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Abstract

Purpose—Recently, natural D-glucose was suggested as a potential biodegradable contrast agent. 

The feasibility of using D-glucose for dynamic perfusion imaging was explored to detect malignant 

brain tumors based on blood brain barrier breakdown.

Methods—Mice were inoculated orthotopically with human U87-EGFRvIII glioma cells. Time-

resolved glucose signal changes were detected using chemical exchange saturation transfer 

(glucoCEST) MRI. Dynamic glucose enhanced (DGE) MRI was used to measure tissue response 

to an intravenous bolus of D-glucose.

Results—DGE images of mouse brains bearing human glioma showed two times higher and 

persistent changes in tumor compared to contralateral brain. Area-under-curve (AUC) analysis of 

DGE delineated blood vessels and tumor and had contrast comparable to the AUC determined 

using dynamic contrast enhanced (DCE) MRI with GdDTPA, both showing a significantly higher 

AUC in tumor than in brain (p<0.005). Both CEST and relaxation effects contribute to the signal 

change.
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Conclusion—DGE MRI is a feasible technique for studying brain tumor enhancement reflecting 

differences in tumor blood volume and permeability with respect to normal brain. We expect DGE 

will provide a low-risk and less expensive alternative to DCE MRI for imaging cancer in 

vulnerable populations, such as children and patients with renal impairment.
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Dynamic glucose enhanced MRI; D-glucose; brain cancer; chemical exchange saturation transfer 

(CEST)

Introduction

Imaging plays a crucial role in the diagnosis and therapeutic monitoring of cancer. Contrast 

agents provide increased sensitivity or specificity for visualizing anatomy and physiology 

that is often not attainable with non-contrast imaging. For instance, the use of contrast 

agents is a powerful tool to assess different aspects of the tumor microenvironment, such as 

active tissue metabolism with PET/SPECT and tissue-perfusion related parameters (blood 

flow, blood volume and blood brain barrier permeability) with dynamic contrast enhanced 

CT (DCE-CT) or MRI (DCE-MRI) (1). In the clinic, tumor blood volume and permeability 

can be assessed using DCE-CT (2) or DCE-MRI (3). The principle is to inject a bolus of 

contrast agent intravenously and measure signal change as a function of time using rapid 

sequential imaging. Due to angiogenesis and disruption of the blood-brain-barrier (BBB), 

aggressive tumors are enhanced compared to normal tissue and display a higher blood 

volume and increased permeability.

While very safe overall, current clinical contrast agents contain synthetic iodine (CT) or 

paramagnetic (MRI) labels that have potential side effects, especially in patients with 

impaired renal function. Recent studies show long-term retention of gadolinium in the brain 

(4). CT uses radioactivity for detection, making it difficult to use repeatedly (e.g. for 

treatment monitoring), especially in children. Thus, there is a need to exploit low risk 

biocompatible contrast agents for tumor diagnosis.

D-glucose is a natural compound that is FDA-approved for non-imaging purposes. Recently, 

it has shown potential as an MRI contrast agent that can be detected using chemical 

exchange saturation transfer (CEST) (5,6). Each glucose molecule contains five hydroxyl 

protons that exchange with bulk water protons. Their saturation affects the water MRI 

signal, thus allowing detection of the presence of glucose. Since the exchange rate is very 

fast, k ~ 500 –10,000 Hz depending on pH (7), and five OH groups are present per molecule, 

a large sensitivity gain can be achieved (8) pushing the detection limit as low as a few 

millimolar. CEST properties of hydroxyl protons have been studied in glucose and glycogen 

(9), glucosaminoglycan (GAG) (10,11) and small peptides (12). We and others have recently 

shown the detection of D-glucose or its derivatives in vivo with CEST (5,6,13–15), chemical 

exchange sensitive spin lock (CESL) (16,17) or chemical exchange based T2 relaxation 

enhancement (18,19).

While the use of D-glucose is generally associated with metabolic studies, the aim of the 

present study is to examine the feasibility of performing dynamic glucose enhanced (DGE) 
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imaging to assess increases in blood volume and BBB breakdown in a brain tumor model 

and compare it to conventional dynamic contrast enhanced (DCE) MRI using gadolinium.

Methods

Animal experiments were approved by the Johns Hopkins University Institutional Animal 

Care and Use Committee.

Implantation of human cancer cells in mice

Human U87-EGFRvIII cells were grown in Dulbecco’s Modified Essential Medium high 

glucose with L-glutamine and sodium pyruvate (Mediatech Inc.) supplemented with 10% 

fetal bovine serum, 1% of 10 mM MEM-non-essential amino acids and penicillin-

streptomycin (20). Severe combined immune deficiency (SCID) mice (female; 6–8 weeks; 

NCI, Frederick, MD) were anesthetized with isoflurane. Cells (1×105 cells/2 µl; at 0.5 µl/

min) were implanted orthotopically by stereotaxic injection into the right caudate/putamen. 

Seven mice were imaged either on day 6, 7 or 8 post-implantation. However, we noticed that 

when tumors became bigger and heterogeneous, they took up a lot of water during glucose 

injection, as indicated by narrowing of the Z-spectra. This happened in two mice for which 

the data were acquired on day 8 post-inoculation. These mice were therefore not included in 

the dynamic analysis.

Injection and imaging protocols

All MRI images were acquired on a horizontal bore 11.7T Bruker Biospec system equipped 

with a 23 mm volume transceiver coil. Mice fasted overnight with water access were 

anesthetized by isoflurane, and kept warm with a heating bed. The tail vein was cannulated 

with a catheter and the dead volume minimized to 30 µL. A connector with 4 lines was 

connected to a 2.8 M D-glucose solution (0.5 g/mL, clinical-grade Dextrose, Hospira), Gd-

DTPA solution (Magnevist®; 100 mM in saline), heparinized saline, and the tail vein. All 

lines were controlled by two-way stopcocks with 1-mL syringes, and only one line was open 

at a time. D-glucose injection was done with a syringe pump.

Anatomical images were acquired to identify the slice with maximum tumor size. DGE 

images were collected by saturating at the hydroxyl proton frequency offset of 1.2 ppm at a 

temporal resolution of 10 s. Detection was done using a Rapid Acquisition with Relaxation 

Enhancement (RARE) sequence, TR/TE=5.0 s/3.8 ms, RARE factor 23, partial Fourier 

acceleration factor of 1.4. A single slice with 0.125×0.250 mm2 in plane resolution and 

thickness 1 mm was imaged (FOV 1.6 cm2). Saturation was achieved by a single 

magnetization transfer (MT) pre-pulse (3s, B1=1.6 µT). An image with the same sequence 

timing but no saturation pulse was acquired (S0 image) prior to injection. The dynamic 

scanning started before glucose injection by acquiring 18 baseline scans over 3 min. Without 

stopping the scanning, a bolus of 0.15 mL D-glucose was infused over a 1 min period. The 

dynamic acquisition continued for a total of 15 min. CEST Z-spectra were acquired over a 

frequency range from −5.2 to 5.2 ppm (0.4 ppm intervals) before and after dynamic 

acquisition. The experimental scheme is shown in Fig. 1. Gd-DCE images were acquired 

one hour post glucose injection. Multi-slice T1-weighted images were obtained using a non-
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selective saturation-recovery gradient echo with TE/TR/FA =1.5 ms/26 ms/90° (21), at the 

same spatial and temporal resolution as DGE imaging. A large flip angle was used to 

increase T1 weighting and reduce the effect of water exchange as recommended in the 

literature (21,22)). After acquiring 8 pre-contrast images, a bolus injection (10s) of 0.1 mL 

of 0.1 M Gd-DTPA was given and 32 post-contrast images were collected over 320 s.

Data analysis

For the DGE data, the first four images were discarded and the image intensity (S) of the 

others was normalized by dividing with S0. Baseline images were generated for both DGE 

and DCE by averaging the eight pre-injection images (Sbase). DCE images were normalized 

to Sbase. Glucose and Gd dynamic difference images were generated by taking the difference 

between each dynamic image and the average of 14 or 8 pre-injection images, respectively. 

Average dynamic time curves were smoothed by applying a low-pass filter to reduce the 

motion artifacts. However, one mouse was excluded due to excessive motion artifacts. For 

both DGE and DCE MRI data, the semi-quantitative parameter area-under-curve (AUC) was 

calculated using:

[1]

in which n=30, corresponding to 300 s after glucose/Gd injection.

The student’s t-test was used to compare tumor and contralateral brain. The signal to noise 

ratio (SNR) was calculated as:

[2]

in which the standard deviation (SD) is a measure of variation in noise over two consecutive 

acquisitions, S1 and S2 prior to injection. The contrast to noise ratio (CNR) was calculated 

by

[3]

Results

Figure 2a shows the DGE difference images at 1.2 ppm of a typical mouse before, during 

and after glucose injection. Prior to injection, negligible contrast change is observed in the 

brain and the surrounding tissues. When injection starts, the arterial vessels in and around 

the brain show enhancement immediately. Subsequently, the tumor contrast starts to 

increase as compared to contralateral brain. The enhancement persists during the course of 

the bolus. Figure 2b shows the dynamic curves for regions of interest (ROIs) drawn around 

the tumor and corresponding contralateral brain. Tumor consistently shows a higher 

percentage change in signal than contralateral brain, both immediately following injection 

and for a prolonged period post-injection.
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Figure 3a shows the average DGE curves (n=4) for tumor and contralateral brain. An 

elevated uptake of glucose is clear in the tumor, showing ΔS/S0=1.5–3% at the maximal 

tumor enhancement (10 s post injection completion) and about 1% at 300 s post-injection 

(Fig. 3a). For contralateral brain this was about 0.5–1.5% at maximum and 0.3% or less at 

300s (Fig. 3b). The tumor enhancement was about twice that of contralateral brain at the 

maximum, namely 1.90±0.47% and 0.98±0.42% (p=0.029), respectively. In contralateral 

brain, the increase of signal happened during the injection after which it decreased back to 

indistinguishable from baseline in 2–3 minutes. In contrast, the elevated uptake of glucose in 

the tumor area persisted, at least up to 12 min post-injection, with an average ΔS/S0 in water 

signal of ~0.7% higher than baseline, corresponding to about 0.8 molar signal strength. 

Notice that the DGE signal intensity (S/S0) is in units of percent and that a ΔS/S0 of 1% 

corresponds to a 2.5% relative change in Sbase/S0, which was 41% for our saturation 

parameters. One of the mice showed a sharp decrease in signal 300 s post injection in both 

the tumor and the contralateral region. The exact reason is not known, but a possible 

explanation is a rapid insulin response in this mouse. In DCE (Fig. 3d), the tumor dynamic 

curve showed a continuous increase after injection. At 300 s post-injection (Fig. 3e), the 

signal change in the tumor was significantly (p=0.006) higher than in contralateral brain.

Representative anatomical, DGE, and DCE images (overlaid on an anatomical image) at 300 

s post-injection are shown in Fig. 4. The mean CNR (n=4) values were 3.23±1.84 and 

1.27±0.53 for DGE and DCE, respectively, which allowed clear delineation of the tumor. 

Some signal enhancement is visible in the lateral ventricles, which we attribute to glucose 

uptake and volumetric change in the ventricles (23). AUC images were calculated to study 

uptake and retention of glucose (Fig. 5). Both DGE-AUC and DCE-AUC images show a 

hyperintense tumor region, allowing a robust separation of tumor and brain. A slight 

difference visible in the center of the tumor in the DGE and DCE AUC images could be due 

to the difference in SNR. While the gadolinium AUC has negligible enhancement outside 

the tumor, the glucose AUC shows some brain enhancement as expected based on tissue 

glucose transport (see Discussion). Figs 5c and 5d show the mean AUC for tumor and 

contralateral brain for both methods, showing significant differences (p <0.005, n=4) 

between the tumor and the brain.

In Figure 6, Z-spectra acquired before and after the dynamic scan period are shown. These 

provide information about the origin of the tail in the DGE tumor curve of Fig 3a. 

Interestingly, The width of Z-spectra show a significant (p <0.05) broadening for the tumor 

(Fig 6a) and negligible difference for contralateral brain (Fig 6b) while no difference is 

visible in the MTRasym spectra (Fig. 6c) for either of these.

Discussion

The results show that it is possible to perform dynamic MRI studies for the enhanced 

detection of malignant brain tumors using natural D-glucose as a contrast agent. Normal 

brain also shows a small enhancement immediately after injection, however, contrary to 

tumor, enhancement was negligible at 300 s post-injection. The longer retention in tumor 

can be ascribed to the well-known effect of poor drainage resulting from abnormal 

vasculature. Contrary to DGE, the DCE curves (Fig. 3d) showed an initial signal decrease 
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directly after injection due to shortening of T2* due to a transient high concentration of Gd. 

This was followed by a gradual increase in the signal difference ΔS/S0, attributed to the 

contrast agent leaking out into the EES and a dominant shortening of T1.

From the uptake curves of DGE and DCE it appears that D-glucose enters the EES 

immediately, while Gd enters more slowly. We attribute this to the smaller size of D-glucose 

and these initial data may indicate a possible increased sensitivity of D-glucose for the 

detection of BBB breakdown. When comparing the two dynamic enhancement techniques it 

is important to consider the difference between D-glucose and gadolinium. Most Gd-based 

MR contrast agents used in perfusion studies remain intravascular (in plasma) in healthy 

brain. In tumor, due to partial breakdown of blood-brain-barrier (BBB), the Gd-based agent 

is confined to plasma and extravascular extracellular space (EES). D-glucose, on the other 

hand, not only diffuses through the leaky BBB of tumors, but also is actively transported 

across the BBB and thus enters cells in tumors as well as in healthy brain (24), as reflected 

in Figs 2a, 4b, 5a. This facilitated transport may be an additional contributor to improved 

detection of BBB breakdown. Upon entering the tumor cells one can assume instantaneous 

disappearance of glucose CEST signal, due to rapid phosphorylation and glycolytic 

conversion. Glycolytic intermediates with OH groups, such as glucose-6-phosphate, 

fructose-6-phosphate, and fructose-1,6-bisphosphate, can be detected by CEST in millimolar 

concentration. However, the cellular equilibrium concentrations of these metabolites are 

extremely low (< 0.2 mM) (25) in the tumor since they are rapidly converted to lactate. 

Therefore, these metabolites do not have a sufficient CEST signal for detection, resulting in 

a negligible the intracellular CEST signal. In normal brain, phosphorylated glucose 

intermediates have also been reported to be of very low concentration (~80 µM glucose-6-

phosphate, ~14 µM fructose-6-phosphate, and ~30 µM fructose-1,6-bisphosphate) (26–29) 

before they are further metabolized in the TCA cycle (30,31). Based on this, it is a 

reasonable assumption that the observed signals mainly originate from the EES and the 

plasma.

To quantify the uptake and retention, AUC images were calculated. The DGE-AUC images 

(Fig. 5a) showed strong significant contrast between tumor and contralateral brain. The 

areas of enhancement in DGE- and DCE-AUC images were similar indicating that the two 

methods reflect comparable properties for this particular tumor type. The DCE-AUC relates 

to the blood volume, permeability of the vascular endothelium, and the fraction of EES 

accessed but it is not a quantitative measure of perfusion. In DCE, the extended Tofts model 

is commonly used to describe the equilibrium of Gd tracer between the EES and the plasma 

(32,33). However, for the comparison of DCE and DGE we limited ourselves to AUC 

assessment because the determination of the kinetic parameters in DGE is more complicated 

and challenging. First, the cellular glucose uptake and consumption has to be included and 

equations developed. (28,34,35). When interpreting the time-dependent glucose signal, the 

initial part is expected to reflect mainly tissue perfusion-related properties, such as blood 

volume, extravascular and extracellular space (EES) volume and BBB permeability. 

However, depending on the rate of glucose transport into the tumor cell (rate limiting step), 

the later time points contributing should also include the effect of glucose metabolized by 

the tumor and tissue, similar to models used for glucose metabolism in tumors (25) and 

tissue (28, 34) published for 13C-glucose metabolic studies, where the metabolic products as 
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well as the D-glucose substrate have been measured. A second issue for an accurate 

determination of perfusion-related parameters is the linearity of the measured signal changes 

with glucose concentration. While the glucose concentration is sufficiently low to warrant 

linearity of the CEST signal (9), D-glucose also reduces the water T2 relaxation through 

exchange (18,19), broadening the direct water saturation curve, in a manner synergistic with 

glucoCEST increases. This broadening effect can be seen in the Z-spectra acquired prior and 

post injection in the tumor region. Third, the injection over a period of about one minute 

appears to be too slow to separate the initial kinetics for glucose uptake in the tumor and 

brain tissue, which peaked simultaneously. A more complex model needs to be established 

to take into account for all these contributions before determining kinetic parameters, 

especially glucose metabolism.

Previous studies have reported glucoCEST imaging with a continuous glucose infusion up to 

20 min (5,13) using Z-spectra based asymmetry analysis to measure CEST-based signal 

changes (36). Such an analysis is very sensitive to B0-inhomogeneity and interfering 

saturation transfer effects that are also asymmetric with respect to the water frequency 

(37,38). In our DGE study, it was not necessary to reference another frequency, because OH 

protons exchange very fast (k > 103 Hz). The resulting OH resonance spans over a few ppm 

making measurement of its change insensitive to B0 inhomogeneity. We therefore collected 

our DGE images at a single frequency of 1.2 ppm, which allowed us to detect transient 

dynamic changes immediately after injection. In order to get some insight into the 

mechanism of contrast, we acquired Z-spectra before and after the dynamic phase of the 

study. In line with the dynamic study, we found a difference in the Z-spectra in the tumor 

and not in contralateral brain (Fig. 6). Surprisingly, however, the MTRasym spectra showed 

negligible difference in both tumor and brain, indicating that the remaining longer-term 

difference was due only to broadening of the Z-spectrum and not due to a CEST based 

effect. In earlier work, acquiring Z-spectra during prolonged infusion, a clear glucoCEST 

spectral difference was found (5,6) We intend to investigate the relative contributions of 

relaxation and glucoCEST during and post-infusion in the future.

An important consideration is the potential to translate the DGE technology to humans. D-

glucose is expected to be safe for patients with limited kidney function, but may be an issue 

for diabetic patients. With respect to dose, a proper comparison of human to animals 

requires a body surface area (BSA) conversion (39), in which the mouse dose per body 

weight should be about 12 times higher than human. In our study we injected 0.15 mL of 

50% dextrose, which would be equivalent to a 50 mL vial of 50% dextrose in a human of 60 

kg consistent with the dose used in a glucose tolerance test (40). Other requirements are 

MRI signal sensitivity and selectivity of the changes related to D-glucose. The signal 

sensitivity of glucoCEST signal changes is related mainly to the exchange rate and number 

of OH groups and, as such, not field dependent. The selective excitation of the OH group is 

an issue both at 11.7T and 3T because the resonance is very broad (determined by the 

exchange rate). Since we measure dynamic signal changes upon injection of glucose while 

saturating in the center of the OH frequency region, it is logical to assume that we measure 

the changes based on glucose. We have started to translate the DGE technique to humans at 

7T (41) and found no SAR issue, similar to other CEST and magnetization transfer studies 

on human systems. At 3T, the detection of protons that exchange fast and resonate close to 
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water is challenging. However, the data in this and previous papers show that the signal is a 

combined effect from CEST and relaxation broadening. Together with other advantages at 

3T such as improved B0 and B1 field, we predict the DGE technique is possible. Also, even 

though the sensitivity of DCE may be better than DGE, DGE may provide additional 

information due to the different biodistributions between Gd-based contrast agents and D-

glucose. An alternative MRI method to assess tumor perfusion is arterial spin-labeling 

(ASL) (42). While ASL has a permeability component (43), this generally is neglected in the 

modeling (fast exchange assumed).

Finally, there has been a misconception that glucoCEST will be hard to translate to humans 

because it should suffer from the same problem as FDG PET in that it will be difficult to 

separate out normal gray matter from tumor signals. This is not the case and to comprehend 

this, it is important to realize that the observed signals are very different in PET versus 

glucoCEST, namely metabolic activity in terms of metabolized (phosphorylated) glucose 

trapped in the cell by FDG-PET, versus glucose substrate in plasma and tissue by dynamic 

glucoCEST. PET experiments are geared to measuring close to the highest concentration of 

trapped phosphorylated FDG (6-P-FDG) built up by metabolism and counteracted by 

radioactive decay, which is why measurements are done about 60 minutes post-injection of 

radioactively labeled FDG, when most of the non-phosphorylated tracer is cleared. In 

glucoCEST we exploit several facts: a) transport of glucose is facilitated and, in normal 

brain, the concentration in plasma is about four times higher than that in tissue and also 

about four times higher in interstitium than in the cell (34,44). b) As mentioned, the 

concentrations of 6-phosphorylated glucose and intermediate metabolic products in the cell 

in normal brain are in the low micromolar concentration range (28). Thus, these compounds 

have negligible contribution to the glucoCEST signal. Moreover, pyruvate and lactate are 

not visible in glucoCEST and the metabolic product in normal brain (glutamate) is hard to 

detect at the B1 value used. While the CEST effect of these metabolites is expected to be 

minimal, further experiments are needed to confirm this. c) In high-grade tumors there is 

instantaneous disappearance of glucoCEST signal upon cell entry due to rapid 

phosphorylation and glycolytic conversion to lactate (25). Therefore, extracellular glucose 

substrate is the predominant compound measured in DGE-MRI. Thus, while FDG-PET 

cannot separate brain and tumor uptake very well due to the ending of metabolism after 

phosphorylation and a consequential high concentration of 6-P-FDG in gray matter as well 

as tumor, we can easily accomplish tumor-brain specificity with glucoCEST. Notice that, as 

a consequence of measuring metabolism versus perfusion, FDG-PET and glucoCEST are 

complimentary methods and can be used simultaneously in the future in MR-PET scanners.

Conclusions

We demonstrated the possibility of using natural biodegradable D-glucose for dynamically 

enhancing human brain tumors in an experimental orthotopic mouse model. DGE and DCE 

area-under-curve images showed similar areas of enhancement, indicating both methods 

measure effects related to angiogenesis and BBB breakdown in the tumors. These first 

results confirm the potential for using D-glucose as a diagnostic agent for MRI, and of DGE 

for assessing changes in blood volume and permeability. D-glucose is already FDA approved 

as a drug for human studies for non-imaging purposes (glucose tolerance testing) (40) and 
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translation to the clinic for the indication as a contrast agent is expected to be fast as basic 

safety testing has already been performed. We expect glucose-enhanced MRI will provide a 

low-risk and cheaper alternative for patients with limited kidney function and a 

complementary contrast for cancer studies in which contrast enhanced CT and MRI are used 

for diagnosis and prognosis.
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Figure 1. 
Timing of the dynamic glucose enhanced (DGE) and dynamic contrast enhanced (DCE) 

acquisition. D-glucose (2.8 M) was injected at 2.5 µl/s while Gd-DTPA (100 mM) was 

injected at 10 µl/s. DCE images were acquired one hour post glucose injection. Both the 

glucose and Gd-DTPA bolus were given without stopping the scan or re-positioning the 

mice.
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Figure 2. 
(a) Anatomical image and DGE difference images (pre-injection – post-injection, all images 

acquired at frequency offset of 1.2 ppm) of the head of a representative mouse, showing the 

highlighting of the vessels and tumor after D-glucose injection. Each image reflects change 

in 10-s intervals, and the color bar represents the absolute value of the percentage change of 

the water signal (ΔS/S0). (b) Dynamic time curves for the tumor and contralateral sides of 

the brain over 12 min.
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Figure 3. 
(a) Dynamic time curves showing the average (n = 4) glucose difference signal (ΔS/S0) for 

the tumor and the contralateral brain. The error bars reflect the standard deviation. The 

difference between the tumor and the contralateral brain (ΔS) at (b) maximal enhancement 

and (c) 300 s post-injection for individual mice indicate a higher uptake in tumor. (d) 
Dynamic time curves showing the average (n = 4) difference in DCE between the tumor and 

the contralateral brain; (e) and at 300 s post-injection for individual mice. (*, p<0.05; **, 

p<0.01).
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Figure 4. 
(a) Anatomical image for a representative mouse, and the images at 300 s post-injection for 

DGE (b) and DCE (c), respectively, showing the signal intensity (S) of the tumor and the 

brain.
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Figure 5. 
Area-under-curve images over a period of 300 s for (a) DGE; (b) DCE. (c) and (d) show the 

statistics for four mice. Student’s t tests, p= 0.001 and 0.004 for DGE and DCE, 

respectively.
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Figure 6. 
Average Z-spectra (N=4) acquired before and 33 min after glucose injection in (a) tumor, 

(b) contralateral brain. (c) The corresponding MTRasym spectra.
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