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Magnetic resonance imaging (MRI) is a noninvasive, nonde-
structive tool used for clinical diagnosis in human and veteri-
nary medicine. For its application to small laboratory animals,
such as mice and rats, we tried to visualize pathologic changes
in their tissues and reported the successful results for hepato-
cellular carcinoma in Long-Evans Cinnamon (LEC) rats and age-
dependent morphologic changes in brains of Wistar rats by use of
an MRI apparatus equipped with a magnet producing a high
magnetic field of 7.05 tesla (T) (1-4). We also reported that visu-
alization of the topographic structure of the mouse brain was
achieved by a use of a method combining a strong gradient coil
and a magnet producing a high, extremely uniform magnetic
field (5). However, there was a limit to understanding the pre-
cise anatomy of the lesions and their related structures from
two-dimensionally projected images.

Recently, methods such as computed tomography (CT) an-
giography, MRI and MR-angiography containing three-dimen-
sional (3-D) volume data have been developed to obtain much
information about anatomic structures (6-16). The reconstructed
3-D images helped to comprehend the precise anatomy of lesions
and their related structures. The volume-rendering software
used was a program that displays 3-D constructed images (13,
15, 17, 18). The 3-D image constructed by this program includes
information about not only the surface of the tissue, but also its
interior structure, and the 3-D image obtained from this pro-

gram provides more data than does surface rendering. This pro-
gram has an additional function to accentuate foci and lesions
after treating normal regions in the 3-D image so that they be-
come transparent (18). In the study reported here, we applied
this MRI method to three-dimensionally visualize the cranial
portion of the abdomen and thorax of the mouse to diagnose
disease models.

For this purpose, we experimentally induced tumors in the
lung and liver in mice by administrating urethane and trans-
planting colon-26 cells, respectively, then detecting them in 3-D
images constructed by use of this volume-rendering program.
The lung tumors were induced by intraperitoneal (i.p.) injection
of a chemical carcinogen, urethane, into the A/J mouse (19, 20).
The liver tumors were created by intraportal implantation of
mouse transplantable colon-26 cells, which is regarded as an
experimental model of liver metastasis of colorectal cancer (21,
22). Before MR imaging, we administered a positive-contrast
agent, Ferri Seltz, to the gastrointestinal tract to distinguish it
from the surrounding tissues (liver, spleen, kidney, heart, bone,
and spine) (23-25).

Materials and Methods
Mice. Specific-pathogen-free male A/J mice (8 weeks old, n = 6)

and BALB/c mice (8 weeks old, n = 6) were obtained from Japan
SLC, Inc. (Hamamatsu, Japan). All mice were maintained under
conventional conditions and were cared for humanely according
to the guidelines set by the Hokkaido University Veterinary
Medicine Animal Care and Use Committee. They were fed a
regular diet and water ad libitum in an air-conditional animal
room at 22 �3�C, with relative humidity of 55 �5% (1-3).

Purpose: To diagnose lung and liver tumors experimentally induced in mice in three-dimensional magnetic reso-
nance (MR) images constructed by superimposing transversal multislice MR images of thoracic and abdominal
regions taken under a high magnetic field of 7.05 tesla (T).

Methods: Lung and liver tumors were induced by administration of urethane to A/J mice and implantation of
transplantable colon-26 cells into BALB/c mice, respectively. Two-dimensional (2-D) multislice MR images from the
thoracic to abdominal regions were taken under the proton density-weighted conditions. Each organ in the 2-D MR
images was pseudocolored, and a three-dimensional (3-D) image was constructed by superimposing them on a UNIX
computer, using volume-rendering software.

Results: In the normal mouse, each organ in the thoracic and abdominal regions was three-dimensionally imaged
and was clearly distinguished from the others. In mice with tumors in the lung or liver, the pathologic changes in
the tissue could be visualized in 3-D images.

Conclusions: The MR images three-dimensionally constructed by use of a method combining MR imaging under a
high magnetic field of 7.05 T and a computer technique using volume-rendering software was useful for diagnosis of
lung and liver tumors experimentally induced in mice.
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Tumor induction in lung. The A/J strain of mice was used as
the model for lung tumors induced by urethane. According to the
method of Malkinson (22), 1 g of urethane/kg of body weight dis-
solved in 0.9% NaCl was administered i.p. into 8-week-old mice
(n = 6). Lung tumors appeared at 10 to 12 weeks after injection.
Twenty-four weeks after injection, the images of the thoracic
cavity of mice were initially obtained from living mice, but the
movement of breathing and the heart beat interfered with detec-
tion of the small tumor. Then mice were sacrificed by subcutaneous
administration of an overdose of rapid injection of pentobarbital
sodium solution (200 mg/kg, Dainippon Pharmaceutical Co.,
Osaka, Japan) to avoid the effects of respiratory motion on MR
images of the thorax after administrating a positive-contrast agent
into the stomach and duodenal cavities.

Tumor induction in liver. The BALB/c strain of mice was
used as the pathologic model for liver tumors induced by im-
plantation of colon-26 cells, which were kindly provided by Dr. Y.
Sato, First Department of Surgery, Hokkaido University School
of Medicine. Cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum. Mice were anesthetized
with diethyl ether then were laparotomized, and 0.1 ml of colon-
26 suspension including 104 cells was administered into the tho-
racic mesenteric vein. The liver tumors appeared at 10 days
after implantation. Fourteen days after implantation, mice were
anesthetized with a pentobarbital sodium solution (40 mg/kg)
diluted 2.5 times with a mixed solution of propylene glycol/etha-
nol/H2O (2/1/7, wt/wt) for MR imaging after administrating a
positive-contrast agent into the stomach and duodenal cavities.

Magnetic resonance imaging. A positive-contrast agent,
Ferri Seltz (Ohtsuka Pharmaceutical Co., Tokushima, Japan),
at a dosage of 70 mg/kg was orally administrated into the stom-
ach and duodenal cavities through a catheter just before imag-
ing. For MR imaging of liver tumors, a parasympathetic blocker,
scopolamine butylbromide (Tanabe Pharmaceutical Co., Osaka,
Japan), was injected i.p. into mice to prevent motional artifacts
in MR images due to peristalsis. An imaging probe (a low induc-
tance saddle-shaped coil) for mice designed in similar manner
as that described (1, 2) was used. A Teflon sheet with adequate
thickness was inserted between two layers of copper film as an
insulator to make the probe resonate at 300 MHz. Proton MR
images at 7.05 T were obtained as described (1-5). After sacrifice
(lung tumor model) or anesthetization (liver tumor model), each
mouse was positioned supine in the probe running parallel to
the z-axis of the magnet. In the case of anesthetized mice, they
were further fixed to a cradle, using adhesive tape to minimize
the artifacts due to respiratory motions. An acrylic tube (5 mm
in diameter, 10 mm long) containing mineral oil was set under
the mouse and was used as a standard for the image intensity.
Sagittal scout images of the body were first obtained under T1-
weighted conditions (TR/TE= 500/20 ms) to determine the posi-
tions of transversal sections. Proton density-weighted MR
images (TR/TE=2,000/20 ms) were then taken, using multislice
spin-echo sequence with four acquisitions. The following param-
eters were also used: field of view (FOV), 3�3 cm2; slice thick-
ness, 1.0 mm; data matrix size, 256�256; pixel matrix size for
reconstructed images, 512�512.

Figure 1. Three-dimensional magnetic resonance (MR) images of a normal mouse from the thorax to the upper abdominal region, (A) constructed
by changing the opacity of non-colored regions to 15% (sc = spinal cord, h = heart, l = liver), and (B) constructed by changing the opacities of non-
colored regions to 15% and those of the liver and gallbladder to 0%. (s = stomach, rk = right kidney, sp = spleen, d = duodenum).
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Construction of 3-D images. To distinguish several organs
(heart, liver, gallbladder, stomach, duodenum, kidney, spinal
cord, and tumor) from each other, each organ on the multislice
MR image was pseudocolored, using a Power MacIntosh model
7600/132 (Apple Computer. Inc., Cupertino, Calif. ) with the im-
aging program Photshop (Adobe Systems, San Jose, Calif.). Af-
ter pseudocolorization, 3-D construction was performed, using a
UNIX workstation with a personally made volume-rendering
program (volume ray tracing) (18). Additionally, this program
could make a 3-D image of a particular region or organ translu-
cent by changing its opacity from 100% to 0%. Furthermore, it
could turn the 3-D image around the z-axis and x- or y-axis in
an arbitrary degree arc.

Histologic examination. After MR imaging followed by eu-
thanasia by administration of an anesthetic overdose, lung and
liver tissues were removed and fixed with neutral-buffered 10%
formalin, then were embedded in paraffin wax and sectioned at

5-�m thickness. Each section was stained with hematoxylin and
eosin and examined microscopically to evaluate the lesions.

Results
Three-dimensional MR images of thoracic and abdomi-

nal regions in normal mice. Three-dimensional MR images
from thoracic to abdominal regions in normal mice are shown in
Fig. 1 (A and B). The two dorsal pillars are the phantom used as
a standard. The heart, liver, gallbladder, stomach, duodenum,
kidney, and spinal cord were pseudocolored on each 2-D multislice
MR image taken under proton density-weighted conditions, then
the 3-D image was constructed under conditions in which the
opacity of the non-colored (gray-colored) regions of the original
MR image was 15%. Though the figures are shown as mono-
chromatic images, the heart (h), liver (l) and spinal cord (sc)
were distinguished from each other with respect to their position,
size, and shape by use of this method. However, it was found that

Figure 2. The MR images of thoracic regions of (A) a normal mouse and (B) a urethane-treated mouse. (C) The MR image of the thoracic regions
of a urethane-treated, euthanized mouse. Arrows indicate tumors in the lung.

Figure 3. Three-dimensionally reconstructed MR images (A to F) of the thoracic region of a urethane-treated mouse seen from the directions 0,
60, 120, 180, 240, and 300 degrees around the z-axis, respectively (t = tumor). See Figure 1 for key.
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the region corresponding to the liver largely covered other re-
gions (Fig. 1A). When the opacity of the liver and gallbladder
was changed to 0%, the stomach (s), duodenum (d), right kidney
(rk), and spleen (sp) could be visualized as shown in Fig. 1B.
Though these images could be rotated around the x-axis or its
horizontal directions, only the image seen from the ventral di-
rection was demonstrated.

Three-dimensional MR images of urethane-induced
lung tumors. Fig. 2A shows a proton-density-weighted thoracic
MR image of a normal mouse. The lung was imaged as dark re-
gions because of its low proton density. However, several regions
with strong MR signal intensities, which might be assigned to
lung tumors, appeared in urethane-treated mice (Fig. 2B). The
lung was studded with circular lesions, large and small, strong
and weak, as indicated by arrows. Fig. 2C is a 2-D thoracic im-
age of a sacrificed mouse that could be more sharply obtained
than that of an anesthetized mouse as shown in Fig. 2B. Small
foci could be further detected in this image. Therefore, transver-
sal MR images of sacrificed mice were used to construct accu-
rate 3-D MR images of tumors in the thoracic regions. After the

Figure 4. Photomicrographs of sections of the lung of a urethane-treated
mouse. (A) Circular nodules having diameters of 0.5 to 2.5 mm  are rec-
ognized in the lung by macroscopic observation (arrows). (B) Arrows in-
dicate basophilic foci in the lung. H&E stain; bar = 1 mm. (C) Higher
magnification of boxed area in B. Arrows indicate the canal-like struc-
ture, composed of undifferentiated epithelial cells. Arrowhead indicates
mitotic figure. H&E stain; bar = 25 �m.

heart, liver, and spinal cord, in addition to these foci, were pseudo-
colored on each 2-D MR image and the opacity of other regions
was changed to 15%, 3-D images of the thoracic region were con-
structed (Fig. 3 [A-F]). The two dorsal pillars are oil standards.
The aforementioned figures are the thoracic 3-D images seen
from the directions of 0, 60, 120, 180, 240 and 300 degrees
around the z-axis, respectively. Urethane-induced tumors (t)
and the heart (h), liver (l), and spinal cord (sc) were visualized
in these 3-D thoracic images, which helped us to obtain infor-
mation about their positions, shapes, and sizes. The results indi-
cated that the lung was studded with circular tumors of various
sizes. Circular nodules having diameter between 0.5 and 2.5
mm, with an average number of 30 (n = 6), were recognized in
the lung by macroscopic observation (arrows in Fig. 4A). The
basophilic foci were diagnostic of adenocarcinoma characterized
by well demarcated, non-encapsulated nodules of neoplastic epi-
thelial nests and minimal intervening stroma by use of micro-
scopic observation (Figs. 4B and 4C). Under the proton-density
weighting, signal intensity of foci might reflect the stage of car-
cinoma (Figs. 2B and 2C).

Three-dimensional MR images of colon 26-induced liver
tumors. Fig. 5 (A-C) are MR images of the liver of a mouse in
which colon-26 cells were implanted. The MR images were ob-
tained under proton density-weighted (TR/TE = 2,000/20 ms,
Fig. 5A), T1-weighted (TR/TE = 500/20 ms, Fig. 5B) and T2-
weighted conditions (TR/TE = 2,000/80 ms, Fig. 5C). A proton
density-weighted MR image of the liver of a normal mouse is
shown in Fig. 5D. Asterisks represent the stomach region en-
hanced by use of the positive-contrast agent. Abnormal hyper-
intense regions were observed in the liver under all conditions, as
indicated by arrows (Figs. 5A-5C). These regions were especially
clearly visualized under the T2-weighting (Fig. 5C), and might
be assigned to colon 26-induced tumors. Since the signal inten-
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sities of regions other than these hyperintense ones seemed to
increase in colon 26-implanted mice under proton- density im-
aging if the MR image in Fig. 5A was compared with that in Fig.
5D, tumors that were undetectable by MRI might have diffused
into the whole liver. After the hyperintense regions in Fig. 5A
were pseudocolored to distinguish them from normal regions in
each 2-D image, a 3-D image of the liver with tumors was con-
structed (Figs. 6A and 6B). The two dorsal pillars show the
phantom as a standard. Figs. 6A and 6B show MR images of the
abdominal region of a colon 26-implanted mouse before and af-
ter the opacity of normal regions in the liver was changed to 0%
(l), respectively. In Fig. 6A, tumor regions were largely covered
by the whole liver (designated l), but in the translucent image
at the normal regions of liver (Fig. 6B), these were clearly visu-
alized with respect to their position and shape (designated t).
The tumors appeared to lie sporadically around liver veins, sug-
gesting that the colon-26 cells spread over a considerable region
of the liver and grew. In addition, the boundaries of individual
lesions seemed to be obscure.

Variously sized and shaped foci were observed on the surface
of the liver by macroscopic observation (data not shown). Meta-
static nodules were not observed in other organs. Histologic re-
sults obtained by microscopic observations are shown in Fig. 7
(A and B). Basophilic small nodules indicated by arrows were
detected in the liver (Fig. 7A). These nodules were mainly com-
posed of undifferentiated cells, in which many mitotic figures
were observed. These regions contained various shapes, circular
and elliptical, but a bile duct-like structure was not detected in
tumors throughout the liver (Fig. 7B). Therefore, these nodules
were identified as undifferentiated carcinoma, which was ob-
servable by MRI under the proton density-weighted and T2-
weighted conditions (Figs. 5A and 5C).

Discussion
Diagnosis of pathologic changes in tissues and organs by use of

3-D imaging techniques has progressed remarkably and is widely
used for humans and animals (7, 11, 15, 16). Spiral CT in particu-
lar enables simultaneous display of 3-D images of the breast cavity
(11). Hahn and co-workers (26) reported the application of 3-D
MRI to small laboratory animals. In the study reported here, the
construction of 3-D images, using transversal multislice MR im-
ages of thoracic and abdominal regions of mice taken under a high
magnetic field of 7.05 T, was carried out to diagnose experimentally
induced lung and liver tumors. To distinguish the gastrointestinal
tract from the surrounding tissues, we administered a positive-

contrast agent, Ferri Seltz, to it. Then, two-dimensional transver-
sal multislice MR images of thoracic and abdominal regions
were taken under a high magnetic field of 7.05 T in proton den-
sity-weighted conditions. After the organs in the thoracic and
abdominal regions were pseudocolored, the construction of 3-D
MR images was carried out by superimposing them, using a
UNIX workstation and a personally made volume-rendering
program (18). Thus, individual organs were clearly distinguished
from other organs with respect to their position, size, and shape in
pseudocolored 3-D images. These organs are shown as monochro-
matic images in Fig. 1 (A and B).

In urethane-treated and colon 26-implanted mice, the pathologic
changes in tissues were recognized by use of this 3-D MR imaging
technique. Complete information about the position, shape, and
size or urethane-induced lung tumors was obtained from 3-D im-
ages seen from various directions (Figs. 3A-3F). This is an advan-
tageous aspect of the 3-D MR imaging method used in this study.
Magnetic resonance imaging shows tumors with various signal in-
tensities depending on the type, growth rate, and water content
(27). Figs. 2B and 2C are MR images of lungs of living and euth-
anized mice, respectively. Urethane-induced tumors were detect-
ible in both groups, suggesting that there was not excess water in
the normal lung even in the euthanized mice.

Colon 26-induced tumors in the liver with obscure boundaries
were visualized in 3-D images though individual ones were dis-
tinguished from each other in 2-D images under proton density-
weighting. Because the tumors were close together in the liver,
it was hard to construct 3-D images showing them separately.
Colon 26-induced tumors were present at the edge of the liver
and were located apart from its center. This might indicate that
colon-26 cells were carried to the inside of the liver by the cra-
nial mesenteric vein and grew there. Colon 26-induced tumors
were visualized as hyperintense regions under T1-weighting in
2-D MR images. This was in contrast to the general observation
that tumors were visualized as hypointense regions under T1-
weighting, because T1 relaxation times of tumors usually tend
to become longer than those of normal tissues (27). It will be
necessary to measure the exact T1 and T2 relaxation times of
tumor-bearing livers and normal ones under the high magnetic
field of 7.05 T to explain this controversial observation.

A positive-contrast agent was used in this study. This agent
made of paramagnetic ions significantly shortened the T1 and
T2 relaxation times. The relaxation times of water protons cor-
relate strongly to the iron concentration in tissue (23-26, 28).
Koga and co-workers (24) reported that a high-contrast image

Figure 5. Two-dimensional MR images of the liver of a colon 26-implanted mouse: (A) proton density-weighted (TR/TE = 2,000/20 ms), (B) T1-
weighted (TR/TE = 500/20 ms), and (C) T2-weighted (TR/TE = 2,000/80 ms). (D) Two-dimensional MR image of the liver of a normal mouse taken
under the proton-density-weighted condition. Asterisks indicate stomach enhanced by the positive-contrast agent Ferri Seltz. Arrows indicate
pathologic alterations originating from implantation of colon-26 cells.
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Figure 7. Histologic examination of colon 26-induced tumors in the mouse liver. (A) Arrows indicate basophilic small nodules of various shapes.
H&E stain; bar = 1 mm. (B) Higher magnification of boxed area in A. Arrows indicate mitotic figures. A bile duct-like structure is not detected in
tumors. H&E stain; bar = 25 �m.

Figure 6. Three-dimensional MR images of colon 26-induced tumors in the mouse liver, (A) constructed by changing the opacity of non-colored
regions to 15% (g = gallbladder), (B) constructed by changing the opacities of non-colored regions to 15% and those of the liver to 0%, respectively.
See Figure 3 for key.

under T1-weighting (TR/TE = 500/20 ms) with a magnetic field
of 4.7 T was detectable in rats in which the stomach was filled
with the contrast agent. In our preliminary experiment, T1 and
T2 relaxation times of distilled water were found to be around
3,000 milliseconds, whereas those from use of the Ferri Seltz
solution at a concentration of 10 g/L were 340 � 20, 280 � 35
milliseconds, respectively, were significantly shorter than those
of pure water. Since the relaxation times were shortened at 7.05
T, this contrast agent was expected to be useful for MR imaging
of small laboratory animals. Actually, this positive-contrast

agent was useful to distinguish the stomach, duodenum, and other
abdominal organs of the mouse.

The reconstructed 3-D images had jagged and discontinuous
structures, especially as shown in Fig. 6. A slice thickness of 1 to
1.5 mm is sufficiently thin for the construction of 3-D images of
the human body, but is large for the mouse body (15). Our pro-
gram consisting of a volume-ray tracing method constructs 3-D
images with voxels corresponding to slice thickness (18). One-
millimeter slices were too thick to construct a smooth 3-D image
of the mouse body.

Magnetic Resonance Imaging of Tumors
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In this study, we tried to make MR images of normal, ure-
thane-induced lung tumors and colon 26-induced liver tumors
in mice, and reconstructed 3-D images using a personally made
volume-rendering computer program. The results suggested
that this 3-D technique for small laboratory animals might be
widely applicable for diagnosis of pathologic changes in various
tissues and organs.
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