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Purpose. To develop a magnetic resonance imaging (MRI) technique
for assessing in vivo properties of orally ingested gastric-retentive
tablets under physiologic conditions.

Methods. Tablets with different floating characteristics (tablet A-C)
were marked with superparamagnetic Fe;O, particles to analyze in-
tragastric tablet position and residence time in human volunteers.
Optimal Fe;O, concentration was determined in vitro. Intragastric
release characteristic of one slow-release tablet (tablet D) was ana-
lyzed by embedding gadolinium chelates (Gd-DOTA) as a drug
model into the tablet. All volunteers underwent MRI in the sitting
position. Tablet performance was analyzed in terms of relative posi-
tion of tablet to intragastric meal level (with 100% at meal surface),
intragastric residence time (min) and Gd-DOTA distribution volume
(% of meal volume).

Results. Intragastric tablet floating performance and residence time
of tablets (tablet A-D) as well as the intragastric Gd-DOTA distri-
bution of tablet D could be monitored using MRI. Tablet floating
performance was different between the tablets (A, 93%(95 - 9%); B,
80%(80 — 68%); C, 38%(63 — 32%); p < 0.05). The intragastric dis-
tribution volume of Gd-DOTA was 19.9% proximally and 35.5%
distally.

Conclusions. The use of MRI allows the assessment of galenic prop-
erties of orally ingested tablets in humans in seated position.

KEY WORDS: human stomach; drug delivery systems; floating tab-
let; superparamagnetic contrast marker; Gd-DOTA; intragastric tab-
let performance; seated magnetic resonance imaging.

INTRODUCTION

The gastrointestinal tract is still the preferred site for the
delivery of therapeutic agents to the human body. Gastric-
retentive oral dosage forms designed to prolong gastric resi-
dence time and to control drug delivery have gained increas-
ing interest (1,2). By combining prolonged gastric residence
time and controlled release characteristics gastric-retentive
drug delivery systems improve the bioavailability of drugs and
may lead to a reduction of drug toxicity by avoiding uncon-
trolled plasma peak concentrations (3,4).

The assessment of the in vivo performance is important
for any pharmaceutical dosage form when designing a new
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drug, especially in case of gastric-retentive drug formulations.
So far, y-scintigraphy is the most widely used technique for
this purpose. The technique is based on radiolabeling the
drug dosage form under investigation, which can be moni-
tored subsequently over time (5,6). The main drawbacks of
y-scintigraphy are the associated ionizing irradiation for the
patient, the limited topographic information and low resolu-
tion inherent to the technique and the complicated and ex-
pensive preparation of radiopharmaceuticals.

In the last couple of years, magnetic resonance imaging
(MRI) was shown by our group (7-11) and others (12-16) to
be a novel, valuable tool in gastrointestinal research for the
analysis of gastric emptying, motility, and intragastric distri-
bution of macronutrients and drug models. The use of MRI in
studying oral drug delivery is limited so far, although the
inherent advantages of MR imaging are potentially very fa-
vorable for this purpose. These advantages include high soft
tissue contrast, high temporal and spatial resolution, as well as
the lack of ionizing irradiation. Also, harmless paramagnetic
and superparamagnetic MR imaging contrast agents can be
applied to specifically enhance or suppress signals of fluids
and tissues of interest and thus permit better delineation and
study of organs.

The purpose of this study is to develop and implement an
MRI technique that allows the assessment of the in vivo per-
formance of ingested slow-release gastric-retentive tablets in
asymptomatic volunteers. Volunteers were investigated in the
seated position using an open-configuration MRI system.
Therefore, gastric-retentive tablets were labeled with super-
paramagnetic iron oxide (Fe;O,) particles as tablet marker or
were loaded with paramagnetic gadolinium (Gd) chelates
(Gd-DOTA) as drug model to enable in vivo monitoring of
tablets with MRI.

METHODS

An initial in vitro study was conducted to evaluate the
use of superparamagnetic Fe;O, particles as tablet marker in
MRI. Furthermore, a pulverized form of the paramagnetic
Gd-DOTA was prepared to be embedded into the matrix of
a slow-release floating tablet and to serve as water soluble
model drug.

In the following in vivo study, Fe;O, marked floating
tablets of different density were prepared and analyzed for
intragastric position in the human food-filled stomach. The
drug model release and distribution from a slow-release float-
ing tablet containing Gd-DOTA were also investigated in hu-
man volunteers.

PREPARATIONS AND IN VITRO STUDIES

Fe;0, as Tablet Marker

A gastric-retentive floating tablet was marked with dif-
ferent concentrations of Fe;O, (i.e. 0%, 0.05%, 0.1%, 0.5%,
1% Fe;0,) in-house at the pharmacy of the University Hos-
pital to determine optimal Fe;O, concentration for tablet la-
beling. The tablets were imaged in water at pH 4.5 and 37°C
using a 0.5 T open-configuration MRI system (Signa SP, Gen-
eral Electric Medical Systems, Milwaukee, WI, USA). Se-
quence parameter were chosen to resemble the in vivo situ-
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ation (T,-weighted fast spoiled gradient echo (FSPGR) tech-
nique; 30 sagittal image slices; repetition time ms/echo time
ms 150/8; field of view, 280 mm; flip angle, 60°; matrix, 256 x
160; slice thickness, 8 mm; interslice gap, 0 mm). Images were
acquired at 30-min intervals for at most 4 hours.

Susceptibility artifacts originated by the Fe;O, marked
tablets were quantified as the largest diameter of the circular
shaped artifact area. The artifact diameter remained constant
over the complete study period for each Fe;O, concentration.

The effect of Fe;O, tablet concentration on the artifact
diameter was analyzed (Fig. 1) and agreed well with theory
(17). The Fe;0, concentration of 1% per tablet volume (4
mg) was chosen to be further evaluated in vivo.

Gd-DOTA as Drug Model

Recent studies conducted in our group demonstrated
that Gd-chelates as a drug model inside a gelatin capsule
allow the analysis of distribution and mixing of the drug
model in the food-filled human stomach (10,11). Due to the
higher molecular weight compared to water, Gd chelates
might not represent an ideal drug model. But since convec-
tion and shear are the dominant mixing forces in the food
filled stomach diffusion and gravity are assumed to have neg-
ligible effects on the intragastric distribution of the drug
model. To apply Gd chelates as drug model inside a tablet, it
is necessary to prepare a pulverized form of the aqueous Gd
contrast agent. Therefore, DOTAREM® (Laboratoire Guer-
bet, Aulnay-Sous-Bois, France) with concentration of 0.5
mmol/ml was wet granulated with metolose powder, sieved
and dried overnight at 50°C to derive the pulverized form of
DOTAREM (“dried Gd-DOTA”). DOTAREM® is a com-
mercially available and clinically widely used extracellular
paramagnetic contrast agent for intravenous application in
MRI angiography. Its intragastric stability and low toxicity as
gastrointestinal contrast agent has been shown previously (7).

Before administration of the Gd-DOTA (Gd-tetra-
azacyclododecane tetra-acetic acid) tablets, the dried Gd-
DOTA had to be tested for intragastric stability. The test
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Fig. 1. The graph describes the dependency of the originated suscep-
tibility artifact diameter in the MRI images on the Fe;O, concentra-
tion in the tablet. There was a strong increase in artifact diameter
between concentrations of 0.05% (0.2 mg) and 0.1% (0.4 mg). At
concentrations of 0.5% (2 mg) and 1% (4 mg) the increase in artifact
diameter flattened. The filled squares (M) indicate the measured ar-
tifact diameters. The solid curve represents the calculated power fit (y
= ax®). Function parameters a and b, correlation coefficient (R) and
standard error (SE) of the power fit are listed.
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revealed that after 36 h of incubation in artificial gastric juice
at 37°C, no difference of free Gd was present for the two
preparations.

IN VIVO STUDY

The study was approved by the Institutional Review
Board and informed consent was obtained by all volunteers
who participated in the study.

Tablet Preparation

Three floating tablets (tablets A, B, C) of different den-
sity were marked with 1% of Fe;O, per volume unit. This
concentration permitted a clear distinction between the tablet
and other signal voids such as intragastric air or residual solids
of the ingested meal. Tablets A and B had different tablet
compositions but were formed with equal compression force
by an hydraulic press. Tablet C had the same tablet compo-
sition as tablet B, but was formed with a higher compression
force. A fourth slow-release floating tablet (tablet D) con-
taining the dried Gd-DOTA was prepared. The dried Gd-
DOTA was embedded at a concentration of 31% of total
tablet volume (155 mg) in the tablet. This tablet (tablet D)
was also formed using the hydraulic press. Detailed informa-
tion on tablet composition and formation is listed in Table I.

Study Design

The four tablets (A, B, C and D) were evaluated in vivo.
Each tablet formulation was administered to five healthy
male volunteers (age: 19-38 years; BMI: 19.4-26.3 kg/m?). All
volunteers had no history of gastrointestinal symptoms or ab-
dominal surgery, and all volunteers fasted at least 6 h prior to
the administration of the tablets. Tablets were ingested after
intake of a standardized semi-solid test meal consisting of
hamburger (130 g), french fries (160 g), string beans (120 g),
fruit salad (200 ml), orange juice (100 mL), and water (300
mL). The total energy content of the meal was 922 kcal. After
tablet ingestion, all subjects underwent MRI using a 0.5 T
open-configuration MRI system (Signa SP, General Electric
Medical Systems, Milwaukee, WI, USA). Subjects were po-

Table 1.

Composition A B C D
Magnetit (Fe;0,) 1 1 1 —
Citronensremonohydrat 2.5 25 2.5 2.5
NaHCO, 2.5 2.5 2.5 5
PVP K30* 1 1 1 1
Encompress — — — —
Metolose 90SH-4000SR 82 46 46 62
Mg-Stearat 1 1 1 1
Talkum — — — —
Lactose 10 26 26 —
Avicel PH 102 — 20 20 —
Dried Gd-DOTA — — — 31
Formation
Compression force

[KN/5s] 3 3 6 3
Tool size [mm x mm] 15x69 15x69 15x69 15x6.9
Tablet weight [mg] 400 400 400 400
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sitioned in sitting position and sagittal volume scans covering
the total gastric region were performed immediately after tab-
let ingestion and at 30-min intervals thereafter for a period of
4 hours. Sequence parameters of the scans were: T1-weighted
FSPGR technique; 24 sagittal slices; field of view, 280 mm;
flip angle, 60°; matrix, 256 x 160; slice thickness, 8 mm; inter-
slice gap, 0 mm; repetition time ms/echo time ms of 150/8 for
tablets A — C; and 68/8 for tablet D.

ANALYSIS

Image Analysis

The intragastric position of tablets A, B, and C was de-
termined based on the induced susceptibility artifacts in the
sagittal MRI images. Gastric residence time (T,,,,) of the
tablets was defined as the time between first and last detec-
tion of the tablet in the stomach. To analyze gastric emptying
of the meal, gastric content was outlined in every image of a
volume scan. The area of the outlined gastric content was
calculated and multiplied with the slice thickness to obtain the
volume of the gastric content as function of time. To deter-
mine tablet-floating performance, the location of the tablet
within the stomach was analyzed at each time point based on
the volume scan. Intragastric tablet location was calculated
relative to the meal surface in the proximal stomach. Floating
performance was defined as the ability of the tablet to swim
on the meal surface, expressed as a percentage. A floating
performance of 100% corresponded to the tablet located on
the meal surface, whereas 0% corresponded to a tablet posi-
tion at the bottom of the stomach (Fig. 2a).

Absolute (ml) and relative (%) distribution volumes of
the released Gd-DOTA from tablet D were analyzed in the
total, proximal, and distal stomach. Proximal volume was de-
fined as the volume that was outlined between the most left
lateral point of the stomach and the incisura of the lesser
curvature (Fig. 2a). Distal volume was defined as the volume
between incisura and pylorus. An intensity threshold was
manually selected for each segmented volume of each subject.
The total volume inside the outlined gastric region with an
intensity above the chosen threshold corresponded to the ab-
solute Gd-DOTA distribution volume in ml (Fig. 2b). The
relative Gd-DOTA distribution volume (%) was defined as
the absolute distribution volume divided by the meal volume
of the respective gastric region. Analysis was performed using
a home-built software package implemented in IDL 5.4 (Re-
search Systems Inc., Boulder, CO, USA).

Three-dimensional (3D) Visualization

The stomach, the tablet-induced artifact and the Gd-
DOTA distribution volume (only for tablet D) were visual-
ized in 3D for descriptive analysis of intragastric tablet float-
ing performance and drug model distribution. The visualiza-
tion was performed by a surface rendering, using IsoSurf
vl.5d (http://svr-www.eng.cam.ac.uk/~gmt11, Dr. Graham
Treece) for mesh generation and 3Space Assistant from TGS
Europe (Merignac Cedex, France) for viewing.

Statistics

Half time of gastric meal emptying (T 50%), gastric resi-
dence time (T,,,,), and floating performance of tablets A, B,
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Fig. 2. (a) Sketch of coronal view of the stomach illustrating the
calculation of tablet floating performance based on intragastric tablet
position. Sagittal MRI image planes (slice no. 1-24) are depicted as
thin dashed lines. The gastric incisura dividing proximal and distal
stomach is indicated as bold dotted line. (b) Flow chart that illustrates
the technique for calculation of the intragastric distribution volume of
the released Gd-DOTA. After segmentation of the stomach volume
and applying an image intensity threshold the intragastric marker
distribution volume was calculated.
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90 min 150 min 210 min
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Fig. 3. Three-dimensional visualization of stomach volume and tablet
position at times t = 30, 90, 150, and 210 min of a volunteer that
ingested tablet A. In this volunteer, the tablet was constantly swim-
ming on the meal surface (floating performance of 97%).

and C were statistically compared using Analysis of Variance
(ANOVA) with repeated measures. The Tukey HSD (honest
significant difference) post-hoc test was used for inter-group
comparison. For tablet D, absolute and relative Gd-DOTA
distribution volumes were statistically analyzed also using
ANOVA. Data were expressed in median (interquartile
ranges). A p value of 0.05 was considered statistically signifi-
cant.

RESULTS

Susceptibility artifacts originated from the 1% Fe;O,
marked tablets A, B, and C allowed detection of intragastric
tablet position in all subjects and at all time points. Figure 3
illustrates the 3D visualization of the stomach volume and
tablet position at different time points after oral ingestion.
Intragastric floating position of the tablet and the reduction in
proximal stomach volume during the emptying process could
clearly be recognized using the 3D images in all volunteers.

Gastric meal emptying curves are plotted in Fig. 4. There
was no difference (p = 0.5) in T 50% among the volunteer
groups that ingested tablets A, B, and C: A, 89 min (87-99
min); B, 114 min (109-125 min); C, 121 min (106-147 min).
No difference (p = 0.6) in T,,,, was detected between the
three tablets: A, 240 min (240-240 min); B, 240 min (210-240
min); C, 150 min (150-210 min). Tablet floating performance
over time for each of the three tablets is plotted in Fig. 5 a to
c. An overall difference (p < 0.05) in floating performance
was detected between the tablets: A, 93% (95-90%); B, 80%

—&— A subjects

Gastric meal volume
[%]

20 -| —— B subjects
-5— C subjects
0 T T T T 1
0 30 60 90 120 150

time [min]

Fig. 4. (a) Gastric meal emptying curves of the three groups of vol-
unteers that tested tablets A, B and C. Data are plotted as median
(interquartile range).
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(80-68%); C, 38% (63-32%). The post-hoc test showed a
significant difference (p < 0.05) only between tablets A and C.

Intragastric distribution of the Gd-DOTA released from
tablet D and the intragastric position of tablet D could be
detected and analyzed in all five subjects (Fig. 6a). The dy-
namics of total intragastric Gd-DOTA distribution could be
clearly visualized using the 3D technique (see Fig. 6b). The
Gd-DOTA dispersed along the posterior gastric wall into the
distal stomach bypassing most of the meal in the fundus. In
the distal part of the stomach, the dissolved Gd-DOTA was
better mixed with gastric content. The relative and absolute
Gd-DOTA distribution volumes are plotted over time for
total, proximal and distal stomach volume in Figs. 7a and 7b.
Relative as well as absolute Gd-DOTA distribution volumes
showed a difference between the two stomach compartments.
Relative distribution volumes (p = 0.04) were 9% (6-12%) in
the proximal and 16% (9-33%) in the distal stomach. Abso-

a.
120 tablot A
100 - gy
I A S =
£ X80 1
[}
L 560 -
8% 0
ﬁ 340
20
0 T I T 1
0 30 60 90 120 150 180 210 240
time [min]
b.
120 4 tablet B

tablet floating
position [%] _
-] 0 O
[= T - S O

N
o
I

[—]

T T T T T 1

60 90 120 150 180 210 240
time [min]

o
w
o

120 tabletC

H OO O
o O o ©

tablet floating
position [%] _

N
o

o

T T T T T 1

30 60 90 120 150 180 210 240
time [min]

(=]

Fig. 5. (a—c) Tablet floating performance over study period in % for
the three tablet formulations A, B and C as measured in the volun-
teers. Data are plotted as median (min to max range).
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120 min

Fig. 6. (a) Sagittal T,-weighted fast spoiled gradient echo MR images
(8/68 ms, flip angle of 60°) of the proximal stomach at times t = 60,
120 and 180 min showing the release and intragastric distribution of
Gd-DOTA in a volunteer. Stomach volume is outlined and the Gd-
DOTA distribution volume as bright signal inside the segmented area
is indicated in the MR images (arrow). (b) 3D visualization of the
measured volume scans from 6a depicting the dynamic of intragastric
Gd-DOTA distribution volume in the meal volume.

lute distribution volumes (p = 0.01) were 45 ml (27-54 ml) in
the proximal and 20 ml (12-29 ml) in the distal stomach.
Maximum relative Gd-DOTA distribution volumes were
20% in the proximal and 36% in the distal stomach. Maxi-
mum absolute Gd-DOTA distribution volumes were 54 ml in
the proximal and 31 ml in the distal stomach. The maximum
distribution of GD-DOTA into the meal was reached after 90
min (90-180 min).

The T 50% for volunteers that tested tablet D was 116
min (79-123 min). The T,,,, of tablet D was 240 min (240-240
min). The floating performance over study period was 94%
(87-97%). However, floating power of tablet D decreased
after 180 min in three subjects.

DISCUSSION

This study showed that the labeling of gastric-retentive
tablets with Fe;O, is feasible and that marked tablets can be
visualized using MRI. By using an open-configuration MRI
system, intragastric position of tablets could be monitored in
seated volunteers. This permitted analysis and quantification
of tablet residence time and floating performance in the hu-
man stomach under physiologic conditions. Furthermore, the
study demonstrated that the intragastric release of Gd-
DOTA as drug model within a gastric-retentive tablet can
reliably be monitored using MRI, allowing the analysis of
intragastric Gd-DOTA distribution volumes.

To the best of our knowledge, this was the first investi-
gation demonstrating the feasibility of MRI to study the im-
pact of formulation density and meal emptying on the dynam-
ics and behavior of ingested gastric-retentive tablets in the
human stomach. The investigation in the seated position us-
ing an open-configuration MRI system has the advantage to
represent the most physiologic position for eating. As op-
posed to the supine position, in sitting position the intragas-
tric air and thus the intragastric meal surface is always located
in the proximal stomach. Gravity acting on a tablet floating on
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the meal surface is therefore confined along the long gastric
axis.

So far, y-scintigraphy is the most widely used imaging
modality for in vivo investigation of the delivery and biodis-
tribution of orally ingested drug delivery systems (5,6). The
strength of the scintigraphic method is the ability to quantify
the marker distribution (as distribution of activity) based on
the count rates in a region of interest that represent a pro-
portion of the radioactivity administered. However, for an
accurate quantification it is necessary to determine correction
factors for the attenuation of the +y-rays and for the back-
ground noise. This demands for simultaneous recordings in
anterior and posterior views and experimental studies using
phantoms (18). In comparison, the quantification of the drug
model distribution using MRI requires the assessment of a
calibration curve to determine the signal enhancement of dif-
ferent marker concentrations in the test meal. Also, homog-
enous excitation and signal detection over the region of in-
terest is favorable to avoid complex intensity correction pro-
cedures. This method has the disadvantage of not allowing
simultaneous correction of signal intensity shifts due to fat or
gastric secretion.

The major drawbacks of scintigraphy are the lack of soft-
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Fig. 7. (a) The graph shows the relative Gd-DOTA distribution vol-
umes in the total, proximal, and distal stomach for tablet D as mea-
sured in the human volunteers. (b) The graph shows the absolute
Gd-DOTA distribution volumes in the total, proximal and distal
stomach for tablet D as measured in the human volunteers. Data are
plotted as median (interquartile range).
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tissue contrast, the limited spatial resolution and the exposure
to ionizing radiation. These limitations may be overcome with
MRI. As shown in this study, a three-dimensional gastric vol-
ume data set with high spatial and temporal resolution result-
ing in a good image quality could be obtained in all volun-
teers. The technique allows for repeated imaging over the
time period needed. Future studies will evaluate if the tech-
nique is also useful for simultaneous assessment of comple-
mentary physiologic data including gastric motility or gastric
accommodation in sitting position. Recent studies have dem-
onstrated the feasibility of MRI for the assessment of gastric
function using a closed configuration magnet with the patient
lying in supine position (19,20).

For labeling the gastric-retentive tablet, we used super-
paramagnetic iron oxide (Fe;0,) particles and gadolinium
chelates (Gd-DOTA) which are both widely used for abdomi-
nal MRI (21-23), (11,24,25). The applied Fe,O, (Magnetite)
is used as additive (E 172) in food processing with an allowed
daily intake of 0.5 mg/kg. This low toxicity combined with low
costs makes Fe;O, the preferred MRI contrast marker for
tablet labeling. The application of Gd-DOTA as non-toxic
and stable gastrointestinal MRI contrast agent has been
shown previously (7).

The optimal Fe;O, concentration of 1% per tablet vol-
ume to label the floating tablet was determined in an initial in
vitro study.

Susceptibility artifacts, revealing the intragastric position
of ingested Fe;O, marked tablets could be detected in all
subjects and over entire study period. Good contrast between
gastric content and intragastric air in the MRI images resulted
in a sharp delineation of intragastric meal level allowing a
reliable calculation of tablet floating performance. Tablet
floating performance differed only between tablets A and C,
but with no difference in tablet residence time. The higher
variability in the floating performance data of tablet C can be
explained by the increased effect of gastric motility on tablet
position. Tablets showing a floating performance of 60% or
less were located within and below the gastric region of con-
traction wave activation. We conclude that the lower density
of tablets A and B achieved with a compression force of 3 kN
provide better intragastric floating performance than the den-
sity of tablet C (compression force 6 kN). The results indicate
that floating performance of the tablets can be controlled
effectively by adjusting the tablet composition and density.

The study has further demonstrated that the positive
contrast agent Gd-DOTA embedded in a slow-release float-
ing tablet may serve as an ionic water soluble model drug for
the analysis of intragastric distribution of orally administrated
drugs. Furthermore, the released Gd-DOTA allowed a semi-
quantitative measure of the release characteristics of the tab-
let. The disadvantage of Gd-DOTA as tablet marker in com-
parison to Fe;O, is the greater volume necessary for tablet
labeling (31% or 155 mg Gd-DOTA vs. 1% or 4 mg Fe;0,).
Gd-DOTA’s higher ionic character and osmotic pressure also
influence the characteristics of the tablet formulation and
thus can strongly alter the tablet properties.

Tablet D showed long gastric residence times and a good
floating performance. However, a large inter-subject variance
was observed in gastric meal emptying. Nevertheless, tablet
floating performances and gastric residence times appeared to
be unaffected by these variations. The emptying pathway of
the released Gd-DOTA proceeded along the inner gastric
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curvature resulting in an inhomogeneous intragastric distri-
bution. The release of Gd-DOTA from the tablet was faster
than its emptying from the stomach during the first half of the
study period (90 min) as shown by the increasing absolute
Gd-DOTA distribution volume in the stomach. The constant
increase of relative intragastric drug model distribution vol-
ume suggested that more non-marked meal constantly emp-
tied from the stomach while Gd-DOTA was simultaneously
added to gastric content. The possibility that marked meal
may have emptied more slowly from the stomach than the
non-marked meal was unlikely because the drug model mixes
with the liquid phase of the meal that has been shown to
empty faster than the solid phase (9,26). The described results
are of interest for orally administered drugs that must empty
together with specific macronutrients as is the case for en-
zyme preparations in chronic exocrine pancreatic insuffi-
ciency (27). These preparations require homogeneous mixing
and simultaneous emptying with the ingested meal to achieve
optimal efficacy.

The emptying pathway of the drug model along the inner
gastric wall and the non-homogeneous mixing, especially in
the proximal part, is in agreement with results of a previous
study (11). In that paper, the higher maximum distal relative
distribution volume may be explained by the fact that a liquid
marker was used that was instantly released in the gastric
fundus. Thus, more Gd-DOTA proceeded into the antrum
and was mixed in distal meal volume. The similarity of emp-
tying and mixing pattern of the Gd-DOTA drug model sug-
gest that these processes might be independent of posture.
This observation suggest that the inhomogeneous mixing of
liquid and solid phases throughout the stomach may represent
an inherent limiting factor for the efficacy of orally adminis-
tered substances that depend on the interaction with specific
macronutrients.

There are some limitations in the proposed approach in
this study. A key shortcoming of applying MRI is the limited
number of methods for nutrient and drug labeling. Ongoing
intensive research on the development of new and more flex-
ible MRI contrast agents may help to overcome these limits in
the future, which may allow studies comparable to those with
dual-isotope imaging (28). Another shortcoming is the limited
availability of the open-configuration MRI scanner used here.
However, it should be mentioned that this method could be
applied to any compact clinical MRI system. In this case, the
effect of posture on intragastric distribution must then be
taken into account (29,30).

In conclusion, our study has demonstrated that MRI is
useful for assessing the in vivo properties of orally ingested
gastric-retentive tablets including their floating performance
and drug release characteristics. The herein proposed MRI
technique may also be useful for studying the gastrointestinal
pharmaco-dynamic and kinetic behavior of newly designed
drugs or to evaluate existing drugs. Further studies are
needed to evaluate if the technique may replace +y-scintigra-
phy for these purposes.
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