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The assessment of the β-cell mass in experimental models of diabetes and ultimately in patients is a hallmark to un-
derstand the relationship between reduced β-cell mass/function and the onset of diabetes. It has been shown before
that the GLUT-2 transporter is highly expressed in both β-cells and hepatocytes and that D-mannoheptulose (DMH)
has high uptake specificity for the GLUT-2 transporter. As 19-fluorine MRI has emerged as a new alternative method
for MRI cell tracking because it provides potential non-invasive localization and quantification of labeled cells, the
purpose of this project is to validate β-cell and pancreatic islet imaging by using fluorinated, GLUT-2 targeting
mannoheptulose derivatives (19FMH) both in vivo and ex vivo. In this study, we confirmed that, similar to DMH,
19FMHs inhibit insulin secretion and increase the blood glucose level in mice temporarily (approximately two hours).
We were able to assess the distribution of 19FMHs in vivo with a temporal resolution of about 20minutes, which
showed a quick removal of 19FMH from the circulation (within two hours). Ex vivoMR spectroscopy confirmed a pref-
erential uptake of 19FMH in tissue with high expression of the GLUT-2 transporter, such as liver, endocrine pancreas
and kidney. No indication of further metabolism was found. In summary, 19FMHs are potentially suitable for visual-
izing and tracking of GLUT-2 expressed cells. However, current bottlenecks of this technique related to the quick
clearance of the compound and relative low sensitivity of 19F MRI need to be overcome. Copyright © 2016 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

Diabetes mellitus is considered a highly prevalent disease with a
rapid increase in incidence (1). Insulin deficiency or reduced insu-
lin secretion is amain characteristic of the disease. As pancreatic β
cells are responsible for producing and storing insulin, it is crucial
to monitor the β cell mass (BCM) and functionality for both diag-
nosis and therapy staging of diabetes. Techniques such as the
C-peptide level test, oral or intravenous glucose tolerance tests
have been used in daily clinical practice (2–4). However, these
techniques could only give indirect information regarding BCM.

Non-invasive imaging of β cells remains challenging due to
the small size and high dispersity of its resided site, the pancre-
atic islets throughout the pancreas. Among different imaging
modalities, magnetic resonance imaging (MRI) is considered as
a suitable candidate for cell tracking thanks to its high resolution
and deep tissue penetration without using any ionizing radiation
(5). Despite the advantages that MRI offers, the main shortcom-
ing of MRI is its relative low sensitivity compared with other im-
aging modalities such as positron emission tomography (PET). In
order to distinguish between specific cell types and background
tissue, contrast agents are needed, such as super-paramagnetic
iron-oxide (SPIO) particles or gadolinium (Gd)-based agents,

which have been used intensively in the field of cellular imaging
(6,7). However, proton-based MRI together with the use of
contrast agents that modulate relaxation of protons is still prone
to misleading intrinsic sources of similar contrast, which makes it
difficult to correlate and quantify contrast changes in MRI with
specific cell types, especially when follow-up of disease progres-
sion or treatment is needed (8). During the past decade,
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19-fluorine MRI has drawn increased attention in the field of cell
tracking after the initial work by Ahrens et al. (9) using
perfluoropolyethers (PFPE) for monitoring dendritic cells in vivo
(for review see also (10,11).
Suitable analogs of D-mannoheptulose (DMH) were reported

to be able to target GLUT-2-expressing cells, such as β-cells or

hepatocytes, via the GLUT-2 transporter and further stay inside
the cells after their phosphorylation (12). This feature makes
DMH a potential tool for labeling and imaging these cells. Hence,
these compounds are potential agents for β-cell imaging after
synthesizing 19F containing deoxy-DMH, which can be detected
by 19F MRI and further used for cell imaging after their

Figure 1. Chemical structure of 19F contained compounds: (A) 1-deoxy-1-fluoro-D-manno-hept-2-ulose; (B) 3-deoxy-3-fluoro-D-manno-hept-2-ulose;
(C) 2-fluoro-2-deoxy-D-glucose.

Figure 2. In vitro phantom test of the RF coil profile. A phantom filled with 2% agarose was prepared with four Eppendorf tubes containing different
concentration of NaF solutions. (A) Representative 19F signal (red-hot scaled) overlaid on proton image (gray scaled); left tube: negative control (0 mM);
upper tube: 75mM; right tube: 50mM; bottom tube: 25mM; (B) Relationship between signal-to-noise ratio of a region of interest (respective tubes from
A) and its 19F spin concentration.

Figure 3. In vitro 3-19FMH uptake by isolated islets: (A) Extra-islet and intra-islet concentration of 19F spins after 24 hours incubation with 15mM
3-19FMH. Concentrations were calculated based on an average islet diameter of 200 μm, resulting in a volume of 4 nl. Note that rat islet diameter
can vary between 100 to 400 μm (18,19); (B) Representative 19F MR spectrum of 3-19FMH labeled islets.
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entrapment in those cells (13,14). Initial in vitro studies on the
uptake of different 19F-deoxyfluoromannoheptuloses (19FMH)
by rat hepatocytes and their effects upon glucose-induced insu-
lin release from isolated rat pancreatic islets have already been
successful in a proof-of-concept study (15). The current study will
mainly focus on the in vivo application of 19FMHs and 19F
deoxyfluoroglucose (FDG) (see Figure 1) and its validation fol-
lowing systematic injection and the assessment of its feasibility
to quantify GLUT-2 expressing cells. Quantification of 19FMH
uptake by different tissue was performed using ex vivo 19F
magnetic resonance spectroscopy (MRS).

2. RESULTS

2.1. Hardware considerations

The in-house build 1H/ 19F RF coil showed high sensitivity in a
relatively large field-of-view (~30mm) in the longitude direc-
tion due to its compact size and saddle shape. The RF coil also
showed good field homogeneity. Within the same transverse
plane, this coil exhibits good linear relationships (Y = 0.67X
+ 2) between the SNR and the concentration of 19F spins as
shown in Figure 2B, which is essential for the quantification
of the fluorinated compounds and ultimately for the quantifi-
cation of the number of cells. The detection limit for 19F MRI
is approximately 5*1015 F spins/pixel using a gradient echo
3D sequence with 120 averages and a similar repetition time

of 1 s, which is in a similar range (1015-1016) as described in
the literature (16,17).

2.2. Uptake of 19F-deoxymannoheptulose by isolated pan-
creatic islets
19F MRS illustrated good uptake of 19FMH by isolated islets. Con-
sidering an islet diameter of 200 to 400μm (18,19), the intra-islet
concentration averages 0.5 to 4M after overnight incubation of
islets at 37 °C in the presence of 15mM of 3-19FMH (see also
Figure 3). This was based on a measured average 18 nmol 19F
spins per islet. Considering that each islet consists of 1000 to
2000 cells, this was also in agreement with previous measure-
ments on isolated cell lines were cellular amounts of 2 pmol/ cell
were found (15). It was also noticed that the islets labeling did
not introduce any significant change in the chemical shift or
J-coupling of 19FMH, indicating its chemical integrity.

2.3. In vivo results

Co-registration of the in vivo 19F MRI signal with the 1H MR im-
ages shows that the 19F MR signal originates from the bladder
within 20minutes after the injection, which indicates rapid clear-
ance of 19FMH from the circulation (kidney, bladder). According
to the acquired in vivo MR images, there is no significant differ-
ence between different 19FMHs two hours after injection of
FMH (1-FMH: n = 3 and 3-FMH: n = 4, data not shown). For some

Figure 4. Representative in vivo 1H MRI and 19F MR images upon injection of 3-19FMH. Three consecutive slices are shown. The shown images were
acquired from the animal that showed the highest SNR in the liver region of the 19F MRI. (A) 1H MR images (gray scaled); (B) Corresponding 19F MRI
signals (RGB scaled) after post processing. Arrows point at the following organs: B - bladder; L - liver; L/P - liver or pancreas; K - kidney; (C) Overlay
of 1H MR image from (A) with 19F MR image from (B); (D) Representative, whole-body in vivo 19F MR spectrum of 3-FMH. The spectrum shows only
the 3-FMH but no isoflurane signal, due to the chosen bandwidth of 75 ppm, which is substantially smaller than the chemical shift difference between
3-FMH and isoflurane (~110 ppm, see also Figure 5). Note, no localization of the MR spectrum was performed.
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mice, relative good 19F MR signal was also seen in the kidneys,
liver and potentially from the pancreas (see Figure 4). However,
we also noted considerable variability between different mice.
For two mice, only weak or no detectable 19F MR signal was seen
in the liver and pancreas due to low accumulation of 19FMH.
Continued acquisition of sequential 19F MR images for two hours
after injection confirmed that the major fraction of 19FMH was
removed from circulation within this time frame. Only low
retention in the liver and pancreas was found. Follow-up scans
acquired 24 hours after the injection did not result in the
detection of any remaining 19F signal neither by 19F MRI nor by
in vivo 19F MR spectroscopy, which indicates complete clearance
of the 19FMH. For the animals receiving 19FDG, similar as for
animals receiving 19FMH, high signal intensity was detected from
the bladder immediately after the injection and low signal inten-
sity was noticed from the kidneys, liver and potentially from the
pancreas. Multiple injections of 1-FMH or 3-FMH did not signifi-
cantly improve the in vivo detectability (data not shown).

2.4. Ex vivo 19F MRS measurements

Animals were sacrificed either two hours (n = 6) or the 24 hours
(n =2) after 19F agents’ injection for collecting tissue and to per-
form ex vivo 19F MRS. The purpose of the ex vivo study was to val-
idate and quantify the in vivo MRI experiments with higher
sensitivity. For tissue collected two hours after 19FMH administra-
tion, we could detect clear 19F MRS signal from both the bladder
(urine) and the kidneys, which confirmed rapid clearing of FMH

via the urinary track (see Figure 5). Low but detectable 19F MRS
signal (~2*1017 F spins/ tissue) was observed from the pancreas
and liver (see Figure 5), which also explains the difficulties for
in vivo detection. Taken the example of the liver shown in
Figure 4, the calculated 19F spin concentration was approxi-
mately 1015/pixel assuming a total volume of the mouse liver
of 0.3 cm3 (20), which covers approximately 180 pixels in our
19F MRI protocol. This is lower than the coil’s detection limit of
5*1015 F spins/ pixel with our scan protocol. No
uptake/negligible 19FMH in muscle tissue was detected. Our
bio-distribution study of 19FMH confirms a preferential uptake
in tissue with high expression of the GLUT-2 transporter. Such
transporters are mainly found in the liver, endocrine pancreas
and kidney, while it is absent from tissue such as muscle. No
differences in biodistribution were found between 1-FMH and
3-FMH (see Figure 5B). Complete clearance was observed after
24 hours. Again, this is in agreement with our in vivo
observations.

2.5. IPGTT results

Compared to the effect of 19FDG, the effect of 19FMH on the
IPGTT was similar to that of unlabeled DMH. Thirty minutes after
injection of high concentrations of D-glucose (1mg/g body
weight of mice) and co-injection of these mannoheptuloses to
reach 10mM as extracellular concentration, glycaemia remained
significantly higher than in the control experiments (see Figure 6A).
These findings were also supported by the blood insulin

Figure 5. Quantification of the FMH retained in different tissues using ex vivo 19F MR spectroscopy. Tissue was excised and prepared for ex vivo NMR
immediately after the last in vivoMRI experiment, which commenced 2 hours after injection of the respective FMHs. (A) Representative 19F MR spectrum
of homogenized liver tissue obtained from an animal injected with 3-FMH; (B) Comparison of the distribution of 1-FMH (n = 3), 3-FMH (n = 3) and 19FDG
(n = 2) in the pancreas, liver and bladder. (C) Combined quantification of 1-FMH and 3-FMH in different tissues two hours after the injection of the
respective FMHs. Note, no signals of 1-FMH (n = 1) and 3-FMH (n = 1) were detectable by 19F MRS in the same organs 24 hours after injection. FMH
concentrations in panel B and C are mean values. Error bars indicate standard deviations.

BETA-CELLS AND PANCREATIC ISLETS IMAGING USING FLUORO-MANNOHEPTULOSE

Contrast Media Mol. Imaging 2016, 11 506–513 Copyright © 2016 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi

509



measurements (see Figure 6B). The insulin release seemed
inhibited by the DMH and its 19F-derivatives. This temporal
increase of glycaemia and decrease of insulin levels lasted for
approximately two hours until the physiological conditions of
the animals returned to a normal state. This phenomenon also
indirectly confirms the findings from in vivo 19F MRI that the
clearance of 19FMH occurred within two hours after injection.

3. DISCUSSION

Since 19F MRI was introduced almost at the same time as the first
human 1H MRI applications (21), it has been used for many differ-
ent applications in the field. Important to note is that for over
two thirds of published work related to using 19F MRI for molec-
ular imaging purposes, perfluorocarbons (PFC) emulsions were
used as a contrast agent (9). PFC emulsions have certain advan-
tages over most other 19F-labeled compounds. Many of them are
formulated as emulsions or nanoparticles (10), which makes it
relatively easy to synthesis them. In addition, nanoparticles could
also be combined with optical dyes for multimodal imaging and
subsequent confirmation by microscopic methods. More impor-
tantly, PFCs can contain several equivalent fluorine atoms,
hereby increasing the concentration of the contrast-generating
nucleus. In particular perfluoro-15-crown-5 ether (PFCE) with 20
identical 19F atoms could provide 20-fold 19F signal per molecule
compared with the single fluorine atom of 19FMH. However, as
PFC emulsions are considered large molecules for non-specific
contrast generation, they are mainly used for phagocytic cells
such as dendritic cells and macrophages (22). Thus, using
19FMH has a disadvantage of limited sensitivity but the benefit
of being cell specific. As 19FMHs are small molecules, they are
able to potentially reach all targeted cells and being taken up
by cell specific transporters. As they are similar to naturally
occurring sugars that are also present in vegetables, they are less
problematic than foreign compounds (23). However, one has to
consider that FMHs temporarily increase blood glucose levels
and inhibit insulin secretion, which lasted only 1–2 hours in our
experimental setting. Apart from natural clearing from the blood
stream, 19FMHs were only taken up by GLUT-2 expressing cells
such as hepatocytes or ß cells as confirmed by ex vivo 19F MRS.

For potential clinical applications, the sensitivity of 19F MRI still
remains a major concern due to the relative low concentration of
19F atoms in our application. In general, for reliable detection a
threshold of approximately 1016 fluorine spins/voxel is consid-
ered (one hour acquisition time at 9.4 T) (16). For this study, the
in vivo detection limit of our home built surface coil was approx-
imately 5*1015 19F spins/ voxel, which is comparable to previous
work for performing 19F MRI. Due to its saddle shape and relative
small size, it also shows reasonable B1 field homogeneity for
further quantification. However, the difficulties of visualizing
the 19FMH taken up by hepatocytes or ß cells in vivo not only
results from the low fluorine content of 19FMH itself, but also
comes from the small portion of 19FMH taken up by these cells
and its subsequent rapid clearance of the compound from the
circulation system. In previous in vitro experiments, it was shown
that isolated islets incubated with FMHs for 24 hours show good
uptake of FMH by ß cells (15), which is further evidence that the
short circulation time of FMH hinders its application for in vivo
19F MRI. We were able to confirm these previous cell experiments
by ex vivo 19F MRS of excised liver and pancreas tissue. However,
these concentrations were far too low for robust detection by
in vivo 19F MRI, indicating that our current approach is insuffi-
cient for non-invasive detection. Technical improvements like
higher field strength, better RF coils (for example cryogen cooled
19F coils) and pulse sequences could potentially improve 19F MRI
sensitivity. Recent advanced techniques such as parallel imaging
(24) or compressed sensing (25) may be applied for speeding up
19F MRI. However, extra validations and efforts are needed be-
fore they can be implemented in normal routings. A more prom-
ising approach could be the synthesis of 18F-DMH derivatives for
in vivo imaging by positron emission tomography (PET), which
only requires pico- or nanomolar local concentrations.
High concentrations of 19F-DMH derivatives showed a tempo-

ral effect on insulin secretion, which would potentially affect
blood glucose levels in patients. At higher D-glucose concentra-
tion, D-mannoheptulose inhibits glucokinase/ hexokinases and
can reduce D-glucose phosphorylation, which provokes a tran-
sient inhibition of insulin release (26,27). Although this effect is
temporal and does not influence ß-cell survival, it has to be
addressed by careful administration of exogenous insulin if high
amounts of 19F-DMH derivatives are administered to patients.

Figure 6. Intraperitoneal glucose tolerance test using DMH, 19FMH and 19FDG co-injected with D-glucose for 2 hours monitoring of blood glycaemia
and insulin level: (A) Blood glycaemia level upon the injection of specific compound compared with control group; (B) Blood insulin level upon the
injection of specific compound compared with control group.
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4. CONCLUSIONS

We have validated the suitability of 19FMH for specific uptake by
the GLUT-2 transporter for targeted in vivo imaging. It was previ-
ously found that mannoheptuloses show high specificity to-
wards GLUT-2 transporters. Fluorine labeled DMHs were found
to show a similar specificity towards GLUT-2 expressing cells
when compared to DMH studied in vitro using beta and liver
cells (15). Our study also confirmed in vitro studies that 19FMHs
inhibit insulin secretion and increase the blood glucose level in
mice temporarily. Hereby, no difference was found between dif-
ferent fluorinated DMH derivatives. By using a home-built RF sur-
face coil for whole body imaging, we were able to assess the
distribution of FMHs in vivo with a temporal resolution of approx-
imately 20minutes. Our MRI results showed a quick removal of
bulk 19FMH from circulation within two hours. While ex vivo 19F
NMR confirms accumulation of 19FMHs in the pancreas, the local
19FMH concentrations were insufficient for in vivo detection by
19F MRI. No indication of further metabolism of FMHs was found.
However, phosphorylation cannot be excluded as this has only a
very small effect on the chemical shift of fluorinated carbohy-
drates, which is beyond the detection limit of our setup.
In summary, FMHs are potentially suitable for visualizing and

tracking GLUT-2 expressing cells. However, current bottlenecks
of this approach related to the quick clearance of the compound
and relative low sensitivity of 19F MRI need to be overcome be-
fore it can be applied for in vivo cell imaging.

5. EXPERIMENTAL

5.1. 19FMH and 19FDG

Figure 1 shows the chemical structures of the two 19FMH (1-de-
oxy-1-fluoro-D-manno-hept-2-ulose [1-19FMH], 3-deoxy-3-fluoro-
D-manno-hept-2-ulose [3-19FMH]) and 2-fluoro-2-deoxy-D-
glucose [19FDG] used in this study. The 19FMH were synthesized
according to (13,14) and 19FDG was purchased from Behring
Diagnostics (La Jolla, CA, USA).

5.2. In vitro uptake of 19FMH and 19FDG by isolated pan-
creatic islets

Pancreatic isles were obtained by the collagenase digestion
method (28) from Wistar rats (female, 8–10 weeks). RPMI-1640
medium (Life Technologies, Gent, Belgium) supplemented with
10% FBS (Life Technologies, Gent, Belgium) and 1%
penicillin/streptomycin (Life Technologies, Gent, Belgium) was
prepared to culture isolated islets. 19FMH was added to the cul-
ture medium (final 19F concentration ~ 15mM) and co-incubated
with the islets for 24 hours for labeling. Labeled islets were
picked manually and washed three times with PBS before being
used for MRI or lysed for quantification by 19F MRS experiments.

5.3. Study design of the in vivo experiments

Solutions of the three different fluorinated compounds were pre-
pared by mixing the respective compound with 1ml 0.9% saline
to reach relative high fluorine concentrations (~200mM). Eight
C57bl6 mice (age 9–12 weeks, 25–30 g) received intravenous in-
jections (tail vein) of 200μl solution of 1-19FMH [n= 3], 3-19FMH
[n= 4] or 19FDG [n= 2] using a 27 gauge needle immediately
after anatomical 1H MR images were acquired. Then, the distribu-
tion of the fluorinated compounds was monitored by 19F MRI

for approximately two hours using repeated 19F MRI. For one
mouse that has received 3-FMH, a second injection of 200μL
3-FMH was performed 30minutes after the first injection. After
the last imaging session, mice were sacrificed and tissue of inter-
est (liver, kidney, pancreas, muscle and bladder) was removed
together with blood and urine. Samples were stored at a
temperature of -20 °C until further use for ex vivo 19F MRS. Two
mice were kept for follow-up monitoring of the clearance of
FMH for up to 24 hours. All experiments were performed in
accordance with national and European regulations on animal
welfare and were approved by the local ethical committee and
animal care commission of KU Leuven (approval number
060/2008).

5.4. Magnetic resonance imaging

MRI was carried out using a 9.4 Tesla Bruker Biospec small animal
MR scanner (Bruker Biospin, Ettlingen, Germany) with a 20 cm
horizontal bore magnet. A home-built, inductively coupled, sad-
dle shaped, symmetric single-loop surface coil with a dimension
of 66 x 42mm, covering the whole mouse torso, was used for
both, radiofrequency (RF) transmission and reception. This coil
could be tuned and matched for both 1H (400MHz) and 19F
(376MHz) resonance frequencies at 9.4 Tesla.

Mice were scanned in vivo under 1–2% isoflurane using oxygen
as a carrier gas. A monitoring and gating device from SA Instru-
ments Inc. (type 1030, Stony Brook, NY, USA) was used to
observe and regulate physiological parameters in real time.
Hereby, the body temperature and respiration rate of animals
were monitored using a rectal probe and a pressure sensitive
pad underneath the thorax, respectively. Both body tempera-
ture and respiration rate were maintained at reasonable physio-
logical ranges: around 37 °C and 60–90 breathes min-1,
respectively. Animals were fixed using the manufacturer’s
animal holder (Bruker BioSpin). The tails of animals were left
outside of the coil to facilitate the systematic injection of fluori-
nated agents using a pre-fixed infusion line with a 27-gauge
butterfly needle.

Anatomical 1H MR images were acquired using a rapid spin
echo (RARE) sequence (repetition time= 6 s; effective echo
time= 15.9ms; eight echoes/ excitation; number of averages = 2;
number of slices = 50; slice thickness = 0.5mm; field of view= 8 x
4 cm; matrix size = 400 x 200; total acquisition time = 7min 30 s).
After acquisition of a non-localized pulse-acquisition 19F MR
spectrum (repetition time= 100ms, number of average = 1000,
flip angle = 20 °) to determine the exact 19F frequency of 19F
FMH or 19F FDG upon the injection of a fluorinated compound,
19F MRI was performed using similar parameters as for the 1H
MRI with following modifications (repetition time = 1 s; effective
echo time= 15.9ms; number of averages = 250; number of
slices = 10; slice thickness = 2.5mm; matrix size = 100 x 50; acqui-
sition time= 20 mins; center frequency set to the 19F signal of
FMH or FDG). The bandwidth was 75 ppm to avoid detection of
isoflurane, which has a resonance frequency of at least
110 ppm downfield of FMH’s (see also Figures 4 and 5). Orienta-
tion and dimension of the slice packages were identical for 1H
and 19F MRI to improve co-registration. Multiple 19F MR images
were continuously acquired using the same scan protocol to
obtain dynamic information on the distribution of the injected
fluorinated compounds. The total scan time, including the injec-
tion, was not more than 2.5 hours. All MRI measurements were
respiration gated.
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5.5. HClO4 extraction of tissue

Collected organs from euthanized mice were homogenized for
about 15minutes in 60% HClO4 (sample to solution ratio 1:9)
using a tissue homogenizer (Tissue Master 125, OMNI Interna-
tional, NW Kennesaw, GA, USA). Supernatants were extracted
after centrifugation for two minutes at a speed of 25 rpm.
Neutralization of the supernatant with precipitation of the sur-
plus acid was done by adding KOH and titrating with KHCO3 to
a final pH of 7 to 7.5 (yellow to blue/green conversion) using a
Bromothymol blue indicator. An additional centrifugation step
(2 mins, 25 rpm) was required to remove the precipitate. Then,
the remaining supernatant was kept in a freezer (-20 °C) over-
night. A final centrifugation was performed (2 mins, 25 rpm) be-
fore the sample underwent lyophilization using a Speedvac plus
SC210A freeze-dryer (Fisher Scientific, Aalst, Belgium) at low
drying speed until small white pellets formed (usually overnight).
These pellets were then suspended in 0.4ml deuterated water
(99.9 atom % D water, Sigma-Aldrich BVBA, Diegem, Belgium)
for locking and shimming during NMR spectroscopy. All proce-
dures mentioned above were carried out at a sample tempera-
ture of 4 °C.

5.6. 19F MRS of cells and tissue extracts

A 400MHz Bruker Avance II NMR spectrometer (Bruker Biospin,
Rheinstetten, Germany) was used to perform 19F NMR with a
5mm broadband probe, which can operate at 376.5MHz for
both in vitro and ex vivo experiments. The prepared sample
(0.4ml, mixed with D2O) was transferred to a 5mm NMR tube
(Wilmad, Vineland, NJ, USA). As a reference compound,
5-fluorocytosine or sodium fluoride (0.1ml, 5mM 19F concentra-
tion) was added to determine the chemical shift and 19F concen-
tration for each sample. The pH value of the sample was
confirmed to be around 7 when preparing the sample using
Bromothymol blue indicator and the temperature was main-
tained at 37 °C during the experiment. The acquisition parame-
ters were as follows: frequency = 376.5MHz, spectral
width = 350 ppm, relaxation delay = 5 s, data points = 64 k. The
number of acquisitions was adjusted for the different experi-
ments (128 for in vitro, 4096 for ex vivo samples). After phase
and baseline correction of the acquired 19F NMR spectra using
the Topspin software (Bruker Biospin, Rheinstetten, Germany),
the 19F NMR signals were quantified relative to the
5-fluorocytosine or sodium fluoride signals by peak integration.

5.7. IPGTT test

To detect disturbances in glucose metabolism by 19FMH, the
intraperitoneal (IP) glucose tolerance test (IPGTT) was performed.
Hereby, the clearance of the injected 19FMH, DMH and 19FDG,
co-injected with D-glucose (19F concentration ~ 200mM)), from
the body was measured. The effect of the different compounds
was compared with a control group that only received D-
glucose. Animals were fasted for approximately 16 hours and
the fasted blood glucose levels were determined before a
solution of the respective compound was administered by IP
injection. Subsequently, the blood glucose/insulin level was
measured at different time points during the following two
hours. Hereby, the blood glucose and insulin levels were mea-
sured at 5, 15, 30, 60 and 120minutes time points after the injec-
tion. Indeed by placing a small drop of blood on the test strip of
the Bayer Contour Glucometer (Bayer Diabetes Care, Whippany,

NJ, USA) the plasmatic glucose concentration was measured
and the insulin was determined by using the radioimmunoassay
method (29).

5.8. Data post-processing

MR images reconstructed using the Paravison 5 software (Bruker
Biospin, Ettlingen, Germany) were further processed using the
Matlab R2010b software (MathWorks, Inc., Natick, MA, USA).
Masks of different animals were generated by setting threshold
value (three times background noise) on their proton image
(1H MRI) to remove background noise. This mask was then
applied to all 19F MR images after they were rescaled to the same
matrix size of the corresponding 1H MR image. All 19F MRI scans
from the same scanning session were reweighted depending on
their scanning time and combined to virtually increase the scan
averages and further signal-to-noise ratio (SNR). By applying a
Gaussian kernel filter, the final 19F MR image was smoothed.
The pixel-wise 19F signal intensity was considered significant if
larger than twice the standard deviation of the background
noise (p< 0.025). These pixels were outlined and superimposed
onto the 1H MR image. Both IPGTT and MRS data were analyzed
using the Prism6 (GraphPad Software, La Jolla, CA, USA). A
Student’s t-test was used to determine statistical differences
between different experimental groups when needed. P-values
less than 0.05 were regarded significant.
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