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Summary

Detailed assessment of human gastric motor function is of key importance

for a comprehensive understanding of the mechanisms controlling the pro-
cessing and digestion of food in the gastrointestinal (GI) tract. These

mechanisms are based on a complex interplay between gastric relaxation
and accommodation (gastric tone), gastric secretion, peristaltic activity,
and periodic opening and closure of the pylorus (gastric emptying). Gastric

motility disorders, particularly gastroparesis, dyspepsia and gastroesoph-
ageal reflux disease, are highly prevalent and impair seriously the quality

of life.1–4 Although investigated in many clinical studies, the underlying
pathogenesis is still not fully understood.

In clinical routine, various established techniques are applied to analyze

human gastric motor function; scintigraphy and breath test for gastric
emptying;5,6 intraluminal manometry for peristaltic activity;7 ultrasound

for both gastric emptying and peristaltic activity;8 and esophageal mano-
metry for reflux diseases.9 However, none of these techniques is feasible

to assess all of these gastric parameters simultaneously. Over the last few
years, magnetic resonance imaging (MRI) has become a promising non-
invasive medical imaging technique that is free of ionizing radiation and

provides images with an excellent soft tissue contrast allowing the assess-
ment of gastric emptying, accommodation, and peristaltic activity.10–12

In the first part of the presented thesis, a MRI technique for the non-

invasive quantification of gastric secretion was developed and evaluated
in healthy volunteers. In principle, this technique was based on homoge-

neously labeling a test meal with a paramagnetic contrast agent (CA) and
measuring the change in CA concentration (as induced by dilution with

gastric secretion) by fast T1 mapping.

The fast T1 mapping technique is based on the variable flip angle ap-
proach.13,14 Optimization methods (optimized flip angles, high–quality

radiofrequency (RF) pulses, effectual RF and gradient spoiling and steady
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state condition, flip angle correction) were developed to achieve high–

precision abdominal T1 maps at high temporal (2.3 s per T1 map) and
spatial (2.8×2.8×15 mm3) resolution.

The interrelationship between T1 and CA concentration of a labeled
viscous glucose solution (test meal) was derived in an in vitro calibration

experiment. Dilution of the test meal by gastric secretion was simulated
using a 0.1 N HCl solution. HCl was shown to be an appropriate surrogate

for gastric secretion because T1 and pH values are similar to those of gastric
juice. Obtained calibration curve was validated in five healthy volunteers
by fast T1 mapping of four test meals at specific dilution ratios. Analysis

of T1 maps demonstrated an excellent agreement between in vivo mean T1

values and reference in vitro T1 values. Results further showed an increase

in the width of the in vivo T1 distribution as CA concentration decreased.
This implies a decreased accuracy in quantifying gastric secretion at high

dilution ratios.

In the second part of the thesis, two studies were performed on healthy

volunteers to investigate the influence of posture on gastric motor function
and the physiological response to stimulated gastric secretion. Assessing

the influence of posture on gastric motor function is of major importance
for gastric MRI since state–of–the–art, high–field (≥ 1.5 T) MRI systems

are built in compact architecture restricting imaging to the lying body
position.

In the first study, a MRI protocol was developed allowing the simul-
taneous assessment of stomach, meal, and intragastric air volume; gastric

relaxation and emptying; intragastric meal distribution; and peristaltic fre-
quency and velocity. This protocol was implemented on two MRI systems

of different architecture (whole–body vs. open–configuration) to analyze
gastric motor function in the seated (SP) and right decubitus lying body

position (RP), respectively. In RP, stomach geometry and meal distribu-
tion is most similar compared to the physiological upright body position
because the distal stomach is always filled with gastric contents, and in-

tragastric air is confined to the proximal stomach. Results showed slightly
different emptying dynamics for the two body positions; meal emptied

faster in RP resulting in a small difference in remaining meal volume be-
tween RP (214 ml) and SP (257 ml) after 90 min. However, this finding is

only of minor clinical relevance since volume changes observed in patients
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with gastric motility disorders are much higher.15 Unlike other techniques

as scintigraphy and single photon emission computed tomography, such
high sensitivity to detect these subtle differences is only attainable using
MRI. Thus, gastric MRI in RP has the potential to become a powerful

method for assessing GI motor function in humans.
In the second study, the fast and optimized T1 mapping technique was

applied in twelve healthy volunteers to investigate the effect of gastric se-
cretion on gastric physiology and emptying in the fasted and fed states.

Pentagastrin stimulated secretion was compared to placebo in a random-
ized, double–blind controlled cross–over study design. In the fasted state,

gastric content volume (GCV) continuously increased during pentagastrin
infusion and emptied in a rapid, exponential manner similar to water after
stopping the infusion. During placebo infusion, GCV did not change over

the study period. In the fed state in the pentagastrin condition, GCV
(meal + secretion) increased in the first few minutes after meal ingestion

before starting to decrease in a linear manner, which is typical for nutri-
ent liquids. This characteristic dynamic in GCV reflected the dynamic

interaction between gastric secretion (volume increase, as evidenced by a
secretion layer on top of the meal) and gastric emptying (volume decrease).

The early increase in GCV also prolonged the gastric half emptying time
(T50), demonstrating the limited usefulness of T50 as a single summary
endpoint in physiological studies. In the placebo condition, secretion layer

volume was reduced and no increase in GCV was detected.
In conclusion, this thesis demonstrates the huge potential of MRI for

the noninvasive and quantitative assessment of human gastric (patho–)-
physiology and contributes to establish MRI as a powerful method in future

gastric research and clinical routine.





Zusammenfassung

Eine eingehende Analyse der menschlichen Magenfunktion ist für ein tiefe-
res Verständnis der Mechanismen, welche die Verarbeitung und Verdauung
der Nahrung im Magen–Darm–Trakt steuern, von entscheidender Bedeu-

tung. Diese Mechanismen kommen durch ein kompliziertes Zusammenspiel
verschiedener Faktoren wie der Erschlaffung und Anspannung der Ma-

genmuskulatur (Muskeltonus), der Magensekretion, der Magenperistaltik
sowie dem periodischen Öffnen und Schliessen des Magenpförtners (Magen-

entleerung) zustande. Gestörte Magenfunktionen, wie sie bei Gastroparese,
Dyspepsie und gastroösophagaler Refluxkrankheit auftreten, sind häufig

und führen zu einer erheblichen Verschlechterung der Lebensqualität. Ob-
wohl diese Erkrankungen schon in unzähligen klinischen Studien untersucht
worden sind, ist die zugrundeliegende Pathogenese noch nicht eindeutig

verstanden.

Im klinischen Alltag existieren verschiedene etablierte Methoden zur

Analyse der menschlichen Magenfunktion, wie Szintigraphie und Atemtest
zur Erfassung der Magenentleerung,5,6 intraluminale Druckmessung zur
Erfassung der Magenperistaltik,7 Ultraschall zur Erfassung sowohl der Ma-

genentleerung wie auch der Magenperistaltik8 und ösophagale Druckmes-
sung zur Erfassung der Refluxerkrankungen.9 Mit keiner dieser Metho-

den ist es jedoch möglich, alle Parameter gleichzeitig zu messen. In den
letzten Jahren hat sich die Magnetresonanztomographie (MRT), ein nicht–

invasives, bildgebendes medizinisches Verfahren, das frei von ionisierender
Strahlung ist und Bilder mit einem exzellenten Weichteilkontrast erzeugt,

zu einer vielversprechenden Methode zur Erfassung der Magenentleerung,
Magenakkommodation und Magenperistaltik entwickelt.

Im ersten Teil der vorgelegten Dissertation wurde eine MRT–Technik

zur nicht–invasiven Quantifizierung der Magensekretion entwickelt und in
gesunden Probanden/–innen evaluiert. Grundsätzlich basierte diese Tech-

nik darauf, eine Testmahlzeit mit einem paramagnetischen Kontrastmit-
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tel homogen zu markieren und dann die Änderung in der Kontrastmit-

telkonzentration (aufgrund der Verdünnung mit Magensekretion) durch
eine schnelle T1–Messung zu bestimmen.

Die Technik zur schnellen T1–Messung beruht auf der Methode der
variablen Flipwinkel.13,14 Optimierungsmethoden (optimierte Flipwinkel,

Radiofrequenz (RF) Pulse mit hoher Güte, effektives RF und Gradienten-
spoiling und dynamisches Magnetisierungsgleichgewicht, Flipwinkelkorrek-
tur) wurden entwickelt, um exakte T1–Verteilungen im Abdomen mit einer

hohen zeitlichen (2.3 s pro Schicht) und räumlichen Auflösung (2.8×2.8×15
mm3) zu erzeugen.

In einem in vitro Experiment wurde der Zusammenhang zwischen T1

und der Kontrastmittelkonzentration einer markierten, viskösen Zuckerlö-

sung (Testmahlzeit) bestimmt. Die Verdünnung der Testmahlzeit durch
Magensekret wurde mit einer 0.1 N Salzsäurelösung simuliert. Es hat sich

gezeigt, dass die Salzsäure ein passender Ersatz für die Magensekretion
darstellt, da die T1– und pH–Werte ähnlich zu denen der Magensäure sind.

Die Kalibrationskurve wurde in fünf gesunden Probanden/–innen validiert,
indem die T1–Werte von vier Testmahlzeiten mit unterschiedlichen Verdün-

nungsverhältnissen gemessen wurden. Die in vivo Mittelwerte stimmten
mit den in vitro Referenzwerten sehr gut überein. Die Resultate haben
weiter gezeigt, dass sich die in vivo T1–Verteilung für kleiner werdende

Kontrastmittelkonzentrationen verbreitert. Dies führt zum Schluss, dass
die Genauigkeit bei der Quantifizierung der Magensekretion für hohe Ver-

dünnungsverhältnisse abnimmt.

Im zweiten Teil der Dissertation wurden zwei Studien an gesunden

Probanden/–innen durchgeführt, um den Einfluss der Körperposition auf
die Magenfunktion wie auch die physiologische Reaktion auf stimulierte

Magensekretion zu untersuchen. Die Analyse des Einflusses der Körper-
position auf die Magenfunktion ist von grosser Wichtigkeit für die MRT

des Magen–Darm–Trakts, da modernste Hochfeld–MRT–Systeme (≥ 1.5
T) eine kompakte Bauweise aufweisen, mit welcher die Bildgebung nur in

liegender Körperposition möglich ist.

In der ersten Studie wurde ein MRT–Protokoll entwickelt, welches er-

laubt, gleichzeitig Magen–, Mahlzeit– und Luftvolumen; Erschlaffung der
Magenmuskulatur und Entleerung; Mahlzeitverteilung; sowie Frequenz und

Geschwindigkeit der Magenkontraktionen zu erfassen. Dieses Protokoll
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wurde auf zwei MRT–Systemen unterschiedlicher Bauweise (offen vs. kom-

pakt) implementiert, um die Magenfunktion in sitzender bzw. in Rechts-
seitenlage zu analysieren. In Rechtsseitenlage ist die Magengeometrie und
Mahlzeitverteilung im Vergleich zur physiologischen, aufrechten Körperpo-

sition am ähnlichsten, da der distale Magen in beiden Positionen immer
mit Mahlzeit gefüllt und die Luftansammlung auf den proximalen Ma-

gen begrenzt ist. Die Resultate zeigten einen geringfügigen Unterschied in
der Dynamik der Magenentleerung zwischen den beiden Körperpositionen;

die Mahlzeit entleerte sich schneller in Rechtsseitenlage, was zu einem
kleinen Unterschied im Restmahlzeitvolumen zwischen Rechtsseitenlage

(214 ml) und sitzender Position (257 ml) nach 90 Minuten führte. Dieses
Ergebnis ist allerdings nur von untergeordneter klinischer Bedeutung, da
typische Volumenänderungen in Gastroparese–Patienten viel höher sind.15

Im Gegensatz zu anderen Methoden wie Szintigraphie und Positronen–
Emissions–Tomographie ist eine solch hohe Empfindlichkeit zur Detektion

dieser kleinen Unterschiede nur mittels MRT erreichbar. Dies zeigt, dass
die MRT in Rechtsseitenlage das Potential hat, sich zu einer wertvollen

Methode bei der Analyse der motorischen Magenfunktion im Menschen zu
entwickeln.

In der zweiten Studie wurde die optimierte MRT–Technik zur schnellen
T1–Messung in zwölf gesunden Probanden/–innen angewandt, um den Ein-
fluss der Magensekretion auf die Magenphysiologie und die Magenentleer-

ung im nüchternen Zustand und nach Mahlzeiteinnahme zu untersuchen.
In einem randomisierten, doppelgeblindeten Studienprotokoll wurde die

stimulierte Magensekretion unter Pentagastrin gegen Placebo verglichen.
Im nüchternen Zustand nahm das Volumen des Mageninhaltes während der

Pentagastrininfusion kontinuierlich zu und entleerte sich nach Infusions-
ende sehr schnell, ähnlich einem exponentiellen Verlauf wie für Wasser.

Während der Placeboinfusion hat sich das Volumen des Mageninhaltes
über die gesamte Studiendauer hingegen nicht verändert. In den ersten
Minuten nach Mahlzeiteinnahme nahm das Volumen des Mageninhaltes

(Mahlzeit + Sekretion) unter Pentagastrin zu, bevor es dann linear ab-
nahm. Dieses Verhalten ist typisch für kalorienreiche Flüssigkeiten. Die

charakteristische Dynamik des Mageninhaltvolumens widerspiegelte die
dynamische Wechselwirkung zwischen Magensekretion (Volumenzunahme,

nachgewiesen durch eine Sekretionsschicht auf der Mahlzeit) und Magen-
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entleerung (Volumenabnahme). Durch den anfänglichen sekretionsbeding-

ten Volumenanstieg verlängerte sich die Halbwertszeit der Magenentleer-
ung (T50), was den beschränkten Nutzen von T50 als Parameter in physiolo-
gischen Studien aufzeigt. Unter Placebo war das Volumen der Sekretions-

schicht viel kleiner und es wurde keine Volumenzunahme des Mageninhaltes
beobachtet.

Diese Dissertation veranschaulicht das enorme Potential der MRT zur
nicht–invasiven und quantitativen Analyse der menschlichen Magen(pat-

ho–)physiologie und trägt zu dessen Etablierung als wertvolle Methode in
der zukünftigen gastrointestinalen Forschung und klinischen Routine bei.



Introduction

Basic Physiology of Human Gastric Motor Function

Detailed assessment of human gastric motor function is of major impor-

tance for a comprehensive understanding of the mechanisms controlling
the processing and digestion of food in the gastrointestinal (GI) tract.

Food processing and digestion in the GI tract is accomplished by a com-
plex series of various gastric motor activities. Following meal ingestion,

the proximal stomach relaxes and accommodates to the meal volume, pro-
viding a reservoir for meal storage and enabling an increase in stomach
volume while maintaining a constant intragastric pressure. Distension of

the stomach and chemical stimulation of gastric cells induce the production
of gastric juice by parietal cells (gastric phase of secretion). The princi-

pal constituents of gastric juice, hydrochloric acid and pepsin, denature the
proteins present in the ingested meal. Gastric contraction waves, which are

generated by electrical impulses of the gastric pacemaker at a constant fre-
quency of about three per minute, mix the chyme with secreted gastric juice

and grind mechanically large meal particles in the distal stomach (while the
pylorus is closed). For short time periods the pylorus opens and small por-
tions of the chyme are emptied into the small intestine. The rate of pyloric

opening and closure as well as other physiological changes of the stomach
as for example gastric relaxation and accommodation are regulated via

complex feedback mechanisms mediated by chemo– and mechanoreceptors
located in the small intestine.

Pathophysiology of Human Gastric Motor Function

Disordered gastric motor function is a highly prevalent disease in the West-

ern world. Gastric motility disorders impair seriously the quality of life1–4

11



12 Introduction

and impose a significant economic burden to both the individual patient

as well as to the society as a whole.16–18 The most common observed gas-
tric motility disorders are gastroparesis, dyspepsia, and gastroesophageal
reflux disease (GERD). Gastroparesis is characterized by delayed gastric

emptying in the absence of any mechanical outlet obstruction and results
in various symptoms such as early satiety, nausea, vomiting, bloating, and

upper abdominal discomfort.19 The main gastric motility abnormalities oc-
curring in dyspeptic patients are delayed gastric emptying, impaired meal

distribution in the stomach, impaired accommodation, abnormal fundic
contractions, and disturbed antroduodenal motility.20–26 Patients suffer-

ing from dyspepsia feel discomfort or pain in the upper abdomen, often
associated with negative symptoms of fullness, bloating, and early sati-
ety.27,28 GERD is also considered to be a manifestation of a motility dis-

order, although the symptoms are related predominantly to the effects of
hydrochloric acid and pepsin.29 Most reflux episodes are induced by inap-

propriate transient lower esophageal sphincter relaxations (TLESR) that
are triggered by gastric fundic distension. Typical reflux symptoms are

heartburn and regurgitation.29 The results of different studies indicate
that genetic factors modified by environmental factors may be the cause

of the described gastric motility disorders;20,30, 31 however, the underlying
pathogenesis is still not fully understood.

Standard Clinical Measurement Techniques

A variety of specific measurement techniques exists to analyze gastric motor

function in humans. While these techniques provide accurate physiological
assessment of gastric motor function, results of several studies have shown

their potential value for clinical diagnosis and therapy monitoring of gastric
motility disorders. For example, in patients with gastroparesis and func-
tional dyspepsia, gastric emptying of solid meals was significantly delayed

and post–prandial gastric volumes were significantly smaller compared to
healthy volunteers.32,33 In GERD patients, the distribution of proximal

unbuffered acidic volume (“acid pocket”) and its extension onto the dis-
tal esophagus was significantly different from that measured in healthy

volunteers.34,35
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Scintigraphy

The gold standard for measuring gastric emptying is scintigraphy.5 This
technique is based on the detection of the emitted gamma radiation of

a radiolabeled meal using a gamma camera. Simultaneous assessment of
solid and liquid meal emptying is feasible by labeling the solid and liquid

meal component with two different radionuclides (mostly 111In and 99mTc).
One major problem concerning scintigraphy is the exposure of the volun-

teer/patient to ionizing radiation. This limits the application in case of
long or repetitive examinations. Furthermore, scintigraphy represents a
two–dimensional projection technique providing no information on the ori-

gin of the detected signal in the plane perpendicular to the image slice.
Due to the complex three–dimensional geometry of the GI tract this is

critical, especially if both the stomach and intestines contain portions of
the labeled meal.

Breath Test

The stable isotope breath test is another widely used technique in the clinic
for the measurement of gastric emptying. Thereby, specific test meals are
labeled with the nonradioactive isotope 13C, which is absorbed in the prox-

imal small intestine and metabolized in the liver to 13CO2. Breath samples
are collected and the expired 13CO2 is analyzed by mass spectroscopy. This

test assumes that the gastric emptying rate is reflected by the character-
istics of the measured breath test curves.6 However, in patients with liver

and pancreatic diseases or malfunctioning intestinal absorption this test
clearly fails.

Intraluminal Manometry

Intraluminal manometry is a frequently used technique for the assessment

of gastric peristaltic activity. Pressure recordings from the antrum, pylorus,
and duodenum can be obtained concurrently by water–perfused catheters.

Nevertheless, there are couple of disadvantages. The technique is invasive
and time–consuming and it is not possible to quantify geometry–related

changes of the travelling contraction waves.
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Ultrasound

Ultrasound, as an established medical imaging technique commonly used in
clinical routine, allows the visualization and evaluation of gastric peristaltic
activity, as well as gastric emptying and gastric accommodation.8 However,

this technique is highly operator–dependent and interpretation of acquired
images requires a lot of expertise. Moreover, as with any sonographic

technique, the presence of air in the GI tract presents a major limitation
for accurate imaging of gastric motor function.

Esophageal pH–Metry

Esophageal pH monitoring is considered the gold standard for the diag-
nosis of GERD.9 When combined with intraluminal impedance measure-

ments, also weakly acidic and alkaline reflux events can be detected. For
a more detailed understanding of GERD the simultaneous visualization of

the anatomical structure of the TLESR as well as the distribution of the
gastric acid within the proximal stomach is necessary. This, however, is not
feasible using esophageal pH–metry combined with intraluminal impedance

measurements.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been established as a versatile, non-
invasive, and ionizing–free medical imaging technique with excellent soft

tissue contrast that allows the assessment of human anatomical structures
and pathologies as well as cardiac and brain function. MRI for the analysis

of human gastric motor function represents a new field of application that
is currently performed in only a few research centers world–wide. In the
first study fifteen years ago, gastric emptying was the first physiological pa-

rameter of gastric motor function that was determined using MRI.10 More
studies followed, and MRI has been shown to be applied successfully for the

assessment of gastric accommodation and gastric peristaltic activity.11,12

Over the last few years, more and more high–performance MRI systems

with increasing magnetic field strength (≥ 1.5 T) became widely available.
These high–field MRI systems provide higher signal amplitudes and thus

better signal–to–noise ratio (SNR) compared to low–field MRI systems.
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Excellent image quality is very important in GI–MRI in order to detect

small organ structures as for example stomach wall and pylorus. The
simultaneous improvement in gradient strength together with advanced
imaging techniques (sensitivity encoding (SENSE);36 k–t BLAST and k–t

SENSE37) speeds up considerably data acquisition time. Because of the
irregular gastric and intestinal peristaltic activity fast data acquisition is

the crucial factor in GI–MRI to generate artifact–free images.

Most of these new high–field MRI systems are built in compact ar-
chitecture allowing imaging only in the lying body position. This is not

problematic for the investigation of cardiac and brain function, but has
to be considered in GI–MRI. In a variety of scintigraphic studies it has

been shown that posture has a significant influence on human gastric mo-
tor function.38–42 In order to establish MRI in GI research and in clinical

routine for the assessment of gastric motility disorders in the future, de-
tailed investigation of the global effect of posture on gastric motor function

is essential.

Paramagnetic Contrast Agents

Paramagnetic contrast agents have been widely used in gastric MRI to

qualitatively assess the distribution of oral drug delivery systems and of
solid/liquid meals in the gastric lumen.43–45 Basically, paramagnetic con-
trast agents affect the MRI relaxation properties of the labeled meal or

perfused tissue (if administered intravenously). Two different relaxation
effects are observed, a transverse or T2 relaxation and a longitudinal or

T1 relaxation. After excitation using a radiofrequency (RF) pulse, spins
of the water protons tumble around the magnetic field. Since the actual

magnetic field is a superposition of the static magnetic field B0 and lo-
cal, time–varying electromagnetic fields induced by the magnetic dipole

moments of neighbouring protons, each spin tumble with a slightly dif-
ferent precession frequency. This causes a dephasing of the spin system
and results in a decrease in the amplitude of the macroscopic magnetiza-

tion (transverse relaxation). The rate of dephasing due to these spin–spin
interactions is described by the T2 relaxation time. However, in MRI addi-

tional linear gradient fields are applied for spatial encoding of the signals.
These gradient fields (as well as B0 inhomogeneities) cause an accelerated

dephasing of the spin systems which is described by the time constant
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T2
∗ (T2

∗ < T2). Simultaneously to dephasing, excited protons interact

with local, time–varying electromagnetic fields induced by a combination
of translations, rotations, and vibrations in the molecular environment (the
“lattice”). If the frequency of these fields is close to the Larmor frequency

ωL = γ · B0, where γ is the gyromagnetic ratio of the proton, energy is
transferred to the lattice in the form of thermal energy. This causes the

macroscopic magnetization to relax back to its thermal equilibrium state
at a rate described by the T1 relaxation time (longitudinal relaxation).

Paramagnetic contrast agents shorten both T1 and T2 (T2
∗); however,

typical applications in MRI specifically rely on shortening of T1. The lon-

gitudinal relaxation rate depends on the magnitude of the contrast agent’s
electronic magnetic moment. Since the magnetic moment of a particle is

proportional to its gyromagnetic ratio and the square of its spin, elements
with unpaired electrons (γelectron = 657 · γproton) and high total spin are

effective T1 relaxation agents. In addition, the longitudinal magnetization
rate depends also on the electron spin relaxation time, a measure of how

long the magnetic dipole of the electron remains in its own spin state.
Elements with the highest numbers of unpaired electrons and the longest
electron spin relaxation times will have the strongest influence on longitu-

dinal relaxation rate of protons. With seven unpaired electrons in the 4f
valence shell and a long electron spin relaxation time of 10-8 – 10-9 s, the

Gadolinium (Gd3+) ion is the optimum choice.46

Unfortunately, Gadolinium is toxic in the human body preventing the
administration in its elemental form. Therefore, Gd3+–ions are bound
to chelate complexes as for example diethylene triamine pentaacetic acid

(DTPA; Figure 1a) or tetraazacyclododecane tetraacetic acid (DOTA; Fig-
ure 1b). These chelates remain stable in the human body until they are

excreted, even if they are exposed to a highly acid solution as gastric juice.10

Although some of the unpaired electrons of the Gd3+–ion are now paired

with the chelate molecule and the minimal distance between water pro-
tons and the Gd3+–ion is increased, Gd–DTPA and Gd–DOTA decreases
significantly the longitudinal relaxation time T1 of the labeled meal.

Gd–based paramagnetic contrast agents applied in diagnostic radiology

are available as diluted solutions. For the assessment of the distribution
process of solid/liquid meals in the gastric lumen, the liquid meal compo-

nent is homogeneously mixed with a few milliliters of the liquid contrast
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Figure 1: Schematic representation of the molecular structures of Gd–
DTPA (a) and Gd–DOTA (b), respectively.

agent before meal ingestion. On the MR images signal intensity of the
labeled liquid meal component is enhanced and can qualitatively be sepa-
rated from the signal intensity of the solid meal component, intragastric air,

and stomach wall using an operator–defined threshold. Since paramagnetic
contrast agents decrease the longitudinal relaxation time T1, these effects

are even more pronounced by applying T1–weighted MRI sequences. For
accurate image analysis based on the comparison of signal intensities, a

homogeneous excitation of the spins over the entire abdomen is required.
However, especially for high–field MRI systems, the transmitted RF field

is extremely inhomogeneous. Furthermore, this analysis method is highly
operator–dependent and therefore only qualitative.

Measuring the T1 relaxation time of the labeled liquid meal presents a

new approach allowing to quantitatively assess distribution processes in
the gastric lumen. As described in literature47 there is an interrelationship

between the concentration C of the contrast agent and T1 of the labeled
liquid meal

1

T1(C)
=

1

T1(C = 0)
+ r1 · C,

where r1 represents the relaxivity of the contrast agent. By dynamically
measuring T1 and calculating the corresponding concentration C, distribu-

tion, dilution, and mixing processes in the GI tract can be quantified.
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T1 Mapping Techniques

Inversion Recovery and Saturation Recovery

Inversion recovery (IR) and saturation recovery (SR) represent the two

standard MRI sequences for T1 determination. The basic pulse sequence is
shown schematically in Figure 2. After a spin preparation pulse (inversion

(180◦) pulse for IR and saturation (90◦) pulse for SR) followed by a delay
time TD, an excitation pulse (90◦ in this example) is applied and the free

induction decay (FID) or echo signal is sampled. According to the Bloch
equations the signal amplitude S is proportional to the delay time TD and
relaxation time T1:

S ∝

(

1 − c · exp

(

−
TD

T1

))

,

with c = 2 for IR and c = 1 for SR.47

Figure 2: Radiofrequency (RF) pulse sequence, relaxation curve of the longitudinal magne-
tization (Mz), and free induction decay signal (S) of inversion recovery (a) and saturation
recovery (b). The delay time is defined by TD and the repetition time by TR.

This basic sequence is repeated consecutively using different delay times

TD and with a repetition time TR > 5·T1 in order to allow nearly full recov-
ery (> 99 %) of the longitudinal magnetization before the next preparation
pulse is applied. The T1 relaxation time is derived using a two–parameter

(a, b) nonlinear least squares fit of the form a ·
(

1 − c · exp
(

− t
b

))

to the
measured signal amplitudes (with c = 2 for IR and c = 1 for SR). In case

of inaccurate preparation pulses resulting in flip angles different from 180◦

and 90◦, respectively, a three–parameter nonlinear least squares fit must

be applied with the fitting parameters (a, b, c). IR and SR techniques are
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easy to apply on every clinical MRI system without sequence programming

but have the disadvantage, because of their long acquisition times, of being
very sensitive to respiratory and organ motion. Furthermore, these tech-
niques are not feasible to assess dynamics of contrast agent distribution as

for example in perfusion measurements.

Look–Locker Technique

Modified IR and SR sequences based on the theory of Look and Locker48

have much shorter acquisition times resulting in a clinically relevant time

resolution in the order of second per T1 map. Basically, after a spin prepa-
ration pulse the recovery curve of the longitudinal magnetization is sampled
by the acquisition of a series of images within one TR. The Look–Locker

technique can be combined with any fast readout technique (echo planar
imaging (EPI);49 T1–weighted fast field echo (T1–FFE);50 balanced fast field

echo (bFFE)51). Since the applied excitation pulses during readout alter the
time evolution of the longitudinal magnetization, modified equations must

be used to describe the characteristics of the recovery curve.49–51 T1 is cal-
culated pixel–by–pixel using a multiple–parameter nonlinear least squares
fit to the measured signal amplitudes.

Variable Flip Angle Technique

In addition to the Look–Locker sequence there is another common fast T1

mapping technique which is based on the variable flip angle (VFA) ap-
proach. The basic principle of the VFA approach first introduced by Fram

et al.52 in 1987 is completely different from that of the Look–Locker tech-
nique. Instead of sampling the recovery curve, several images are acquired
by applying repeated (at least two) T1–FFE sequences with different flip

angles. The signal intensity of a T1–FFE sequence is a complex function
of the equilibrium longitudinal magnetization, relaxation times T1 and T2,

and sequence parameters (echo time, repetition time, and flip angle). Mea-
suring the signal intensities using different flip angles but identical sequence

parameters allows the calculation of T1 values pixel–by–pixel.52
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Objectives and Outline

The aim of the presented thesis was to develop, evaluate and apply ded-
icated MRI techniques to analyze human gastric motor function and its

dependency on body position as well as to quantify gastric secretion.
The methodological, first part (Chapters 1 & 2) introduces the develop-

ment and evaluation of a fast T1 mapping technique based on the variable
flip angle approach for the quantitative assessment of gastric secretion. Op-

timization methods, as described in Chapter 1, were developed to achieve
maximal accuracy in T1 determination within a limited acquisition time

(2.3 s per T1 map). In Chapter 2, this fast and optimized T1 mapping
technique for the noninvasive quantification of gastric secretion was eval-
uated in healthy volunteers. Basically, gastric secretion was assessed by

measuring changes in the relaxation time T1 of an ingested liquid test meal
homogeneously labeled with the paramagnetic contrast agent Gd–DOTA

of known concentration. Using the interrelationship between T1 and con-
trast agent concentration, which was derived in an in vitro experiment,

changes in concentration and thus volume and distribution of gastric se-
cretory products were determined.

In the second part (Chapters 3 & 4), two studies are presented aimed

on investigating the influence of posture on gastric motor function and
the physiological response to stimulated gastric secretion. In Chapter 3,

an imaging protocol is described allowing the simultaneous assessment of
eight relevant parameters of gastric motor function (stomach, meal, and

intragastric air volume; gastric relaxation and emptying; intragastric meal
distribution; peristaltic frequency and velocity). Protocols were applied

on two MRI systems of different architecture (whole–body vs. open–con-
figuration). Thereby, the overall effect of the lying body position on gas-
tric motor function was analyzed. In a physiological study, as presented

in Chapter 4, the fast and optimized T1 mapping technique was applied
to investigate the effect of stimulated gastric secretion on gastric volume

responses, emptying and intragastric dilution. Twelve healthy volunteers
were studied on two different days with either pentagastrin (as stimulus for

gastric secretion) or placebo (NaCl solution) administered intravenously in
double–blind randomized order.



Chapter 1

Optimized and Combined T1 and B1

Mapping Technique for Fast and
Accurate T1 Quantification in
Contrast–Enhanced Abdominal MRI

Introduction

Fast and accurate T1 mapping techniques allow the quantitative assessment

of the distribution and dynamics of intravenously or orally applied para-
magnetic contrast agents (CAs). Clinical MRI applications, such as per-
fusion and permeability measurements, mainly use T1–weighted dynamic

contrast–enhanced imaging (DCE–MRI) sequences to detect and charac-
terize lesions and tumors, monitor therapy,53–55 and assess organ function

in general.56–58 Similar approaches are applied in gastrointestinal research
to evaluate distribution and emptying processes in the human stomach.43,59

With these techniques, parameters of interest can be assessed in a semi-
quantitative way by detecting differences in signal intensity that are in-

duced by changes in CA concentration.43,59, 60 However, such semiquanti-
tative analyses present a major drawback because signal intensity not only
reflects CA concentration but also depends on intrinsic tissue properties

(T1, T2, and spin density ρ), imaging parameters (e.g., the flip angle (FA),
repetition time TR, and echo time TE), and the hardware of the MRI scan-

ner (e.g., receiver gain), thus preventing standardization of the DCE–MRI
technique.54,55 A direct quantitative assessment of change in CA concen-

tration can be achieved by dynamically measuring the T1 relaxation time

21
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and using the interrelationship

1

T1
=

1

T10
+ r1 · C, (1.1)

where r1 is the relaxivity and C is the concentration of the CA.47 How-
ever, because of their long acquisition times, standard MRI sequences for

T1 quantification involving partial saturation and inversion recovery (IR)
are not feasible for resolving such dynamic processes at a sufficiently high

temporal resolution. Furthermore, these sequences show high sensitivity
to respiratory and organ motion.61

The aim of this study was to optimize a fast T1 mapping technique for
accurate T1 quantification in abdominal CE–MRI using the variable FA

(VFA) approach.13,14 Optimization methods were developed to maximize
the signal–to–noise ratio (SNR) and ensure effective spoiling and steady

state for a defined T1 range and a limited TR and acquisition time. Similar
methods were applied to optimize a fast B1 mapping technique required

to correct for spatial variations of the nominal FA. By combining the opti-
mized T1 and B1 mapping techniques, high–precision abdominal T1 maps
of healthy volunteers were generated in a limited acquisition time (2.3 s

per T1 map).

Theory

The VFA technique is based on the consecutive application of T1–weighted

spoiled gradient–echo (T1 fast–field echo (T1–FFE)) sequences using dif-
ferent FAs.52 The theoretical signal intensity S of a T1–FFE sequence is

a function of the equilibrium (longitudinal) magnetization M0, relaxation
times T1 and T2, echo time TE, repetition time TR and FA α:

S = M0 ·
sin α · (1 − E1) · E2

1 − E1 · cosα
, (1.2)

where E1 = exp
(

−TR

T1

)

and E2 = exp
(

−TE

T2

)

.47

Equation (1.2) can be expressed in a linear form y = a · x + b :

S

sin α
= E1 ·

S

tanα
+ M0 · (1 − E1) · E2. (1.3)
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Keeping TR and TE constant and measuring the signal induced by dif-

ferent FAs, a straight line characterized by slope a = E1 and intercept
b = M0 · (1 − E1) · E2 can be found by linear regression. T1 is then easily
calculated as:

T1 = −
TR

ln a
. (1.4)

Equation (1.2) and thus a correct calculation of T1 are only valid if the

transverse magnetization is completely spoiled, longitudinal magnetization
has reached a dynamic equilibrium (steady state), and the amplitude of the

radiofrequency field (B1) is homogeneous over the complete field of view
(FOV). Especially for a large FOV and at high magnetic field strengths,

B1 field inhomogeneities represent a dominant source of error in the VFA
approach.62

Materials and Methods

As described in the previous paragraph, several sequence requirements, in-

cluding effectual spoiling, steady state, and B1 field homogeneity, must be
fulfilled for precise T1 mapping using the VFA approach. Furthermore, a
sufficiently high SNR is also needed for accurate T1 mapping. In the follow-

ing paragraphs, optimization methods for maximizing SNR and ensuring
effective spoiling and steady state are described for a defined T1 range of

100 – 800 ms and a limited TR (9 ms) and acquisition time. In addition,
an optimized fast FA imaging (B1 mapping) technique63 to correct spatial

variations of the nominal FA is presented.

Image Acquisition

Optimal FAs

T1 determination using the VFA approach requires a minimum number
of two consecutive measurements with two different FAs α1 and α2 (and

corresponding signals Sα1
and Sα2

).52 The two optimum FAs are derived
by maximizing the product of the normalized dynamic range (DR) times

the fractional signal (FS).64 DR is given by

DR =
Sα1

M0 · sin α1
−

Sα2

M0 · sin α2
, (1.5)



24 1. Fast and Optimized T1 Mapping Technique

describing the normalized separation of the two data points along the com-

puted regression line. FS is defined as

FS =
Sα1

+ Sα2

2 · SαE

, (1.6)

where SαE
stands for the maximum possible signal after excitation using

the Ernst angle αE = arccos(E1). The product DR · FS is a function of

four parameters: TR, T1, α1, and α2 (assuming E2 ≈ 1 for TE ≪ T2). For
TR = 9 ms and for every FA combination (Sα1

, Sα2
), DR ·FS is integrated

over the defined T1 range of 100 – 800 ms. The integrated product reaches
its maximum for the optimum FAs α1opt

= 5◦ and α2opt
= 31◦.

SNR

3D volumetric excitation and signal averaging provide a means of improv-

ing the SNR, but have the disadvantage of increasing the acquisition time.47

Therefore, in order to minimize the acquisition time per image slice, a
multiple 2D excitation technique with no signal averaging was applied in

this study. SNR was optimized by applying radiofrequency (RF) exci-
tation pulses with a high specific bandwidth (product of bandwidth times

pulse duration). These high–quality RF excitation pulses provide improved
rectangular slice excitation profiles and hence improved SNR compared to

standard RF excitation pulses. A sinc–Gaussian RF excitation pulse with
a specific bandwidth of 137 rad is used throughout the measurements.

RF and Gradient Spoiling

Suppression of higher–order echoes is achieved by linearly incrementing

the phase φ of consecutive RF excitation pulses (RF spoiling) and apply-
ing strong crusher gradients in the readout and slice–selection directions
(gradient spoiling). For optimal RF spoiling over a wide range of T1, T2,

and TR, a phase increment of ∆φ = 150◦ is applied.65 Gradient spoiling is
optimized by maximizing the product of gradient strength times gradient

duration of both crusher gradients. The crusher gradients are applied at
the end of signal acquisition within the given TR, and the gradient ampli-

tude is set to the highest possible value allowed by the hardware.
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Steady State

For T1–FFE sequences, the steady state magnetization (i.e., equal longitu-
dinal magnetization at the time of each excitation) is established after a

certain number of dummy excitations. The number of dummy excitations
depends on TR, T1, and FA α, and can be found by iterative calculation

using

Mz(n) = (Mz(n − 1) · cos α − M0) · exp

(

−
TR

T1

)

+ M0, (1.7)

where Mz(n) represents the longitudinal magnetization before the n–th

excitation.47

Figure 1.1a and Figure 1.1b show the time evolution of the longitudi-
nal magnetization for two consecutive measurements using α1opt

and α2opt
,

and for different T1 values in the range of 100 – 800 ms. For the first
measurement the initial longitudinal magnetization Mz(0) corresponds to

the equilibrium longitudinal magnetization M0 (Figure 1.1a). The initial
longitudinal magnetization of the second measurement corresponds to the

steady–state magnetization of the first measurement (Figure 1.1b). There-
fore, in order to minimize the total duration to reach steady state, the lower

optimal FA is applied first. Further reduction of scan duration is obtained
by applying an optimized initial FA for each measurement. There is only
one characteristic initial FA for each T1 value (and for a fixed TR of 9 ms)

that establishes the steady–state condition after one single RF excitation
pulse. These characteristic initial FAs are determined for T1 values of 100

– 800 ms, and range from 16◦ (for T1 = 100 ms) to 41◦ (for T1 = 800
ms) for α1opt

and from 70◦ (for T1 = 100 ms) to 87◦ (for T1 = 800 ms) for

α2opt
. By simulating the corresponding time evolution of the longitudinal

magnetization, the maximum number of excitations to reach the steady
state for each initial FA within the given T1 range can be determined. The

minimum over all these maxima defines the optimized initial FAs, which
are 33◦ for α1opt

(Figure 1.1c) and 81◦ for α2opt
(Figure 1.1d).

For in vitro and in vivo experiments the steady–state condition is as-
sumed for

∣

∣

∣

∣

Mz(n) − Mz(n − 1)

M0

∣

∣

∣

∣

< 0.001, (1.8)

i.e., when the relative difference of the longitudinal magnetization before

two consecutive excitations is less than 0.1 %. This results in 29 dummy



26 1. Fast and Optimized T1 Mapping Technique

excitations for α1opt
and optimized initial FA of 33◦ before actual data

acquisition and in 18 dummy excitations for α2opt
and optimized initial FA

of 81◦.

Figure 1.1: Relative longitudinal magnetization as a function of excitation for two con-
secutive measurements using α1opt

(a) and α2opt
(b). The altered relative longitudinal

magnetization using the optimized initial FAs ((c) 33◦ and (d) 81◦) prior to α1opt
and

α2opt
is shown. The duration to establish the steady state over the complete T1 range is

minimized when the optimized initial FAs are applied. All curves are plotted for TR = 9
ms and T1 = [100 ms, 200 ms, 400 ms, 600 ms, 800 ms].

Spatial variations of the nominal FA are corrected by performing an ad-

ditional measurement applying an optimized B1 mapping technique. This
technique is based on a T1–FFE sequence with a fixed FA α and two al-

ternating repetition times (TR1
< TR2

).63 The ratio r of the observed



1. Fast and Optimized T1 Mapping Technique 27

gradient–echo signals STR1
and STR2

is a function of α, TR1
, TR2

, and T1:

r =
STR1

STR2

=
1 − E12 + (1 − E11) · E12 · cos α

1 − E11 + (1 − E12) · E11 · cos α
, (1.9)

where E11 = exp
(

−
TR1

T1

)

, and E12 = exp
(

−
TR2

T1

)

.

Based on this equation, the FA α is calculated as

α = arccos





1 − r ·
(

1−E11

1−E12

)

r · E11 −
(

1−E11

1−E12

)

· E12



 . (1.10)

If the first–order approximation can be applied to exponential terms,

exp
(

−TR

T1

)

≈ 1 − TR

T1

, Equation (1.10) simplifies to

α = arccos





1 − r · n

r ·
(

1 −
TR1

T1

)

− n ·
(

1 −
TR2

T1

)



 , (1.11)

where n =
TR1

TR2

.

Assuming that 1 −
TR1

T1

≈ 1 and 1 −
TR2

T1

≈ 1 for TR1
, TR2

≪ T1 the
calculation of the FA becomes independent of T1 and is only a function of
the ratios of the measured signals r and the repetition times n:

α = arccos

(

1 − r · n

r − n

)

. (1.12)

The sensitivity dr
dα of the FA determination using Equation (1.12) in-

creases as the FA α and the factor 1
n increases (Figure 1.2a). Obviously,

an increase in the duration of TR1
and TR2

also improves the sensitivity,
but has the disadvantage of prolonging the scan duration. In this study

the optimized sequence parameters TR1
= 20 ms, TR2

= 100 ms and α =
70◦ are chosen for B1 mapping. This results in a maximal error in FA
determination of < 4.2 % when Equation (1.12) is applied over a T1 range

of 100 – 800 ms (Figure 1.2b).

RF and gradient spoiling is optimized in the same way as described for
the T1 mapping technique. The phase of consecutive excitation pulses is

linearly incremented by 150◦, and the highest possible amplitude of both
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Figure 1.2: (a) Sensitivity dr/dα as a function of the FA plotted for different ratios
TR1

/TR2
. For high FAs and a low ratio TR1

/TR2
the sensitivity of FA determination is

markedly increased. (b) Calculated FA over T1 range of 100 – 800 ms using optimized
sequence parameters TR1

= 20 ms, TR2
= 100 ms and α = 70◦. The nominal FA is well

approximated by the calculated FA, especially for high T1 values. The maximum deviation
from the nominal FA is 4.2 % for T1 = 100 ms.

crusher gradients is applied in the readout and slice–selection directions.
Six dummy excitations are used to establish the steady–state condition

as defined in Equation (1.8). The identical RF excitation pulse, image
geometry, and RF power are used for both the T1 mapping and subsequent

B1 mapping measurements, resulting in equal FA distribution over the
complete FOV.

Experiments

In vitro and in vivo measurements were performed on 1.5 T and 3 T whole–
body MRI systems (1.5 T Achieva and 3 T Achieva, Philips Medical Sys-

tems, Best, The Netherlands) using an abdominal, four–channel phased–
array receive coil. The B1 mapping measurement was always performed
immediately after the T1 mapping measurement. A linear profile order was

used for readout in k–space. The imaging parameters for both MRI sys-
tems (specific to 3 T in brackets) were as follows: FOV = 360 mm, slice

thickness = 15 mm; T1 mapping : FAs = 5◦ and 31◦, initial FAs = 33◦ and
75◦ (33◦ and 45◦), number of dummy excitations = 29 and 21, scan matrix

= 128×128, TR/TE = 9/3.6 ms (23/4.6 ms), scan time = 2.3 s per T1 map
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(5.8 s per T1 map); B1 mapping : FA = 70◦, number of dummy excitations

= 6, scan matrix = 64×64, TR1
= 20 ms (23 ms), TR2

= 100 ms, TE =
3.6 ms (4.6 ms), scan time = 6.6 s per b1 map (6.8 s per b1 map). The
optimized initial FA of 81◦ for α2opt

was not applicable at 1.5 T and 3 T

due to hardware constraints (duty cycle).

In Vitro Experiments

Six concentrations (1200 µM, 1000 µM, 800 µM, 600 µM, 400 µM, and

200 µM) of the paramagnetic CA Gd–DOTA (DOTAREM R©, Laboratoire
Guerbet, France) homogeneously mixed with a viscous solution of 10 %

glucose and 1 % locust bean gum powder (LBG) were prepared in small
bottles (100 ml) at room temperature. The bottles were simultaneously

placed in the isocenter of the 1.5 T and 3 T MRI system, respectively, and
one image slice aligned perpendicular to the long axes of the bottles was

acquired for T1 determination. T1 values (mean (standard deviation (SD)))
were calculated within a region of interest (ROI) of 6×6 pixels for each
bottle. Furthermore, a reference IR spectroscopy measurement (TR = 3 s,

six inversion delay times equally spaced by 10 ms and appropriately chosen
to detect the zero–crossing of the signal amplitude in the spectrum) was

performed for each concentration at room temperature and additionally for
the 1200 µM concentration at a temperature of 37◦C. T1 was determined

by detecting the zero–crossing of the signal amplitude at time point τ and
using the interrelationship T1 = τ/ln2.

In Vivo Experiments

Two healthy volunteers were investigated for the in vivo experiments.
Written informed consent was obtained from each volunteer and the pro-

tocol was approved by the local ethics committee. The sequence was val-
idated on the 1.5 T MRI system in one healthy volunteer after a 6–hr
fast. A small balloon attached to the end of a nasogastric tube was intu-

bated nasally and positioned within the proximal part of the stomach. The
balloon was filled with 300 ml of a 10 % glucose solution homogeneously

mixed with 1 % LBG and 1200 µM Gd–DOTA at 37◦C (reference T1 value:
202 ms (4 ms)). For subsequent imaging the volunteer was positioned in

supine body position in the MRI system. Four oblique transverse image
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slices covering the proximal part of the stomach were acquired within one

breath–hold for both the T1 mapping (total scan time = 9.2 s) and con-
secutive B1 mapping (total scan time = 26.4 s) measurements. T1 values
(mean (SD)) of the ingested solution were determined for each T1 map.

Another T1 mapping measurement was performed on the 3 T MRI system
in a different healthy volunteer after 6–hr fast (without intubation). The

ingested reference solution, the scan protocol, and the data analysis were
exactly the same as for the measurement on the 1.5 T MRI system. The

total scan times for T1 and B1 mapping on the 3 T MRI system were 23.2
s and 27.2 s, respectively.

Image Reconstruction and Processing

The sampled k–space data were processed without applying any filter. The
complex image data from each receive coil were combined using the sum–

of–squares (SOS) algorithm proposed by Roemer et al.66 Relative FA dis-
tribution b1(x, y) was assessed by determining the ratio of the effective FA

αeff(x, y) (Equation (1.12)) and the nominal FA αnom (70◦):

b1(x, y) =
αeff(x, y)

αnom
. (1.13)

The resulting b1 map was smoothed by weighted polynomial fitting, and

the matrix size was expanded by linear interpolation to 128×128. Finally,
the T1 map was determined by calculating T1 values pixel–by–pixel using

T1 = −
TR

ln

(

Sα1opt
/ sin(b1·α1opt

)−Sα2opt
/ sin(b1·α2opt

)

Sα1opt
/ tan(b1·α1opt

)−Sα2opt
/ tan(b1·α2opt

)

) , (1.14)

where Sα1opt
and Sα2opt

represent the acquired signal amplitude of the T1

mapping measurement using the optimum FAs.

Results

In Vitro Results

The unsmoothed b1 map at its original image resolution of 64×64 and the

FA–corrected T1 map of the in vitro samples at 1.5 T are presented in
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Figure 1.3. The T1 map was generated using the smoothed and resized b1

map. For the 1.5 T and 3 T MRI systems, FA–corrected mean T1 values are
similar to reference T1 values for each Gd–DOTA concentration (Table 1.1).
Without FA correction, the mean T1 values are constantly underestimated.

The SDs of the uncorrected and FA–corrected T1 values are similar.

Figure 1.3: Color–coded b1 map (left) and FA–corrected T1 map (right)
of six bottles containing different Gd–DOTA concentrations homoge-
neously mixed with a viscous glucose solution at 1.5 T. The b1 values
lower than 0.85 are in black. The different b1 values for each bottle
reflect the inhomogeneity of the transmitted B1 field.
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Table 1.1: In vitro T1 values for fast T1 mapping and reference IR spectroscopy measurement

1.5 T 3 T
Gd–DOTA T1 mapping Reference T1 mapping Reference

concentration (µM) Uncorrected Corrected Uncorrected Corrected
T1 (ms) T1 (ms) T1 (ms) T1 (ms) T1 (ms) T1 (ms)

1200 121 (3) 138 (4) 134 (4) 127 (3) 154 (5) 143 (4)
1000 146 (4) 164 (4) 160 (4) 152 (4) 179 (5) 170 (4)
800 173 (5) 194 (5) 189 (4) 168 (6) 218 (6) 205 (4)
600 227 (6) 246 (6) 252 (4) 194 (10) 270 (9) 265 (4)
400 307 (7) 321 (6) 317 (4) 312 (9) 376 (13) 353 (4)
200 442 (12) 456 (13) 459 (4) 466 (14) 575 (16) 584 (4)

Data are expressed as median (standard deviation).
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In Vivo Results

One representative smoothed b1 map and the corresponding FA–corrected
T1 map of the abdomen at 1.5 T is shown in Figure 1.4. A continuous

decrease in b1 of 15 % is observed from right (b1 = 1.05) to left (b1 = 0.9)
over the filled stomach (Figure 1.4a). The FA–corrected T1 map displays a

uniform distribution of the T1 values within the ingested solution (Figure
1.4b). This uniformity is also reflected in the histogram plot in Figure
1.4c, demonstrating a normal distribution of the FA–corrected T1 values.

For uncorrected T1 values, the distribution is positive–skewed due to the
overestimation of the effective FAs. The FA–corrected mean T1 value of

the ingested glucose solution (199 ms (24 ms)) is similar to the in vitro
reference T1 value at 37◦C (202 ms (4 ms)). For uncorrected T1 values (188

ms (32 ms)) the mean is lower and the SD is higher compared to the FA–
corrected T1 values. In Figure 1.5 a representative smoothed b1 map (a)

and the corresponding FA–corrected T1 map (b) at 3 T are displayed. The
FA–corrected mean T1 value of the ingested glucose solution (235 ms (27
ms)) is similar to the in vitro reference T1 value at 37◦C (216 ms (4 ms)).

The uncorrected mean T1 value (144 ms (28 ms)) of the glucose solution is
much lower compared to the reference T1 value.

Figure 1.4: (a) Smoothed color–coded b1 map (A, anterior; P, posterior; R, right; L, left)
and (b) corresponding FA–corrected T1 map of the abdomen with outlined stomach wall
at 1.5 T. b1 values lower than 0.5 are shown in black. (c) Histogram plot showing the
distribution of the uncorrected and FA–corrected T1 values of the ingested solution. The
FA–corrected T1 values are approximately normally distributed around the reference T1

value of 202 ms.



34 1. Fast and Optimized T1 Mapping Technique

Figure 1.5: (a) Smoothed color–coded b1 map (A, anterior; P, posterior;
R, right; L, left) and (b) corresponding FA–corrected T1 map of the
abdomen with outlined stomach wall at 3 T (5 min after meal ingestion).
b1 values lower than 0.3 are shown in black.

Discussion

In this study a fast T1 mapping technique based on the VFA approach

was optimized achieving maximal T1 accuracy over a T1 range of 100 –
800 ms within a limited repetition TR (9 ms) and acquisition time (2.3 s
per T1 map). Optimization methods were presented which maximize the

SNR and ensure effective RF and gradient spoiling, as well as a steady–
state condition. Applying similar optimization schemes, a fast B1 mapping

technique was developed allowing the correction of spatial variations of the
nominal FA over the excited FOV. Consecutive application of the T1 and

B1 mapping sequence successfully generated high–precision T1 maps of the
human abdomen at a temporal resolution of 2.3 s per T1 map.

The described optimization methods are effective for a T1 range of 100 –

800 ms, and thus allow the assessment of changes in CA concentration for
abdominal CE–MRI over a wide range of concentrations. The defined T1

range corresponds to a typical T1 range of (CE) abdominal organs at 1.5
T. T1 values in the absence of CA are as follows: liver: T1 ∼ 600 ms;67,68

kidney: T1 ∼ 700 ms;67 spleen: T1 ∼ 1000 ms.68 With the VFA technique

there is always a trade–off between high T1 accuracy (using more FAs)
and high temporal resolution (using fewer FAs). As observed in a recent

study,64 multiple averaging of dual–angle T1 maps provides higher accu-
racy per unit scan time than single–average, multiple FA data. However,

to resolve the dynamics of orally or intravenously applied CAs, a high tem-
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poral resolution (approximately 2 s) of sequential T1 maps is required.60

Therefore, in this study a minimum number of two optimized FAs without
signal averaging and a TR of 9 ms were chosen for the T1 mapping sequence,
which resulted in a temporal resolution of 2.3 s per T1 map at a voxel size

of 2.8×2.8×15 mm3. To validate the proposed method in vivo in a human
subject, an intragastric balloon was positioned inside a volunteer’s stomach

and filled with a homogeneously labeled viscous reference solution of known
viscosity, temperature, and CA concentration. This approach presents the

most reliable in vivo sequence validation, since the balloon prevents the
reference solution from being diluted and mixed with an undefined volume

of saliva and gastric juice, allowing the comparison of in vitro (at 37◦C)
and in vivo T1 values.

The accuracy of the described T1 mapping technique using the VFA
approach decreases continuously as T1 increases (Figure 1.6). This is con-

firmed by our in vitro results that show increased SDs for higher T1 values.
Furthermore, with higher T1 values the acquired gradient–echo signal de-

creases (Equation (1.2)). Thus, for precise T1 determination over a large
T1 range, it is of major importance to maintain the highest possible SNR.

Multiple signal averaging is one way to increase SNR; however, this was
omitted in this study in order to minimize the acquisition time per T1 map.
SNR was partly improved by using a large slice thickness (15 mm) and ap-

plying RF excitation pulses with high specific bandwidth, which resulted
in improved slice excitation profiles.

Image artifacts arising from imperfect spoiling and steady state impair

accurate T1 quantification. Such artifacts can be prevented by increasing
the duration of the crusher gradients (increased dephasing of transverse

spin components) and applying a sufficient number of dummy excitations.
Since in this study the acquisition time was limited, optimization meth-

ods were developed ensuring effective gradient spoiling and steady–state
condition. The effectiveness of the optimization methods was evaluated
empirically. For gradient spoiling the amplitude of the crusher gradients

was set to the maximum applicable value and the gradient duration was
increased continuously until no ghosting artifacts were observed on the MR

images. The steady–state condition as defined in Equation (1.8) was also
derived empirically, and no blurring artifacts were visible in the MR images

when the calculated number of dummy excitations was applied.
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Figure 1.6: Accuracy da/dT1 of T1 determination over
a defined T1 range of 100 – 800 ms. The accuracy
decreases exponentially with increasing T1 values.

The dominant source of error (besides image artifacts) for T1 quantifi-

cation using the VFA technique are spatial variations of the nominal FA.62

Through–plane variations arise from imperfect rectangular slice excitation

profiles, and in–plane variations arise from B1 field inhomogeneities. Effec-
tive slice excitation profiles were determined by computationally simulating
the Bloch equations. For a sinc–Gaussian RF excitation pulse with a high

specific bandwidth of 137 rad and a slice thickness of 15 mm, the slice pro-
file errors are maximal for α2opt

= 31◦ and T1 = 800 ms. However, with these

parameters, deviations from the nominal FA larger than 1◦ are restricted
to only a small sublayer of 1–mm thickness on both sides of the excited

slice. This indicates that slice profile errors have only a minor effect on the
accuracy of T1 quantification. B1 field inhomogeneities, however, resulted

in a significant underestimation of T1 up to 10 % for 1.5 T, and even up to
30 % for 3 T. To date, only a few T1 mapping studies of the human brain
(using the VFA technique) have corrected B1 field inhomogeneities.62,69–71

These studies corrected B1 field inhomogeneities by performing calibration
measurements in homogeneous brain–like phantoms,70,71 mapping the B1

field using a segmented SE–EPI technique,62 or applying three consecutive
T1–FFE sequences using FAs α, 2α, and 4α (i.e., three–point DESPOT1

technique).69 Abdominal calibration measurements are not feasible due to
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respiratory and intestinal tissue motion. The application of the segmented

SE–EPI sequence in the abdomen is critical because of its sensitivity to
B0 offsets. The three–point DESPOT1 technique has the disadvantage
of requiring a fixed (not optimized) set of three FAs, which increases the

temporal resolution per T1 map by a factor of 3/2 compared to the VFA
technique, which uses only two FAs.

In this study the B1 field inhomogeneities in the abdomen were corrected

by applying an optimized, fast B1 mapping technique based on a spoiled
gradient–echo sequence. For validation, a reference B1 mapping technique

(the double–angle method72) was performed in vitro. The present results
are similar to those reported by Stollberger et al.,72 but the temporal res-

olution of the reference method was much worse (410 s vs. 6.6 s per b1

map). Because of the low spatial frequencies of the B1 field distribution
(especially at 1.5 T), a low image resolution of 64×64 was used and calcu-

lated b1 maps were smoothed by appropriate weighted polynomial fitting
to reduce the influence of noise. Gibb’s ringing artifacts present in the low–

resolution MRI datasets did not significantly affect the calculated b1 maps.
The long effective TR of 120 ms makes this B1 mapping technique sensitive

to high–velocity pulsatile blood flow, as occurs in the aorta abdominalis
and vena cava. For a slice thickness of 15 mm and peak flow velocities of
∼ 50 – 100 cm/s for the aorta abdominalis73 and ∼ 50 cm/s for the vena

cava,74 the blood will completely move out of the excited slice before the
next excitation pulse is applied. This causes signal variations in phase–

encoding direction and thus ghosting artifacts of the aorta and vena cava
in the image. Such ghosting artifacts can be avoided by measuring each

k–space profile in the same heart phase using electrocardiogram (ECG)
triggering. However, this would result in a considerably longer acquisition

time. In this study, no ECG triggering was applied and phase–encoding
was chosen in anterior–posterior direction of the transverse image slices to
prevent the appearance of ghosting artifacts in the ROI.

Data processing was based on complex image data, which allowed the

calculation of the actual MR signal amplitudes. B1 field inhomogeneities
were corrected by multiplying the optimum FAs of the T1 mapping mea-

surement by the relative FA distribution b1(x, y) derived from the B1 map-
ping measurement (Equation (1.14)), assuming that b1(x, y) was identical

for both measurements. This assumption holds true only in the case of a
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linear relationship between the nominal FA and the actual B1 amplitude of

the RF pulse. For slice–selective pulses, however, linearity represents only
an approximation.75 The deviation from the linear relationship depends on
the applied RF pulse shape. Stollberger and Wach72 showed that for sinc–

shaped RF excitation pulses, linearity exists for FAs up to 140◦, whereas
for simple Gaussian–shaped pulses an essentially greater disproportionality

will occur. In this study linearity was assumed, since for both T1 and B1

mapping measurements sinc–Gaussian–shaped RF excitation pulses with

a high specific bandwidth of 137 rad and FAs = 70◦ were applied.
The fast T1 mapping and B1 mapping sequence was successfully imple-

mented on two MRI systems of different magnetic field strength (1.5 T
and 3 T). The results obtained at 3 T demonstrate the feasibility of this
method for fast T1 mapping at high magnetic field strengths. However,

future applications will be restricted to the 1.5 T MRI system since an
acquisition time of 5.8 s per T1 map at 3 T is too long to assess CA dy-

namics in the abdomen. Therefore, the sequence parameters are optimized
only for 1.5 T and not for 3 T. Nevertheless, the measured T1 values of

the ingested reference solution were similar to reference in vitro T1 values
at 37◦C. The slightly higher mean T1 value calculated 5 min after inges-

tion can be explained by dilution effects of the solution with saliva and
gastric juice. The obtained in vivo results demonstrate the potential of
the presented combined T1 and B1 mapping technique for fast, accurate

abdominal T1 quantification using MRI systems of different magnetic field
strengths.

In conclusion, an optimized and combined T1 and B1 mapping technique
was developed that is able to generate high–precision T1 maps in the human

abdomen at a temporal resolution of 2.3 s per T1 map. By exploiting the
one–to–one relationship between T1 and CA concentration, fast T1 map-
ping allows the quantitative assessment of the distribution and dynamics of

intravenously or orally applied CAs. The proposed fast T1 mapping tech-
nique represents a promising noninvasive imaging method for a variety of

clinical applications in abdominal CE–MRI, such as quantification of tissue
perfusion and vascular permeability. Furthermore, this technique provides

a valuable tool in gastrointestinal research for noninvasive and quantitative
assessment of dilution, distribution, and mixing processes of labeled liquid

solutions or pharmacological substances in the gastrointestinal tract.76



Chapter 2

Fast T1 Mapping for the Noninvasive
Quantification of Gastric Secretion

Introduction

Quantification of gastric secretion is of key importance for the understand-
ing and effective management of many gastrointestinal diseases such as

peptic ulcer and gastroesophageal reflux.34 Aspiration and in vivo intra-
gastric titration represent the two most commonly applied techniques to

measure intragastric acid secretion.77,78 These methods are invasive, un-
physiological and may stimulate gastric secretion by themselves. Moreover,
both are applicable only with experimental, liquid test meals and allow only

a global determination of gastric secretion although it is known that mix-
ing of gastric contents is poor and local distribution of gastric secretion is

often inhomogeneous (e.g. layering).34,79 Alternative approaches for the
assessment of gastric secretion, noninvasive magnetic resonance imaging

(MRI) techniques based on gastric volume measurements80 and T2 map-
ping of viscous model meals using in vitro calibration of (T2)

−1 against

polysaccharide concentration,81,82 have been presented. However, changes
in gastric volume do not only reflect dynamics of gastric secretion but a
combination of secretion and emptying and the T2 mapping technique can

only be applied to polysaccharide based viscous meals.

Recently, a fast and optimized T1 mapping technique for the quantifi-
cation of dilution and mixing processes of orally applied gadolinium (Gd)

based paramagnetic contrast agents (CAs) in human abdominal MRI was
developed.83 This technique can be extended to the quantitative assess-

ment of gastric secretion volume: by homogeneously labeling a meal with

39
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a CA and dynamically detecting the changes in CA concentration (CGd)

by measuring changes in the relaxation time T1, the volume of gastric se-
cretory products can be determined. Hereby, the interrelationship of the
relaxation time T1 and CGd basically is given by:

1

T1
=

1

T10
+ r1 · CGd, (2.1)

where r1 is the relaxivity of the CA and T10 the relaxation time of the
meal in the absence of a CA.47 However, it has to be regarded that for a

labeled meal which is continuously diluted and mixed with gastric secretion
the relaxivity r1 and T10 change depending on various parameters such as

temperature, pH and macromolecular content of the diluted and mixed
meal.84

The aim of the present study was to evaluate the noninvasive quantifi-
cation of gastric secretion volume after administration of a paramagnetic
labeled viscous glucose solution (test meal) by measuring T1. An in vitro

calibration curve describing the interrelationship between T1 and CGd as
well as the dependency of r1 and T10 on the macromolecular concentration

was derived. To analyze the accuracy and applicability of the T1 – CGd

calibration curve in vivo, T1 mapping of four glucose solutions labeled with

different CGd was performed in five healthy volunteers of different body
mass index (BMI). Furthermore, ex vivo T1 and pH measurements of gas-

tric (GJ) and duodenal juice (DJ) were performed in order to estimate
the relaxation properties and the intersubject variability of the secreted
gastroduodenal juice and also the dependency of T1 on pH.

Materials and Methods

The optimized fast T1 mapping technique used in this study is based on

the variable flip angle approach.13,14 Spatial variations of the nominal flip
angle due to B1 inhomogeneities are corrected by performing an additional
optimized fast B1 mapping technique based on a gradient echo sequence

with different alternating repetition times.63

The methodological part is subdivided into three sections. In the first

section, ex vivo measurements and analysis of T1 and pH of gastric juice
(GJ) and duodenal juice (DJ) from fourteen healthy volunteers are de-

scribed. In the second section, the in vitro interrelationship between T1 and
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CGd of a labeled and diluted viscous glucose solution and the dependency

of r1 and T10 on the macromolecular concentration are derived. Finally, in
the third section, the in vivo validation of the T1 – CGd calibration curve
and the measurement technique in five healthy volunteers is presented.

All MRI measurements were performed on a 1.5 T whole–body MRI
system (1.5 T Achieva, Philips Medical Systems, Best, The Netherlands)

using an abdominal, four–channel phased–array receive coil.

Ex vivo T1 and pH Measurements of Gastric and Duodenal Juice

GJ and DJ of fourteen healthy volunteers (seven women and seven men;
mean age = 27 years (range = 21 – 33 years); mean body mass index

(BMI) = 23.2 kg/m2 (range = 20.3 – 28.0 kg/m2)) with no history of
gastrointestinal disease were analyzed. Written informed consent was ob-

tained from each volunteer and the examination protocol was approved by
the local ethics committee. Measurements were performed in the morning

of three different study days after an overnight fast. One volunteer could
only be investigated on two study days. For each volunteer, 15 ml of GJ
and DJ was aspirated using a nasoduodenal tube85 and obtained juice was

filled in plastic syringes. In addition, three syringes filled with 15 ml of a
0.1 N (pH = 1) HCl solution were prepared on three different study days.

T1 measurements of the solutions at room temperature were performed by
applying a standard inversion recovery (IR) spectroscopy sequence (TR =

15 s, six inversion delay times equally spaced by 10 ms and appropriately
chosen to detect the zero–crossing of the signal amplitude in the spectrum).

T1 was determined by detecting the zero–crossing of the signal amplitude
at time point τ and using the interrelationship T1 = τ/ln2. pH was mea-
sured by pH indicator paper (Universalindikator, Merck (Switzerland) AG,

CH–8953 Dietikon, Switzerland).

In vitro T1 – CGd Calibration Curve

Four homogeneous solutions were obtained by serial dilution of a viscous
glucose solution (10 % glucose homogeneously mixed with 1 % locust bean

gum (LBG) powder) with appropriate volumes of a 0.1 N HCl solution
designed to mimic mixing of a viscous meal with gastric secretion across

a wide range of dilutions. The increased viscosity of the glucose solution
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reduced potential flow artifacts on the MR images. (Initial) solution 1 : no

dilution; solution 2 : solution 1 diluted with HCl at a ratio of 5:1; solution
3 : solution 1 diluted with HCl at a ratio of 1:1; solution 4 : solution 1
diluted with HCl at a ratio of 1:5. For each of the four solutions six samples

(100 ml each) containing different Gd–DOTA (DOTAREM R©, Laboratoire
Guerbet, France) concentrations (1200 µM, 1000 µM, 800 µM, 600 µM,

400 µM and 200 µM) at a temperature of 37◦C were prepared in small
plastic bottles.

A total of four MRI measurements were performed, one measurement

for all six samples of each solution. The six plastic bottles were simul-
taneously placed in the isocenter of the MRI system and one image slice

aligned perpendicular to the long axes of the bottles was acquired. For T1

determination an optimized and combined T1 and B1 mapping technique,

which is described in detail in Chapter 1, was applied. Sequence parameters
were as follows: FOV = 360 mm, slice thickness = 15 mm; T1 mapping :
flip angles = 5◦ and 31◦, number of dummy excitations = 29 and 21, scan

matrix = 128×128, TR/TE = 9/3.6 ms, scan time = 2.3 s per T1 map; B1

mapping : flip angle = 70◦, number of dummy excitations = 6, scan matrix

= 64×64, TR1
= 20 ms, TR2

= 100 ms, TE = 3.6 ms, scan time = 6.6 s per
B1 map.

T1 values (mean (standard deviation)) were calculated within a region

of interest (ROI) of 6×6 pixels for each bottle. Parameters T10 and r1 were
fitted to the model as described by Equation (2.1) using a two–parameter

nonlinear least squares fit based on the Levenberg–Marquardt (LM) algo-
rithm.86 This results in a set of two parameters T10 and r1 for each solution.

The dependency of T10 on the relative macromolecular concentration CM

(defined as the ratio of macromolecules in the diluted solution to macro-
molecules in initial solution 1 and expressed as percentage) and r1 on CM

was determined using a nonlinear least squares fit based on the LM algo-
rithm. In order to determine the interrelationship between T1 and CGd for

the continuously diluted labeled solution 1, the obtained dependency of
T10 on CM as well as r1 on CM was substituted in Equation (2.1) using

CM =
100

1200
· CGd, (2.2)

where CM is expressed in % and CGd in µM.
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In vivo Validation of T1 – CGd Calibration Curve

The T1 – CGd calibration curve was validated in vivo in five healthy vol-
unteers (one woman and four men; mean age = 30 years (range = 24 – 37
years)) of different BMI (mean BMI = 23.9 kg/m2 (range = 20.3 – 28.1

kg/m2)). Thereby, the effect of different object load (different B1 distribu-
tion and noise) on the accuracy of T1 determination could be analyzed.

Written informed consent was obtained from each volunteer and the

protocol was approved by the local ethics committee. After six hours fast-
ing, volunteers arrived at the MR center and were asked to drink 100 ml of

apple juice to induce post–prandial antral contraction patterns (i.e. non–
occlusive luminal contractions) during measurements.87 After drinking,
volunteers were intubated nasally with a small balloon attached to the end

of a nasogastric tube. The balloon was positioned within the proximal
part of the stomach. For subsequent imaging, volunteers were placed in

left decubitus body position in the MRI system. Four test meals at a tem-
perature of 37◦C were prepared by diluting the labeled solution 1 (10 %

glucose, 1 % LBG, 1200 µM Gd–DOTA) with appropriate volumes of a
0.1 N HCl solution (solution A: no dilution; solution B : solution 1 diluted
with HCl at a ratio of 2:1; solution C : solution 1 diluted with HCl at a

ratio of 1:2; solution D : solution 1 diluted with HCl at a ratio of 1:5).

Examination procedure was started by filling the balloon with 300 ml
of solution A using a plastic syringe. Then, four oblique transverse image

slices aligned perpendicular to the proximal stomach axis were acquired
within one breath–hold for both the T1 mapping (total scan time = 9.2

s) and subsequent B1 mapping (total scan time = 24.6 s) sequence. Scan
parameters were the same as described in the previous section. When
combined T1 and B1 mapping measurements were finished solution A was

retrieved by aspiration. This “filling–measurement–emptying” procedure
was repeated consecutively for solution B, C and D while volunteers re-

mained in left decubitus body position.

For T1 determination only 65 of total 80 T1 maps were analyzed. On
15 image slices pronounced flow artifacts were observed which would arti-

ficially increase the error in T1 determination.
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Statistical Analysis

Statistical analysis was performed using SPSS R© for Windows Release 13
Software (SPSS Inc., Chicago, IL, USA). Distribution of ex vivo T1 and

pH values of GJ and DJ were analyzed using a one–sample Kolmogorov–
Smirnov test. A paired–samples t–test was applied to analyze differences

in T1 and a Wilcoxon signed–rank test for differences in pH of GJ and DJ.
The correlation between T1 and pH was analyzed using two–tailed Pearson
correlation. For the in vivo experiments, distribution of T1 values was

analyzed by applying a one–sample Kolmogorov–Smirnov test. All data
are expressed and presented as mean (standard deviation). A P–value <

0.05 was considered statistically significant.

Results

Ex vivo T1 and pH Measurements of Gastric and Duodenal Juice

Results show that T1 of GJ was significantly longer than T1 of DJ (GJ: 2939
ms (114 ms) vs. DJ: 2858 ms (110 ms), P < 0.001; Figure 2.1); however,

the difference in T1 was small and much less compared to changes observed
for diluted viscous glucose solutions (see section below). As expected, pH

values were significantly lower in GJ than DJ (GJ: 1.4 (0.7) vs. DJ: 7.1
(0.9), P < 0.001). The statistical analysis indicates a trend (P = 0.07) for

a correlation between T1 and pH (r = – 0.78). Mean T1 value of the HCl
solution was 2760 ms.
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Figure 2.1: T1 values of gastric and duodenal juice
measured ex vivo at room temperature. Correspond-
ing data points for each volunteer and measurement
are connected by a straight line. The slopes of the
connecting lines indicate a longer T1 of gastric juice
compared to duodenal juice.

In vitro T1 – CGd Calibration Curve

One representative T1 map for solution 1 is shown in Figure 2.2a. For each
of the four solutions, measured T1 values together with nonlinear least

squares fit are plotted in Figure 2.2b. A linear relationship between r1 and
CM (Figure 2.3a) and between T10 and CM (Figure 2.3b) was found. The

resulting calibration curve of T1 vs. Gd–DOTA concentration CGd for the
viscous glucose solution (10 % glucose, 1 % LBG, 1200 µM Gd–DOTA)

that was continuously diluted with 0.1 N HCl at 37◦C is presented in Figure
2.4. Corresponding equation was calculated as:

1

T1
=

1

a · CGd + b
+ (c · CGd + d) · CGd, (2.3)

with the empirically derived parameters a = 4.84 · 10-1 ms · µM -1; b =
2.20 · 103 ms; c = 7.46 · 10-10 ms-1 · µM -2 and d = 2.54 · 10-6 ms-1 · µM -1.

T1 and CGd are expressed in ms and µM, respectively.
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Figure 2.2: (a) Color–coded T1 map of six bottles containing different Gd–DOTA con-
centrations homogeneously mixed in solution 1 (10 % glucose, 1 % LBG) at 37◦C. Mean
T1 values derived from a region of interest of 6×6 pixels for each bottle are presented.
(b) Measured T1 values (symbols) and nonlinear least squares fits according to Equation
(2.1) (dashed lines) of four diluted glucose solutions homogeneously mixed with different
Gd–DOTA concentrations at 37◦C. Data points are plotted as mean ± standard deviation.

Figure 2.3: Relaxivity r1 (a) and T10 (b) as a function of the relative macromolecular
concentration CM (defined as the ratio of macromolecules in the diluted solution to macro-
molecules in initial solution 1 and expressed as percentage). The interrelationship between
r1 and CM as well as T10 and CM is well described by linear regression ((a) R2 = 0.965;
(b) R2 = 0.998)
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Figure 2.4: T1 as a function of the Gd–DOTA concen-
tration (CGd) for labeled solution 1 (10 % glucose, 1
% LBG, 1200 µM Gd–DOTA) that was continuously
diluted with 0.1 N HCl at 37◦C (Equation (2.3)).

In vivo Validation of T1 – CGd Calibration Curve

In vivo mean (SD) T1 values for each viscous glucose solution are pre-
sented in Table 2.1. Results show no dependency of T1 on the BMI of the

volunteers. A series of representative abdominal T1 maps of one healthy
volunteer is shown in Figure 2.5a. The excellent agreement between in

vivo mean T1 values of all volunteers and the reference in vitro calibration
curve is illustrated in Figure 2.5b. A more detailed representation of the
distribution of the measured in vivo T1 values is depicted in Figure 2.5c.

Results demonstrate that T1 values are normally distributed (P < 0.05)
around the reference in vitro T1 value for each of the four glucose solutions.

The standard deviation (SD) of the T1 distribution increases for decreasing
CGd (SD, 33 ms for 1200 µM vs. 55 ms for 800 µM vs. 109 ms for 400

µM vs. 210 ms for 200 µM). Despite decreasing accuracy with increasing
dilution, the full width at half maximum (FWHM) of the T1 distributions

did not overlap and, thus, the different dilutions could be distinguished
using the optimized fast T1 mapping technique (Figure 2.5c).
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Table 2.1: In vivo T1 values

Solution A Solution B Solution C Solution D
T1 (ms) T1 (ms) T1 (ms) T1 (ms)

Volunteer 1 (BMI = 20.3 kg/m2) 198 (34) 348 (52) 636 (114) 991 (190)
Volunteer 2 (BMI = 22.3 kg/m2) 223 (29) 331 (44) 607 (112) 1008 (220)
Volunteer 3 (BMI = 23.8 kg/m2) 204 (27) 335 (47) 582 (102) 960 (191)
Volunteer 4 (BMI = 24.8 kg/m2) 215 (30) 290 (54) 578 (109) 955 (213)
Volunteer 5 (BMI = 28.1 kg/m2) 186 (31) 327 (54) 553 (98) 1019 (225)
Mean of all volunteers 207 (33) 324 (55) 587 (109) 986 (210)
Data are expressed as mean (standard deviation).

Discussion

In this study, the noninvasive quantification of the dilution of a labeled

viscous glucose solution with HCl (used as surrogate for gastric secretion)
by measuring the relaxation time T1 was successfully evaluated. Using the

interrelationship between T1 and Gd–DOTA concentration (CGd), dynamic
T1 mapping allows the determination of the change in CGd and thus the dis-

tribution of gastric secretion volume. So far, there are only two published
studies, also applying MRI, demonstrating a noninvasive technique for the
determination of gastric secretion volume.82,88 In these studies, gastric se-

cretion volume was assessed by detecting changes in meal viscosity using in
vitro calibration of transverse relaxation rate (T2)

−1 against polysaccharide

concentration of viscous model meals. Thus, this T2 mapping technique is
limited to polysaccharide based viscous meals whereas the method here

presented can be applied in combination with any macronutrient liquid
meal labeled with a paramagnetic contrast agent.

T1 and pH values of GJ measured ex vivo were close to those of a 0.1 N

HCl solution. This is an expected finding since hydrochloric acid represents
the main component of gastric juice89 and HCl and GJ have a similar
aqueous composition. Due to the limited sensitivity of the fast T1 mapping

technique for long T1 values as further described below and in the paper
of Treier et al.,83 small differences in T1 between GJ and HCl cannot be

resolved using the here presented technique. Therefore, serial dilutions
with HCl were used to simulate the post–prandial dilution of a viscous

glucose solution (test meal) with gastric secretion for the in vitro T1 – CGd
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Figure 2.5: (a) Series of four representative abdominal T1 maps (A, anterior; P, posterior;
L, left; R, right) of one healthy volunteer for solutions A, B, C and D (from left to right).
The stomach wall is outlined on each T1 map. (b) Mean ± SD T1 values of all volunteers
(circles) together with in vitro calibration curve (line) as derived from Equation (2.3).
The calibration curve is accurately sampled by the in vivo mean T1 values. (c) Mean T1

distributions of all volunteers for each of the four labeled glucose solutions (reference in
vitro T1 values: solution A, 211 ms; solution B, 327 ms; solution C, 612 ms; solution D,
986 ms). Areas under the curves are not identical.

calibration curve. However, in order to detect possible differences between

long T1 values as is the case for GJ and DJ, a standard IR spectroscopy
sequence with a prolonged acquisition time and thus increased sensitivity

was applied for T1 measurements ex vivo. Results showed a slightly but
significantly longer T1 of GJ compared to DJ. This difference in T1 was
not well explained by the lower pH value of GJ. A more detailed analysis

of GJ and DJ concerning macromolecular composition would be necessary
but was beyond the scope of this study.

The relaxivity r1 of Gd–DOTA within the viscous glucose test meal and

the relaxation time T10 depend in a complex way on the magnetic field
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strength, temperature, pH and macromolecular content of the meal.84 The

influence of field strength can be ignored since all MRI measurements were
performed at 1.5 T. Results in a previous study83 demonstrated that tem-
perature has a major effect on T1 of the applied labeled glucose solution at

1.5 T with longer T1 values at body temperature of 37◦C (202 ms (4 ms)
compared to T1 values at room temperature (134 ms (4 ms)). Therefore, to

avoid temperature dependent changes in T1, all in vitro measurements were
performed at 37◦C. The influence of pH on T1 can be neglected as demon-

strated in the results of the ex vivo experiments of GJ and DJ. However,
macromolecular concentration of the meal was shown to cause significant

changes in r1 and T10. A linear relationship between r1 and macromolecu-
lar concentration and between T10 and macromolecular concentration was
found in vitro. This is in agreement to theoretical models described in

literature.90,91 An increase in macromolecular content causes a reduction
of the correlation times of the Gd–DOTA chelate or the water molecule,

or both, leading to an increased rate of spin interaction.

The presented technique for the noninvasive quantification of gastric
secretion volume was successfully validated in five healthy volunteers of

different BMI. The in vitro T1 – CGd calibration curve is accurately sam-
pled by the four data points obtained from in vivo measurements. For
in vivo validation, a small balloon was positioned in the proximal stom-

ach and filled with different labeled viscous glucose solutions of known T1.
This represents the most reliable approach for in vivo validation since the

balloon prevents the solution from being diluted with undefined volumes
of ingested apple juice, saliva and GJ assuring identical meal composition

as for the in vitro reference measurements. For each volunteer, T1 map-
ping measurements of four different solutions were performed according to

the “filling–measurement–emptying” procedure described in the materials
and methods section. Using a syringe for emptying it is not possible to
retrieve the total volume of the ingested solution. Potentially, this could

result in a slightly different meal composition and thus T1 value; however,
as confirmed in a separate in vitro experiment, the error in T1 induced by

this procedure was assumed less than 1 %.

T1 values for each solution were normally distributed around the refer-
ence in vitro T1 value. Deviations from the normal T1 distribution would

indicate a inhomogeneous dilution of the meal. Flow artifacts within the
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stomach secondary to gastric contractions could also result in deviations

from the normal distribution (broadening of the T1 distribution, displace-
ment of the peak). Thereby, flow is less pronounced in viscous solutions
(e.g. as in a normal meal) and in the post–prandial proximal stomach (i.e.

usual location for measurement of gastric secretion). Only 15/80 slices
could not be analyzed due to pronounced flow artifacts. Motion artifacts

were not observed on the images of both T1 and B1 mapping scan al-
though breath–hold for B1 mapping was relatively long. This was possibly

due to the low image resolution for B1 mapping. In vivo results further
demonstrated an increase in the standard deviation of the measured T1

distribution for low contrast agent concentrations. In order to analyze the
limitation of the achievable T1 or CGd resolution using the optimized fast T1

mapping technique, a theoretical model was derived estimating the width

of the T1 distribution as a function of the nominal T1 value. The error
propagation function for the basic equation of the T1 mapping technique

(Equation (A2.1)) was estimated using a three–parameter (a, b, c) nonlin-

ear least squares fit of the form a ·

√

(

∂f
∂S1

)2

· b +
(

∂f
∂S2

)2

· c (see equation

(A2.3)) to the measured standard deviations for solution A, B, C and D
(full derivation in the Appendix). The increase in the standard deviation of
the T1 distribution as a function of the nominal T1 value is observed to be

close to linearity (Figure 2.6). Based on this theoretical model, using the
optimized fast T1 mapping technique, it will not be possible, for example,

to differentiate between gastric and duodenal secretion. Rather, for accu-
rate analysis of gastric secretion volume, appropriate CA concentrations

must be applied to achieve high accuracy in T1 determination (i.e. short
nominal T1 values).

In conclusion, a technique for the quantitative and noninvasive assess-

ment of intragastric secretion volume based on the interrelationship be-
tween T1 and CA concentration of a labeled viscous glucose solution was
developed in vitro and validated in healthy volunteers. This technique

allows the noninvasive and three–dimensional quantification and visual-
ization of gastric secretory products distribution in the human stomach

and therefore provides a valuable tool for the evaluation of the efficacy
of drugs to stimulate or inhibit gastric secretion. In an ongoing study,

the effect of pentagastrin stimulated gastric secretion on gastric volume
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Figure 2.6: Measured standard deviations (circles) of
the T1 distribution for solution A, B, C and D as well
as theoretical model (line) based on Equation (A2.3).

responses, emptying and intragastric distribution in healthy volunteers is
investigated.92 A further field of application of this technique presents the
in vivo quantitative determination of gastric and intestinal mixing and

distribution of orally administered paramagnetic labeled substances or dis-
solving drug delivery systems43,44 in pharmacological studies of controlled

release by dynamic T1 mapping.

Appendix

The calculation of T1 using the variable flip angle approach is a function f

of the measured gradient echo signals S1 and S2, corresponding flip angles
α1 and α2 and repetition time TR:

T1 = −
TR

ln
(

S1/ sinα1−S2/ sinα2

S1/ tanα1−S2/ tanα2

) ≡ f(S1, S2). (A2.1)

Following the Gaussian law of error propagation (for small errors), the

variance σ2
f of calculated T1 is given by:93

σ2
f =

(

∂f

∂S1

)2

· σ2
S1

+

(

∂f

∂S2

)2

· σ2
S2

, (A2.2)
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where σ2
S1

and σ2
S2

are the variances of the mean signals S1 and S2.

Taking the square root of Equation (A2.2) results in an expression for
the error (as described by the standard deviation SD) of T1 determination

SD(T1) =

√

(

∂f

∂S1

)2

· σ2
S1

+

(

∂f

∂S2

)2

· σ2
S2

(A2.3)

with

∂f

∂S1
=

C · TR
[

ln

(

−C·exp
(

−
TR
T1

)

D1·cosα2−D2·cosα1

)]2 ·

D2
1 · D2

(

−C · exp
(

−TR

T1

)

· sin α1

)

·
[(

1 − exp
(

−TR

T 1

))

· (D1 · cosα2 − D2 · cos α1)
]

(A2.4)

and

∂f

∂S2
= −

C · TR
[

ln

(

−C·exp
(

−
TR
T1

)

D1·cosα2−D2·cosα1

)]2 ·

D1 · D
2
2

(

−C · exp
(

−TR

T1

)

· sin α2

)

·
[(

1 − exp
(

−TR

T 1

))

· (D1 · cosα2 − D2 · cos α1)
]

(A2.5)

where C = cos α1−cosα2; D1 = 1−exp
(

−TR

T1

)

·cosα1; D2 = 1−exp
(

−TR

T1

)

·

cosα2.





Chapter 3

Gastric Motor Function and
Emptying in the Right Decubitus
and Seated Body Position as
Assessed by Magnetic Resonance
Imaging

Introduction

Magnetic resonance imaging (MRI) has been established as a valuable tech-
nique in human gastrointestinal (GI) research for analyzing gastric func-

tion.11,12, 82, 94 In comparison with radionuclide and ultrasound imaging
methods, MRI offers improved spatial and temporal image resolution, and

thus is ideal for noninvasive and reliable assessment of GI physiology.95 It
will therefore play an important role in GI research and clinical diagnosis

in the future.88,96

The most common body position during and following meal ingestion
is sitting; however, the horizontally aligned whole–body architecture of

modern high–field MRI systems restricts measurements of organ function
to the lying body position. Several studies using γ–scintigraphy,38–42 in-
traluminal manometry,39 and MRI97 have shown that posture influences

gastric function, and thus may present a limitation for gastric MRI. In
those studies, however, gastric emptying was analyzed only at discrete

time points, and peristaltic motility was determined as antropyloroduo-
denal pressure events. Differences in the gastric emptying rate and the

number of antropyloric contraction waves were detected between the lying

55
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and seated positions. Because of the very different measurement princi-

ples involved (i.e., radioactive decay vs. hydrostatic pressure vs. MR),
scintigraphy and manometry data are not directly comparable with data
derived using MRI. To evaluate gastric MRI for its use in clinical research

and diagnosis of GI pathophysiology, one must simultaneously investigate
gastric emptying, stomach volume, intragastric meal distribution and gas-

tric peristalsis in the lying position and detect differences compared to the
upright, seated body position (SP).

The aim of this study was to determine the effect of the right decu-
bitus lying body position (RP) on relevant parameters of human gastric

motor function in healthy volunteers as assessed by MRI. In this position,
intragastric meal distribution is most similar to that in SP because the

distal stomach is always filled with gastric contents, and intragastric air is
confined to the proximal stomach. Imaging protocols were developed for
two MRI systems that differed in architecture, thus allowing intraindivid-

ual comparisons of stomach and intragastric air volume, intragastric meal
distribution, gastric emptying, and gastric peristalsis between RP and SP.

Materials and Methods

Subjects

Ten healthy volunteers (four women and six men, mean age = 25.6 years,
range = 20 – 34 years) participated in this study. None of the subjects had
a history of gastrointestinal disease or took any medication that affected

gastric function. Written informed consent was obtained from each volun-
teer, and the study protocol was approved by the local ethics committee.

Study Protocol

Measurements were performed on two different study days in RP and SP.
Volunteers were examined in the afternoon after they fasted for six hours.

Three volunteers had to be examined in the morning in SP due to limited
MRI scanner availability. Six volunteers started in RP and the other four

began in SP. On both study days the same low fat solid/liquid test meal
was administered. The solid phase consisted of 150 g cooked pasta (214.5

kcal; protein: 9 g; carbohydrates: 39 g; fat: 2.25 g) and the liquid phase of
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150 ml of a nutrient drink (Ensure R© Plus Drink, 225 kcal, protein: 9.375

g; carbohydrates: 30.3 g; fat: 7.38 g) labeled with 0.5 mM of the para-
magnetic contrast agent Gd–DOTA (DOTAREM R©, Laboratoire Guerbet,
France). The solid meal was always administered prior to the liquid meal.

Measurements in RP were performed using the 1.5 T whole–body MRI
system (1.5 T Intera, Philips Medical Systems, Best, The Netherlands)

as shown in Figure 3.1a. Volunteers ingested the solid meal in SP in the
scanner room. Immediately afterwards they were placed in RP inside the
whole–body MRI system, and they ingested the liquid meal. Measurements

in SP were performed using the 0.5 T open–configuration MRI system
(Signa SP/i 0.5 T, GE Medical Systems, Milwaukee, WI, USA) as shown

in Figure 3.1b. Volunteers ingested both solid and liquid meals in SP inside
the open–configuration MRI system.

A scan consisting of 20 sagittal image slices covering the complete gastric

region (volume scan) was performed in the fasted state (t = – 15 min) and
after solid meal intake (t = – 4 min). After ingestion of the liquid meal

at time t = 0 min, volume scans followed by a dynamic scan sequence
(motility scan) were performed at 5 min intervals until time t = 30 min,

and thereafter at 10 min intervals until the end of the study period (t = 90
min). Based on the preceding volume data, the image stack of the motility
scan was positioned along the distal stomach axis in order to detect the

propagating gastric contraction waves.

On the 1.5 T MRI system, steady–state free precession (SSFP) se-

quences were used for imaging. For the motility scan the parallel imaging
method sensitivity encoding (SENSE)36 was applied to increase the image
acquisition rate. The imaging parameters for this system were as follows:

volume scan: scan time = 15 s (breath–hold), TR/TE = 4.6/2.3 ms, FOV
= 350 mm, slice thickness = 10 mm, image matrix = 256×205; motility

scan: three parallel image slices each consisting of 120 dynamics, inter-
leaved acquisition, scan time = 155 s (free breathing), TR/TE = 4.0/1.8

ms, image matrix = 256×205, SENSE factor = 1.6. Six rectangular surface
coils (height = 20 cm, width = 10 cm) were fixed around the abdomen and

connected to six separate receive channels for signal detection.

On the 0.5 T MRI system, fast spoiled gradient echo (FSPGR) sequences
were used for imaging. The imaging parameters for this system were as

follows: volume scan: scan time = 44 s (two breath–holds), TR/TE = 68/5.6
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Figure 3.1: (a) Left: Volunteer in RP inside the 1.5 T whole–body MRI
system. Rectangular surface coils were fixed around the abdomen. Right:
Three sagittal MR image slices (two proximal and one distal) of a volume
scan in RP with outlined stomach wall. Air and meal are indicated in the
MR images by arrows (F, feet; H, head; A, anterior; P, posterior). (b)
Left: Volunteer sitting inside the 0.5 T open–configuration MRI system.
A send/receive coil was fixed around the abdomen. Right: Three sagittal
MR image slices (two proximal and one distal) of a volume scan in
SP with outlined stomach wall. Air and meal are indicated in the MR
images by arrows (F, feet; H, head; A, anterior; P, posterior).

ms, FOV = 350 mm, slice thickness = 10 mm, image matrix = 256×160;

motility scan: 50 – 70 oblique coronal dynamics, scan time = 109 – 148
s (free breathing), TR/TE = 12.5/5.6 ms, image matrix = 256×160. An
abdominal send/receive coil was wrapped around the abdomen for signal

detection.

Image Analysis

The total gastric area was outlined in each image slice of a volume scan.
Based on this segmentation the stomach volume, meal volume and intra-

gastric meal distribution were determined over time. The stomach volume
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was calculated by summing the outlined pixels in each image slice and inte-

grating the sum over all slices. In each image slice the meal contents could
be identified by the distinct positive signal intensity compared to intra-
gastric air (Figure 3.1). Summing the pixels reflecting meal contents and

integrating the sum over all slices resulted in the meal volume. Intragas-
tric air volume was determined by subtracting meal volume from stomach

volume. A three–dimensional representation of the stomach based on the
outlined contours was used to separate stomach volume into proximal and

distal gastric volume (Figure 3.2).

Figure 3.2: Three–dimensional stomach contours (left) and
corresponding volume rendering of stomach and meal volumes
(right) 5 min after meal intake for RP (a) and SP (b). Stom-
ach volume was separated into proximal and distal gastric vol-
umes at the incisura angularis on the lesser curve of the stom-
ach (left).
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The stomach volume; total, proximal, and distal meal volume; and intra-

gastric air volume (expressed in ml) were plotted over time. The complete
study period of 90 min was divided in two phases: the ingestion phase (time
points t = – 15, – 4, and 0 min) and the emptying phase (time points t =

0 – 90 min). Furthermore, the total emptying phase was subdivided into
early (0 – 30 min) and late (30 – 90 min) post–prandial periods.

Gastric relaxation was defined as the volume difference between stomach

volume directly after and just before meal intake. Gastric relaxation was
calculated after solid (t = – 4 min) and liquid (t = 0 min) meal ingestion.

Gastric emptying was defined as the decrease in post–prandial meal volume
over time. Gastric emptying curves, which were defined as the normalized

remaining meal volume in the stomach and expressed as a percentage, were
plotted over time. Intragastric meal distribution was defined as the ratio

of the distal to the proximal meal volume. Gastric peristalsis was analyzed
along a user–defined distal stomach axis. Figure 3.3 shows in detail the
analysis of the motility image data. Equally spaced profile lines were de-

fined perpendicular to the axis (20 profiles in this example). The signal
intensities along each profile of all dynamics were stacked and represented

as the “motility plot”. The frequency and velocity of gastric contraction
waves were determined from these motility plots. Peristaltic frequency and

velocity averaged over all time points was calculated. Gastric activity was
defined as the mean peristaltic frequency.

Image analysis was performed using an in–house–written software pack-

age implemented in IDL 5.5 (Research Systems Inc., Boulder, CO, USA).

Statistical Analysis

Data were analyzed using SPSS R© for Windows Release 11 software (SPSS
Inc., Chicago, IL, USA). Logarithmic transformation was applied to stom-

ach, meal and intragastric air volume to normalize data distribution. For
four subjects in both RP and SP, volume measurements at t = 90 min could
not be performed due to technical problems. The last observation carried

forward (LOCF) approach was used to fill the missing data points. For the
ingestion phase, gastric relaxation and stomach, meal and intragastric air

volume were analyzed using a paired Student’s t–test. For the emptying
phase, a two–factor (body position and time) repeated–measures analy-

sis of variance (ANOVA) with Greenhouse–Geisser correction was used to
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Figure 3.3: Image series of a representative motility scan displaying
distal stomach axis and profiles (a). The 8th and 13th profiles separated
by the distance ∆x are highlighted. The image intensities along the
profiles for each dynamic are stacked to produce the motility plots of the
8th (b) and 13th (c) profiles. The white points indicate the detection
of the contraction waves. From the corresponding time points the mean
peristaltic frequency f [I] and velocity v [II] are calculated.

evaluate the effect of body position and time on total, proximal, and distal

meal volume, as well as stomach and intragastric air volume. Analyzing the
interaction between body position and time allowed to assess differences
in the characteristics of volume curves over time between RP and SP. In

addition, meal volume difference at time t = 90 min was analyzed using
a paired Student’s t–test. Gastric activity and mean peristaltic velocity

were also analyzed using a paired Student’s t–test. Data are expressed
and presented as the median (interquartile range). A P–value < 0.05 was

considered statistically significant.



62 3. Influence of Posture on Gastric Function

Results

The study and both body positions were well tolerated by all subjects.
Image acquisition and analysis was successfully performed in all subjects.

The image quality attained with both the whole–body and the open–config-
uration MRI system allowed semiautomated detection and computation of

stomach, meal, and intragastric air volume, as well as peristaltic frequency
and velocity.

For the ingestion phase, stomach and intragastric air volume was similar
for RP and SP for the fasted condition, after solid meal intake, and after

liquid meal intake (Table 3.1). Gastric relaxation showed no difference
between RP and SP after both solid and liquid meal ingestion (Table 3.1).
For the emptying phase, stomach volume, meal volume, and intragastric

air volume (expressed in ml) over time is presented in Figure 3.4. Gastric
emptying curves are presented in Figure 3.5. Proximal and distal meal

volume (expressed in ml) over time is presented in Figure 3.6.
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Table 3.1: Gastric volumes and relaxation during ingestion phase for RP and SP

RP SP
Fasted After solid After liquid Fasted After solid After liquid

SV (ml) 92 (76–142) 312 (289–353) 458 (446–488) 82 (75–125) 310 (271–344) 461 (435–489)
AV (ml) 69 (53–86) 97 (52–149) 110 (81–131) 67 (51–107) 100 (81–141) 98 (74–147)
GR (ml) 225 (184–244) 163 (118–176) 230 (184–254) 153 (126–182)
RP = right decubitus body position, SP = seated body position,
SV = stomach volume, AV = intragastric air volume, GR = gastric relaxation.
Data are expressed as median (interquartile range).
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Figure 3.4: Stomach volume (�), meal volume (•), and intragastric
air volume (N) over post–prandial study period for RP (black) and SP
(gray). Data are expressed as the median (interquartile range). The
large interquartile ranges reflect the high interindividual variability com-
monly observed for gastric emptying (and not measurement errors).

Gastric Volumes

Maximal stomach volume in RP was reached at t = 5 min and thereafter

continuously decreased over time (Figure 3.4). In SP stomach volume
reached a maximum after complete meal ingestion at t = 0 min. However,

not until time t = 10 min was a continuous decrease observed (Figure
3.4). Statistical analysis showed a significant effect of time (P < 0.001),

a nonsignificant effect of body position, and a nonsignificant interaction
between body position and time.

Gastric emptying curves showed different emptying dynamics for RP

and SP, especially during the early post–prandial phase (Figure 3.5). Sta-
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Figure 3.5: Normalized gastric emptying curves (percentage of remain-
ing meal volume in the stomach) for RP (black) and SP (gray). Data
are expressed as the median (interquartile range). A divergence of the
emptying curves is observed, especially during the first 30 min after meal
ingestion.

tistical analysis showed a significant effect of time (P < 0.001), a nonsignif-
icant effect of body position, and a significant interaction between body

position and time (P < 0.05) over total post–prandial period. During the
early post–prandial period, statistical analysis showed a significant effect

of time (P < 0.001), a nonsignificant effect of body position, and a signif-
icant interaction between body position and time (P < 0.05). During the

late post–prandial period, statistical analysis showed a significant effect
of time (P < 0.001), a trend for an effect of body position (P = 0.06),

and a significant interaction between body position and time (P < 0.05).
The remaining meal volume at t = 90 min was significantly smaller for RP
compared to SP. The (negative) volume difference at this time point was

– 43 ml (– 73 ml to – 2 ml, P < 0.05).

Initial intragastric air volume at time t = 0 min was similar for RP
and SP. Subsequently, intragastric air volume curves diverged over time

(Figure 3.4). Statistical analysis showed a nonsignificant effect of time, a
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Figure 3.6: Proximal (•) and distal (N) meal volumes over a post–
prandial study period for RP (black) and SP (gray). Data are expressed
as the median (interquartile range). Proximal meal volume differed be-
tween the two body positions and showed different dynamics for the total
emptying phase. Distal meal volume was similar for RP and SP and re-
mained approximately constant over time.

significant effect of body position (P < 0.05) and a trend for an interac-

tion between body position and time (P = 0.06) over total post–prandial
period. During the early post–prandial period, statistical analysis showed
a nonsignificant effect of time, a trend for an effect of body position (P

= 0.07) and a significant interaction between body position and time (P
< 0.05). During the late post–prandial period, statistical analysis showed

a nonsignificant effect of time, a significant effect of body position (P <
0.05) and a nonsignificant interaction between body position and time.

Intragastric Meal Distribution

Proximal meal volume curves reflected the characteristics of total meal vol-
ume curves for both positions (Figure 3.6). For proximal meal volume, sta-

tistical analysis showed a significant effect of time (P < 0.001), a significant
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effect of body position (P < 0.05), and a significant interaction between

body position and time (P < 0.05). For distal meal volume, statistical
analysis showed a significant effect of time (P < 0.001), a nonsignificant
effect of body position, and a nonsignificant interaction between body po-

sition and time. Statistical analysis of intragastric distribution showed a
trend for an effect of time (P = 0.06), a significant effect of body position

(P < 0.05), and a significant interaction between body position and time
(P < 0.05).

Gastric activity did not differ between RP and SP (RP: 3.1 min-1 (3.0

– 3.2 min-1) vs. SP: 3.1 min-1 (2.9 – 3.3 min-1), n.s.). There was a small
difference in peristaltic velocity for the two body positions (RP: 2.6 mm/s

(2.3 – 3.3 mm/s) vs. SP: 2.4 mm/s (2.2 – 3.0 mm/s), P < 0.05). For both
positions, no correlation was found between peristaltic velocity and gastric

emptying.

Discussion

This study demonstrates the effect of body position on gastric motor func-

tion as assessed by MRI. This is the first study to simultaneously analyze
the posture dependency of eight relevant gastric parameters. Stomach,

meal, and intragastric air volume; gastric relaxation and emptying; in-
tragastric meal distribution; and peristaltic frequency and velocity were

successfully assessed in RP and SP using different MRI systems. The re-
sults indicate that gastric MRI in RP is a valuable and noninvasive imaging
technique for assessing human gastric function.

Gastric volume responses during the ingestion phase were not altered
by RP, and stomach volume remained similar throughout the complete
study period for the two body positions. An effect of body position was

found for post–prandial intragastric air volume. This effect was explained
by significant different dynamics in the meal emptying between RP and

SP. These different emptying dynamics produced a trend for an effect of
body position on late post–prandial meal volume, and finally resulted in a

slight meal volume difference of – 43 ml at time t = 90 min.

The effect of posture on gastric function was investigated in several
studies using γ–scintigraphy,38–42 intraluminal manometry,39 and MRI.97

Because of the different techniques and various test meals used, the in-
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fluence of body position on the emptying of a solid/liquid meal remains

controversial.40,41 More importantly, none of these studies simultaneously
analyzed the effect of posture on the dynamics of gastric emptying and re-
lated peristaltic activity. However, previous studies clearly demonstrated

the strong impact of intragastric fat distribution (fat layering) on gastric
emptying.38,97 Therefore, in the present study a low–fat solid/liquid meal

and the RP body position was used to minimize this effect.

Gastric emptying was significantly different for RP and SP. However, the

difference in emptying dynamics and meal volume after 90 min was subtle
and small compared to the changes observed for meal emptying in patients

diagnosed with gastroparesis.15 Since gastric activity (mean peristaltic fre-
quency) was similar for both positions, and the slightly faster peristaltic
velocity for RP did not correlate with the patterns of emptying, we con-

clude that gastric peristalsis did not accelerate meal emptying in RP. This
is in agreement with the results of previous studies that used MRI7 and

duplex sonography98 combined with intraluminal manometry. Those stud-
ies showed that a gastroduodenal pressure difference, rather than gastric

peristalsis, may be the major driving force for emptying. Gastroduodenal
pressure difference is determined by the intragastric pressure (IGP), which

is influenced by the intraabdominal pressure (IAP) and gastric wall ten-
sion. In this noninvasive study, no in vivo pressure or strain measurements
were performed to detect these parameters. However, differences in IGP,

IAP, and gastric tone between the two body positions can be assumed in-
directly from gastric volumes. In respiratory medicine, as well as in studies

using the gastric barostat (a “gold standard” for assessing gastric tone),
IAP is approximated from fasted IGP.99,100 Based on the thermodynamic

interrelationship between air pressure and air volume (p · V = const.),
a comparison of fasted intragastric air volume allows the indirect deter-

mination of possible differences in IAP between RP and SP. Since fasted
intragastric air and stomach volume did not differ between the positions,
IAP was assumed to be similar for RP and SP during the complete study

period. This assumption implies that initial post–prandial IGP must have
been higher in RP, since the emptying curve diverged over the emptying

period from patterns observed in SP (Figure 3.5), with no alteration in the
dynamics of stomach volume. Comparable initial meal and stomach vol-

umes indicated that increased IGP was generated by higher intragastric air
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pressure. MRI volume data for RP, and a corresponding three–dimensional

visualization (Figure 3.2a) showed that gastric contents were located above
the lower esophageal sphincter (LES), which prevented belching out of the
intragastric air. Thus, swallowed air during liquid ingestion was trapped

inside the proximal stomach in RP and may have caused an increase in
IGP. This idea is indirectly supported by the higher interindividual vari-

ability in intragastric air volume for SP, a body position in which it is
generally easier to expel air from the stomach (Figure 3.4). Obviously, a

higher IGP in RP could only be maintained by increased gastric wall ten-
sion (increased gastric tone), which can be induced by an increased vagal

stimulation in the lying position,101–103 especially in RP.104,105

Another factor to consider as a major control mechanism for gastric
emptying, apart from alterations in IGP and gastric tone (and gastric peri-
stalsis), is the resistance to gastric outflow provided by the pylorus.98,106,107

In animals, pyloric function is also modulated by vagal activity. Vagal
stimulation reduces pyloric resistance and increases transpyloric stroke vol-

ume,108,109 whereas vagal blockade induces the opposite effect.110,111 Hence,
the effect of vagal stimulation on gastric tone (increase) and pyloric resis-

tance (reduction) indicates that vagal stimulation may be the physiological
cause of the accelerated meal emptying in RP.

The current study demonstrates that MRI is a sensitive, noninvasive
imaging technique for measuring gastric volume and motor function. De-

spite large interindividual variations (Figure 3.4), small differences in gas-
tric emptying were detected. Such high sensitivity to subtle differences in

the emptying characteristics is currently not attainable with γ–scintigraphy
and single photon emission computed tomography (SPECT). Although

these techniques are considered the “gold standard” for gastrointestinal
imaging, they have many disadvantages compared to MRI. Scintigraphy

is restricted to two–dimensional imaging of poor image resolution and re-
quires corrections for background noise and decay. The spatial and tem-
poral resolution of dynamic scintigraphy is very low compared to dynamic

MRI (scintigraphy: 5×5 mm2 at 20 frames/min vs. MRI: 1.4×1.4 mm2 at
140 frames/min).112 SPECT measurements require longer acquisitions of

gastric volume ranging from 3 to 7 min at lower image resolution of 3×3
mm2.113–115 In the current study using MRI, complete volume acquisition

was achieved within 15 – 44 seconds at an image resolution of 1.4×1.4
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mm2. Furthermore, neither separation of gastric contents and intragastric

air nor simultaneous assessment of gastric volume and peristalsis is feasible
using nuclear imaging techniques.

In conclusion, gastric MRI performed in RP is feasible for clinical GI

research on gastric motor function. The presented imaging technique has
the potential to complement and specify the diagnosis of gastroparesis and

motility disorders. The physiological results for IGP, gastric tone, and
pyloric resistance indicated that posture–dependent vagal activity induced

the different emptying characteristics observed for RP and SP. MRI is a
highly sensitive and noninvasive imaging technique that has the potential

to become the method of choice for assessing GI function in humans.



Chapter 4

Effect of Gastric Secretion on
Gastric Physiology and Emptying in
the Fasted and Fed State Assessed
by Magnetic Resonance Imaging

Introduction

Gastric secretion is of key importance for the peptic digestion of food and

has a role in regulating the rate of gastric emptying and delivery of nu-
trients to the small intestine. Furthermore, gastric secretion represents an
important factor in the pathogenesis of common gastrointestinal diseases

including peptic ulcer and gastroesophageal reflux disease (GERD).34 The
focus of previous investigations has been on measuring hydrogen ion con-

centration (pH) in the gastrointestinal tract; however, (i) pH alone does
not reflect the absolute “amount” of acid produced by parietal cells in the

stomach or present in the refluxate, (ii) gastric secretion contains other
potentially harmful chemicals (e.g. pepsin, trypsin and bile acid), and (iii)

volume reflux together with esophageal distension is a common cause of on-
going symptoms in GERD patients that fail to respond to acid suppression
with proton pump inhibitors (PPIs).116,117 The important contribution of

gastric secretion to post–prandial intragastric volume is demonstrated by
reports that approximately 800 ml of gastric juice is produced in response

to a 400 ml solid meal, with the secretory profiles of acid and pepsin show-
ing a similar dynamic.118,119

Current measurement techniques for gastric secretion involve gastric

and/or intestinal aspiration or in vivo titration of gastric contents be-
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fore and after a meal (sometimes with pentagastrin stimulation).77,78, 118,120

These methods are invasive, unphysiological and may themselves alter gas-
tric secretion.118,121 Moreover, both are applicable only with experimental,
mainly liquid test meals and allow only a global determination of gastric

secretion although it is known that mixing of gastric contents is poor and
local distribution of gastric secretion is often inhomogeneous (e.g. layer-

ing).34,79 In addition, these techniques provide no information about the
effects of gastric secretion on gastric physiology. Indeed, no current method

provides this information. Scintigraphy assesses only the fractional empty-
ing of ingested radio–labeled test meals, barostat and single photon emis-

sion computed tomography (SPECT) measure total gastric volume change
(wall relaxation and contraction (tone)) and gastric ultrasound quantifies
gastric content volume; however, none of these techniques can assess the

dilution and mixing of the test meal with gastric secretion or the interplay
between meal volume, gastric secretion and gastric volume response.

The ideal measurement technique would be safe, noninvasive and pro-

vide an accurate assessment of the volume and distribution of gastric se-
cretion in the fasted and fed states. It would also allow the effects of

gastric secretion on gastric motor function, intragastric distribution of the
meal and gastric emptying to be assessed. Magnetic resonance imaging
(MRI) has many of these properties. Marciani and colleagues presented

MRI measurements of gastric secretion based on in vitro calibration of
inverse T2 relaxation time against the polysaccharide concentration of a

specific viscous test meal.81,82 Recently, a fast T1 mapping technique for
the exact quantification of intragastric dilution and distribution of orally

applied gadolinium (Gd) based paramagnetic contrast agents (CAs) was
developed that can be applied to a variety of test meals.83 Extending this

work, quantification of intragastric secretion by calibrating T1 against CA
concentration was validated in healthy volunteers.122

The current study applied this noninvasive technique to investigate the
effect of gastric secretion on gastric physiology in the fasted and fed states.

Pentagastrin stimulated secretion was compared to placebo in a random-
ized, double–blind controlled cross–over experimental study design. Direct

MRI measurements of gastric secretion were related to the dynamic ef-
fects of pentagastrin stimulated secretion on gastric content volume, total

gastric volume (i.e. gastric tone) and gastric emptying.
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Materials and Methods

The study was carried out according to Good Clinical Practice and the

Declaration of Helsinki. Written informed consent was obtained from all
participants and the protocol was approved by the local Ethics Committee

and the Swiss national agency for therapeutic products. All measurements
were completed without complications or adverse events.

Subjects and Study Design

Twelve healthy subjects (five women and seven men; mean age = 28 years

(range = 22 – 34 years); body mass index (BMI) = 23.2 ± 2.0 kg/m2) par-
ticipated in this double–blinded, randomized, placebo–controlled, cross–

over study. None of the volunteers had gastrointestinal symptoms, previous
abdominal surgery (except appendectomy), or was taking any medications

apart from oral contraceptives. All subjects had a similar dietary history
in the last two weeks. Each subject was investigated after an eight–hour

fasting period on four occasions separated by 2 – 14 days according to the
randomized double–blind study design.

In study sequence A, the effect of pentagastrin on gastric juice pro-
duction in fasted state was assessed. In study sequence B, the effect of

pentagastrin on gastric juice production after ingestion of a caloric 500 ml
liquid viscous test meal was assessed. The study order was randomized
both between and within the sequences. Each volunteer ingested the test

meal in 3 – 5 min. Continuous intravenous pentagastrin (0.6 µg/kg/h;
Cambridge Laboratories, UK) or placebo (NaCl 0.9 % Baxter R©; Baxter,

Volketswil, Switzerland) infusion started with the meal and continued for
60 min under electrocardiogram (ECG) and blood pressure monitoring.

MRI measurements continued for a further 30 min.

Test Meal

Glucose solution (500ml, 100 g/l (200 kcal); Fresenius Kabi AG, Switzer-
land) was homogeneously mixed with 5 g locust bean gum (LBG) powder

(Rapunzel Naturkost AG, Germany) at 37◦C. Obtained test meal was la-
beled with 1.2 ml of the paramagnetic contrast agent Gadolinium–DOTA

(Gd–DOTA; Dotarem R©, Laboratoire Guerbet, France) resulting in a con-
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trast agent concentration CGd of 1200 µM. Secretion volume was quantified

by measuring T1 values of the diluted test meal and using the interrelation-
ship between T1 and CGd (Figure 4.1) as described in detail in a previous
study.122 Gd–DOTA complexes remained stable in the acid environment

over the complete study duration.10

Figure 4.1: Calibration curve describing the interre-
lationship between longitudinal relaxation time T1 and
contrast agent concentration CGd of the test meal that
was continuously diluted with gastric secretion. Cor-
responding equation for T1 and CGd (expressed in ms
and µM, respectively) with empirically derived param-
eters a, b, c, and d is shown. This algorithm allows
the dilution of labeled gastric contents to be assessed
from T1 maps.

Magnetic Resonance Imaging

MRI measurements were performed in supine body position on a 1.5 T

whole–body MRI system (1.5 T Achieva, Philips Medical Systems, Best,
The Netherlands) using an abdominal, four–channel phased–array receive

coil for signal detection.
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Study Sequence A (fasted state)

The complete gastric region was imaged (volume scan) at baseline to as-

sess initial gastric content volume (GCVresidual) and initial total gastric
volume (TGVresidual). At time t = 0 min (t0) the pentagastrin/placebo

intravenous infusion was started and continued for 60 min. Volume scans
were performed every 5 min for the entire 90 min study period.

Study Sequence B (fed state)

A volume scan was performed at baseline. The pentagastrin/placebo in-
travenous infusion was started at t = –10 min (t−10) and subjects ingested
the liquid nutrient test meal in supine position. Immediately after meal

ingestion at t = 0 min (t0) and thereafter in 5 min intervals for the entire
90 min study period, volume scans followed by combined T1 mapping (to

generate T1 maps) and B1 mapping scans (to correct for radiofrequency in-
homogeneities) were performed. Sequence parameters have been published

in the validation of the presented technique.122

Image Analysis

Volume Data

Total gastric volume (TGV ) and gastric content volume (GCV ) were as-

sessed from MR images of volume scans by a semi–automatic analysis as
described previously.123 The difference between TGV and GCV resulted

in intragastric air volume. Repeated measurements provided a dynamic
assessment of volume change and gastric emptying over time.

T1 Maps

T1 maps were computed for every combined T1 and B1 mapping scan using
an algorithm validated in a previous study.122 Since T1 values of undiluted
meal components are normally distributed around the reference T1 value of

211 ms,122 T1 distribution of diluted meal was obtained by subtracting the
normal distribution of the undiluted meal from the overall T1 distribution

of gastric content. Layering of gastric juice was defined as diluted meal
observed at the interface between intragastric air and gastric content on

T1 maps with a minimum thickness of at least two pixel lines (to prevent
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errors arising from susceptibility artifacts between air and meal). Layer

volume was calculated by summing all pixel areas reflecting gastric juice
layer and multiplying the sum by the slice thickness. Image analysis was
performed using an in–house–written software package implemented in IDL

6.2 (Research Systems Inc., Boulder, CO, USA).

Data Analysis of Gastric Volume

In study sequence A, the study period was sub–divided into two phases,
the infusion phase (t0 – t60) and the post–infusion phase (t60 – t90). The

area under the gastric content (i.e. secretion) volume curve (AUC [l·min])
was calculated for both time periods using the trapezoid method. The

half emptying time (T50) of the gastric content volume after stopping the
pentagastrin infusion was calculated using a power exponential model.

Study sequence B was sub–divided into two phases, the ingestion phase
(t−10 – t0) and the gastric emptying phase (t0 – t80). The gastric emptying

phase was further sub–divided into the infusion phase (t0 – t50) and the
post–infusion phase (t50 – t80). Gastric relaxation (TGVfilling) was defined

as the volume difference between the stomach volume post–ingestion at
t = 0 min and the volume at baseline (TGV0 - TGVresidual), initial meal
emptying as the difference of (GCVresidual + nominal meal volume (500 ml))

and GCV0. Stomach and meal volume was plotted over time to generate
volume curves describing the dynamic gastric volume response (relaxation

and contraction) and gastric emptying over time. The area under the
volume curve (AUC [l·min]) for TGV , GCV , layer volume and intragastric

air volume was calculated using the trapezoid method.
To analyze the characteristics of the volume curves, the data was fitted

to a three–parameter gastric emptying model. The model formula is given
as:

V (t) = V0 ·

(

1 +
κ · t

tempt

)

· exp

(

−
t

tempt

)

where V0 [ml] is an estimate of the post–prandial volume at t0 and tempt is

the emptying time constant in [min]. The dimensionless positive parameter
κ models dynamic volume change. The special case of κ = 0 describes

exponential emptying, whereas κ > 1 describes a volume rise after t =
0 min. This model was introduced recently80,124 to assess the limitations

of the power exponential gastric emptying model for normalized volume
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data.125 The gastric emptying model presented can describe the increase in

volume often observed after meal ingestion in gastric MRI studies, whereas
the power exponential model is limited to monotonically decreasing gastric
emptying curves (Figure 4.2).

Figure 4.2: Normalized gastric content volume (frac-
tion of remaining meal volume in the stomach) of
a representative healthy volunteer during intravenous
infusion of placebo (circles) and pentagastrin (trian-
gles). Volume data was fitted by a standard power
exponential emptying model (dashed line) and by the
novel gastric emptying model (solid line). The stan-
dard power exponential fit does not describe the initial
volume increase induced by pentagastrin and thus can-
not be used to analyze the interaction between secre-
tion and emptying that define gastric content volume
at any given time point.

Statistical Analysis

For study sequence A, volume data over time was analyzed using paired
repeated–measures analysis of variance (ANOVA). If a significant interac-

tion of treatment and time was observed, values at single time points were
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compared by one–way ANOVA.

For study sequence B, volume data was analyzed applying the novel
gastric emptying model. A single statistical fit was performed using the
library nlme of the data analysis package R126,127 to stabilize parameter

estimates (V0, κ, tempt). T50 for stomach and meal volume was determined
from κ and tempt by Newton approximation. Maximal gastric emptying

rate (GERmax) was calculated by derivation of the gastric emptying model
curves. Parameters obtained from the model were compared using a mixed

effect model ANOVA with “subject” as random variable and “treatment”
and “meal/stomach” as fixed variables.126 For both study sequences single

parameter comparisons were analyzed using a paired Wilcoxon test. Data
was considered to be statistically significant at P < 0.05 and was presented
as mean ± SD. All statistical calculations were carried out using the data

analysis package R and SPSS 10.0.7 for Windows.127

Results

Study Sequence A (fasted state)

There was no difference in GCVresidual between placebo and pentagastrin

(40 ± 29 ml vs. 35 ± 19 ml, n.s.). Placebo had no effect on gastric content
volume over 90 min (slope: 0.0018 ml/min, n.s.). Pentagastrin induced
a continuous increase in gastric content volume (significant after 15 min)

resulting in a maximum volume of 119 ± 35 ml compared to 32 ± 20 ml
for placebo (P < 0.001) at 60 min (Figure 4.3a, b). After stopping the

pentagastrin infusion gastric content volume emptied with a mean half
emptying time T50 of 34 ± 14 min. The different dynamic of GCV over

the study period was confirmed by AUC0−60 and AUC60−90 for placebo and
pentagastrin (2.1 ± 1.2 vs. 4.6 ± 1.3 and 0.8 ± 0.5 vs. 2.6 ± 1.1 l·min, P

< 0.001 for both AUCs).
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Figure 4.3: (a) Transverse MR image slices of a healthy volun-
teer of the proximal (top row) and distal stomach (middle row)
and the small intestine (bottom row) at three different time points
(t = –5 min, left column; t = 20 min, middle column; t = 60
min, right column). Gastric content volume increased from 20
ml at t = –5 min to 140 ml at t = 60 min during pentagastrin in-
fusion (indicated by arrows in top row). Simultaneously, gastric
content was emptied in the small intestine (indicated by arrows
in bottom row). (b) Mean ± SD of gastric content volume for
placebo (gray) and pentagastrin (black) of 12 healthy volunteers.
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Study Sequence B (fed state)

Pre–prandial (TGVresidual, GCVresidual) and initial post–prandial total gas-
tric volume and gastric content volume (TGV0, GCV0) was not different for

placebo and pentagastrin (Table 4.1). Also, there was no difference in gas-
tric relaxation and initial meal emptying between placebo and pentagastrin

(Table 4.1).

Table 4.1: Gastric volume responses during i.v. infusion of placebo and pentagastrin

Placebo Pentagastrin Unit
GCV TGV GCV TGV

Vresidual 25±10 107±25 30±24 104±41 [ml]
V0 478±35 593±61 494±34 602±58 [ml]
Vfilling – 485±46 – 499±55 [ml]
Vemptying 48±34 – 35±37 – [ml]
κ 0.6±0.3 0.7±0.3 1.6±0.3†† 1.6±0.3†† –
T50 53±19 70±24 96±53†† 110±47†† [min]
GERmax 5.9±2.1 5.4±1.8 4.9±1.5 5.1±1.5 [%/min]
AUCinf 16±2 21±3 22±4†† 27±4†† [l·min]
Vmax,L 25±24 – 99±56† – [ml]
AUCL 0.7±0.8 – 4.7±3.1† – [l·min]
GCV = gastric content volume
TGV = total gastric volume
Vresidual = pre–prandial volume
V0 = initial post–prandial volume
Vfilling = gastric relaxation
Vemptying = initial meal emptying
κ = model parameter describing the increase in gastric volume
T50 = model parameter describing the half emptying time
GERmax = maximum gastric emptying rate
AUCinf = area under the volume curve during infusion
Vmax,L = maximum layer volume of gastric secretion
AUCL = area under the volume curve of gastric secretion over total study period

† P < 0.01; †† P < 0.0001.
Data are expressed as mean ± SD.

TGV was always larger than GCV ; however, the dynamic change in

TGV and GCV over the period of the study was very similar (Figure 4.4),
as indicated by similar values for the dimensionless model parameter κ

for both measurements in both pentagastrin and placebo study conditions
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(Table 4.1). Consistent with this finding, intragastric air volume was also

not different between the conditions (data not shown).

Figure 4.4: Individual volume data for total gastric volume (TGV, circles), gastric content
volume (GCV, triangles) and layer volume of gastric secretion (diamonds) in the placebo
(top) and pentagastrin (bottom) experimental conditions. For TGV and GCV curve fits
derived from the gastric emptying model are plotted. Note the similar dynamics of the
pentagastrin induced layering process, TGV and GCV.

TGV and GCV showed a distinct increase in volume during early phase

of pentagastrin infusion which was less pronounced during placebo infusion,
before beginning to fall at an approximately linear rate in both study con-

ditions (Figure 4.4). The early rise in GCV was associated with the devel-
opment of a layer of gastric secretion on top of the test meal in the proximal
stomach that was clearly observed on T1 maps (Figure 4.5). The effect of

stimulated secretion on the volume curves is reflected by the significantly
higher value of the parameter κ and AUC for GCV during pentagastrin

compared to placebo infusions (Table 4.1). Moreover, there was a highly
significant linear relationship between the dynamics of GCV change over

the course of the study (described by model parameter κ) and direct mea-
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surements of maximal gastric secretion layer volume (Vmax,L) and AUCL

as shown in Figure 4.6. In addition to greater secretion layer volume, the
mean contrast agent (CA) concentration in the layer of all volunteers was
more dilute in pentagastrin than placebo conditions (432 ± 59 µM vs. 506

± 90 µM, P < 0.001), which corresponds to a CA dilution ratio of test
meal to gastric secretion of 1:2.8 for pentagastrin and 1:2.4 for placebo. In

the remainder of gastric contents, mixing of the test meal with gastric se-
cretion was very incomplete. There was a dilution gradient from proximal

to distal with a mean CA concentration in the distal stomach of 652 ± 333
µM (dilution ratio of 1:1.8) for pentagastrin and 860 ± 301 µM (dilution

ratio of 1:1.4) for placebo (P < 0.001). The secretory response was highly
variable in both conditions; however, subjects that had a pronounced se-
cretory response to a meal also had a greater response to pentagastrin and

a weak linear association in AUCL was observed between pentagastrin and
placebo (R2 = 0.39, P = 0.03).

Figure 4.5: B1 corrected T1 maps (in ms) encoding intragastric Gd–DOTA concentration
(in µM) of a representative proximal image slice of a healthy volunteer with outlined
stomach wall. T1 maps are presented at three different time points (t = 5 min, 30 min,
60 min) for pentagastrin (a) and placebo (b). Layering of gastric secretion is indicated
by arrows.
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Figure 4.6: (a) Linear regression analysis of log–transformed maximal layer volume of
gastric secretion (Vmax,L) and model parameter κ, and (b) log–transformed area under
the curve of the layer volume of gastric secretion (AUCL) and model parameter κ. The
close correlations indicate that the κ coefficient accurately reflects the effect of secretion
on gastric content volume over the course of the study.

Comparing pentagastrin and placebo an important discrepancy between
gastric emptying of the liquid nutrient test meal as assessed by half emp-

tying time T50 and maximal gastric emptying rate (GERmax) was evident.
The early volume increase during pentagastrin infusion was associated with
a prolonged gastric half emptying time T50 compared to the placebo condi-

tion; in contrast, GERmax was not significantly different between the two
conditions (Table 4.1).

Discussion

The fast T1 mapping technique provided direct, noninvasive quantification
of gastric secretory products and their distribution (i.e. layering) in the
human stomach. Combined with repeated MRI measurement of gastric

content volume (GCV ) and total gastric volume (TGV ), the effects of
gastric secretion on gastric function and emptying were described and pa-

rameterized by a gastric emptying model. This novel analysis showed that
gastric half emptying time (T50) was increased during pentagastrin infu-

sion compared to placebo due to increased secretion (and therefore GCV )
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with the formation of an intragastric layer of secretory products and not

by significant reduction of the gastric emptying rate.

This study provided a vivid description and quantitative assessment of

the effects of gastric secretion on the post–prandial gastric response (re-
laxation and contraction) and gastric emptying. In the fasted state, the
volume of residual gastric secretion did not change during the placebo infu-

sion. As expected, pentagastrin greatly increased gastric secretion volume
(i.e. GCV ) with significant amounts of secretory products collecting in

the stomach and also entering the small intestine (Figure 4.3). This se-
cretion volume continued to increase until the pentagastrin infusion was

completed (maximal GCV of 95 ml to 171 ml), after which gastric con-
tents emptied in a rapid, exponential manner similar to water. In the fed
state, gastric secretion and gastric emptying both commenced with meal

ingestion, as evidenced by the development of a layer of highly diluted
gastric contents above the labeled meal observed on T1 maps (Figure 4.5)

and the presence of gastric contents in the duodenum, respectively. Char-
acteristic gastric volume responses and emptying were observed (Figures

4.2 and 4.4). During pentagastrin infusion, GCV and TGV increased for a
few minutes after meal ingestion before starting to decrease in an approx-

imately linear manner typical of nutrient fluids. This rise in intragastric
volume was associated with the volume of the secretion layer that formed
on top of the labeled test meal (Figure 4.4). The pronounced increase

in GCV was not observed during the placebo infusion and the secretion
layer volume was reduced but still present, representing the physiological

secretory response to the meal.128 Thus, in most cases the rate of secretion
was greater than the rate of emptying during pentagastrin but not placebo

infusion. For both conditions, the dynamic relationship can be expressed
at any time point by gastric content volume = (meal volume + secretion

volume) - emptied volume. The gastric emptying model used in this study
parameterized the early dynamic change in gastric volume (including a rise
in GCV , if present) by the κ coefficient, and the subsequent decrease in

GCV by tempt.
80 This analysis has important implications for the assess-

ment of gastric emptying in terms of half emptying time (T50) because the

secretory response introduces a delay before GCV begins to fall below the
volume measured immediately after ingestion (t0). Thus, the increase in

GCV during pentagastrin infusion resulted in significantly longer T50 even
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though the maximal gastric emptying rate (GERmax) remained unchanged.

MRI differentiated these two distinct factors in vivo.

The ability to measure changes in TGV and GCV (including meal and

secretion volume) simultaneously by noninvasive MRI techniques provides
a more physiological and comprehensive assessment of the effects of pen-
tagastrin and gastric secretion on the stomach than invasive methods that

focus on individual aspects of function or emptying. For example, baro-
stat experiments suggest that pentagastrin induces gastric relaxation and

that this effect is reduced by H2 receptor antagonists or proton pump in-
hibitors.129–133 However, this work does not account for the gastric disten-

sion produced by increased secretion volume during pentagastrin infusion.
Consistent with studies that measured both intragastric volume and gas-
tric relaxation,133 the current findings demonstrate that changes in TGV

during filling and in the post–prandial period during pentagastrin infusion
reflect changes in GCV only, indicating that gastric relaxation is driven

by intragastric volume and not by a direct effect of gastrin on gastric wall
tone. This finding adds to the evidence that barostat studies do not pro-

vide a description of gastric volume responses that reflects those that occur
under physiological, noninvasive conditions.80,134 Similarly, the lack of the

effect of pentagastrin on gastric emptying rate is at odds with reports that
increased gastric acid production and instillation of exogenous acid to the
stomach slow gastric emptying in a dose dependent manner.15,135–137 These

findings were based either on aspiration of gastric and duodenal contents
without the knowledge that the mixing and distribution of gastric secre-

tion is highly inhomogeneous, or on indirect evidence from manometry (e.g.
isolated pyloric pressure waves, MMC phase III frequency in the interdi-

gestive phase).137–141 The current study demonstrates that stimulation of
endogenous gastric acid production by pentagastrin increases gastric half

emptying time (T50) due to the GCV increase produced by secretion, but
has no significant effect on the rate of gastric emptying per se. Thus, T50

depends on the volume of gastric secretion (not appreciated by conven-

tional measurement techniques) as well as the rate of gastric emptying, a
fact that clearly limits the usefulness of T50 as a single summary endpoint

in physiological studies. Further discrepancy between current and previous
findings may be due to reduced passage of acid into the small bowel (and

enterogastric feedback inhibition) because of layering of secretory products
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on top of the test meal;136 however, the presence of a secretion layer does

not imply that gastric acid was not present in the remainder of the gastric
contents, indeed T1 mapping revealed dilution of the test meal throughout
the stomach.

Several lines of evidence support the contention that the pattern of

GCV change observed by MRI in the post–prandial period depends on
the dynamic balance between the rate of gastric secretion and the rate of

gastric emptying. Firstly, direct measurements of gastric secretion layer
volume using the fast T1 mapping technique correlated with the change

in GCV (described by κ in the gastric emptying model) in both placebo
and pentagastrin stimulated conditions (Figure 4.6). Secondly, the T1 val-

ues of gastric secretion in this study were identical to that obtained by
aspiration in earlier validation studies.122 Thirdly, although the secretory
response was variable, for a given individual the volume of gastric secretion

correlated under pentagastrin and placebo conditions. Thus, even without
the T1 mapping technique, direct MRI measurements of GCV provide a

surrogate assessment of gastric secretion. It should be emphasized that an
increase in GCV did not occur in all patients during pentagastrin infusion

and that gastric secretion continued during gastric emptying (layer volume
in the placebo phase was maximal at around t = 50 min). The effect of
secretion on gastric emptying is better described by the gastric emptying

model developed specifically for gastric MRI volume measurements (see
methods).80,124 The coefficient κ from this model parameterizes deviation

of the gastric emptying curve from a monotonous linear or exponential
reduction in volume, with values > 1 indicating a GCV rise in the post–

prandial period. This study shows that the coefficient κ reflects the effect
of secretion volume on GCV during gastric emptying (Figure 4.6) and, as

discussed above, that T50 depends on the interaction between the volume
of gastric secretion and the rate of gastric emptying after a meal. This dy-
namic process cannot be described by the “Power Exponential” (PowExp)

model of gastric emptying used in many previous studies (Figure 4.2).125

This study investigated the effects of gastric secretion on gastric func-
tion and emptying using a robust, double–blind, placebo–controlled study

design. Pentagastrin stimulation served to highlight the effects of gastric
secretion layer volume on post–prandial GCV ; effects that were present,

but less obvious, also in the placebo phase. The viscous, nutrient liquid
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meal promoted layering of gastric secretion. For less viscous liquid meals

this effect may be reduced due to more efficient mixing of gastric contents;
however, the effects on GCV described here have been observed with dif-
ferent test meals.80 Moreover, the T1 mapping technique does not depend

on layering to provide direct, quantitative measurements of secretion.122

For solid meals the gastric emptying curve would be further complicated

by the presence of a “lag phase” during trituration; however, an initial rise
in GCV would still indicate gastric secretion, and layering of secretions

is still observed.59 Homogeneous Gd–DOTA labeling and T1 mapping of
solids may be possible for foods such as pancakes and scrambled eggs (of-

ten used in gastric emptying studies); however, it will not be feasible for
chunks of meat or vegetables. A shortcoming of this study is that gastric
acid was not assessed independent of gastric secretion volume; however,

validation studies showed that pH does not have important effects on the
T1 relaxation time.122 Moreover, although pentagastrin increases both se-

cretion volume and the absolute amount of acid secreted, the pH of gas-
tric secretions varies with secretion volume under (patho)physiological and

stimulated conditions.118,119,142,143

In conclusion, the fast T1 mapping technique provided direct, noninva-

sive measurements of the volume and distribution (i.e. layering) of gastric
secretion in the human stomach. These measurements demonstrated that
the increase in gastric volumes after a meal often observed in gastric MRI

studies is because the volume of gastric secretion was greater than the
volume emptying from the stomach in the early post–prandial period. In-

creased gastric secretion volume drove gastric relaxation; however, there
is no evidence that pentagastrin had a direct effect on gastric function.

Similarly, increased gastric secretion volume prolonged conventional mea-
surements of gastric emptying in terms of T50; however, the maximal gas-

tric emptying rate (GERmax) was not significantly affected. In addition to
clarifying the effects of gastrin and gastric secretion on gastric physiology,
the ability to visualize the distribution of secretion in the stomach is of

interest for studies of gastroesophageal diseases related to gastric secre-
tion (the layer of gastric secretory products above the test meal may be

the anatomical correlate of the “gastric acid pocket” reported in pH pull–
through studies34,79, 144) and also the evaluation of pharmacological agents

that stimulate or inhibit gastric secretion. The detection of secretion lay-
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ering even under placebo conditions using a glucose meal with a known

low secretion stimulating effect128 underlines the sensitivity of the method
and its potential usefulness for physiological measurement in health and
disease.



Conclusion and Outlook

Conclusion

The projects presented in this thesis demonstrate the application of MRI
for the assessment of human gastric motor function and gastric secretion

and provide a deeper insight into the complex mechanisms controlling the
processing and digestion of food in the gastrointestinal (GI) tract. Among

various other measurement techniques such as scintigraphy, breath test, in-
traluminal manometry, ultrasound and esophageal pH–metry, MRI proves

to be the optimal method for basic GI research of gastric motility disorders.
MRI is noninvasive, free of ionizing radiation, provides excellent soft tissue
contrast and has been shown to assess reliably gastric emptying, gastric

accommodation and gastric peristaltic activity in humans.10–12

MRI for the Quantification of Gastric Secretion

The main project of this thesis aims on the development, evaluation and
application of a MRI technique for the quantification of gastric secretion.

The fundamental idea is based on calibrating the longitudinal relaxation
time T1 against the contrast agent concentration of a paramagnetic labeled

liquid test meal. Since immediately after ingestion the labeled meal is
diluted and mixed with gastric secretion, dynamic T1 mapping together

with the calibration allows the assessment of changes in gastric secretion
volume.

Fast T1 Mapping Technique

The fast T1 mapping technique introduced in Chapter 1 is based on the

variable flip angle approach (VFA).13,14 This technique provides T1 maps at
high temporal resolution by acquiring multiple T1 fast–field echo (T1–FFE)

images using different flip angles.52 Optimization methods were developed

89
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to generate abdominal T1 maps at high temporal (2.3 s per T1 map) and

spatial (2.8×2.8×15 mm3) resolution with maximized accuracy over a wide
T1 range of 100 – 800 ms. The obtained resolution is sufficient to assess
reliably the distribution and dynamics of orally or intravenously applied

paramagnetic contrast agents.60

Maximization in T1 accuracy was achieved by applying optimized flip an-
gles, using RF excitation pulses with a high specific bandwidth to improve
the slice excitation profile, ensuring effectual RF and gradient spoiling and

steady state condition, and correcting flip angle variations due to inhomo-
geneous RF excitation. Deviations from the nominal flip angle represented

the dominant source of error for T1 determination and resulted in an un-
derestimation of T1 up to 10 % at 1.5 T and even up to 30 % at 3 T. Flip

angle variations were corrected by performing an additional optimized fast
flip angle imaging (B1 mapping) technique based on a T1–FFE sequence

using two different, alternating repetition times.

Both T1–FFE based T1 and B1 mapping techniques showed high sensi-

tivity to motion. Breathing artifacts were minimized by performing mea-
surements during breath–hold and flow artifacts of the liquid test meal

by increasing its viscosity using locust bean gum powder. However, flow
artifacts due to high–velocity pulsatile blood flow as occurring in the ab-
dominal aorta and vena cava were still present on the images since mea-

surements were not ECG triggered (in order to minimize the acquisition
time). An overlap of these flow artifacts with the stomach were prevented

by choosing the phase–encoding direction of the transverse image slices in
anterior–posterior direction.

Fast T1 Mapping to Quantify Gastric Secretion

In Chapter 2, quantification of gastric secretion volume after adminis-

tration of a labeled viscous glucose solution (test meal) by applying the
fast and optimized T1 mapping technique was evaluated. Gastric secre-
tion volume was quantified by calibrating the longitudinal relaxation time

T1 against the concentration of the Gadolinium (Gd) based paramagnetic
contrast agent CGd of the diluted test meal and using basic Equation (2.1).

Since dilution and mixing represent dynamic processes which alter con-
tinuously the macromolecular composition of the test meal, relaxivity r1

and T10 remain not constant but change as a function of the macromolec-
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ular concentration CM . In an in vitro experiment, this dependency was

determined for the test meal that was continuously diluted with a 0.1 N
HCl solution at physiological temperature of 37◦C. Results showed a linear
relationship between r1 and CM and between T10 and CM . The 0.1 N HCl

solution used for in vitro calibration represented an appropriate surrogate
for gastric secretion because T1 and pH values were observed to be simi-

lar to those of gastric juice (GJ). This was expected since HCl is the main
component of GJ89 and both solutions have a similar aqueous composition.

To validate the application of the derived in vitro calibration curve for in
vivo quantification of gastric secretion volume, T1 maps of four diluted test

meals at specific dilution ratios were analyzed in five healthy volunteers.
There was an excellent agreement between in vivo mean T1 values and
reference in vitro T1 values. In vivo results further showed an increase

in the width of the T1 distribution for low CGd (long nominal T1 values).
This implies that quantification of gastric secretion volume using the fast

and optimized T1 mapping technique is effective in combination with test
meals labeled with high contrast agent concentration (> 200 µM) and will

be more inaccurate as contrast agent concentration decreases (< 200 µM).

Effect of Pentagastrin on Gastric Secretion

The novel MRI technique described in Chapters 1 & 2 was applied in
twelve healthy volunteers to investigate the effect of gastric secretion on

gastric physiology and emptying in the fasted and fed states, as presented in
Chapter 4. Gastric secretion as stimulated by pentagastrin was compared

to placebo in a randomized, double–blind study design. MRI volume scans
were performed to assess total gastric volume (TGV ) and gastric content

volume (GCV ) and combined T1 and B1 mapping scans to quantify volume
and distribution of gastric secretion.

In the fasted state, GCV did not change during the placebo infusion.
However, as expected, pentagastrin stimulated gastric secretion causing a
continuous increase in GCV which resulted in a maximum at the end of

the infusion phase of 95 – 171 ml. Thereafter, GCV decreased in a rapid,
exponential manner similar to water.

In the fed state, gastric secretion and gastric emptying both commenced
with meal ingestion, as evidenced by the development of a layer of highly

diluted meal contents on top of the meal (observed on T1 maps) and the
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presence of gastric contents in the duodenum, respectively. In the pen-

tagastrin condition, TGV and GCV showed a pronounced early volume
increase followed by a linear decrease which is typical for nutrient liquids.
The rise in TGV and GCV was closely associated with the volume of the

secretion layer forming on top of the meal. However, this increase was not
observed during placebo infusion and the volume of the secretion layer was

reduced. This finding indicates that the initial rate of gastric secretion was
higher than the initial rate of gastric emptying for pentagastrin but not for

placebo.

The dynamic change in TGV and GCV was similar in both pentagas-
trin and placebo condition. This suggests that gastric relaxation is driven

by changes in GCV only and not by direct effects of gastrin on gastric
wall tone. In addition, since maximal gastric emptying rate was not dif-

ferent between the two conditions, the significantly prolonged gastric half
emptying time T50 during pentagastrin infusion was caused by the early
increase in GCV . Thus, T50 as single summary endpoint often analyzed

in physiological studies does not correctly reflect overall gastric emptying
dynamics.

MRI for the Analysis of Gastric Motor Function

State–of–the–art clinical MRI systems are built in compact architecture

restricting imaging to the lying body position. This is of major importance
for gastric MRI since several studies using scintigraphy have shown that

posture influences gastric function.38–42,97

In Chapter 3, an imaging protocol was developed and implemented
on two MRI systems of different architecture and magnetic field strength

(whole–body 1.5 T vs. open–configuration 0.5 T) allowing the simulta-
neous assessment of stomach, meal, and intragastric air volume; gastric

relaxation and emptying; intragastric meal distribution; and peristaltic
frequency and velocity in the right decubitus (RP) and seated body posi-
tion (SP). In RP, post–prandial stomach geometry and meal distribution is

most similar compared to the physiological upright body position because
the distal stomach is always filled with gastric contents, and intragastric

air is confined to the proximal stomach. The influence of posture on gastric
secretion was not analyzed since T1 values and thus T1 – CGd calibration

and sensitivity to assess changes in CGd are different for 1.5 T and 0.5 T.
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Results showed a slight difference in gastric emptying dynamics for the

two body positions. Meal emptied faster in RP resulting in a small differ-
ence in remaining meal volume between RP (214 ml) and SP (257 ml) after
90 min. Altered gastric emptying dynamics was also reflected by the differ-

ence in intragastric air volume between RP and SP while stomach volume
remained similar. Since gastric peristaltic frequency was similar for both

positions and gastric peristaltic velocity did not correlate with the empty-
ing dynamics, a change in intragastric pressure (induced by vagal activity)

rather than a change in peristaltic activity was considered to cause the
faster emptying in RP. Although similar results were observed in previous

gastric emptying studies,7,98, 145 only the simultaneous measurement of gas-
tric volume together with intragastric pressure within one imaging session
will corroborate the hypothesis of pressure–driven gastric emptying.

However, observed meal volume difference after 90 min was much smaller

compared to pathological changes in meal volume for patients suffering
from gastric motility disorders.15 This implies that gastric MRI performed
in RP might become the method of choice for the assessment of GI function

and motility disorders in humans.

Outlook

In the following, future research projects are presented aiming on further
investigating basic physiology of human gastric secretion (in particular

the effect of drugs to inhibit the production of gastric secretion and the
structure and function of the gastroesophageal junction as key defence
against acid reflux) and quantifying the dissolution and distribution of

orally administered drugs in the small intestine.

Effect of proton pump inhibitors on gastric secretion

Besides of drugs stimulating the production of gastric secretion (e.g. pen-

tagastrin), proton pump inhibitors (PPIs) are also of clinical interest. Ba-
sically, PPIs irreversibly block the hydrogen/potassium adenosine triphos-

phatase enzyme system (H+/K+ ATPase, commonly known as proton
pump) of gastric parietal cells resulting in an inhibition of gastric secretion.

Among a variety of other drugs, PPIs are the most effective inhibitors for
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treatment of acid–related disorders, as for example gastroesophageal reflux

disease and peptic ulcer.146

Using the fast and optimized T1 mapping technique introduced in Chap-
ters 1 & 2, the effect of PPI (esomeprazole) on the volume and distribu-

tion of gastric secretory products in the GI tract may be investigated. In
order to evaluate the efficacy of esomeprazole, a specific test meal act-
ing as stimulus for gastric secretion must be applied. There are different

constituents of food that provoke this stimulatory effect: peptic digests
of protein, ethanol, coffee, and calcium.147 However, in contrast to the

results for pentagastrin (Chapter 4), differences in contrast agent concen-
tration between esomeprazole and placebo (comparator drug) will be much

smaller. As a consequence, the sensitivity of the fast T1 mapping technique
for accurate T1 determination must be increased. This can be achieved by

increasing the SNR using state–of–the–art receive coils and imaging at
high magnetic field strengths (≥ 1.5 T). In vitro measurements on a 1.5
T whole–body MRI system performed by Philips Research Hamburg have

shown that the SNR in an oval water phantom of 25 cm × 35 cm using a
32-channel cardiac coil is up to a factor of 1.5 higher compared to a stan-

dard 5-channel phased-array cardiac coil. The gain in SNR by imaging at
high magnetic field strengths, however, is partly compensated by increased

flip angle variations caused by B1 field inhomogeneities.

Structure and Function of Gastroesophageal Junction

The gastroesophageal junction (GEJ) is of key importance in the defence
against gastroesophageal reflux disease (GERD). Most reflux events oc-

cur during transient lower esophageal sphincter relaxations (TLESRs) in
response to stomach distension. As shown in a variety of studies, fac-
tors other than GEJ function alone determine the risk of acid reflux dur-

ing TLESR.148–151 These factors include the structural integrity of the
GEJ,152–155 gastroesophageal pressure gradient (increased by straining and

obesity),156 meal volume relative to gastric capacity, and the distribution
of gastric acid in the stomach.34,157,158 However, standard measurement

techniques allow only the assessment of some of the functional but none of
the structural factors that protect the esophagus from reflux events.

Application of dedicated MR imaging techniques may allow to assess

the interaction of structure and function at the GEJ and stomach that
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protects the esophagus from gastroesophageal reflux. Thereby, spatial and

temporal image resolution must be maximized for accurate structural and
functional assessment of the GEJ. Since reflux events do not occur peri-
odically, a continuous image acquisition is necessary to reliably detect all

reflux events. Continuous image acquisition and reconstruction, however,
make high demands on the hardware of the MRI system (reconstructor).

Therefore, high–resolution manometry pressure data may concurrently be
recorded. The occurrence of a pressure wave induced by a reflux event on

the manometry system may serve as trigger for manually starting dynamic
data acquisition on the MRI system.

Quantification of Drug Distribution in the Small Intestine

Quantification of the dissolution and distribution of orally administered
drugs in the small intestine is of crucial importance for the assessment of

their efficacy and bioavailability. In recent studies, MRI has been used to
qualitatively assess the release and distribution of a colloidal drug model
containing Gd–DOTA from a gelatine capsule in the human stomach.43,159

Image analysis was performed by manually selecting an intensity threshold
to separate pixels with increased signal intensity (induced by Gd–DOTA)

from pixels with lower signal intensity (containing no Gd–DOTA). How-
ever, since this analysis method is based on signal intensity, it is highly

dependent on sequence parameters, B1 homogeneity and sensitivity of the
receive coils. The presented fast and optimized T1 mapping technique of-

fers the possibility to overcome these problems by mapping T1 and thus
quantifying the contrast agent concentration of the drug model.

In the small intestine, motor activity (frequency of peristaltic contrac-

tion waves) is much higher than in the stomach. Mean contraction fre-
quency of the intestines is typically around eleven per minute160 compared

to three per minute of the stomach.45 Increased activity results in an in-
crease of flow (artifacts) of the ingested test meal. Therefore, temporal
resolution of image acquisition using the fast and optimized T1 mapping

technique must be improved. This can be achieved by combining the fast
T1 mapping technique with accelerated imaging methods such as SENSE36

or k–t BLAST and k–t SENSE.37 Concurrently, a high spatial image resolu-
tion is also required to accurately localize the contrast agent in the wrinkles

and projections of the small intestine. This technique may be validated by
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measuring simultaneously the plasma drug concentration over time.

An alternative approach for the quantification of intestinal drug disso-
lution and distribution is to label a drug model with 19F and monitor its
fate in the GI tract by 19F–MRI. Fluorinated contrast agents have already

been successfully applied in gastric 19F–MRI for the assessment of gastric
emptying and GI transit times.161,162 Due to the lack of fluorine–containing

metabolites in the human body, the 19F signal can be assigned exclusively
to the fluorinated contrast agent present in the GI tract. This means that

the intensity of 19F is a direct measure of the contrast agent concentration.
The simultaneous acquisition of proton MR images allows to anatomically

locate the detected 19F signal. However, for 19F–MRI specific hardware is
required. Since the gyromagnetic ratio of the 19F nuclei is different from
that of protons (40.06 MHz/T vs. 42.58 MHz/T) custom–built send and

receive coils tuned to the 19F resonance frequency must be used.
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te ich mich für die Möglichkeit zur Absolvierung des NDS in Medizin-
physik während meines Doktoratsstudiums.

• Prof. Michael Fried für die Zusammenarbeit.

• Andreas (“Stigi”) Steingoetter, meinem Arbeits/– und Bürokollegen,
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Vorburger, Rolf Schulte, Rudolf Fischer, Salome Ryf, Susanne Schwei-

zer, Thomas Lange, Ulrike Dydak, Xing Chen.



Acknowledgments 117

• Meinen Eltern für ihre immerwährende Geduld und Unterstützung
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