The antral ports are numbered A1-A8 from the

most distal to the most proximal, each port separated by 3.5 mm beginning with port

A I, which is 1 cm proximal to the pyloric port. The average pressure in the pyloric port

is plotted relative to Pd*.
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Figure 6: Average pressure at the pyloric port conditioned on the existence of propagating

HPEs at different antral channels proximal to the pyloric port. A1-A8 on the lower axis indicate

the location of the antral channels beginning with the "antral port" (1 cm above the pyloric

port), and progressing proximally with each adjacent antral channel (each separated by 3.3

mm). The left axis indicates the average pressure in the pyloric port (relative to P*D during the

periods when propagating HPRs could be found that the various antral ports, with AS being the

most distant port and Al the closest to the pylorus. Pyloric pressure was higher when the

pressure wave is closer to the pylorus.

Figure 6 shows that pyloric resistance increases as antral pressure waves move closer to

the pylorus. The increase in pyloric pressure with decreasing distance from the pylorus

is significant in subjects 2. 5 and 7 (p = 0.038). Consistent with Table 2, the advancing

pressure waves in subject 6 terminate much more proximally than in subjects 2, 5 and

7. Figure 6 suggests that the py loric response to the existence of antral pressure waves
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may not begin until the antral waves are 2-3 cm above the pylorus and that the

peristaltic pressure waves in subject 6 terminate before a pyloric response is triggered.

Discussion

Gastric emptying is analyzed in this study as a series of local transpyloric flow events

which integrate to produce a reduction of gastric volume of 130 - 460 ml over a 30 min

period (Table 2). Time-local transpyloric flow events can be classified in two groups:

flow associated with local increases in antroduodenal pressure difference due to

an trail y propagating pressure waves, and flow associated with a common cavity

pressure difference between the distal antrum and proximal duodenum in periods of

quiescence between antral high pressure events. The first class of flow events may be

identified mechanically as a "peristaltic pump" mechanism of flow and the second class

as a "pressure pump" mechanism. Whereas it can be argued that propagating pressure

waves originate from corresponding propagating contraction waves, common cavity

pressure differences can arise from multiple tonic sources globally dispersed over the

gastric wall.

On the other hand, flow can only occur in the presence of an open pylorus. The

sensitivity of flow to degree of pyloric opening is evident through a relevant fluid-

physics approximation for viscous flow through constrictions
l3' 1C\ From this model we

learn that the rate of transpyloric flow at any instance in time is proportional to (Pa -

Pp) /RES, where PA - Pn is the antroduodenal pressuie difference at given time and

RES is pyloric resistance. RES is given by vis / Df where D is die average, diameter of

the pyloric channel and vis is the gastric fluid viscosity. Because the pyloric resistance

is proportional to 1/D to the fourth power, there is great sensitivity between rate of

transpyloric flow and pyloric diameter. Consequently, our evaluations of peristaltic vs.

pressure pump contributions to gastric emptying center on correlations between

antroduodenal pressure history and changes m pyloric resistance measured indirectly

through pyloric pressure.
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Gastric emptying follows from the relationships between the pressure forces, which

move the gastric contents against frictional resistance and the gastric wall motions and

muscle tone, which generate those pressure forces. To measure pressure-geometry

relationships associated with emptying requires concurrent manometry with imaging in

the antropyloroduodenal region where emptying is controlled, and where resolution

requirements are most severe. We combined 3D MRI and high resolution manometry to

monitor pressure-geometry motor events in the antropyloroduodenal regions of 7

subjects while simultaneously measuring changes m gastric volume over 15 min

intervals during emptying of a nonnutrienl liquid with intraduodenal nutrient infusion at

2kcal/min
' '.

The seven subjects differed in the nature of high-pressure activity in the antrum: three

subjects displayed little high-pressure activity and four subjects exhibited consistent

propagating F1P antral events. Consequently, the 7 subjects separated neatly into "high

antral activity" and "low antral activity" groups quantified by area under curve

(MaxAUC), frequency, and total duration of high-pressure events (HPE). Interestingly,

the high activity group emptied, on average, at a lower rate than the low activity group

(Table 2, Figure 2). This observation was the first indication that antral pressure wave

activity may not play the dominant role in slowed gastric emptying.

A second indication was given by Figure 3. which shows that average antral pressure

during quiescent periods of antral activity (and antral basal pressure) remained

unchanged during reductions in gastric volume from 130-460 mi over 30 minutes. If the

stomach wall were a purely elastic structure, emptying would imply decreasing elastic

wall tension and decreasing intragastric pressure until the internal and external

pressures equalize. Figure 3, on the other hand, suggests that active muscle wall tone

increased, on average, during gastric emptying. Furthermore, whereas active tone

apparently increased with decreasing gastric volume in all subjects, there was great

variability in antral high-pressure activity among subjects (Table 2, Figure 1).

suggesting that increases in active wall tone arc independent of contractile activity

within the antrum. Because transpyloric flow is driven by a positive pressure difference

across an open pylorus, the maintenance of constant common cavity pressure levels in

the presence of major reductions in gastiic volume suggests a physiological response to
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the decrease in gastric volume so as to maintain transpyloric flow in the absence of

antral contraction-wave activity during periods of pyloric opening.

Furthermore, we found also that pyloric pressure during quiescent periods in the pyloric

channel is insensitive to changes in gastric volume. Tongas et al.
l7
found that increases

and decreases in the pyloric pressure of order 2 mmHg relative to antral basal pressure

appeared to be correlated with pyloric closure and opening, respectively. Thus, a

significant decrease in the average pyloric pressure during quiescence over the 30-

minute period might have suggested that gastric emptying was maintained by a

continual increase in the duration of pyloric opening. By contrast, the insensitivity of

quiescent pyloric and antral pressures Lo reductions in gastric volume suggest a

significant role for common cavity pressure difference in gastric emptying.

Further evidence that the pressure pump contribution to gastric emptying during

intraduodenal nutrient infusion may he significant is given in Table 3 where we find

that antral pressure activity in the three "low activity" subjects (SI, S3, S4) is almost

entirely "quiescent" with no evidence of antral propagating pressure waves.

Surprisingly, the average rate of gastric emptying in these three subjects was higher

than the four subjects which displayed high levels of gastric emptying (Figure It,

suggesting that the emptying was primarily from common cavity pressure difference in

the presence of an open pylorus, and that antral peristaltic activity has the potential to

impede emptying. For this to be the case transpyloric flow must be slowed during antral

peristaltic pressure events. This conclusion follows from Figs. 4-6.

Figure 4 suggests that the presence of antral contraction waves is correlated with high

pyloric resistance. Statistical evidence supporting this subjective observation is given in

Figs. 5 and 6. For antral peristaltic contractions to contribute significantly to gastric

emptying, increases in peristalsis-induced pressure in the distal antrum should be

correlated with low pyloric resistance. We find just the opposite, however. Figure 5

shows that pvlorie pressure was significantly higher during the presence of antral

propagating pressure events than during quiescent periods of antral pressure activity,

implying that the pylorus has a higher probability to be closed during the existence of

peristaltic activity in the antrum than during the quiescent periods between high
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pressure events. More significantly, Figure 6 suggests an interaction between pyloric

resistance and location of advancing peristaltic pressure waves. Within a zone of

influence, it appears that the closer is the peristaltic wave to the pylorus, the greater is

the probability of the pylorus to be closed. The peristaltic waves in one "high activity"

subject (S6) appear to terminate outside this zone of influence and pyloric resistance is

not influenced bythc advancing pressure wave (Figure 6). Because the antroduodenal

pressure difference is unaffected by the propagating pressure waves in this subject,

peristalsis does not contribute significantly to emptying.

We arc lead lo hypothesize, therefore, that when gastric emptying is sufficiently

delayed by nutrient stimulation of the duodenum, antral peristaltic wave activity

interacts with pyloric opening to increase pyloric resistance and impede transpyloric

flow during local periods when the peristaltic events have the highest potential to

contribute to gastric emptying. Furthermore, we hypothesize that this interaction occurs

within a zone of influence which appears to be of order 2-3 cm from the pylorus.

Clearly, additional study is needed.

We conclude from this study that during gastric emptying of liquids slowed by

controlled duodenal nutrient infusion at 2 kcal/min, gastric emptying was dominated by

"pressure pump" mechanics resulting from common cavity pressure differences

between the distal antrum and proximal duodenum. Whereas antral peristalsis was

common in 4 of the 7 subjects, the "peristaltic pump" mechanism of transport across

the pyloric channel contributed only minimally to gastiic emptying due to relatively

refined physiological coordination between antral peristalsis and pyloric resistance. It

should be stressed that these conclusions are for slowed gastric emptying with

controlled intraduodenai infusion at 2 kcal/min. It would be of great interest to extend

the analysis to a wider range of gastric emptying states.
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Appendix

Cumulative Frequency Distribution and Shoulder Pressure

The antral port Cumulative Frequency Distribution (CFD) of pressure is shown in

Figure Al for subject 5 (with pressure characteristics similar to Figure 2a), The CFD is

defined as the fraction of pressure samples below a variable pressure P plotted against P

relative lo the antral basal pressure PA\, Clearly the CFD must be 0 at P below the

lowest pressure (approximately P*a), and the CFD must approach I as P approaches

the highest pressure in the dataset. The shape of the curve between 0 and 1, however, is

due to the structure of the signal. Figure 2a displays intermittent spikes in pressure

rising from a low-level bed of pressure fluctuations. Consequently, as the threshold P

increases from the basal pressure (P = 0). it encounters the highest density of pressure

samples and the CFD increases rapidly icurve portion C in Figure A I). However, (he

density of intermittent spikes is much lower, so that as P increases from the lower-level

fluctuations to the higher-level intermittent spikes the rate of increase in the CFD slows

dramatically (B) and the CFD approaches a plateau (A) at the highest level spikes in

pressure.

The pressures in the curve portion B represent the transition between high-pressure

events and periods of relative quiescent. To objectively quantify a single pressure value

that defines this transition, we identify the intersection pressure between two straight

lines which are fit to curve segments A and C of the CFD. as shown in Figure Al. We

term this transitional pressure the "shoulder pressure", Psp,
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Figure Al: An example cumulative frequency distribution (CFD) from subject 5. The CFD is
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transition between lower level fluctuations and higher level spikes in the antral pressure lime

history (see Figure 2a).
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Abstract

Input from the central nervous system plays an important role in modulating

gastrointestinal function. The aim of the present study was to investigate the peripheral

effects of a centrally acting stimulus, illusory self-motion (vection) on gastric motor

function. Antral contractile activity and gastric volume retained after ingestion of a

liquid meal was followed in twelve healthy subjects by magnetic resonance imaging.

Vection was induced by an optokinetic drum following three different paradigms: (1)

control situation: rest - rest; (2) vection - rest; (3) rest - vection - rest (rest = no

rotation; vection: constant rotation of the drum). At regular intervals, subjects reported

symptoms of illusory self-motion and nausea. Drum rotation induced the illusion of

self-motion in all subjects and nausea in 1 1/L2 subjects. Vection delayed gastric

emptying (95 ± 4 % of volume retained at 28 min; control situation: 72 ± 4 %).

Contractile strength was lower during vection than during the subsequent rest period

(change in lumen occlusion: 25 ± 6 9c. p < 0.05). Contraction frequency was also lower

during vection (2.2 ± 0.3 /min) compared with the same period in the control situation

(2.9 ± 0.2 /nun; p < 0.05). The severity of nausea was not related to the inhibition of

gastric emptying or changes in contractile activity. Vection inhibits antral contractile

activity and slows gastric emptying independently of subjective symptoms reported.

The present study takes advantage of the possibility to directly observe antral

contractile activity by magnetic resonance imaging (MRI) as immediate and objective

parameter to assess peripheral correlates of vection.

Introduction

The role that the brain exerts in the control of gastric function has been appreciated

since the beginning of the century, when it was shown that emotional states evoked by

external stimuli can have a profound impact on motor patterns in the GT tract l'\ Since

then, a variety of environmental stimuli such as cold pressor stress, labyrinthine

stimulation and motion stimuli have been demonstrated to affect gastric motility "l0.
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Vection has been used to investigate the effect of illusory self-motion on gastric

function and to understand the nature of the accompanying physiological symptoms of

motion sickness. Vection induces gastiic rhythm disturbances determined by

electrogastrography (EGG)
°''

and slows gastric emptying A However, gastric emptying

is an integrated response to a change in overall gastroduodenal motor function.

Therefore, its assessment does not allow more detailed conclusions, particularly on the

timing and kinetics of the change with respect to the stimulus. Gastric pacemaker

activity measured by EGG does not directly translate into contractile activity. The EGG

reflects both electrical control activity, playing a permissive role for gastric

contractions, and electrical response activity, reflecting the contractions themselves. As

an outcome measure, antral contractile activity represents a directly assessable and

immediate parameter. Changes in gastiic emptying are a secondary effect, resulting

from a complex interplay between different motor units. So far, no direct observation of

gastric contractile activity during experience of vection has been reported.

The aim of our study was to directly assess the changes in gastric smooth muscle

activity by magnetic resonance imaging (MRI) and relate them to symptoms of motion

sickness during illusory self-motion.

Methods

Subjects

12 healthy subjects (4 male. 8 female) between 23 and 50 years (median 25 years)

participated in the study. The subjects were not taking any medication and had no

history of gastrointestinal disease. Written informed consent was obtained and the

protocol was approved by the ethics committee of the University Hospital Zurich.

Study design

The study consisted of two parts: In part 1. the general effect of the vection stimulus in

a horizontally oriented optokinetic drum (Figure la) on gastiic emptying, motility and
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symptoms was investigated (12 subjects) In pail 2 the locus was on delcimining the

kinetics of the changes in gastiic smooth muscle activity undei vection (2 subjects)

A
SCANNER

DRUM

B DRUM ROTATION

Dynamic Volume

scan scan

/
1, ,1111111—M1' LI m JL 1_ A J^JI
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Figure 1: (A) The honzontally îotatms optokinetic dium in the MR envitonment (B) The

piotocol loi study pan 1 and (C) pait 2

Subjects attended the laboiatoiy altei lasting tot at least 4 houis Atlci ingestion ot 600

ml 15 % glucose solution to which 600 umol Gd-DOfV (Dotaiem®, laboratoire

Gueibet, Aulnay-sous Bois, Iiance) had been added as MR contiast agent, sublets

weie placed in the MR image i m a supine ^0° light angulated position, and a suivey

scan was peitotmed The subjects weie positioned such that then entue visual freld was

covcied by the inside ot a horizontal optokinetic dium

Vection drum

Illusoiy sell-motion was induced by means ol a cnculai vection dmm (height I m,

drametei 40 cm) made oi MR compatible matenal and built by modifying a design
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described previously (Figure la). Alternating 5.7° black and 9.3° while vertical stripes

covered the inner surface. The drum incorporated a transparent upper end to illuminate

the inside of the cylinder and to allow observation of the subjects. The lid was

connected via a shaft to an external motor which rotated the drum in anti-clockwise

direction at a speed of 60 Vs. The drum was constructed such that its rotation axis was

turned by 90° from an upright position and therefore could rotate around subjects in

supine position in the MR imager. The subjects were positioned on a padded board in

the scanner with their heads and shoulders resting on an extension reaching into the

interior of the drum such that the drum ended at shoulder level. The subjects' faces

were aligned with the rotation centre of the drum and their entire field of vision was

covered by the drum and hence, the stripes.

MR Imaging

Volume scan: Intragastric liquid volume was assessed with a previously described

method la". Briefly, a Turbo Spin Echo scan (transverse slice orientation, echo time

TE = 12 ms, repetition time TR = 576 ms, flip angle 90°) with 20 contiguous slices

(slice thickness: 10 mm) was performed over 60 s. The in-plane resolution was 1.5 mm

(matrix size: 256 x 256 pixels, field ol ueu : 380 mm). Scans were divided into four

measurement periods of 15 s each, and the subjects were asked to hold their breath

during the length of each of these measurements to avoid motion artefacts. Lipid signal

suppression was achieved by selective excitation and gradient dephasing prior to the

imaging sequence.

Dynamic scan: Using the thus obtained scan planes, dynamic high resolution images

were acquired over 120 s (part 1) and 240 s (part 2) with a gradient echo sequence (TR

= 7.0 ms, Te= 2.5 ms. a = 20°. in-plane resolution of 2 mm) to assess antral contractile

activity with a time resolution ol 1 s per image. The subjects were asked to breathe

shallowly during image acquisition.

Assessment of symptoms

Immediately prior to each volume scan, subjects were questioned about their

experience of symptoms of illusory self motion and nausea and asked to rate their
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intensity on a scale from 0 to 10, with 0 indicating 'symptom not present' and 10

indicating 'symptom most severe'. In addition, during part 2 of the study, a modified

version of the 'nausea profile'1- was administered during baseline, during the drum

rotation period and during recovery to assess cognitive-psychological (feeling nervous,

afraid), central - physiological (feeling fatigue, weak, hot) and GI - peripheral

physiological symptoms (feeling sick, stomach awareness).

Study protocol

Part 1: 12 subjects were studied on two occasions following the protocol in Figure lb

(vection - rest). 15 min after ingestion of 600 ml 15 % glucose solution, a first volume

scan was performed (t = 0 min) to determine the initial amount of liquid in the stomach.

This scan was repeated every 7 mm until the end of the study period at 4e) min.

Following the volume scans, the contractile activity of the antrum was assessed using

dynamic scans. On the first occasion, the drum was not rotated over the entire study

period. On the second occasion, the drum w as rotated from the first volume scan at 0

min until 28 min. Prior to each volume scan (i.e. every 7 min), the subjects were asked

about the presence of symptoms and rated their intensity.

Part 2: On a separate occasion. 2 subjects were studied following the protocol shown in

Figure lc (rest - vection - rest). Subjects ingested 600 ml 15 % glucose solution. After

a 20 min baseline period with no drum rotation, vection was induced over 20 min. After

removal of the stimulus, the study was continued for a further 25 min.

Data analysis

Volume scan: In all 20 slices of each volume scan, the contour of gastric content was

identified and outlined by a semi-automated edge detection algorithm. These areas were

multiplied by the slice thickness and added to obtain momentary intragastric volume.

Gastric emptying profiles were then constructed from gastric volumes by fitting the

data to a power exponential model. A tag time was defined as the time up to which 90

% of intragastric content were retained.
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Dynamic scan: From the dynamic MR scans, antral contractions were extradée! and

characterised by frequency and degree of lumen occlusion. The degree of occlusion of

the gastric lumen by a contraction was measured manually and defined as the smallest

distance between opposite sides of the gastric wall in the contracted state vs. the

uncontracted state and expressed as percentage of lumen occlusion.

Statistical analysis

Data arc expressed as means ± SEAL A paired, two laded t-test was used to test for

statistical significance. P < 0.05 was regarded as statistically significant.

Results

Part 1 : vection (vection - rest) vs. control (rest - rest)

Symptoms

Illusory self-motion was experienced with moderate intensity by ail subjects under

vection ending when the stimulus was removed (Figure 2a). Subjects differed widely in

the intensity of nausea ranging from no symptoms reported during the entire period to

intense nausea (maximum score = 9; Figure 2b), which Jed in one case to early

withdrawal of the stimulus.
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Figure 2: Illusory self motion (A) and nausea (Bi as rated by the subjects on an analogue scale

in study part I. Self motion was perceived by all subjects under vection (ON) and disappeared

upon withdrawal of the stimulus (OFF). Subjects fell in two groups with respect to their rating

of nausea, hiçli (n = 5) and low (n = 7).

Gastric emptying

Without the vection stimulus, gastric emptying followed a curvilinear pattern. Vection

significantly delayed gastric emptying in 11 subjects, with 95 ± 4 % of volume retained

in the stomach at 28 min (end of stimulus), compared with 72 ± 4 % in the control

situation (lag time 33 ± 5 mill compared with 10 ± 3 min in the control situation, Figure

3). The severity of nausea and inhibition of gastric emptying could not be related

(linear fit r = 0.03). One subject had faster emptying under vection (70 % of volume

retained in the stomach at 35 mm) than timing control ( 100 % at 28 min).
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Figure 3: Gastric emptying was significantly delayed under vection as compared with control.

Contractile activity

A significant increase in lumen occlusion of the contractions (25 ± 6 %, p < 0.05,

Figure 4) was observed between the vection and rest period, while no difference was

found between the two periods in the control condition (change in contractile strength -

l I ± 11 %)). The severity of nausea and the contractile strength could not be related

(linear fit r = 0.16). During the stimulus, contraction frequency was lower (2.2 ± 0.3

/min) compared with the same period m the control situation (2.9 ± 0.2 /min; p < 0.05).

After vection. frequency was 2.3 ± 0.3 /min compared with 2.9 ± 0.1 during control (p

= n.s.).
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discontinuation of the vection stimulus.
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Part 2: paradigm rest - vection - rest

Gastric emptying

Gastric emptying was slowed by the vection stimulus (Figure 5a) and the inhibition

persisted after withdrawal of the stimulus.

Contractile strength

The time course of the contractile strength is shown in Figure 5b. After onset of the

stimulus, a rapid decrease in antral contractile strength was observed, reaching a change

from baseline of -57 ± 3 % at t = 26 min. Recovery of contractile strength started only

after a delay. After withdrawal of the stimulus at 35 ram, antral contractile strength

remained below -- 10 % change from baseline until t = 42 ± 5 min, and then slowly

returned to baseline level.

Discussion

We demonstrated in this study that antral contractile activity was inhibited by

optokinetic stimulation. Thereby, antral smooth muscle followed a distinctive time

course with respect to the stimulus, characterized by a rapid decrease of contractile

strength with the onset and a las; phase after withdrawal of the stimulus, before return to

baseline. The intensity of motion sickness symptoms could not be related to the change

in gastric emptying or the change in gastric contractile activity.

In order to come to a comprehensive characterisation of the effect of vection on the

periphery, it is crucial to identify quantitatively measurable jahysiological parameters

corresponding to changes in physiology in response to the provocative stimulus.

Quantification of gastric peristaltic contractions has a number of advantages over

previously suggested methods, such as assessment of gastiic emptying. The response is

immediately apparent, in contrast to the assessment of changes in gastric emptying,

which take considerable time to develop as also shown in this study. The ability to

quantify an immediate response is especially important for the correlation of the timing
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of centrally perceived symptoms with peripheral effects. Since the development of

motion sickness is a continuous, dynamic process, it is important lo describe the lime

course of accompanying physiological changes. In order to find possible correlates,

symptoms of motion sickness have been assessed in the present study in regular

intervals based on subjective reports of the subjects in our study.

What causes the physiological effects and symptoms associated with illusory self-

motion and motion sickness is still unclear. Our own findings support the hypothesis

that the symptoms of motion sickness and the changes in gastric function are occuring

simultaneously, but independent of each other. Previous studies using EGG recordings

led lo the conclusion that afferent information from the gastrointestinal tract causes the

centrally generated symptom of motion sickness '. liais view was challenged by

another group's findings \ who failed to show a correlation between gastric emptying

and motion sickness and could not fully reproduce the EGG findings. This observation

complies with our own data and suggests that symptoms of motion sickness and nausea

are probably not of a peripheral origin.

The question remains, whether there is a common, central mechanism leading to the

great variety of effects observed under vection. The only report on central processing of

a vection stimulus showed that vection not only activates bilaterally a paricto-occipital

visual area but also deactivates the parieto-insular vestibular cortex l3. The authors

found a positive correlation between the perceived intensity of circular vection and the

relative changes in cerebral blood flow in parietal and occipital areas. They concluded

that reciprocal visual-vestibular interaction acts as a multisensory mechanism for self-

motion jxu'ception, shifting the dominant sensorial weight from one sensory modality to

the other. It is not clear, however, what changes occur, when this information docs not

comply with previous sensory expérience, provoking Reason's sensory mismatch.

According to this model M. a conflict signal triggers the different mechanisms

mediating the symptoms and physiological correlates of motion sickness. Tt remains to

be further investigated, wduvi the central response to vection are and how the theories

outlined above can be unified to identify, if possible, a central mechanism underlying

the physiological changes observed under vection.
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In summary, we have demonstrated the antral motor response to circular vection. This

represents an objective physiological parameter, which can be used to investigate the

development of the autonomic response during visual •- vestibular conflict. However, it

ajipears that antral contractile activity does not represent a suitable predictor for an

individual's suscejitibihty to symptoms of motion sickness.
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Abstract

There is an increasing need to control release of a drug from a specific galenic

preparation in ihc human gastrointestinal tract. The aim of the present study was to

investigate the intragastric distribution of a colloidal drug model (liposomes containing

the contrast agent Gd-DOTA) by magnetic resonance imaging (MRI). Following

ingestion of a liquid or a solid meal, the gastric distribution of liposomes released from

a capsule and the fat component of the solid meal were tracked in 7 healthy subjects for

90 min. Liposomes were identified in gastric content by the increased signal intensity

provided by the encapsulated Gd-DOTA. With the liquid meal, liposomes initially

formed a layer on the surface before distributing in 86 ± 2 % of gastiic content

(maximum distribution volume) within 42 ± 6 min. With the solid meal, maximum

distribution (7 ± 1 %, reached within 24 ± 6 min) was confined to a small volume in the

fundus without forming a layer, suggesting that distribution was related to the

accessible liquid compartment. Fat distribution was inhomogeneous and concentrated

in the fundus. The intragastric distribution of a colloidal drug carrier model, such as

Gd-DOTA-filled liposomes, varies between meals of different composition. These

differences can be monitored in three dimensions in humans bv MRI.

Introduction

There is an increasing need to control release of a drug from a specific galenic

preparation in the human gastrointestinal tract. This is particularly important for drugs

that act locally in the gastrointestinal tract1, if site specific absorption is desired2, in

case of drug-food interactions' or in conditions in which release of the drug close to the

site of macronutrient digestion is required, as is the ease in pancreatic insufficiency and

cystic fibrosis"'. Furthermore, in \ivo monitoring of dosage forms would allow to

establish optimal drug delivery based on data on local release in the GI tract. This

information may also be required by regulatory authorities^.
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In humans, gamma scintigraphy has been used successfully to investigate the in vivo

fate of pharmaceutical dosage forms
.
However, due Lo the radiation burden involved,

this technique cannot be used for extensive studies on healthy subjects. Moreover, no

information on the 3D distribution in relation to the anatomy can be obtained. More

recently, magnetic resonance imaging (MRI) has been proposed as an alternative or

additional tool lo gamma scintigraphy to study drug distribution in the gastrointestinal

tract8. MRI has become an established research tool for the assessment of gastric

emptying of liquid and solid meals and gastric motor function9"14. So far. only two

studies have used MRI to monitor the beha\ ior of a drug model in the gastrointestinal

tract. One study in humans investigated disintegration of oil-filled soft gelatin capsules

in a water-filled stomach \ In another study, the behavior of a tablet given orally was

studied in the gastrointestinal tract of a rat using a combination of *H- and l9F-MRI16.

However, no investigation has examined the fate of more realistic drug models after

release from the dosage form.

The aim of the present study vvas to investigate the intragastric distribution of a

colloidal drug carrier model (Gd-DOTA-labeled liposomes) released from hard gelatin

capsules after ingestion of either a liquid or a mixed solid-liquid meal.

Methods

Subjects

Eight healthy subjects (7 male, I female) between 21 and 27 years participated in the

study. The subjects were not taking any medication prior to or during the study and had

no history of gastrointestinal disease. Written informed consent was obtained, and the

protocol was approved by the ethics committee of the University Hospital Zurich.

Study protocol

The study consisted of two parts: In part 1. the intragastric distribution of a colloidal

system (liposomal Gd-DOTA) was examined, in part 2, an aqueous solution (Gd-

DOTA) was studied for comparison.
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Pari I: Eight subjects were allowed a light breakfast before 8.00 am, but no food or

drinks except water thereafter and arrived at the unit in the early afternoon. Each

subject was studied on two occasions. After ingestion of either a liquid or a solid meal,

subjects were positioned in the MR imager in a srrpine. 30° right angulatcd position,

and a reference scan was performed to map the signal intensity of gastric content. Then,

a hard gelatin capsule filled with an aqueous dispersion of hposomally encapsulated

Gd-DOTA (DotarcmA Laboratoire Guerbct. Aulnay-sous Bois, France) as MR contrast

agent" was ingested. Opening of the capsule and the dynamic distribution of the

liposomes was followed over 90 min. MRI scans were performed continuously until

release of the colloidal dispersion from the capsule was first observed (t = 0 min),

thereafter every 2 min until t = 20 min. then every 5 mm until I = 50 min and finally

every 10 rain until t = 90 min. To trace the distribution of the fat phase of the solid

meal, an image of the fat signal was obtained prior to capsule administration, at t = 20

mm and thereafter every 15 min until the end of the study. In one subject, opening of

the capsule occurred prior to the first scan. The data from this subject were therefore

excluded from the analysis.

Part 2: After ingestion of the liquid meal, five subjects ingested a hard gelatin capsule

containing Gd-DOTA solution (in contrast to hposomally encapsulated Gd-DOTA in

part 1). The distribution of the contrast agent w as traced over 60 min.

Liposome preparation

Liposomes are closed vesicles with a bilayer structure enclosing an aqueous

compartment, which allows incorporation of hydrojilnlic MRI contrast agents'8. Gd-

DOTA containing liposomes were jrrepared as described in detail m appendix 1. In the

following, the terms colloidal system, liposomes and drug carrier model are used

interchangeably.

Preparation of hard gelatin capsules containing Gd-DOTA-liposomes or Gd-DOTA

solution: 670 til of either the liposomal dispersion (part 1) or the Gd-DOTA solution

(part 2) were filled into transparent, closed, sealed hard gelatin capsules (size 0,
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nominal volume: 680 jil). After sealing of the injection hole, the capsule was then

immediately given to the subjects positioned in the MR imager.

Test meals

500 ml 20 % glucose solution (400 kcal) served as liquid meal. The solid meal (645 g)

consisted of a fat-free component (270 g spaghetti, 200 g fat-free tomato sauce) and a

fat component (40 g mayonnaise on 35 g toast) and was served together with 100 ml

water. The fat component was ingested after the first half of the fat-free meal

component. The energy content of the meal was 795 kcal with 53 energy% from

carbohydrates, 10 energy% from protein and 37 energy^ from fat. The liquid content

of the meal was 30 %.

AIR Imaging

Examinations were performed with a 1.5 Tesla whole body imager (Gyroscan ACS-

NT, Philips Medical Systems. Best. NL). The gastric lumen was imaged by 20

transverse slices covering the region of interest. Acquisition time was 20 s using a

mullislice spin echo sequence (Turbo Spin Echo: TE/TR = 30/698 ms; flip angle: 90°;

256 * 256 pixels; field of view 440 mm. in-plane resolution: 1.7 * 1.7 mm; slice

thickness: 8 mm). The lipid signal (i.e. from body fat or ingested fat) was suppressed

prior to imaging by a frequency-selective pre-pulse and subsequent gradient dephasing.

For intensity standardisation, all images were referenced to the signal intensity of the

liver and an external reference as control. In a different scan, the ingested fat

component was selectively imaged ("fat scan') by suppression of the water signal

(selective excitation and gradient dephasing of the water signal).

Data analysis

Gastric content was outlined in each image in all 20 slices to obtain the gastric volume

at each time point. Gastric emptying was expressed as the percentage of gastric content

remaining after 90 min
' '.

Histogram analysis: In order to describe the intragastric distribution of the contrast

medium (Ihposomal Gd-DOTA or Gd-DOTA solution), the intensity distributions of
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gastric content in the scans were determined m each subject. For statistical analysis, the

most frequent signal intensity (i.e. the maximum in the histogram) was chosen and

averaged over subjects at each time point.

Maximum intensity projection and homogeneity of distribution: The 3D intensity

distribution was visualized in two standard orientations (coronal, transversal) as a

maximum intensity projection (M1P). The MIP represents a summary image in which

individual pixel signal intensity corresponds to the highest signal intensity encountered

along a jvrojection line drawn through all 20 images of a scan perpendicular to the

image plane. In this way, the homogeneity, in particular 'hot sj3ots' with high

concentrations of the contrast agent or fat. could be visualized.

Distribution kinetics: Intensity histograms allowed discrimination between meal and

different intragastric concentrations of the contrast agent using an intensity threshold

based on the highest intensity of the reference scan prior to capsule intake. By setting

the threshold to the highest intensity of the meal before capsule intake (low threshold),

volume elements (voxels) in which Gd-DOTA was present could be identified. In order

to determine the distribution of high concentrations of the contrast agent, a second

threshold (high threshold) 25 % above the detection threshold was chosen.

Gastric regions: All calculations were done for the whole stomach and for antrum and

fundus, which were identified from three-dimensional reconstructions of the stomach

and divided at the angula.

Statistical analysis: Data are expressed as means ± SEM. A paired, two tailed t-test

was used to test for statistical significance. P < 0.05 was regarded as statistically

significant.
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Results

Liquid meal

Dtstubution ot the liposomes could be followed in all subjects and all time peiiods

Capsule opening occiuied in the lundus on the suit ue ot the liquid meal Upon iclease

ftom the capsule in the lundus (2 5 ± 0 6 mm altei ineestion), ils liposomal content

lapidly loi med a layei on the liquid suilace ( Figmes I 2b)

posterior

Figure I: MR images at two time points show mj distiibutton ot the liposomes in the fundus

altei ingestion ol a liquid meal Sub|tcts vvcic in a supme i0° light ansulattd position

Following it lease fiom tk capsule Gd DOF V filled liposomes piovided a tush signal

mtensitv in the unaces

Figuic 2 shows the chaiacteustics ol the liposomal dtstubution in a maximum intensity

piojcction and m the intensity histogiams Immediately altei capsule opening, the layei

of Gd DOTA liposomes (Ftguie 2b) occupied only a small üaction of total meal

volume (Il ± 4 A at 2 mm after capsule opening) while the single peak in the

histogiam (Figuic 2a) lepiesented the backgiound intensity ol the pait of the meal that
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had not mixed with the liposomes Aftei this initial penod, liposomes coveied a laigei

pioportion of the total liquid volume, îesulting m a second peak m the histogiam at

highct intensities (Figuic 2a)

At 80 mm, the diiieiencc between backgiound intensity and liposomes m the histogiam

had disappeaied as shown m the maximum intensity ptojection (Figuie 2 b), indicating

a homogenous distiibution ot liposomes m the liquid meal Alter 90 nun, 38 ± 1 1 % oi

the initial volume was still piescnl in the stomach Distiibution ol the liposomes in the

entne meal volume leached a maximum (86 ± 2 A of total volume, conectcd lot gastiic

emptying) at 42 + 6 mm (Figuie 3a)

0 mm 40 mm

300 300 -,

80 mm

200 -

100 - A \

0 - -/ X**""•>
—r

200 400 600 0 200 400 600

intensity

200 400 600

Liposome
concentration

Figure 2: (a) Fhc intensity lustocuains show the distiibution ot the liposomes (pink) and the

backgiound meal mtensits (blue) \t tntemudiate time mteivals (40 nun) two close but

distinct peaks appealed which eventually merged and tesuhed m a single peak (80 mm)

indicating homogeneous distiibution lb) Maximum intensity piojection of (he liposome

distiibution m tiansveise and (c) toional views at t = 0 nun ojxmuiis, of the capsule floating on

the suiface ot the liquid and initial lapid laveimg ot the liposomes on the siuiace was observed

lollowed by distiibution Inst in the lundus and tmallv a ncai homogeneous distribution
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Subsequently, the distiibution volume decieased again to 55 + 10 % To assess the

inhomogeneity of the liposomal distiibution, a second - high - thieshold (25 % above

the lowci) was chosen, to identify voxels with a highci concenti ation of liposomes

100 T

0 20 40 60 80

time [min]

100 i

0 20 40 60 80

time [min]

Figure 3: (a) Kinetics ot distiibution of the eolloidal system m the liquid meal at two detection

thiesholds (high and low) ib) Distribution ot lusher liposome concenhations (lush detection

thieshold) occuiied tastet in the fundus thin m the annum until 40 mm Fheieaftci no

dilleience was totind between the two gistnc tegions Asteiisks indicate significant ditfeience

between dislnbutions at each time point

This high thieshold tevealed that distiibution ot highct concentiaied liposomes

occuned tastei in the lundus than in the antium until 40 mm (p < 0 05 Figuic ^b)
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icsultmg in an eaily distiibution ol liposomes in the fundus I iposome distiibution into

the anti urn was slow until 20 min aftet capsule opening (antial distiibution volume

increasing by 6 ± 1 % pei 10 mm) \ftei that time distiibution into the anti um was

fastei (antial distiibution volume incieasing by 31 ± 10 % pei 10 min, p < 0 05) until

maximum distiibution was teuched fheiealtei no diiieiencc was lound between the

two gastiic icgions

Solid meal

The liposomal picpaiation and the fat component could be visualized in the solid meal

m all subjects (Tiginc I) I iguie 5 shows a maximum intensity piojection ot (he

liposomal distiibution m the solid meal Capsule opening (3 0 ± 0 7 mm altei capsule

intake) occruied m the lundus, wheic a high liposome eonccntiation was obseivcd m

all subjects aiound the gastio esophageal junction The site, wheie liposomes weie

conccntiated, lemamed stationaiy thioughout the study penod (Figuic 5b) In contrast

to the liquid meal, no layeiing was obscived Distiibution of the liposomes was

conrincd to a small volume winch is shown by the fact that no piomment 'liposomal'

peak was lound m the histogiams (ligme 5a) and that the intensity ol the meal (the

maximum ot the mam peak m the histogiam m liguie 5a) was not shifted towaids

highci intensities After 90 mm 67 ± 5 A ot the initial volume vvas still piesent m the

stomach

Lipid suppressed image Lipid selective image

Figure 4: MR image showing the distiibution ot the colloidal diug model (a) tnd dietaiy tat (b

bcloie c ipsulc int ike) m the lundus ittti ingestion ol iht solid me il
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Maximum distiibution ol the liposomes m the entne meal volume was reached altei 24

± 6 mm, lastei than the liquid meal (p < 0 05) The liposome distiibution îeached a

plateau of constant distiibution volume within 12 + 2 mm and 33 ± 8 mm ol 1 % of the

maximum value. Maximum distiibution volume (obtained with the low thieshold) was

much lowci (7 ± 1 A ) compaicd w tth the liquid meal (p < 0 0^ Figuic 61

en 300 -,

<i>
X

o
> 200 -

H«

o

100 -

£1

Ë
3

0 -

C

0 mm

Background

/*"'

200 400 600

300 -r

40 mm

200 -

100 - À s

0

t = 80 mm
300 -,

200 400 600 0

intensity

200 400 600

Figure 5: Intiagastnc distiibution of liposomes containing Cd DOIA altei ingestion ol the

solid meal (a) The histosiams show no distinct signal peak attnbutable to the colloidal system

indicating conlinement to a small volume (b) Maximum intensity pi ejection ot the liposome

distiibution in liansveise view \ hot spot with a high concentration ol liposomes in the

fundus icmamed stationaiy over the studv penod (c) Maximum intensity piojection ot (he fat

distiibution I he fugest pait ol the fat was located at a site dirfeicnt horn the liposomal hot

spot
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time [min]

Figure 6: Kinetics of the liposomal distribution in the solid meal. Distribution of the liposomes

was confined to a small volume.

Fat distribution: In all subjects, the distribution of the dietary fat could be clearly

identified. Fat distribution was highly inhomogeneous. as shown in the maximum

intensity projection plots (Figure 5c). The largest part of the fat was located close to the

surface forming a layer at a site different from that of the liposomes over the entire 90

min.

Gd-DOTA solution: To compare the maximum distribution volume of liposomes with

the distribution volume of an aqueous solution, the liposomal content of the ingested

capsule was replaced by a Gd-DOTA solution in a separate experiment. The maximum

distribution volume of the Gd-DOTA solution in the solid meal was found to be 2e) ± 2

%, compared with only 7+17 for the liposomal preparation.

Discussion

The distribution of a drug in the Gl tract strongly affects both its systemic

bioavailability as well as local availability. In this study, we examined by MR imaging

the intragastric release and distribution of Gd-DOTA-filled liposomes, representing a

colloidal drug carrier model, in relation to different meal phases.
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Our study has shown that the intragastric distribution of the colloidal drug model

depends substantially on the physicochemieal characteristics of meals. Ingestion of a

capsule containing liposomally encapsulated Gd-DOTA after the liquid meal resulted

in an almost complete distribution of the drug model into gastric content within about

40 min. Layering of the liposomes, the main process in the first minutes after capsule

opening, may be explained by the density difference between the liquid meal and the

colloidal dispersion (see Appendix 1). However, once the colloidal system had begun

to mix with part of the gastric content, its subsequent homogenous distribution in the

total volume could not be attributed to density differences or a passive diffusion

process (Appendix 2). Hence, an active distribution process, convection, was most

likely responsible for the distribution of the colloidal system in the liquid meal. The

predominant movement was directed towards the antrum, presumably following the

flow of gastric content caused by gastric empty ing. Alechanical factors such as gastric

contractile activity, breathing or cardiac motion arc likely to be important for the

mixing process in the stomach
.
Antral peristaltic activity could explain the fact that

distribution in the antrum was initially slow, then rajudly increased until maximum

distribution was reached. Once the formulation was within the reach of the antral

peristaltic contractions, liposomes would be rapidly distributed the over the antrum.

Influx of gastric secretion may also have contributed to the distribution of the drug

model, leading to additional convection along the gastric wall. By reducing the signal

intensity, dilution of the liposomal Gd-DOTA concentration by gastric secretion is

likely to be responsible for the decrease in distribution volume after the maximum had

been reached.

Distribution of the drug model after ingestion of a solid meal was confined to a small

volume, Indicating that substantial parts of gastric content were not accessible to the

colloidal system. Comparison of the distributions between the two meals showed that

the liposomes occupied almost the entire gastric volume in case of the liquid meal, but

only a fraction in case of the heterogeneous solid meal. To investigate whether

distribution may be restricted to the liquid compartment of the meal, we followed the

release of a Gd-DOTA solution, which was expected to readily distribute into the

accessible liquid volume. In fact, its distribution corresponded to the estimated volume

of aqueous compartment ot the solid meal. In contrast, the colloidal system was found
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to cover only a quarter of the volume compared with the solution. A reason for this

discrepancy may be that liposomes interact differently with meal components inhibiting

access to the entire aqueous compartment. In spite of this difference, the large

difference in distribution volumes between liquid and solid meals suggests that the

colloidal drug model distributed into the accessible aqueous compartment of gastric

content.

Wc also assessed the intragastric distribution of the fat component of the solid meal and

of the liposomal distribution in relation to dietary fat. The fat contained in the meal

used in our study did not distribute homogeneously within the solid phase, but

remained largely stationary throughout the study period. Earlier studies have shown

that the intragastric distribution of a liquid fat is primarily controlled by gravity !. The

distribution of a drug carrier especially in relation to the fat components of a meal may

have substantial consequences for the bioavailability of drugs\ For example, enzymes

acting intraluminally, e.g. affecting fat digestion in chronic pancreatic insufficiency or

cystic fibrosis, rely on the simultaneous arrival of enzyme and fat in the small

intestine-1. We observed a spatial sejiaration between the sites of the fat and the drug

model, which persisted over the course of the study period, demonstrating that drugs in

the stomach are not necessarily well mixed with dietary fat. These results emphasize

the need to investigate the intragastric distribution process of colloidal drug carriers

with a wide range of 'physiological" meals.

Our method as any other imaging technique faces two technical challenges: the

selectivity for the drug model against background "noise' (e.g. the meal and

surrounding viscera) and the sensitivity of the method to low concentrations of the MR

marker. One approach to address the issue of selectivity is the use of double contrast

techniques as shown in animal studies1"' ". in which the fluorine content of an intact

capsule was visualized by imaging nF in addition to the standard water ('H) MR

image. Despite the higher selectivity of the double contrast technique, this method has

not yet been employed in humans, due to its insufficient sensitivity. In contrast, our

technique takes advantage of the enhanced signal intensity of the water protons in the

vicinity of Gd-DOTA molecules. The contrast enhancement of the colloidal system

(liposomal Gd-DOTA) was lower than that of Gd-DOTA alone, due to the shielding

80



effect of the lipid bilayer. With regards to sensitivity, the reduced contrast effect of

liposomal Gd-DOTA compared with Gd-DOTA solution may lead lo underestimation

of the total volume occupied, but nevertheless allows to study the relevant distribution

characteristics. An advantage of this technique is that it can readily be transferred to

standard clinical AIR scanners. Thus. MRI studies to investigate interactions of

different dosage forms with various meals become feasible. The method is not

restricted by radiation burden, has a high resolution and provides 3D information. In

addition, it is possible to directly assess the relationship between drug distribution,

gastric emptying and motility.

In summary, we have demonstrated that MRJ allows investigation of the intragastric

distribution of a colloidal drug model in humans after ingestion of different meals. Our

data indicate that in a liquid gastric content, an active redistribution process is the main

mechanism underlying distribution of a colloid. In a solid meal, colloids only enter a

fraction of total meal volume, suggesting that distribution occurs mainly in the

accessible aqueous compartment. To improve the efficacy of orally administered drugs,

detailed knowledge of the behavior of complex pharmaceutical delivery systems in the

gastrointestinal tract is mandatory. MR techniques, such as the method described in this

study, may help to achieve this goal.

Appendix 1

Preparation of meglumin gadoterate (Gd-DOTA) liposomes

An cthanoiic solution of 4.5 g soya phosphatidylcholine was placed into a round

bottom flask. The solvent was removed by rotary evaporation under reduced pressure at

40 °C. The lipid film obtained was hydrated for 60 mm in 30 ml of a Gd-DOTA

solution to which 270 mg sodium chloride had been added and vortexed until the entire

lipid film was removed. The resulting multilamellar vesicle dispersion (soya

phosphatidylcholine concentration: 150 mg/ml) was transferred into a pressure filter

device (Sanorius Membranfilter. Götlingen, Germanv) and extruded under nitrogen

pressure through 47 mm polycarbonate filters of defined pore size (Nuclepore,

Pleasanton. CA., USA). Extrusion was performed twice through filters with 400 nm
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pore size (pressure: 3.5 bar), twice through 200 nm (5 bar), and twice through 100 nm

(8.5 bar). Hydrodynamic radii and polydispersity index (PI, ranging from 0 =

homogenous to 9 = heterogeneous) of the liposomal dispersion were measured by quasi

elastic light scattering (Nano-Sizer PSM 78, Coulter Electronics, Krefeld, Germany).

Hydrodynamic radii were found to be 153 ± 5 nm (n = 6), and PI was determined to be

3. The Gd concentration was determined by energy dispersive x-ray fluorescence

(EDXRF, Sjxxiro X-Lab, Spectro GmbH. Cleve, Germany) and was found to be 7.3 %.

To separate free from hposomally entrapped Gd-DOTA, 1 ml aliquots of the liposomal

dispersion were dialvsed against 1 litre 0.9 A sodium chloride solution using a

Lipoprep-GD-1 instrument (Diacheraa AG. Rusehiikon. Switzerland). After 1 hour, the

dialysate was replaced by 1 hire of fresh 0.9 A sodium chloride solution. Samples were

removed from the dialysis cell after a total dialysis time of 2 hours. Hydrodynamic radii

and polydispersity index of the liposomal disjiersion after dialysis were 158 ± 3 nm (n

= 6), and PI = 2-3. The Gd concentration was determined with EDXRF and was found

to be 0.42 % (entrapment efficiency: 5.8 A). To increase the Gd-DOTA concentration

in the liposomal disj3ersion, the pooled dispersions after dialysis were filled in 1 ml

tubes and centrifugée! in a Beckman TL-100 ultracentrifuge (Beckman Instruments

International, Basel. Switzerland), rotor: Tl.A-45, speed: 40.000 r.p.m. (100.000 g),

time: 30 min, temperature: 15 ~C, deceleration from 5.000 to 0 r.p.m. in 4 min).

Approximately 600 ul of the clear sujvrnatant in the tubes were removed, the

remaining content was pooled and vortexed. Hydrodynamic radii and polydispersity of

the liposomal dispersion after ultracentrifugation were 157 ± 2 nm (n = 61. and PI = 2-

3. The Gd concentration was determined with EDXRF and was found to be 0.90 %.

The liposomal dispersions were stored at 4 °C for no longer than 2 days before being

used in the study. In preliminary experiments using EDXRF, it was found that more

than 97 % of the Gd-DOTA remained encapsulated in the liposomes for 2 days of

storage at 4 °C. Incubating the lipsomal dispersion for 2 hours in human gastric juice

(pH 4), aqueous 20 c/c glucose solution or a 1:1 (v7v) mixture of human gastric juice

and glucose solution at 37 °C did not lead to a change in the average size of the

liposomes (determined by elastic light scattering) or measurable leakage of Gd-DOTA

from the liposomes (determined by EDXRF after ultracentrifugation of the dispersion).

The density at 37 °C of the liposomal dispersion (not of the liposomes) was determined

to be 1.02, the density of the 20 A glucose solution 1.07.
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Appendix 2

Influence of gravity and diffusion on distribution of colloids

Due to their colloidal particle size (diameter 150 - 170 nm), liposomes do not sediment

as a result of gravity, since Brownian motion (i.e. diffusion) would override

sedimentation. The role of diffusion in the distribution process can be estimated by

calculating the diffusion pathway (x = (6 D At)"1) for three dimensional diffusion. With

a diffusion coefficient D of approx. 2.5 l(Ti: nr s"1 (calculated from the Stokes-Einstein

equation, D = kT/ÖTtrjr, with k: Boltzmann constant. T: temperature in Kelvin, i):

viscosity of the glucose solution and r: radius of the liposomes), the distance liposomes

would have passed solely due to diffuston in 90 min is only 0.3 mm, far less than the

distribution observed in our study. Thus, diffusion (based on Brownian motion) can

also be ruled out as a major factor underlying the distribution phenomena observed in

this study.
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Chapter 6

Discussion and outlook

"Life depends on innervation of the viscera, in a way all the rest is biological luxury".

While the view of Nauta and Feyrtag seems extreme, it may well have an element of

truth. In recent years, research in the field of autonomically regulated processes -

cardiac, respiratory or digestive functions - has intensified, with a scope beyond the

development of therapeutical strategics, aiming to address more fundamental questions.

While research efforts rapidly head towards ever smaller units - individual nerves and

molecules - this reductionist approach clearly has its limitations.

The present work adopts an integrative viewpoint when looking at the control

mechanisms of gastric motor function. Gastric smooth muscle activity exemplifies the

general features of autonomic functions: a number of constantly running, unconscious

tasks controlled via feedback mechanisms and modulated by central nervous and

humoral mechanisms. Our strategy was therefore to look al gastric smooth muscle

activity, as a direct response to the neural and humoral input and then study this system

under different stimuli.

MRI offers unique opportunities for mvestiagtmg the physiology of the GI tract. With

specialized techniques as developed for this work, a high versatility can be achieved,

allowing the assessment of a number of parameters such as volume and motility and the

possibility to perform interactive real time imaging. Whether MRI can play a role in

clinical diagnostics of gastric function will depend on the further extension of the

different aspects of the technique, which sets it apart from conventional cheaper

methods.
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A major regulatory mechanism of gastric motor activity is the duodenal feedback that

controls nutrient delivery to the small intestine. Precisely how this information is

integrated and on which pathways it is relayed back to control gastric smooth muscle

activity is not known. Our approach was to apply a jteripheral stimulus (the lijud

infusion into the duodenum) and directly measure the activity of the major

gastroduodenal motor components that work together to adjust the outcome variable, in

our case gastric emptying. Further studies using the combination of manometry and

imaging will make use of pharmacological manipulation to focus on the role of the

sympathetic nervous system and the relationships and possible compensatory effects

between individual motor components. In addition, current efforts aim to create a

computer model of the mechanisms responsible for gastric motor function, using as

input the biomechanical data from the in vivo studies ~.

Communication between the brain and the gut connects the most distant parts of the

regulatory system controlling gastric motor function. In our study of illusory self-

motion, the peripheral response to an external stimulus was assessed, disregarding the -

yet obscure - cascade of events in between. It appears that stressful motion stimuli

influence the stability of autonomic regulatory mechanisms. A next step could be the

combination of fMRI with the jiresented method to assess central and peripheral effects

of illusory self-motion. This would help to clarify why the reciprocal inhibitory

interaction between visual and vestibular cortex is not sufficient to avoid the sensory

mismatch thought to underlie the development of motion sickness.

While processes in the stomach go for the most part unnoticed, unusual activity such as

noxious stimuli may cause conscious involvement. Dus visceral sensation is of great

importance to a wide variety of pathophysiological conditions, but the underlying

mechanisms are largely unknown. For example, there is increasing evidence that the

condition of functional dyspepsia is the result of an abnormal jicrception of normal

events rather than a normal perception of abnormal events in the gastrointestinal tract.

Different studies indicate that physiological stimuli of various mechanical and chemical

natures are perceived by the patients al a lower intensity than in healthy subjects \ It is,

however, still unclear where this amplification of the stimulus intensity occurs, and

several possibilities exist. The sensitivity of the receptors located in the gastric or gut

87



wall may have changed, changes may have taken place on the neivous pathways

between the gut and the biain, oi even within the biain itself Figuie 1 shows an

example horn oui own pichimmaiy woik in which the coitical icsponse to an

mtiagastiic mechanical distension stimulus was assessed by functional magnetic

lesonancc imaging In 1 espouse to the peupheial stimulus theic is a eleai, bilateial

activation ot the insular legion an impoitant gateway loi visceral sensoiy mtonnation,

and activation m the pieltontal coitex

Figuie i: Coitical 1 espouse to an mtiagastiiL distension stimulus

In conclusion this w oik has locused on gastiic 1 unction as a model autonomic system

Magnetic Resonance Imaging can plav a valuable tok m impiovmg oui undeistanding

m this aica t ltimatelv this can be expected to lead to optimized thtiapeulical

stiategies and identification ot taigets loi new chugs Fuitheimoie monitoiing ot diug

distiibution m the gastiomtestmal Pact gives diug developers a tool to search foi

optimal galenic loi m s with impioved dose tesponse lelationships
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