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Delayed controlled release is an innovative strategy to locally administer therapeutic compounds (e.g. chemotherapeu-
tics, antibodies etc.). This would improve efficiency and reduce side effects compared with systemic administration. To
enable the evaluation of the efficacy of controlled release strategies both in vitro and in vivo, we investigated the release
of contrast agents (19 F-FDG and BaSO4) to the intestinal tract from capsules coated with pH-sensitive polymers
(EUDRAGIT L-100) by using two complementary techniques, i.e. 19 F magnetic resonance imaging (MRI) and computed
tomography (CT). Using in vitro 19 F-MRI, we were able to non-destructively and dynamically establish a time window of
2h during which the capsules are resistant to low pH. With 19 F-MRI, we could establish the exact time point when the
capsules became water permeable, before physical degradation of the capsule. This was complemented by CT imaging,
which provided longitudinal information on physical degradation of the capsule at low pH that was only seen after
230min. After oral administration to hamsters, 19 F-MRI visualized the early event whereby the capsule becomes water
permeable after 2h. Additionally, using CT, the integrity and location (stomach and small intestines) of the capsule after
administration could bemonitored. In conclusion, we propose combined 19 F-MRI and CT to non-invasively visualize the
different temporal and spatial events regarding the release of compounds, both in an in vitro setting and in the gastro-
intestinal tract of small animal models. This multimodal imaging approach will enable the in vitro and in vivo evaluation
of further technical improvements to controlled release strategies. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Controlled release of therapeutic compounds at the disease loca-
tion is a strategy that aims for a local effect and more precise
targeting of pathological processes. It is anticipated that oral ad-
ministration and delivery of therapeutic compounds directly in-
side the intestine (also called luminal delivery) can have
considerable advantages over systemic administration. These in-
clude lower concentrations of drug needed, which reduces costs
and lowers systemic side effects (1). One example where
targeted delivery to the gastrointestinal tract could improve out-
come is the controlled and localized release of antibodies
targeting virulence factors against Clostridium difficile associated
disease, which accounts for 71% of gastrointestinal nosocomial
infections, but has currently a cure rate of only 70% with stan-
dard systemic administration of antibiotics (2–5).

This situation and other clinical settings may benefit from an
approach where therapeutic compounds are enclosed within a
capsule for oral administration, designed to release its content
only when it reaches its target location, in this case the small in-
testine. The pH in the human gastrointestinal tract increases pro-
gressively from the stomach (pH 2–3) through the small intestine
(pH 6.5–7) to the colon (pH 7–7.8) (6), with intra- and inter-
individual differences. This makes it possible to coat a capsule
with a polymer that is resistant to low pH and thus passes the
stomach and dissolves at increased pH in a specific part of the

gastrointestinal tract. Targeted drug release by capsules coated
with pH-sensitive materials has been described for a wide variety
of cases (7). A rise in pH induces dissolution or swelling of the
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polymers, thereby leading to a disruption of the capsule coating,
resulting in the release of its content (8).
Delivery of a drug inside the gastrointestinal tract can be ana-

lyzed with a variety of techniques including enzyme-linked immu-
nosorbent assay and mass spectrometry of luminal content (9,10).
Nevertheless, these techniques have the disadvantage that ani-
mals need to be sacrificed for sample collection. Moreover, these
approaches only provide snapshot data on the location and phys-
ical integrity of the capsule at the moment of sacrifice, and lack in-
formation on compound release. The existing non-invasive option,
i.e. measuring drug levels in fecal samples, lacks information on the
exact site of release. To validate and optimize controlled release
strategies and enable translational studies evaluating these novel
therapeutic approaches, there is the need for a sensitive, non-
invasive method to longitudinally evaluate capsule integrity, the
anatomical location and the (early) release of compounds.
Different medical imaging modalities have been applied fre-

quently in both clinical and pre-clinical research, providing new
perspectives for biomedical research (11). Despite differences in
resolution, sensitivity, penetration and safety, the main advantage
of imaging techniques is that they provide non-invasive, non-
destructive and direct information both in vitro and in vivo. As such,
gamma scintillation is frequently used as an imaging technique in
clinical research for controlled release studies (12,13). It offers good
sensitivity and a relatively simple procedure for acquiring images to
follow capsule movement by means of a radioactive tracer that is
included in the capsule just before administration. A potential con-
cern with this technique is the need for gamma emitting radionu-
clides, which may hinder longitudinal monitoring due to their
restricted half-lives and involve possible safety issues. Furthermore,
the low resolution and the lack of anatomical background informa-
tion make it difficult to interpret the images. Alternatively, endos-
copy has also been applied for direct visualization of intraluminal
drug delivery studies in humans (14). Although this technique
could provide direct information regarding time and place of cap-
sule rupture, dispersion characteristics and the surrounding physio-
logical environment, the investigation with the large encapsulated
camera is intrusive and offers only a limited field of view.
In a preclinical research context, there is even more need for a

sensitive, non-invasive approach to evaluate controlled release
in the 3D context of the animal’s anatomy. MRI and CT are valu-
able imaging modalities, employed in a wide range of studies
thanks to their ability to provide 3D anatomical images with ex-
cellent resolution and without the need for radioactive tracers
(11). In particular, MRI has been employed in pharmaceutical
studies as it is devoid of any ionizing radiation (15,16). Due to
its relatively low sensitivity, conventional contrast agents such
as superparamagnetic iron oxide and paramagnetic gadolinium/
manganese are frequently used to enhance the contrast against
the background (17–19). However, the contrast generated by
those agents is not directly quantifiable and not always unambig-
uous due to similar intrinsic contrast changes, in particular in the
abdomen. This can be overcome by the use of 19 F-containing con-
trast agents. These have been shown to be complementary to the
acquisition of traditional proton-based, anatomical images (1H-MRI)
(20). Due to the lack of MR-detectable 19 F signal inside biological
tissues, all signal from 19F-MRI originates from the (dissolved) con-
trast agent, which makes the technique very specific and quantifi-
able (21). In this study, 2-fluoro-2-deoxy-D-glucose (19 F-FDG) is
used as the contrast agent for 19 F-MRI as it is only MR detectable
when dissolved in water and, as a glucose analog, is considered
to be safe (22). On the other hand, barium sulfate (BaSO4), based

on the high atomic number and hence high X-ray absorption of bar-
ium, is used as a CT contrast agent for gastrointestinal tract imaging
to increase the contrast between the gastrointestinal contents and
the surrounding soft tissues (23,24). Moreover, BaSO4 can be safely
used for oral administration because of the absence of toxicity (25).

By loading the pH-sensitive capsules with both contrast agents
and by combining CT and 19 F MRI, we hypothesized that the
19 F-MRI FDG signal would provide information on early permeabil-
ity of the capsule material to water and its location, while the
BaSO4 contrast and the CT images can be used to monitor capsule
integrity and the exact anatomical location of the site of release.

In this study, we evaluated the ability of this dual imaging ap-
proach as a tool to evaluate the resistance of coated capsules at
different pH values in vitro and in vivo after oral administration to
hamsters. The objective is to combine different imaging modali-
ties to non-destructively and longitudinally visualize and explore
the kinetics of controlled release under different conditions.

2. RESULTS AND DISCUSSION

2.1. In vitro imaging

In a first set of experiments, we conducted in vitro studies to inves-
tigate the resistance of coated capsules at different levels of acidity
(pH=1, 3, 5 and 7) with bothMRI and CT (Figs. 1 and 2, respectively).
For MR imaging, the 19 F signal was overlaid with the anatomical 1H
image. At the first time point, one hour after the capsule was added
to the solutions, the capsules at pH5 and 7 showed quantifiable
19 F-FDG signal (Fig. 1(A)). This indicates that the surrounding solu-
tion enters the capsule and dissolves some of the otherwise not
visible encapsulated 19 F-FDG, which is then picked up by 19 F-MRI.
This is in contrast to the capsules at low pH (pH1 and 3), where
the 19 F-MRI signal could only be seen after one hour and a half
(Fig. 1(D)), which indicates that the coating has more resistance at
lower pH than at higher pH. In the timeframe of 2–4h, for the cap-
sules at all pH values, maximal signal intensity was reached, albeit at
different time points (Fig. 1(B), (D)). The time point at which the
maximal signal intensity was reached depended on the extra-
capsular pH. The lower the pH, the longer the time needed to fully
dissolve the 19 F-FDG (Fig. 1(D)). In general, the 19 F-MRI signal was
first limited to the area of the actual capsule, indicating that al-
though the 19 F-FDG inside the capsule was dissolved the exchange
with the extra-capsular space was slow. After the 19 F-FDG peak
intensity reached a maximum, the signal gradually decreased
(Fig. 1(D)). This process could be explained by the gradual diffusion
of the 19 F-FDG outside the capsule, which was confirmed by a rise
in signal intensity observed in an MRI slice outside the capsule but
inside the microcentrifuge tube (Fig. 1(E)). Later, this process is fur-
ther accelerated by the degradation of the capsule. The signal in-
tensity ratio between the intra- and extra-capsular spaces reached
an equilibrium after 8–10h (depending on the pH). A macroscopic
examination of the phantom after the MRI session confirmed that
the capsules were degraded and their content dissolved.

More information about the structure of the capsule with
higher spatial and temporal resolution was acquired by
performing CT of capsules containing BaSO4 (Fig. 2). The time
span of the longitudinal scans that were acquired from the same
material as for the MRI experiments was limited to 8 h. The results
of the CT imaging clearly showed the degradation of the capsule
after 230min in pH 5 and 7. The red arrowheads in Fig. 2 indicate
the site of the capsule where degradation was first observed. This
confirms the observation that the coated capsules are resistant to
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low pH. The physical degradation could be clearly visualized lead-
ing to the loss of contrast from the capsule material (see arrows in
Fig. 2). The degradation of the capsule coincided with the accu-
mulation of BaSO4 on the bottom of the microcentrifuge tube.
Based on these results, CT imaging provides additional informa-
tion about the later event of physical capsule degradation after
the early increased permeability that was observed by MRI. The
fact that there is no clear difference between the timing of degra-
dation at pH values 5 and 7 does not conflict with the strategy to
achieve a controlled release upon transit through the stomach,
which normally has a lower pH. A complete degradation of all
capsules at pH 1 was only observed after 400min.

Based on the data acquired from the in vitro assessment of the
low pH resistance of the coated capsules, we showed that MRI
and CT result in complementary data regarding both permeabil-
ity of the capsule to water and degradation of the capsule. More-
over, we demonstrated the resistance against low pH for up to
2 h by MRI and CT, which overcomes the normal transit time of
the stomach (26).

2.2. In vivo imaging

In a next set of experiments, we longitudinally monitored cap-
sules containing both 19 F-FDG and BaSO4 using in vivo MRI

Figure 1. In vitro 19 F-MRI monitoring. Coated capsules containing 19 F-FDG in microcentrifuge tubes containing solutions of different pH were mon-
itored for 15 h by 19 F-MRI. The time to reach the maximum signal intensity depended on the pH in which the capsule was incubated. The 19 F NMR
signal was first detectable in the capsules incubated at the highest pH. After three h, a signal was observed for all capsules incubated within the pH
range 1–7. (A)–(C) Representative 1H-MRI slices (gray scale) are overlaid with the corresponding 19 F signal (red-hot scale) after 1 (A), 3 (B) and 15 h
(C) in the solution. The same 19 F-MRI signal intensity threshold was set manually for all images. (D), (E) Quantitative 19 F-MRI signal inside (D) and out-
side (E) the capsule of a representative slice based on the 1H-MRI image. Time resolution is 30min for the different pH values. The signal intensities are
normalized to the maximum signal intensity (=100%) of the slice inside the capsule. Signal intensities were retrieved from locations corresponding to
the intra-capsular space (D) or from a slice outside the capsule (E).

Figure 2. In vitro CT monitoring. Coated capsules containing BaSO4 in microcentrifuge tubes containing solutions at different pH values (indicated in
the figure by 1, 3, 5 and 7) were monitored for 8 h by CT. Upper row, longitudinal 2D projection images; bottom row, corresponding 3D volume-ren-
dered reconstructed images. Capsule disintegration occurred after 230min at pH 5 and 7, whereas at pH 1 the capsule only disintegrated after 400min.
Note that all capsules have the same size; the apparent different size between different capsules is due to the 3D rendering viewing angle. The red
arrows indicate the site in the capsule where the first clear indication of degradation is observed.
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and CT after oral administration to hamsters. In all animals, a
clear 19 F-MRI signal was observed in the stomach 2 h after ad-
ministration (Fig. 3(A)–(C)). The extent of the detected 19 F-MRI
signal was within the range of the physical size of the capsule
based on the 1H-MR images. This indicates that fluid from the
stomach entered the capsule and dissolved the 19 F-FDG. How-
ever, the capsule was not disintegrated. This is in line with the
in vitro results. Figure 3(D) shows that after 5 h there was no de-
tectable 19 F-MRI signal due to the degradation of the capsule
leading to the release of 19 F-FDG from the capsule and further
dilution of the 19 F-MRI signal below the detectability threshold.
Non-localized in vivo 19 F NMR spectra of the abdominal cavity
show similar signal amplitudes at these two time points, which
confirmed that the total amount of 19 F-FDG inside the animal re-
mains at a similar level but is no longer entirely localized in the
capsule after 5 h (Fig. 3(E)). The 19 F NMR spectra in Fig. 3(E) were
generated by using a non-localized single pulse sequence in-
stead of the localized PRESS sequence to cover the whole field
of view. Quantification of the 19 F signal normalized to the signal

at the 2 h time point confirms almost constant signal intensity
(100% versus 97%; inset in Fig. 3(E)).

CT of the same capsule and animal was also used for the local-
ization of the capsule and the assessment of the integrity of the
capsule (Fig. 4). The BaSO4-containing capsule was clearly visible
in the stomach directly after administration, even from a 2D,
non-reconstructed projection image (Fig. 4(A)). The early events
of increased permeability of the capsule, as seen with 19 F-MRI,
could not be visualized using CT. On the other hand, a clear deg-
radation of the capsule and the release of the mainly non-
dissolved BaSO4 content into the stomach were observed after
6 h (Fig. 4(B)–(D)). CT using BaSO4 gives anatomical information
with good sensitivity and high resolution both spatially and tem-
porally. It provides positive contrast from the beginning until the
degradation of the capsule and enables imaging of release of the
solid capsule content into the gastrointestinal tract. The insolu-
bility of barium salts has the particular advantage that the con-
trast agent is trapped in the gastrointestinal tract resulting in
reduced toxicity.

Figure 3. In vivo MRI monitoring of the 19 F-MR signal in the digestive tract of hamsters. Coated capsules containing 19 F-FDG and BaSO4 were admin-
istered to hamsters and subsequently visualized by 19 F-MRI. (A) Representative 1H-MR image slice visualizing the stomach; (B) corresponding 19 F MR
image (grey scale) 2 h after oral administration of the capsule (grey scale); (C) composite of (A) and (B) (with the 19 F MR image red-hot scaled with a
manually set threshold), illustrating that after 2 h a 19 F signal clearly localizes in the stomach. (D) Corresponding 19 F-MR image 5 h after capsule ad-
ministration (grey scale) that shows the absence of detectable localized signal, indicating the complete disintegration of the capsule and uptake of
19 F-FDG. (E) Non-localized 19 F-NMR spectra acquired by a pulse–acquisition sequence from the abdominal region at the same 2 (lower spectrum)
and 5 h (upper spectrum) time points. The inset shows the quantification of the MR spectrum normalized to the signal at the 2 h time point. These data
illustrate that the total signal intensity of 19 F-FDG inside the body has not changed. However, it is more dispersed, resulting in the absence of a local-
ized 19 F-MRI signal after 5 h. The two 19 F MR spectra were purposely shifted to enable better visualization and discrimination between the two spectra.
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The in vivo findings verify our in vitro results that the coated
capsule could resist the low pH environment of the stomach
without degradation for at least 2 h. During this time, the loca-
tion and integrity of the capsule can be monitored with CT, for
cases where the capsule remains trapped in the stomach for
6 h (three out of four hamsters tested) or passes the stomach
and reaches the small intestine (one observation), 3 h after
administration (Fig. 5), consistent with previous studies in rats re-
garding capsule size and gastric retention (24,27). When 19 F-FDG
is dissolved, diffused out of the capsule and taken up by cells/in
the blood stream, it leads to the loss of a clearly localized
19 F-MRI signal (Fig. 5(A)). The feeding status of animals is a known
factor that influences the transit of capsules (24). In our study, all
animals were in a fed state. Another important aspect is the time
during the day (activity versus resting phase) when the capsule
was administered. In this study, hamsters were dosed with the
capsules during the light cycle. However, we did not observe
any difference in transit time when the capsules were adminis-
tered during the dark cycle (n=2, data not shown).

The dual-modal imaging approach proposed in this study
could in principle be applied to any other studies of controlled
release from capsule material, as both CT and MRI are readily
available in modern clinical and pre-clinical environments for
routine diagnosis and research purposes. Barium sulfate en-
hanced CT has already been used for gastrointestinal tract imag-
ing to increase the contrast between the gastrointestinal
contents compared with the surrounding soft tissues (24) due
to the high atomic number and hence high X-ray absorption of
barium. Furthermore, barium sulfate can also be safely used for
oral administration because of the absence of toxicity (25).

On the other hand, to the best of our knowledge, this is the
first time that 19 F-MRI has been applied for controlled release

studies from capsule material in an animal model. Thanks to
its high specificity and quantitative feature, 19 F-MRI as used
in this study provides detailed information to better under-
stand the early events of capsule degradation, starting with
an increase in permeability leading to an influx of liquids.
Due to the relatively low sensitivity of MRI and the relatively
low concentrations of 19 F-FDG, 19 F-MRI as applied in our study
only has a temporal resolution of the order of 30min and does
not provide information on the capsule itself once the 19 F-FDG
has been released. Optimization of the MR pulse sequence
could be a key to reduce the scan time. This was shown to
result in similar signal-to-noise ratio but reduced scan time,
which should be further explored by analyzing the characteris-
tics of 19FDG (20). Recently, compressed sensing has also been
considered a reliable reconstruction technique to speed up the
MRI scanning. According to Zhong et al., compressed sensing
could still retrieve the image with a similar signal-to-noise-ratio
(28). Other methods including different coil set-ups and higher
field strength could also be considered as potential ways to im-
prove the sensitivity of the technique, reducing scan time and
thus improving temporal resolution. The 19 F-MRI technique
could potentially be applied for clinical use as clinical trials
have already been carried out by using perfluorocarbons (4).
The safety of fluorodeoxyglucose at physiological concentra-
tions has been demonstrated by its frequent use as a tracer
for positron emission tomography in the clinic (29). Higher
FDG concentrations used for 19 F MRI have not yet been
assessed from a toxicological point of view. However, some
pre-clinical studies did not indicate any adverse effects (22).
Based on our proof-of-principle data, a future step will be to

evaluate a pH controlled delivery in the gastrointestinal tract of
antibodies against C. difficile by a pH-sensitive polymer coated

Figure 4. CT of the capsule localized in the stomach. Coated capsules containing 19 F-FDG and BaSO4 were administered to hamsters and subse-
quently visualized by CT. The stomach is filled with contrast agent 6 h after administering the capsule. (A) 2D projection image of a capsule (red arrow)
directly after administration, showing the intact capsule at the level of the stomach. (B)–(D) Reconstructed image 6 h after administration of sagittal
view (B), transverse view (C) and coronal view (D), illustrating the disintegration of the capsule inside the stomach. The red arrows indicate the location
of the capsule inside the stomach, encircled in red in (C). The stomach content is hyperintense due to BaSO4 released from the capsule.
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capsule. Our dual-modality imaging approach enabled us to
evaluate in vivo both the location and integrity of the capsule.
As antibodies are generally readily soluble, we would anticipate
that they will distribute similarly to the FDG used in our study.
In order to test antibody release in the hamster model, parame-
ters such as different capsule sizes or capsule coatings have to
be further optimized for their ability to pass the stomach. By re-
ducing the size of the capsule or modifying capsule coating to
withstand low pH for longer, we expect the success rate to
increase.

3. CONCLUSIONS

We were able to show that combined application of 19 F-MRI and
CT provides information on the location, integrity and graduate
release of material from oral administered capsules into the gas-
trointestinal tract of small animal models. This will form the basis
for further studies on the delivery of therapeutic compounds,
e.g. antibodies against C. difficile infection.
Both imaging modalities provide complementary information

about the position and release of contrast agents (or drugs) in-
side the gastrointestinal tract. CT was shown to be useful for
monitoring the localization of the capsule as well as its integrity.
On the other hand, 19 F-MRI enabled the visualization of the rise

in permeability of the capsule. A 19 F-MRI signal could only be de-
tected when 19 F-FDG was dissolved, and this happened when
there was influx of water into the capsule. Furthermore, it should
be noted that the degree of compound release is influenced by
the solubility of the compound itself. For example, lyophilized
antibodies can be stable and are well solubilized. As an interme-
diate step in the development of the oral administration of en-
capsulated antibodies, we envisage capsules to be filled with
both 19 F-FDG and BaSO4 as well as the antibody. In this way
the controlled release can be monitored non-invasively.

Overall, we have proposed and demonstrated an imaging
platform to monitor the mechanism of controlled release
in vitro and in vivo. This multimodal platform could overcome
the limitations in terms of sensitivity, resolution, specificity and
quantitation of one individual method. We believe that this im-
aging approach could also be applied to other models where
controlled release mechanisms need to be understood and
evaluated.

4. EXPERIMENTAL

4.1. Capsules and contrast agents

Gelatin size 9 capsules (8.4mm in length, 2.7mm external diam-
eter and 25μL maximal volume, Torpac, Fairfield, NJ, USA) were

Figure 5. CT and MRI of the capsule localized in the small intestine. A coated capsule containing 19 F-FDG and BaSO4 was localized (red arrow) in the
small intestine 3 h after administration. (A) The 19 F-NMR spectrum shows the presence of 19 F-FDG inside the body (the arrow indicates the 19 F peak).
(B)–(D) Reconstructed CT image of sagittal (B), transverse (C) and coronal views (D), demonstrating the presence of capsule remains and released BaSO4

in the small bowel of the hamster.
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filled with FDG and/or BaSO4 (average amounts were 3.63mg
(equal to 20μmol) and 14.49mg (equal to 62μmol), respec-
tively). Afterwards, the capsules were dip-coated with a solution
of 12.5% EUDRAGIT L100 (Evonik Industries, Essen, Germany) in
isopropanol. Triethylcitrate (10% w/w) was added as a plasticizer.

4.2. Hamster model

All animal experiments were executed in accordance with na-
tional and European regulations and approved by the Animal
Ethics Committee of the KU Leuven (approval numbers
P009/2010 and P083/2011). Four male Syrian Golden hamsters
(120–150 g, Janvier Laboratories) were given capsules via oral ga-
vage using a dosing syringe (Torpac). All animals were dosed and
imaged during the light cycle while being fed ad libitum. Addi-
tional experiments were performed whereby two animals were
dosed and imaged during the dark cycle, but this did not impact
the results discussed here (data not shown).

4.3. Magnetic resonance imaging

MRI was carried out on a 9.4 T Bruker BioSpec small animal MR
scanner (Bruker BioSpin, Ettlingen, Germany; horizontal bore,
20 cm) equipped with actively shielded gradients (600 mT m�1)
and running under the operating system ParaVision 5.1. For ra-
diofrequency transmission and reception, a home built, induc-
tively coupled, saddle shaped surface coil, tunable from
376MHz for 19 F to 400MHz for 1H was used for all experiments.

For in vitro MRI, a phantom was prepared by filling a plastic
container containing four microcentrifuge tubes (Eppendorf,
Hamburg, Germany) with 2% agarose. Each tube contained
400μL PBS with different pH values (pH= 1, 3, 5 and 7) adjusted
by adding HCl (1M). In each tube, one intact capsule loaded with
19 F-FDG was added. A positioning and anatomic 1H-MRI scan
was performed using a 2D turbo spin echo sequence (RARE se-
quence, eight echoes/excitation, 7.6 s/15.9ms repetition
time/effective echo time, 6.4 cm× 6.4 cm field of view,
256 × 256 matrix, 100 consecutive, coronal, 0.25mm thick slices,
number of averages two, 6min scanning time). The settings for
non-localized 19 F-NMR spectroscopy were: 100ms repetition
time, number of averages 1000, flip angle 20° and total scan time
100 s. 19 F-MRI 2D images were obtained using the same se-
quence as for 1H-MRI imaging with some parameters modified
(1.142 s repetition time, 64 × 64 matrix, 15 consecutive 1mm
thick slices in coronal orientation, number of averages250,
28min 30 s scan time). Repeated in vitro images were acquired
over a period of 15 h, until the capsules were considered to be
totally disintegrated.

For in vivo MRI, hamsters were scanned under inhalation anes-
thesia (1–2% isoflurane mixed with oxygen carrier gas). A monitor-
ing and gating model (type 1030) from SA Instruments (Stony
Brook, NY, USA) was used to regulate the physiological parameters
and respiratory gating in real time. The body temperature and res-
piration rate of animals were monitored using a rectal probe and a
pressure sensitive pad placed underneath the thorax, respectively.
Both body temperature and respiration rate were maintained at
reasonable physiological ranges of approximately 37 °C and
30–50 breaths/min, respectively. Both anatomical images (1H-MRI)
and 19 F-MR images were acquired using RARE sequences with
modified parameters: 15.9ms effective echo time; 6 s (1H)/1 s
(19 F) repetition time, eight echoes/excitation; 6 cm×8 cm field
of view; 300×400 (1H)/50×50 (19 F) matrix; 50 (1H)/10 (19 F)

consecutive, coronal slices of 0.5mm (for 1H) and 2.5mm (for
19 F) thickness; number of averages two for 1H and 500 for 19 F; scan
time 7min 24 s for 1H and 33min 20 s for 19 F. Multiple 19 F MR im-
ages were obtained using the same scan protocol. The total scan
time was maximum 2.5h. The 19 F NMR spectra were analyzed
using the Jmri software, version 4.0 (30).

4.4. Computed tomography

CT images were acquired on a dedicated small animal microCT
scanner (SkyScan 1076, Bruker microCT, Kontich, Belgium), re-
constructed and visualized using software provided by the man-
ufacturer (NRecon, DataViewer, CTvox).
In vitro microCT phantom scans were acquired using the fol-

lowing scan parameters: 100 kVp X-ray source voltage combined
with a 1.0mm aluminum filter, 100μA source current, and
220ms exposure time per projection, resulting in a total scan
time of less than 7min.
For the acquisition of in vivo CT scans, hamsters were anesthe-

tized with 1.5–1% isoflurane in 100% oxygen. Scan parameters
were 50 kVp X-ray source voltage combined with a 0.5mm alu-
minum filter, 180μA source current, 450ms exposure time per
projection, acquiring two projections (for averaging) per position
with 0.7° increments over a total angle of 180° and a field of view
covering the stomach and bowels, resulting in a scanning time of
12min. This yielded a reconstructed 3D datasets with 35μm3 iso-
tropic voxel size.
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