Contrast-Enhanced MRI with Gadodiamide Injection in Rat Disease Models
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ABSTRACT. The present study was designed to confirm the usefulness of contrast-enhanced magnetic resonance imaging (MRI) in
diagnosing strokes of stroke-prone spontaneously hypertensive rats (SHRSP) and middle cerebral artery (MCA) occlusion, hepatocellular
carcinoma and hydronephrosis of each experimental rat model. Male Sprague-Dawley rats (250-500 g), male SHRSP (ca. 250 g) and
male F344 rats (ca. 300 g) were used for the investigation. Gadodiamide injection (Omniscan, Daiichi Pharmaceutical Co., Ltd. and
Nycomed AS, Norway) was administered intravenously as the contrast agent at a dose of 0.1 mmol/kg except in hydronephrosis, where a
dose of 0.05 mmol/kg was used. Magnetic resonance (MR) images were obtained with a 1.5 T or a 2.0 T magnetic field strength MRI
unit. The signal intensity of the stroke lesions was increased after administration of gadodiamide injection in SHRSP and MCA-occluded
rats. Hepatocellular carcinoma was undetectable without the use of the contrast agent, but the signal intensity of the tumor increased after
administration of the gadodiamide injection, allowing the lesions to be detected. The signal intensity of the renal medulla increased in the
non-ligated kidney, but not in the hydronephrotic kidney. The information given by the post-contrast images were superior to those
obtained from the pre-contrast images in all the models. Contrast effects in SHRSP and MCA-occluded rats were related to differences in
capillary permeability, those in rats with hepatocellular carcinoma depended on differences in vascularity, and those in hydronephrotic rats

depended on blood flow and permeability. — Key worps: gadodiamide injection, MR], rat.

Recently, magnetic resonance imaging (MRI) has been
widely used in the veterinary field. Some studies have been
performed using MRI units of high magnetic field strength
(4.7-7.05 T) [10, 19], others with units of low magnetic
field strength (0.2 T) [17, 36]. One of the characteristics of
MRI is that it frequently allows the detection of small
neoplastic lesions without the use of a contrast agent [20],
although, limitations for performing complete diagnoses of
the tissue damage such as brain stroke, liver tumor or
hydronephrosis are still present. Meglumine gadopentetate,
an ionic gadolinium derivative, has been widely used as a
contrast agent in MRI. Gadodiamide injection (Omniscan,
Daiichi Pharmaceutical Co., Ltd., and Nycomed AS,
Norway) is a nonionic, paramagnetic gadolinium chelate
newly developed as an MRI contrast agent whose safety has
been demonstrated [14, 22, 31]. The characteristic of this
agent is it’s extracellular distribution and effectively
enhances signal intensity in T1-weighted imaging [14, 22,
31]. There have, however, been few reports dealing with
contrast-enhanced MRI in various spontaneous diseases or
disease models of rats, related to the tissue damage described
above. The purpose of the present study was to confirm the
diagnostic potential of contrast-enhanced MRI using a MRI
unit of medium magnetic field strength (1.5-2.0 T) to
examine stroke-prone spontaneously hypertensive rats
(SHRSP), and rats with experimental middle cerebral artery
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(MCA) occlusion, hepatocellular carcinoma and
hydronephrosis.

MATERIALS AND METHODS

Animals: Male Sprague-Dawley (SD) rats, male Fischer
344 (F344) rats purchased from Charles River Japan, Inc.
(Kanagawa, Japan) and male stroke-prone spontaneously
hypertensive rats (SHRSP) kept at Daiichi Pharmaceutical
Co., Ltd., were used in the investigation. These animals
were housed in raised mesh-bottom cages in a ventilated
room with a controlled temperature (23 £ 2°C) and relative
humidity (55 £ 15%) under a 12-hr light/dark cycle. They
were allowed free access to commercial laboratory chow
(F-2: Funabashi Farm, Chiba, Japan) and tap water. Prior
to the experiment, the animals were fasted for at least 18 hr.
All animals were anesthetized with an intraperitoneal
administration of chloral hydrate (40 mg/100 g). A 24-
gauge indwelling needle was implanted into the tail vein,
then the rats were placed inside the scan system in the prone
position.

MRI units: Images were obtained with a 1.5 T Gyroscan
S15 (Philips Medical Systems, Netherlands) or a 2.0 T RS-
200 (Siemens-Asahi Medical Systems, Tokyo, Japan).
Radio frequency pulses were at 64 MHz with the 1.5 T MRI
unit, and at 85 MHz with the 2.0 T MRI unit. Each MRI
unit incorporated a super-conductive magnet. A 4 c¢cm
diameter human temporomandibular joint coil for MCA [34,
37] and a 50 cm diameter human head coil for
hydronephrosis were used as radio frequency coils in the
1.5 T magnetic field strength unit, and a 6 cm diameter
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custom-made solenoid coil for SHRSP and hepatocellular
carcinoma was employed in the 2.0 T unit. In this study, all
images were T1-weighted because gadolinium shortens T1
relaxation time [20, 33].

Contrast agent. The gadodiamide injection was composed
of gadolinium (III) diethylenetriaminepentaacetic acid bis-
methylamide (GADTPA-BMA) at a concentration of 500
mmol// and the sodium calcium complex of the same ligand,
known as caldiamide sodium (CaNaDTPA-BMA) at a
concentration of 25 nmol//. This contrast agent reduces T1
relaxation times and its relaxivity in water at 10 MHz and
at 37°C is 4.6 (mmol/L)'sec”’. Its viscosity is 2.8 cp at
20°C and 1.9 cp at 37°C [14, 22, 31]. In this study, the
gadodiamide injection was administered intravenously at a
dose of 0.1 mmol/kg or 0.05 mmol/kg for hydronephrosis.
The displayed contrast was adjusted automatically in each
scan, and the images had an effect on motion artifact, so the
measured signal intensity was very unstable. The contrast
effects were therefore evaluated visually [9, 16, 17, 19, 29,
30].

Animal models

SHRSP: Male SHRSP (ca. 250 g, n=2) showing periodic
spasms were used at the age of 8 months.

MCA occlusion: Male SD rats (ca. 250 g, n=8) underwent
an operation under microscopy to block the middle cerebral
artery and were examined at 10 days post-operation [27].

Hepatocellular carcinoma: Male F344 rats (ca. 300 g,
n=6) were administered drinking water containing 60 ppm
diethylnitrosamine for 10 consecutive weeks to induce
hepatocellular carcinoma, and were scanned 10 weeks after

Fig. 1.

Transverse Tl-weighted image (Spin echo, TR/
TE=500/30 msec) of a SHRSP. (A: Pre-contrast image. B:
Post-contrast image. C: Photomicrograph, H.E. stain, x 100).
In the pre-contrast image, lesions of a wide low-signal-
intensity area in the cortex and 2 low-signal-intensity areas in
the thalamus are shown. In the post-contrast image, another
lesion (arrow) is enhanced between the 2 low-signal-intensity

areas.

the commencement of treatment [32]. In this case, no
respiratory gate was performed, so a short repetition time
(100 msec) was selected to preclude respiratory motion
artifacts [5, 12, 25].

Hydronephrosis: Male SD rats (ca. 500 g, n=6) were
subjected to an operation to ligate the left ureter and were
examined on the day after the operation.

Histological examination

After completion of the imaging protocol, all animals
were subjected to euthanasia by exsanguination under
chloral hydrate anesthesia, and the relevant diseased organs
were inspected macroscopically. Tissue samples were fixed
in 10% buffered formalin and embedded in paraffin wax.
Thin sections of 4 um thickness were prepared, stained with
hematoxylin and eosin (H.E.) and examined histologically
to evaluate the lesion.

RESULTS

SHRSP: In the two rats, similar MR images were
obtained. In one rat (Fig. 1), lesions showed a wide low-
signal-intensity area in the cortex and 2 low-signal-intensity
areas in the thalamus in the pre-contrast images, and another
lesion appeared as an enhanced spot between the 2 low-
signal-intensity areas in post-contrast imaging. In the
histological examination, focal thrombosis with hemorrhage,
malacia and a few glial cells around the periphery of the
thrombus were observed.

MCA occlusion: No lesion was seen in the pre-contrast
images, but the stroke lesion was enhanced in the post-
contrast images in all the rats examined (n=8) (Fig. 2). In

Fig. 2.
TE=200/30 msec) of MCA occlusion. (A: Pre-contrast
image. B: Post-contrast image. C: Photomicrograph, H.E.
stain, x 100). In the pre-contrast image, no lesion is seen,
but in the post-contrast image, a stroke lesion is enhanced
(arrow).

Transverse T1-weighted image (Spin echo, TR/
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Fig. 3. Transverse Tl-weighted image (Saturation recovery,
TR/TE=100/10 msec) of hepatocellular carcinoma. (A: Pre-
contrast image. B: Post-contrast image. C: Gross
appearance. D: Photomicrograph, H.E. stain, x 200). In the
pre-contrast image, the lesion could not be detected.
Immediately after administration of gadodiamide injection,
markedly enhanced areas (arrows) were seen in the liver.

the histological examination, an area of necrosis with gliosis
and vacuolation was observed. An ischemic reaction was
consistently observed in the entire lesion.

Hepatocellular carcinoma: In the pre-contrast images, the
lesion could not be detected in all the rats (n=6) (Fig. 3).
Immediately after administration of the contrast agent,
markedly enhanced areas were seen in the liver. The gloss
findings, various sizes of neoplastic nodules in the liver
were noted. Histologically, moderately well differentiated
proliferating hepatocytes and trabecular pattern formations
were observed, demonstrating hepatocellular carcinoma.

Hydronephrosis: There was a clear difference in signal
enhancement between a normal kidney (Fig. 4, left side in
A-D) and the hydronephrotic kidney (Fig. 4, right side in
A-D). In the pre-contrast image (Fig. 4A), the
hydronephrotic kidney was larger than normal. Immediately
after administration of the gadodiamide injection, the signal
intensity increased in the cortices of both kidneys (Fig. 4B),
and the band of enhancement gradually moved from the
cortex to the medulla in the normal kidney, but there was
no enhancement in the hydronephrotic medulla (Fig. 4C,
D). The gross findings revealed dilation of the calix (Fig.
4E). Histologically, pelvic, cortical and medullary tubular
dilation were observed and obstructive hydronephrosis was
confirmed (n=6) (Fig. 4F).

DISCUSSION

We investigated the diagnostic potential of contrast-
enhanced MRI on four experimental disease models of rats,
in which MRI without contrast agents may not clearly
visualize the lesions. The signal intensity of the respective

E

Fig. 4. Dorsal-plane Ti-weighted image (Spin echo, TR/
TE=200/20 msec) of hydronephrosis (right side in A-D) and
normal kidney (left side in A-D). (A: Pre-contrast image. B:
Image immediately after injection of gadodiamide. C: 5 min
after injection. D: 20 min after injection. E: Gross sagittal
appearance. F: Photomicrograph, H.E. stain, x 40). In the
pre-contrast image, the hydronephrotic kidney is larger than
the normal kidney. Just after administration of gadodiamide
injection, signal intensity increased in both cortices, and the
band of enhancement gradually moved from the cortex to the
medulla in the normal kidney, but no enhancement can be
seen in the hydronephrotic medulla. The arrow shows the
enhanced pelvis in the normal kidney.

lesions increased in all the models after the administration
of the gadodiamide injection.

In SHRSP, the enhanced area, not delineated in the pre-
contrast image, is a relatively new lesion which is due to
disruption of the blood brain barrier (BBB) by a stroke.
This permits the transfer of the contrast agent into the
cerebral tissue [21, 26]. Thus, the gadodiamide injection
was considered to shorten the relaxation time of the stroke
lesion, and consequently to enhance it. The areas with low-
sighal-intensity in contrast-enhanced MRI were thought to
be old lesions with no blood flows. These results may
suggest that contrast-enhanced MRI should be used in
diagnosing strokes.

In the MCA occlusion models, the lesion was enhanced
in the post-contrast images. This enhancement is also a
result of BBB disruption, causing a shortened relaxation
time, and is therefore an indication of the degree of damage
to the tissue [6, 15].

In hepatocellular carcinoma, markedly enhanced areas
were seen in the liver immediately after administration of
gadodiamide injection. The contrast effects of gadodiamide
injection in rabbit hepatic VX2 tumor models, a model of a
metastatic hepatic tumor, were the same as those of
meglumine gadopentetate, and showed negative
enhancement as we previously reported [35]. The primary
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tumor model in this study did however show a positive
enhancement, because the blood supply of the primary tumor
is derived from the hepatic artery [5, 8, 13, 18, 23]. Most
liver tissues receive blood from the portal vein, and there is
a time-phase difference between the blood flows in the
hepatic artery and the portal vein, thus a very fast scan (25
sec) is of great importance in the diagnosis of liver cancer.

In the normal kidney, the contrast agent was transported
quickly (in about 20 min) from the cortex to the medulla,
but in hydronephrosis, the signal intensity of the urine within
the renal pelvis did not increase. The MR images show the
accumulation of gadodiamide in the kidney and its
concentration in the urine before excretion. It is suggested
that contrast-enhanced MRI can be used to evaluate renal
function in a similar way to a creatinine clearance
examination, since it provides functional information as well
as anatomical information [1-4, 11, 24, 28]. The signal
intensity of MR images can be changed by the concentration
of the contrast agent. A low dose (0.05 mmol/kg as
gadodiamide) gadodiamide injection was therefore used in
the hydronephrosis experiment, because there is evidence
that the contrast agent penetrates into the renal medulla
during normal functions thereby decreasing signal intensity
[11, 24}

After an intravenous injection, gadodiamide is distributed
in the extracellular space and tends to accumulate in tissues
with a rich vasculature [14]. The contrast effects in SHRSP
and rats with MCA occlusion are related to differences in
capillary permeability, those in rats with hepatocellular
carcinoma depend on differences in vascularity, and those
in hydronephrotic rats, on vascularity and permeability.
Contrast-enhanced MRI has, therefore, the advantage of
demonstrating qualitative differences [20, 28].

During these procedures, no significant side effects of
the imaging studies were observed. The median lethal dose
(LDs,) of gadodiamide injection was reported to be
approximately 30 mmol/kg in mice, which is much higher
than that of others [7, 14, 22, 31].

These results demonstrate the advantages of contrast-
enhanced MRI as a new and safe method for the diagnosis
of various diseases including tumors and for the monitoring
of responses to therapy.
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