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Whole Cancer Visualization using Gadobutrol-glucose Solution
and 7.0 T Magnetic Resonance Imaging
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Introduction: Cancer tissue absorbs 3—8 times more glucose than normal tissue. Therefore, we developed a gadobutrol-glucose solution for
7.0T magnetic resonance imaging to visualize whole cancerous regions at high contrast. Methods: The contrast medium consists of gadobutrol
and glucose solutions, and these solutions are mixed before the vein infusion. We used readily available solutions, and the concentrations of
the gadobutrol and glucose solutions were 60% and 5.0%, respectively. To visualize the cancerous region, we used two rabbits with VX7 thigh
cancer. First, vein injection was carried out using a gadobutrol-saline solution containing 0.3 ml gadobutrol, and T1-weighted imaging (T1WI)
was performed. Twenty-four hours after the first experiment, we performed T1WI of the VX7-cancer region using 50.3 mL gadobutrol-glucose
solution including 0.3 ml gadobutrol. Results: Compared with T1WI using the gadobutrol-saline solution, the signal intensity of the cancerous
region substantially increased using the gadobutrol-glucose solution. Conclusion: We confirmed significant signal-intensity increases in the
whole VX7-cancer region of a rabbit thigh utilizing vein infusion of gadobutrol-glucose solution since the gadobutrol molecules were absorbed
throughout the cancerous region along with glucose molecules.
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Gd-atom concentration per weight was reduced to decrease
deposition, the delivering effect of glucose in combination
with gadobutrol molecules should be observed.

INTRODUCTION

Gadolinium (Gd)-based contrast media are used to perform
magnetic resonance angiography (MRA),!Y and we usually use
the Gd media to perform enhanced Gd-K-edge imaging using
photon-counting X-ray computed tomography (PCCT).>*

In the present research, our major objectives are as follows: to
develop the gadobutrol-glucose solution, to deliver gadobutrol

Using Gd-K-edge PCCT, fine blood vessels were observed at
high contrast, since X-ray photons with energies just beyond
Gd K-edge energy can easily be selected.

Cancer tissue absorbs 3—8 times glucose molecules of normal
tissue, and the cancerous region can be observed using positron
emission tomography®! using "*F-fluorodeoxyglucose. In this
regard, we successfully delivered meglumine-gadopentetate!®
molecules into VX2 cancer!” in a rabbit thigh using a
meglumine-gadopentetate-glucose!® solution.

Lately, the meglumine gadopentetate with linear chelates
was discontinued, and cyclic-chelate gadobutrol,”! which is
less deposited in the brain, was developed. In addition, since
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molecules into the cancerous region using glucose molecules,
to reduce the concentration of Gd contrast media per weight,
to increase the cancer visualizing duration, and to visualize
living-VX7 cancer region in a rabbit thigh. Therefore, we
performed T1-weighted imaging (T1WI) of living VX7 cancer
using the gadobutrol-glucose solution and 7.0T magnetic
resonance imaging (7T-MRI) and observed the signal intensity
and visualizing duration.
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MeTHoDS

7.0T magnetic resonance imaging

The 7T-MRI scanner (Discovery MR950, GE Healthcare)
is shown in Figure 1. This scanner was primarily designed
to image human heads, and the inside diameter, length of
magnetic field tunnel, and maximum gradient amplitude
are 0.60 m, 3.33 m, and 50 mT/m, respectively [Table 1].
Next, 7T-MRI was conducted using a 32-channel head
coil (NM008-32-7GE-MR950, GE Healthcare) with an inside
diameter of 291 mm.

The sequence of 7T-MRI for observing rabbit VX7 cancer is
shown in Table 2. We used a Gd-based contrast medium of
gadobutrol and performed high-resolution two-dimensional
spin-echo TIWI. The scanning parameters are as follows: a
repetition time of 400 ms, an echo time of 10 ms, a field of
view of 180 mm, matrix sizes of 320 x 224, and a scanning
time of 442 s.

Two experiments

Methods for making gadobutrol-glucose solution are shown
in Figure 2. We used readily available solutions, and the
concentrations of gadobutrol and glucose solutions were
60% and 5.0%, respectively. First, 0.3 ml gadobutrol solution
was measured using a 1.0 ml syringe (SS-01T, Terumo), and
its volume was confirmed by three researchers [Figure 2a].
Second, we injected 0.3 ml gadobutrol solution into 50 ml-5.0%
glucose solution in a polyethylene bottle [Figure 2b].

Table 1: Characteristics of the 7.0 T magnetic
resonance imaging scanner. (a) Discovery MR950, and
(b) send-receiving coil for head imaging

(a) Discovery MR950

Magnetic flux density (T) 7.0
Magnet length (m) 3.33
Magnet bore diameter (m) 0.60
Maximum gradient amplitude (mT/m) 50

(b) Sending-receiving coil

Type NMO008-32-7GE-MR950
Inside diameter (mm) 291
Channel number 32

Pixel dimensions for 2D imaging (mm?) 0.56x0.80

Table 2: Sequence for observing VX7 cancerous regions
using T1-weighted imaging

Sequence

Imaging method TIWI
Repetition time (ms) 400
Echo time (ms) 10
Field of view (mm) 180
Matrix size 320%224
Slice thickness 3mm
Number of slices 24
Scanning time (s) 442

Gadobutrol molecules were dispersed in the glucose solution
using an ultrasonic cleaning machine for 30 min. Third, we
inserted a plastic needle into 50.3 ml gadobutrol-glucose
solution [Figure 2c] to perform infusion.

Table 3 shows methods in two experiments 1 and 2 for
observing the angiographic effect of gadobutrol-glucose
solution. We used two male rabbits of approximately 3 kg
and measured 0.3 ml gadobutrol solutions since the maximum
concentration of gadobutrol was 0.1 ml/kg. In experiment
1, we used two solutions of 10 ml gadobutrol-saline and
50.3 ml gadobutrol-glucose. In experiment la, we carried
out a gadobutrol-saline vein injection from a rabbit ear.
Twenty-four hours after injection, gadobutrol-glucose infusion
was conducted in experiment 1b. Subsequently, 50.3 ml
gadobutrol-saline solution was used to decrease gadobutrol
concentration per volume in experiment 2a and was infused
from the rabbit ear. Next, an equal-volume gadobutrol-glucose
solution was infused in experiment 2b.

The time relationship between the two experiments is
illustrated in Figure 3. In all experiments, T1WI was conducted
before infusion (injection), and 10, 30, 60, and 90 min after the
infusion. In experiments la and 1b, 10 ml gadobutrol-saline
injection and 50.3 ml gadobutrol-glucose infusion were carried
out over 5 min and 10 min, respectively. In experiments
2a and 2b, the infusion times of 50.3 ml gadobutrol-saline and
gadobutrol-glucose solutions were both 30 min.

Figure 1: General view of a 7.0T magnetic resonance imaging scanner
Discovery MR950. (a) Magnetic field tunnel and (b) send-receiving coil
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ResuLts

Figure 4 shows a cross-section and T1W1I of a rabbit thigh before
injection in experiment 1a. Without injection, the VX7 cancerous
region was observed at a low contrast. TIWI of a rabbit thigh

Table 3: Two experiments for observing VX7 cancers.

We used 50.3 mL gadobutrol-glucose solutions to

enhance cancerous regions in experiments 1b and 2b.

In experiment 1a, 10 mL gadobutrol-saline solution was
used to observe VX7 cancer using a high gadobutrol
concentration per volume. In experiment 2a, we used

50.3 mL gadobutrol-saline solution with a low gadobutrol
concentration per volume to compare with the angiographic
effect using equal-volume gadobutrol-glucose solution

Rabbit Gadobutrol ~ Medium
weight (kg) volume (ml)

Experiment 33 0.3 10.0 ml gadobutrol-saline

1(a) solution

Experiment 50.3 ml

1(b) gadobutrol-glucose
solution

Experiment 3.4 50.3 ml gadobutrol-saline

2(a) solution

Experiment 50.3 ml

2(b) gadobutrol-glucose
solution

C

Figure 2: Method for making gadobutrol-glucose solution. (a) Measuring
0.3 ml gadobutrol solution using a 1.0 ml syringe, (b) injecting 0.3 ml
gadobutrol solution into 50 mI-5.0% glucose solution in a polyethylene
bottle, and (c) inserting a plastic needle into 50.3 ml gadobutrol-glucose
solution after dispersing gadobutrol molecules

after 10 ml gadobutrol-saline injection is shown in Figure 5. The
signal intensity of the cancerous region maximized at a time of
30 min and decreased slightly as time passed.

T1WTIofarabbitthigh before infusing 50.3 ml gadobutrol-glucose
solution is shown in Figure 6. Before infusion, the VX7 region
was not visible. After infusion, the signal intensity was high and
seldom varied with increasing time, and the cancer visualizing
duration exceeded 90 min [Figure 7].

The cross-section and T1WI of a rabbit thigh before infusion
of 50.3 ml gadobutrol-saline solution are shown in Figure 8.
Before infusion, the VX7 cancerous region was observed at
a low contrast. With increases in the time after infusion, the
signal intensity maximized at a time of 30 min. However,
the image contrast was not significantly improved by
gadobutrol-saline infusion [Figure 9].

Figure 10 shows the TI1WI of a rabbit thigh before
gadobutrol-glucose infusion, we observed VX7 cancerous
region at a low contrast. After 50.3 ml gadobutrol-glucose
infusion, the signal intensity in the cancerous region was quite
high and maximized at a time of 60 min [Figure 11].

Discussion

Table 4 shows various characteristics of gadobutrol and glucose
molecules. The magnetisms of gadobutrol and glucose are
paramagnetism and nonmagnetism, respectively. Considering
the molecular weight, since the particle diameters of gadobutrol
and glucose are 1 nm and 0.5 nm, respectively, the gadobutrol
molecule surrounded by glucose molecules may be absorbed
by cancer.

In our research, we used a 7T-MRI scanner to improve the
spatial and contrast resolutions. In addition, we were able to
use only 7T-MRI for animal experiments at our university.

. Gadobutrol saline
10 min_ <

L~ | (radob;ulrol glucose
¢'=3=\'>‘” T >C————>> Experiment 1(a)
Y ,‘E >t 4= — > Experiment 1(b)

= :x > > > Experiment 2(a)

X :l > > > Experiment 2(b)

90 min

riwr”

Figure 3: Time relationship in experiments 1 and 2. In experiment 1a,
10 ml gadobutrol-saline solution was injected from a rabbit-ear vein
over approximately 5 min. Subsequently, 50.3 ml gadobutrol-glucose
solution was infused from the rabbit ear over 10 min in experiment
1b. In experiment 2a, 50.3 ml gadobutrol-saline solution was infused
over 30 min. Finally, 50.3 ml gadobutrol-glucose solution was infused
over 30 min. In all experiments, T1-weighted imaging was performed
before infusion (injection), and 10, 30, 60, and 90 min after infusion
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VX7 thigh cancer

VX7 cancer

b Before gadobutrol-saline injection

Figure 4: T1-weighted imaging (T1WI) of a 3.3 kg rabbit thigh before
experiment 1a. (a) Cross section for TIWI, (b) TIWI of a rabbit thigh
before injection of 10 ml gadobutrol-saline solution

100 mm

VX7 cancer

4 s

2 o
o I V .
A /

1A

Before gadobutrol-glucose infusion

Figure 6: T1-weighted imaging of a rabbit thigh before infusion of
gadobutrol-glucose solution

However, a clinical 3T-MRI scanner can be used to perform
fundamental experiments on whole cancer visualization using
the gadobutrol-glucose solution.

Using the head coil, the spatial resolutions of 7T-MRI were
primarily determined by the field of view (180 mm) and matrix
sizes (320 x 224) and were calculated as 0.56 mm x 0.80 mm,
respectively.

30 min

60 min 90 min

Figure 5: T1-weighted imaging (T1WI) of a 3.3 kg rabbit thigh after
injecting 10 ml gadobutrol-saline solution. TIWI was performed at 10,
30, 60, and 90 min after injection in experiment 1a

100 mm

10 min 30 min

60 min

Figure 7: T1-weighted imaging of a 3.3 kg rabbit thigh after infusing
50.3 ml gadobutrol-glucose solution in experiment 1b

Table 4: Characteristics of gadobutrol and glucose
molecules

Gadobutrol Glucose
Magnetism Paramagnetism Nonmagnetism
Molecular diameter (nm) Approx. 1 Approx. 0.5
Molecular weight (g) 604.71 180.16
Molecular formula CH,;,GdN,0O, CH,,0,
Concentration (%) 60.5 5.0

Liquid condition Aqueous solution Aqueous solution

Magnetism of solution Paramagnetism Diamagnetism

In our former animal experiments, we usually used VX2
cancers® filled with large amounts of cancer milk. Therefore,
we used VX7 cancers with less milk and visualized the inside
for this research.

In all experiments, we used three solutions of 10 ml
gadobutrol-saline, 50.3 ml gadobutrol-saline, and 50.3 ml
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VX7 thigh cancer

a

VX7 cancer

60 min

Figure 9: T1-weighted imaging of a 3.4 kg rabbit thigh after infusing
Figure 8: T1-weighted imaging (T1WI) of a 3.4 kg rabbit thigh. (a) Cross 50.3 ml gadobutrol-saline solution in experiment 2a

section for TIWI, and (b) T1WI of a rabbit thigh before infusing 50.3 ml

gadobutrol-saline solution 100 mm

90 min

b Before gadobutrol-saline infusion

100 mm

VX7 cancer

Before gadobutrol-glucose infusion

Figure 10: T1-weighted imaging of a rabbit thigh before infusion of 50.3 ml
gadobutrol-glucose solution

gadobutrol-glucose solutions. Particularly, 50.3 ml
gadobutrol-saline solution with a low-concentration gadobutrol
per volume had little effect in angiography, whereas the effect
improved slightly using 10 ml gadobutrol saline.

60 min 90 min

Figure 11: T1-weighted imaging of a 3.4 kg rabbit thigh after infusing
When 50.3 ml gadobutrol-glucose solution was used at an 50.3 ml gadobutrol-glucose solution in experiment 2

infusion time of over 10 min, the signal intensity was high and

seldom varied with increasing time. In addition, the visualizing ~ improved when using the gadobutrol-glucose solution with an
duration exceeds 90 min, and the gadobutrol volume may infusion time of over 30 min. Therefore, the gadobutrol molecules
decrease. Furthermore, the angiographic effect was significantly are absorbed into the cancerous region along with glucose
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molecules. Although we selected the maximum gadobutrol
concentration of 0.1 ml/kg, the gadobutrol concentration may
be reduced to approximately 0.02 ml/kg in the future.

CoNncLusIoN

We performed MRA using gadobutrol-glucose solution to
observe whole VX7 cancer, including hypoxic regions in a
rabbit thigh. The gadobutrol-glucose solution was useful for
delivering gadobutrol molecules into cancerous regions along
with glucose molecules. Compared with the gadobutrol-saline
solution, the angiographic effect of the gadobutrol-glucose
solution was quite high. Using the gadobutrol-glucose solution,
the cancer visualizing duration was beyond 90 min, and such a
technique, which delivers several molecules into cancer along
with 0.5-nm-diameter glucose molecules, could be quite useful
for cancer treatment.
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