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Abstract
Purpose—Modern imaging technologies such as CT, PET, SPECT, and MRI employ contrast
agents to visualize the tumor microenvironment, providing information on malignancy and
response to treatment. Currently, all clinical imaging agents require chemical labeling, i.e. with
iodine (CT), radioisotopes (PET/SPECT), or paramagnetic metals (MRI). The goal was to explore
the possibility of using simple D-glucose as an infusable biodegradable MRI agent for cancer
detection.

Methods—D-glucose signals were detected using chemical exchange saturation transfer
(glucoCEST) MRI of its hydroxyl groups. Feasibility was established in phantoms as well as in
vivo using two human breast cancer cell lines, MDA-MB-231 and MCF-7, implanted
orthotopically in nude mice. PET and contrast-enhanced MRI were also acquired.

Results—Both tumor types exhibited significant glucoCEST signal enhancement during
systemic sugar infusion (mild hyperglycemia), allowing their noninvasive visualization.
GlucoCEST showed differences between types, while PET and CE-MRI did not. Data are
discussed in terms of signal contributions from the increased vascular volume in tumors and
especially from the acidic extracellular extravascular space (EES), where glucoCEST signal is
expected to be enhanced due to a slow-down of hydroxyl proton exchange.

Conclusions—This observation opens up the possibility for using simple non-toxic sugars as
contrast agents for cancer detection with MRI by employing hydroxyl protons as a natural label.
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Introduction
Cancer remains one of the leading causes of death in the industrialized world, and
continuous development of noninvasive imaging methods is needed to improve diagnosis
and especially prognosis. For better therapeutic outcomes, it is essential to identify and
determine different stages of tumor development, the likelihood of metastasis, and the
presence of recurrent tumor versus treatment necrosis. Solid tumors such as gliomas and
prostate and breast carcinomas have several evolutionary characteristics that reveal their
aggressiveness. These include aerobic glycolysis (1) and a concomitant increase in lactate
production (1–7), an acidic extravascular and extracellular space (EES) consequential to
lactate efflux from cells with normal pH, an enlarged leaky vasculature due to angiogenesis,
and an upregulation of the glucose transporters GLUT1 and GLUT3 (8,9).

To improve cancer prognosis, imaging technologies are being designed that can detect these
physiological features (7,10). For instance, increases in glucose uptake can be imaged
by 18FDG-PET, while lactate metabolism can be studied using hyperpolarized 13C pyruvate
imaging (11). Changes in perfusion properties such as vascular volume, volume of EES and
vascular permeability can be assessed by dynamic contrast enhanced (DCE) MRI or
computed tomography (CT) and, more recently, arterial spin labeling (12) which requires no
contrast injection. Currently, all clinical agents for the three leading methodologies require
some form of chemical labeling, i.e. with iodine (CT), radioisotopes (PET), or paramagnetic
metals (MRI). We here propose a paradigm shift by developing the use of a biodegradable
agent, namely simple D-glucose that has a natural MRI label. We detect this compound
using the emerging MRI contrast mechanism of “chemical exchange saturation transfer” or
“CEST” (13–15), which can sense the presence of low concentrations of exchangeable
protons (mM range) with molar sensitivity via the water signal used in MRI. In the
preclinical setting, CEST imaging has been performed using exogenous paramagnetic (15–
18) and diamagnetic agents (14,19,20), while endogenous compounds (21–24) have been
detected in situ in humans. We recently showed (23) that CEST can detect the presence of
hydroxyl protons on glycogen (glycoCEST) and D-glucose (glucoCEST).

The suitability of D-glucose as an MRI contrast agent to detect cancer at first seems
unlikely, because glucose taken up by tumors is rapidly metabolized to lactate and the
intracellular concentrations of D-glucose and intermediate sugars in the breakdown pathway
are negligible (1–6). However, we hypothesized that the large extracellular volume fraction
in tumors (30–40%) (2,25,26), dominated by the acidic interstitial space (EES) (27–29),
should provide favorable conditions for CEST detection of rapidly exchanging OH protons
because it will slow down such exchange for increased detection sensitivity. We here
demonstrate the possibility to image glucose uptake in two human breast cancer cell lines,
MDA-MB-231 and MCF-7, implanted orthotopically in nude mice and compare this uptake
with 18FDG-PET and Gd-DTPA contrast. The results indicate that glucoCEST detection of
changes in glucose concentration during infusion readily visualizes the tumors and provides
information about the tumor microenvironment complementary to that of 18FDG-PET and
Gd-enhanced MRI studies. While uptake in PET reflects glucose metabolism and uptake in
dynamic Gd studies reflects perfusion and vascular permeability for GdDTPA, uptake in
glucoCEST difference imaging reflects the equilibrium between perfusion, vascular and
cellular permeability for glucose, and tumor metabolism as visualized mainly through
increased visibility of glucose hydroxyl groups in EES. A preliminary account of this work
has appeared in abstract form by our group in 2011 (30). At the same time, Golay et al.
showed the use of glucoCEST to detect fluorodeoxyglucose (31) followed by 2012 reports
of the application of D-glucose (32,33).
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Methods
Phantom preparation

D-glucose (Sigma-Aldrich) was dissolved in phosphate buffered saline (PBS at pH 7.3, 6.2
or 6.8) at concentrations of 10, 20, 50, 100 and 200 mM. To ascertain correct concentrations,
the pH was titrated to the required value before dilution to 20 mM.

Implantation of human cancer cells in mice
Experiments were performed in accordance with Institutional Animal Care and Use
Committee guidelines. Female athymic nude mice (nu/nu; National Cancer Institute, MD)
were inoculated with both MDA-MB-231 and MCF-7 xenografts on contralateral sides.
Mice were anesthetized with intraperitoneal injections of a mixture of ketamine and xylazine
(0.15 ml; 62.5 mg/kg and 6.25 mg/kg, respectively). MDA-MB-231 (1×106 cells) and
MCF-7 cells (3×106 cells) in 0.05 ml of Hanks balanced salt solution were implanted
orthotopically into the upper thoracic mammary fat pad. MDA-MB-231 cells were injected
into the upper right, and MCF-7 cells into the upper left. An estrogen pellet (17β-estradiol,
Innovative Research of America, Inc.) was implanted with a sterilized 10G trocar needle in
the lateral side of the neck of the animal 24–48 hours prior to the MCF-7 cell inoculation,
and the opening was closed with a single sterile suture clip. The total dose was 0.18 mg/
pellet released over 60 days. Tumor sizes were checked after 6 and 12 h, and then daily.
MDA-MB-231 tumors were inoculated 18 days before imaging and slower growing MCF-7
tumors 1 month before. Imaged mice had average tumor size ranging from 3×5 mm2 to 3×6
mm2.

Infusion protocols
Female athymic nude mice bearing both MDA-MB-231 and MCF-7 tumors were fasted
overnight with water access before imaging. Mice were anesthetized by isoflurane, and kept
warm with a heating bed. The tail vein was cannulated for administration of glucose or Gd-
DTPA. A home-built catheter was connected to a syringe pump for glucose infusion through
a line with the dead volume minimized to 40 µL. We used PE-60 tubing (Becton Dickinson)
and two T-connectors (1/16”, Cole-Parmer) to assemble a connector with 4 outlets, which
were connected to the glucose solution (0.5 M in saline), Gd-DTPA solution (Magnevist®;
100 mM in saline), heparinized saline and the tail vein of the mouse respectively. A 25G
needle was used to connect the PE-60 tubing to the syringes. A 3 ml syringe with 0.5 M
glucose solution was positioned at a syringe pump for infusion, and 1 ml syringes were used
for saline and Gd-DTPA injection. Except the line connected to the tail vein, all lines were
controlled by two-way stopcocks, and only one line was open at any time. The line
containing saline was used to test the potency of the tail vein.

D-glucose (0.5 M in saline) was infused via the tail vein at an initial rate of 1.5 ml/h for a
period of 5 min, followed by 0.9 ml/h for 10 min and 0.12 ml/h for 15 min (Fig. 1a, black
line). To test the blood glucose concentration upon infusion, we first performed experiments
outside the magnet in which D-glucose was infused in non-tumor bearing mice. The blood
glucose concentration was measured at 0, 5, 15, 30, 45 and 60 min (Fig. 1a, red line). For
two mice, the average blood glucose concentrations were 5.2 ± 1.2 mM and 14.7 ± 0.9 mM
before and during infusion.

Gd-DTPA was administered via the same tail vein after the glucoCEST measurements (n=5;
0.5 mmol/kg; 0.1 ml bolus i.v. over about 3 s).
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Imaging
Our experimental imaging protocol is summarized in Fig. 1b. Five mice carrying both
tumors underwent PET and glucoCEST and contrast-enhanced MRI. After an initial PET
study one day before MRI and overnight fasting, we performed two 25 min glucoCEST
acquisitions, one before infusion and one during infusion when the glucose level in blood
was constant at about 12–15 mM (Fig. 1a). After stopping the glucose infusion and
following an additional minimal waiting period of 30 min after completing the glucoCEST
acquisition, contrast-enhanced MRI was performed.

PET acquisition—Uptake of 18FDG was imaged with the eXplore Vista small animal
PET scanner 1 hour after i.v. injection of 18FDG (200 µCi). Then, the animal still fixed on
the cradle was imaged at the Gamma Medica X-SPECT scanner where a CT image of the
whole body was acquired to identify the location of the tumors.

CEST MRI acquisition—All MRI images were acquired on a 11.7T Bruker Biospec
system equipped with a 23 mm transceiver coil. After manual shimming, two sets of
saturation images were collected: a WAter Saturation Shift Reference (WASSR, (34)) set for
B0 mapping and a CEST Z-spectrum. Both were acquired using a modified Rapid
Acquisition with Relaxation Enhancement (RARE) sequence containing a single continuous
wave magnetization transfer (MT) prepulse. The acquisition parameters for 5 mm phantoms
were: TR = 1.5 s for WASSR and 6.0 s for CEST, effective TE = 4.7 ms, RARE factor = 16,
slice thickness 1 mm, acquisition matrix 128×64, field of view of 23×20 mm2, 2 averages.
The saturation offset range was ±1 ppm (0.1 ppm steps) with respect to water in WASSR
spectra and ±4 ppm (0.2 ppm steps) in Z-spectra. For WASSR, the saturation parameters
were tsat = 500 ms and B1 = 0.5 µT. For the phantom Z-spectra saturation parameters were
tsat = 4s, and B1 = 1.6, 2.0, 2.4, 3.0 and 3.6 µT. All studies were carried out at 37 °C.

In vivo axial images were acquired with the imaging scheme described above except for
addition of a fat suppression pulse (3.4 ms hermite pulse, offset = −3.5 ppm). The
acquisition parameters for the glucoCEST Z-spectrum were: TR =5.0 s, effective TE = 5 ms,
RARE factor = 12, tsat = 4s, B1 = 1.6 µT, slice thickness = 1 mm, acquisition matrix size
96×48, FOV of 21×20 mm2, and two averages. For the CEST contrast measurements at
steady state the Z-spectral offset range was ±4 ppm with ±0.2 ppm steps, collected over 25
min.

CE-MRI acquisition—Multislice T1 mapping was performed for a slice envelope that
included the same slice as the CEST imaging with matrix size 128×80 and a slice thickness
of 1 mm. A nonselective saturation recovery gradient echo sequence with TE/
TR=1.45/30ms, and flip angle 90° was used to suppress effects of water exchange on the
measured signal enhancement (35). Briefly, this sequence employed nonselective saturation
of magnetization by a composite RF pulse followed by a variable crusher gradient and a 25
ms recovery period, which was repeated for all phase encoding steps and slices. The total
acquisition time for 5 slices was approximately 12 sec. After a series of 8 pre-contrast
images, Gd-DTPA was injected and 24 post-contrast images were collected over about 5
min.

CEST MRI data processing and statistics
All data were processed using custom-written scripts in MATLAB (Mathworks, Waltham,
MA). Regions of interest (ROIs) were drawn manually based on the T2-weighted images.
Mean Z-spectra, which display the ratio of the MRI water signal intensity during RF
saturation (S) and without saturation (S0) as a function of saturation frequency offset (Δω)
with respect to water, were calculated after B0 correction on a per voxel basis using
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WASSR. GlucoCEST contrast was quantified over the offset range 0.8 – 2.2 ppm using a
magnetization transfer ratio (MTR) asymmetry analysis with respect to the water frequency:

For the in vivo analysis, ROIs were drawn manually on MCF-7 and MDA-MB-231 tumors
based on the T2-weighted images. The mean intensities were used for MTRasym, and
ΔMTRasym was calculated by subtracting the mean MTRasym pre-infusion from that during
infusion.

Student’s paired t-tests were used for statistical testing, and were considered significant
when p<0.05.

Results
Phantom studies of D-glucose

In order to show that D-glucose can be detected in millimolar concentrations under
physiological conditions and that detection should be enhanced in EES, we first studied
saturation spectra in a series of phantoms at different pH and different B1. The Z-spectra
(Figures 2a,b top) show that the presence of D-glucose causes an asymmetry of the S/S0
curve towards higher frequency, leading to a robust MTRasym between 0.5 and 2.2 ppm at
pH = 7.3 (bottom of Figs. 2a,b). Increasing the glucose concentration causes a broadening of
the line shape of the direct water saturation and an apparent shift of the maximum of the
MTRasym curve to higher frequency. Therefore, to assure minimal influence of the direct
saturation broadening, we analyze the averaged signal intensity from 0.8 to 2.2 ppm. When
doing this, a glucoCEST effect of about 0.31 % per mM is visible for a B1 of 1.6 µT, which
corresponds to about 0.34 M water signal or a signal enhancement by a factor of 340.

The MTRasym line shape at pH = 7.3 is asymmetric and featureless, which changes when
acidifying the solution (Fig. 2b). Several resonances become visible at lower pH,
corresponding to five OH groups in D-glucose with different chemical shifts, as assigned
previously at low pH and low temperature in H2O (36). Notice that the intensities of these
groups do not need to be proportional because they depend on the exchange rate for each
individual OH. Interestingly, in the MTRasym spectra, there is a shift of the maximum effect
from 0.8 to about 1.2–1.3 ppm, which should benefit in vivo detection as it is further away
from the water frequency. These features do not change appreciably when irradiating the
samples with higher saturation fields (Fig. 2c), but sensitivity increases strongly because
higher B1 facilitates the detection of rapidly exchanging protons such as OH groups. The
reason is that more saturation can be induced before exchange occurs. However, the direct
saturation water line broadens with B1 and will compete with the glucoCEST effect. In vivo,
T2 is shorter, broadening the direct saturation even more. In addition, the contribution of
conventional MT effects increases with B1. We therefore decided to use a B1 of 1.6 µT in
vivo.

The glucoCEST contrast is linear at low concentration (23) but becomes non-linear at higher
concentrations (Fig. 2d), which is a well-known CEST phenomenon reflecting back-
exchange of saturated protons (19,37,38). For high exchange rates and multiple sites, this
concentration dependence cannot be described by the analytical CEST solution anymore
(19,37,38) and needs to be fitted using the Bloch equations. To obtain an estimated
exchange rate, we fitted the data assuming one combined OH resonance for 3 protons at 1.3
ppm, giving an OH exchange rate of ~2.3 kHz at pH 7.3 (using QUESP (38)), and ~1.1 kHz
at pH 6.8 and 6.2. In order to estimate the possible in vivo effects for a combined broad
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glucose signal, one can use the averaged glucoCEST signal intensities over the range from
0.8–2.2 ppm from the 20 mM solution. These were 6.2%, 9.7% and 8.3% for pH = 7,3, 6.8
and 6.2, respectively. In our in vivo infusion protocol, the plasma glucose concentration is
ramped up to approximately 15 mM (Fig. 1a). For a typical tumor vascular volume fraction
of about 0.05 – 0.08 (2,39), the integrated vascular glucoCEST signal would be about
15×0.31% times that fraction (0.23 – 0.37 %). Using an EES volume of about 0.35 (25), the
EES glucoCEST contribution per mM glucose would be 0.109%, 0.170% and 0.145% at pH
= 7.3, 6.8 and 6.2, respectively. Assuming unrestricted glucose transport (15 mM) into the
EES and a vascular fraction of 0.05, the glucoCEST effect can be estimated to be 1.9%,
2.8% and 2.4% for these three pH values. These phantom data indicate that in vivo imaging
should be feasible with an effect around 2–3%.

In vivo breast tumor studies
GlucoCEST was tested on two well-known human breast cancer xenograft models, highly
malignant triple negative (estrogen receptor/progesterone receptor /Her-2 neu) MDA-
MB-231 tumors and less aggressive (estrogen receptor positive) MCF-7 tumors,
orthotopically implanted in female athymic nu/nu mice at different time points to allow
approximately comparable tumor size (Fig. 3a). Figs. 3b and 3c show pre-infusion and
infusion glucoCEST MTRasym images respectively for the averaged 0.8–2.2 ppm spectral
region. These individual MTRasym images show contrast in both muscle and tumor, but are
complicated to interpret because they contain multiple endogenous saturation transfer effects
(23,40). This is clear in the MTRasym spectra for the MDA-MB-231 and MCF-7 tumors
(Figs. 3d,e, respectively), which show a frequency dependence with positive and negative
components similar to those found in brain tumors (40) and explained previously in terms of
an inherent asymmetry in the conventional MT effect for semi-solid tissue components such
as membranes. Such effects make the baseline MTRasym spectra almost impossible to
interpret in terms of glucose contributions. However, when analyzing the tumor regions, a
significant difference is found between before and during infusion among five animals (Fig.
3f). We therefore generated an infusion/pre-infusion difference image (ΔMTRasym, Fig. 3g)
in which the endogenous contributions are expected to drop out. When doing so, we found
that the central part of the body contained many artifacts in such low-SNR difference images
and thresholded it out. Interestingly, the spectral profiles for the tumor regions in the,
ΔMTRasym maps (Fig. 3h) show a profile with positive intensities resembling the D-glucose
MTRasym data in the phantoms (Fig. 2). The presence of observable intensities in the 2–3
ppm range suggests that the spectra are representative of regions with lower pH. The
average ΔMTRasym spectra in Fig. 3i show good reproducibility among mice leading to
statistically significant increases in MTRasym upon infusion in both tumors (Fig. 3f).

Fig. 4 summarizes PET, glucoCEST and Gd-based contrast-enhanced (CE) MRI results for
five animals. All three modalities show signal changes outside the tumors too. For
glucoCEST difference images these could possibly be due to the presence of blood vessels
(blood glucose concentration was 12–15 mM) and small motion artifacts in the difference
images that are enhanced by low SNR. All modalities showed significant signal increases (n
= 5) in tumor tissue upon administration of each of the contrast agents, allowing detection of
these malignancies. In PET, signals were compared to background (both tumors: p<0.01),
while for MRI the signals pre-infusion and during infusion were used. Signals of both
MDA-MB-231 and MCF-7 increased significantly for CE-MRI (p<0.05 and p<0.01
respectively) and glucoCEST, (p<0.05 and p<0.005, respectively).

Interestingly, when comparing tumor types for the three modalities, the data were less
informative (Figs. 4d–f). Despite the visibility of a trend that PET uptake is larger for MDA-
MB-231 versus MCF-7 (Fig. 4d), neither PET nor CE-MRI (Fig. 4f) could significantly
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distinguish the two tumors. In glucoCEST, on the other hand, a significant difference
between tumors was evident (p<0.05; paired t-test; Figs. 4e,g).

When studying the images, the PET and glucoCEST data showed a reasonably
homogeneous uptake throughout the tumor, while CE-MRI showed uptake only in limited
regions. In an effort to see whether glucoCEST data differed between regions with and
without Gd uptake, we also assessed a smaller ROI prescribed only in regions of contrast
enhancement (Fig. 5). Again a characteristic glucose profile was visible in the ΔMTRasym
spectra (Fig. 5a), together with significantly lower glucoCEST contrast in MDA-MB-231
tumors compared to MCF-7 (Fig. 5b, p<0.05; paired t-test). This was not the case for Gd-
enhanced MRI (Fig. 5c, p>0.05; paired t-test).

Discussion
Except for some of the small molecules used in PET and 13C NMR, contrast agents
generally are not biodegradable. Our data show that it is possible to use one of the body’s
building blocks, the simple carbohydrate D-glucose, and the interaction of its hydroxyl
protons with the body’s own solvent, water, to detect tumors. GlucoCEST difference images
(Fig. 3g) showed significant signal enhancement in the tumor regions, the viability of which
was validated with FDG-PET and CE-MRI. However, it is important to point out that the
spatial origin of these three types of contrast in the tumor microenvironment is different and
to a great deal complimentary. For instance, the accumulation of intracellular
phosphorylated deoxyglucose in 18FDG-PET reflects tumor metabolism, the rate-
determining step of which is known to be glucose transport (1–4,41,42). Contrast-enhanced
MRI reflects the permeability of the tumor vasculature for the agent Gd-DTPA, which is
lower than for FDG and D-glucose, which freely enter the interstitium in most tissues except
the brain (43). In line with these expectations, the data indeed showed that FDG and D-
glucose were readily taken up throughout the tumor, while only partial Gd-enhancement was
visible. The glucoCEST difference images provided significant contrast with surrounding
muscle. Based on well-established knowledge regarding metabolism of solid tumors (4) it is
unlikely that any intracellular D-glucose or phosphorylated glucose derivatives contribute to
glucoCEST because these have been shown to be metabolized rapidly to lactate (1–4,42,44).
In addition to a small vascular contribution, we therefore attribute the glucoCEST mostly to
signal from EES, the size of which is increased in tumors and known to be acidic compared
to intracellular space. To compare the underlying mechanisms for these contrasts, the
expected pathways of uptake for the different modalities are summarized in Fig. 6, with
color intensities depicting the contribution to the signal.

For the current two tumor types, only glucoCEST provided significant contrast between the
MDA-MB-231 and MCF-7 tumors, while PET and CE-MRI did not. For 18FDG-PET, this
result is in exact agreement with a recent study by McLarty et al (45) on these two tumor
types in CD1 nu/nu mice. For CE-MRI we could not find a comparative study between
MCF-7 and MDA-MB-231. Interestingly, the glucoCEST signal was consistently lower in
MDA-MB-231 for all animals (Fig. 4e), confirming our expectation that glucoCEST is not
particularly representative of glucose metabolism. MDA-MB-231 cells are expected to be
more acidic (27,46,47) with respect to MCF-7, but because the integral of the glucose signal
peaks at pH = 6.8 (for the pH points measured), it could well be that the MCF-7 signal is
higher due to optimal EES exchange conditions compared to MDA-MB-231. Possible
alternative explanations are that the MCF-7 tumors have lower cellularity and thus a larger
EES or that the EES of MDA-MB-231 has a reduced glucose concentration as a
consequence of higher glucose metabolism of these more malignant cells (1,42). Thus more
experiments are needed to better understand these initial results and one confound of the
current experiments is that they will be affected by heterogenous glucose uptake and pH
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distribution. However, tumors are known to be heterogeneous and other methods such as
PET and CE-MRI typically suffer from similar limitations. With respect to this, it is
important to realize that while many OH or NH2 containing compounds can contribute to the
glucoCEST spectrum around 1ppm (for instance glycogen (48)), it is unlikely that these
contribute significantly to the glucoCEST difference image unless a metabolic product based
on glucose as a substrate is formed or the pH in the compartments of interest is adjusted due
to the increased glucose concentration.

The glucoCEST signal in the two tumors for the individual animals ranged from 1–4% (Fig.
4e), in line with estimates made from our phantom studies based on the size of the EES
previously reported by others in CE-MRI studies (2,25,26). This and the contrast with
muscle supports our hypothesis that the acidic pH in the interstitium (27) aids the in vivo
visualization of glucose in tumors. Thus, we conclude that the glucoCEST contrast in its
current form does not directly provide information on metabolism but mainly on EES. In
principle, therefore, it is not necessary to use glucose as a contrast agent and any CEST
agent that readily enters the EES and is sensitive to pH can be employed. If very pH-
sensitive biodegradable contrast agents can be designed these could replace glucose in the
future. However, this would require toxicology testing and approval by the regulating
agencies (e.g. FDA in the USA), while glucose is already approved for other indications.

Of course the question arises whether D-glucose can be used to study metabolism. Although
not part of the current study, we would like to speculate that glucoCEST can in principle
provide information on tumor perfusion as well as metabolism because both are involved in
its signal (Fig. 6). However, this would have to be done with high temporal resolution using
an imaging scheme appropriate for dynamic data collection. For perfusion, this would
require a bolus followed by imaging every few seconds, similar to Gd-DTPA, for which we
did not have the sensitivity in the current study. As such, it would also be more complicated
than ASL, which can be used without any contrast, and is recently becoming more
accessible in the clinic, allowing the study of perfusion in brain tumors (12,49–54), breast
cancer (55,56) and renal cell carcinoma (57). If glucose metabolism were to be studied, this
could involve a rapid monitoring of the decay of the glucoCEST signal after stopping the
infusion. Unlike normal tissue, tumors will rapidly clear glucose from EES because of their
elevated glycolytic rates. We intend to explore this in the future. Such experiments should
also provide some insight whether the difference in glucoCEST and GdDTPA. The
occurrence of glucoCEST difference contrast throughout the tumor and at most partial
enhancement of the tumor using Gd-DTPA seems to indicate a difference in vascular or
tissue permeability for these two agents or could be due to a difference in administration
approach (systemic hyperglycemia vs fast passage after bolus). However, it is unclear
whether any differences in contrast appearance for the two approaches would exist if the
tumors would have enhanced. Ultimately, the availability of PET-MRI may allow the
simultaneous use of D-glucose and 18FDG followed by Gd MRI for even more improved
localization of tumor foci.

There are also some technical advantages that should facilitate clinical use of glucoCEST.
First, contrary to most PET agents (which require synthesis close to the time of use) and
hyperpolarized MRI (11) agents (which require hyperpolarization close to time of use), D-
glucose is stable and already available as an injectable solution for human use. No additional
equipment such as an on-site cyclotron, hyperpolarizer or 13C RF coil is needed. Secondly,
the CEST technology employs the proton nucleus and can thus be performed immediately
on most clinical scanners (we expect fields of 1.5 Tesla and higher depending on the
contrast agent). Third, D-glucose is expected to significantly reduce problems with adverse
side affects in contrast studies, such as currently the case for iodinated CT agents and Gd-
based contrast agents in patients with renal pathologies. One major advantage of D-glucose
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is that it can be used at sufficiently high concentrations in vivo to allow MRI detection. For
instance, in our experiments we used a 0.5 M solution to increase the plasma glucose
concentration from baseline 4–5 mM to 12–15 mM. This is in the same blood concentration
range as the glucose tolerance test commonly used in the clinic, where 50 ml of 50% D-
glucose in water is injected (58), leading to blood glucose levels of 15–20 mM. We therefore
expect translation of this new technology to the clinic to be readily feasible. As an
alternative to intravenous glucose, it should be possible to perform oral administration. For
instance, the amount of sugar in the i.v. glucose test corresponds approximately to that
present in a soda beverage. Finally, the knowledge of drinking a sugary beverage or being
injected with a natural sugar for an imaging study is expected to facilitate the peace of mind
of the aware consumer when undergoing a scan with such contrast.

With respect to disadvantages, glucose tests may cause hypoglycemia and glucose may not
be suitable for some populations, for instance patients with diabetes. So glucose monitoring
may be needed. In addition, similar to magnetization transfer imaging, CEST-MRI has
higher SAR than most sequences. However, we are routinely performing human CEST
(APT) imaging on our 3T scanner (59–61) and we expect to be able to do this well within
SAR limits for the glucose studies.

Conclusions
Annually, close to 40 million people worldwide are injected with a contrast agent for MRI,
CT or PET. We demonstrated the feasibility of using D-glucose as a biodegradable contrast
agent for MRI by exploiting its hydroxyl groups as a natural MRI chemical exchange label.
We expect this will provide a low-risk alternative for patients with kidney disease and a
complementary contrast for cancer studies in which PET and MRI are used for diagnosis
and especially prognosis.
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Figure 1. Glucose infusion protocol with blood concentrations measured (a) and MRI protocol
(b)
The rate of glucose infusion (black curve) resulted in blood glucose concentrations as shown
by the red curve. The blood glucose concentration was measured for two mice (average ±
SD). CE: contrast enhanced.
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Figure 2. Concentration, pH and radiofrequency (RF) saturation field (B1) dependence of
glucoCEST contrast in D-glucose solutions in PBS at 37°C at 11.7T
(a) Z-spectra (top) and MTRasym (bottom) as a function of concentration at pH 7.3 for
B1=1.6 µT; (b) Z-spectra (top) and MTRasym (bottom) as a function of pH for 20 mM D-
glucose at B1 = 1.6 µT; a slow down of exchange at low pH increases the contrast of several
OH protons, especially peaks at 1.2, 2.2 and 2.8 ppm. (c) MTRasym spectra as a function of
B1 for 20 mM D-glucose at pH 6.2. (d) glucoCEST contrast (averaged MTRasym over 0.8–
2.2 ppm) as a function of concentration at different B1.
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Figure 3. GlucoCEST results for a mouse inoculated with MDA-MB-231 and MCF-7 breast
tumors (a–i)
(a) Anatomical image for a mouse inoculated with breast tumors. (b,c) GlucoCEST images
(average MTRasym % over spectral points between 0.8–2.2 ppm) before infusion (b) and
during infusion (c). (d,e) Pre-infusion and Infusion MTRasym spectra from ROIs including
the whole tumor for MDA-MB-231 (d) and MCF-7 (e). (f) MTRasym values pre-infusion
and during infusion (n = 5; * p < 0.05; *** p < 0.005). (g) GlucoCEST difference map:
ΔMTRasym = MTRasym(Infusion) – MTRasym(Pre-infusion). The intensity of the internal
body was thresholded out because it contains moving areas (lungs and heart) that have large
magnetic susceptibility differences with surrounding tissues, which complicates difference
imaging. The ΔMTRasym profiles (h) of MDA-MB-231 and MCF-7 show a profile
resembling that of D-glucose in phantoms in Fig. 2. (i) Average ΔMTRasym difference
spectrum for 5 mice.
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Figure 4. Non-edited 18FDG-PET/CT, glucoCEST and contrast-enhanced (CE) difference
images in vivo
(a) 18FDG-PET/CT coronal view obtained one hour after intravenous (i.v.) injection
of 18FDG showing accumulation in both tumors. (b) GlucoCEST ΔMTRasym map (Infusion
– Pre-infusion). (c) T1-weighted difference image (Injection – pre-injection) showing Gd-
enhanced regions, mainly in the edges of tumors. (d–f) Comparison of signal intensities (n =
5) for the three modalities using ROIs comprising the two tumors. Even though some trends
appear visible for PET and contrast-enhanced MRI, significant differences (p<0.05; paired
student’s t-test) between the tumors could be detected only in glucoCEST. (g) Bar graph
showing average glucoCEST contrast for MDA-MB-231 and MCF-7 tumors.
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Figure 5. GlucoCEST and CE-MRI data in tumor regions enhanced in MRI perfusion imaging
(a) ΔMTRasym spectra for MDA-MB-231 and MCF-7. Note the distinctive glucose shape
for the difference profiles. (b) Quantitative glucoCEST shows a significant difference (N =
5; p<0.05; paired student’s t-test) between tumor types (c) Quantitative CE-MRI shows no
significant difference (N = 5; p>0.05; paired student’s t-test) between tumor types.
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Figure 6. Overview of rate constants and contrast contributions (darker color = higher contrast;
white is negligible contrast) for glucoCEST, 18FDG-PET and contrast enhanced MRI and CT in
tumors
For glucoCEST, the glucose concentrations in vascular space and EES are comparable, but
due to lower pH the EES has higher signal contribution. Intracellular signal is very small to
negligible due to rapid glycolysis. In PET, the signal is predominantly due to trapped
intracellular phosphorylated FDG. For contrast enhanced MR and CT, the agents occupy
only plasma in blood and while they enter the interstitium, the EES concentration is
generally lower than in plasma due to limited Ktrans. Glucose, on the other hand moves
freely into the interstitium and the erythrocytes. v = vascular (plasma + erythrocytes), p =
plasma.
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