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Purpose : To measure the NMR relaxation properties of MnPC, to observe the
characteristics of liver enhancement patterns on MR images in experimentally
implanted rabbit VX2 tumor model, and to estimate the possibility of tissue specific
contrast agent for MnPC in comparison with the hepatobiliary agent.

Materials and Methods : Phthalocyanine (PC) was chelated with paramagnetic ions,
manganese (Mn). 2.01 g (5.2 mmol) of phthalocyanine was mixed with 0.37 g (1.4
mmol) of Mn chloride at 310%C for 36 hours and then purified by chromatography
(CHCl,;: CH;OH =98:2, volume ratio) to obtain 1.04 g (46%) of MnPC [molecular
weight=2000 daltons). The T1/T2 relaxivity (R1/R2) for MnPC were determined at a
1.5 T (64 MHz) MR spectrometer. VX2 tumor model was experimentally implanted
in the liver parenchyma of rabbits. All MR studies were performed on 1.5 T. The
human extremity radio frequency coil of a bird cage type was employed. MR images
were acquired at 17 to 24 days after VX2 carcinoma implantation. 4 mmol/kg MnPC
and 0.01 mmol/kg Mn-DPDP were injected via the ear vein of rabbits. T1-weighted
images were obtained with spin-echo (TR/TE=516/14 msec) and fast multiplanar
spoiled gradient recalled (TR/TE=80/4 msec, 60° flip angle) pulse sequence. Fast
spin-echo (TR/TE = 1200/85 msec) was used to obtain the T2-weighted images.

Results : The value of T1/T2 relaxivity (R1/R2) of MnPC was 7.28 mM*S* and 55.56
mM-"S§? respectively at 1.5 T (64 MHz). Because the T2 relaxivity of MnPC that
bonded strongly, covalently manganese with phthalocyanine was very high, the
signal intensity of liver parenchyma was decreased on postcontrast T2-weighted
images and we could easily distinguish the VX2 carcinoma within the liver
parenchyma. When MnPC was administrated intravenously, the tumor margin
delineation was more remarkable than Mn-DPDP-enhanced images. The
enhancement of liver parenchyma with MnPC persisted at relatively high levels over
at least one hour after injection of the contrast agents.

Conclusion : The hepatic uptake and biliary excretion of MnPC, which are similar to
Mn-DPDP, suggest that this agent is a new liver-specific agent. Also, MnPC seems to
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be used as a dual contrast agent (T1 and T2} with high T2 relaxivity. However, it is
warranted that MnPC needs further investigation as a potential contrast agent for
MR imaging of the liver. That is, further characterizations of MnPC are needed in
vivo and in vitro before clinical trials. The diagnostic poteritial of MnPC will also
have to be examined more in the animal models of additional types.

Index words : Contrast agent
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VX2 tumor

Macromolecular
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Introduction

The liver contrast media(CM) for MRI are divided into
the following four groups by their biodistribution and
contrast effects: extracellular, reticuloendothelial, hepa-
tobiliary and blood pool{macromolecular) agents (1-3).
Because extracellular fluid contrast media such as Gd-
DTPA, Gd-DOTA, and Gd-DTPA-BMA exhibit no tissue
specificity and rapid distribution from the vascular com-
partment to the extracellular interstitial space, their use
requires both rapid injection and dynamic imaging. The
rapid distribution of these agents also limits the accurate
lesion detection (1, 4). The Gd chelates conjugated to
macromolecular backbones or polymeric ones have
been developed, including such as albumin-(Gd-DTPA]
(5, 6), dextran-{Gd-DTPA} (7), and polylysin-(Gd-DTPA)
(8, 9). Macromolecular contrast media{MMCM) have
several advantages over small molecualr contrast media
(SMCM). First, the long intravascular residence time of
MMCM does not limit the data collection time. Because
these MMCM have higher relaxivity values than exist-
ing SMCM, the enhancement effects of images obtained
after a single bolus injection will be similar to the en-
hancement effects of the existing SMCM (2, 10).
Another advantage of MMCM is the possibility as tis-
sue-specific contrast agent. Up to now, the developmen-
tal strategies for tissue-specific contrast agents made up
of bonding the lipophilic materials to SMCM. These
compounds elevate the lipophilicity of contrast agents,
consequently, they made higher lipophilicity for the
phospholipid bilayer that formed the cell membrane.
The lipophilic Gd-chelate contrast agents include Gd-
EOB-DTPA, Gd-BOPTA, and etc {11-13}. We developed

new macromolecular MR contrast agent, manganese
phthalocyanine (MnPC}, with molecular weights of ap-
proximately 2000 daltons. The purpose of this study is
to measure the NMR relaxation properties of MnPC and
to observe the characteristics of liver enhancement pat-
terns on MR images in experimentally implanted rabbit
VX2 tumor model. We also attempted to estimate the
possibility of tissue-specific contrast agent for MnPC in
comparison with the hepatobiliary agent.

Materials and Methods

Tumor Implantation

The experiments were carried out in 16 adult New
Zealand white rabbits weighing between 1.5 and 3.5 kg.
The VX2 tumor was obtained from Seoul National
University Hospital, and grown for 3 weeks on the hind
legs of each donor rabbits. The VX2 tumor was main-
tained through serial transplantation into the hind limb
muscle of rabbits. The donor rabbit was killed by intra-
venous injection of 90 mg/kg thiopental sodium. The
VX2 tumor was aseptically stripped from the surround-
ing connective tissues. Fragments of tissue taken from
the tumor in donor rabbits were then diced into approxi-
mately 1 X 1 X1 mm with scissors and homogenized in
PBS (13).

All recipient rabbits were anesthetized with an intra-
muscular injection of 5 mg/kg xylazine hydrochloride
and 35 ml ketamine hydrochloride. After midline inci-
sion, the central and right lobe of liver were exposed.
Each of the recipient rabbits was injected with 0.5 ml
VX2 carcinoma cell suspension into these lobes. The in-
jection of tumor cell suspension was carried with use of
a 18-gauge needle. The tumor suspension was injected s-
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lowly into the liver parenchyma, and then the needle
was removed. A hemostat was used to prevent bleeding
and leakage of tumor cell suspension into the peritoneal
cavity after removal of the needle from the puncture site
(14).

The synthesis and administration of Mn-
phthalocyanine

Phthalocyanine was chelated with paramagnetic ion,
Mn. A mixture of PC (2.01 g, 5.2 mmol) and manganese
chloride {0.37 g, 1.4 mmol) was heated at 310°... for 36
hours. The mixture was purified by silica gel column
chromatography (CHCI;: CH;OH =98:2, volume ratio)
to obtain 1.04 g (46%) of MnPC with 2000 daltons mole-
cular weight. Mn-PC was diluted into 20 mmol concen-
tration with 0.8% sterile normal saline. For our studies,
0.2 ml/kg MnPC was rapidly administered into the ear
vein of rabbits.

Mn-DPDP

Mangafodipir trisodium (TELASCAN®, Nycomed,
Oslo, Norway) is a paramagnetic, hepatobiliary-specific
T1 agent. Manganese is chelated with DPDP, which is
the catalytically active form of vitamin Bg. This agent is
taken up by hepatocytes and excreted into the bile and
urine (15-17). After baseline MRI scan, 0.01 mmol/kg of
Mn-DPDP was slowly administered over the period of

5-10 minutes into the ear vein of rabbits.

Proton Relaxivity

MnPC was diluted into 0.1 mmol concentration with
0.8% sterile normal saline. The T1/T2 relaxivity(R1/R2)
for MnPC was determined at a 1.5 T (64 MHz} MR spec-
trometer (Simens Vision Plus). The saturation recovery
technique using 90-180° inversion RF pulse was em-
ployed to measure spin-lattice relaxation time. On the
other hand, spin-spin relaxation time was determined
with Carr-Purcell-Meiboon- Gill (CPMG} pulse.

In vivo Magnetic Resonance Imaging

All MR studies were performed on 1.5 T scanner (GE
Signa Advantage, GE Medical System, U.S.A.}. The hu-
man extremity radio frequency coil of a bird cage type
was employed. MR images were acquired at 17 to 24
days after implantation. The animals were anesthetized
via intramuscular injection of a mixture of 5 mg/kg xy-
lazine hydrochloride and 35 mg/kg ketamine hydrochlo-
ride.

Three sequences were used, and each images were
obtained before and after CM administration. TIWI
were obtained with spin-echo (SE) and Fast Multiplanar
Spoiled Gradient Recalled (FMPSPGR] pulse sequence.
The parameters for T1-weighted SE imaging were as fol-
lows: TR of 516 msec, TE of 14 msec, FOV 12 cm, ma-
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Fig. 1. ROI plots of relative SI of the normal liver parenchyma (®) and the VX2 carcinoma rim (®)
from the T1-weighted SE images for MnPC and Mn-DPDP. SI of the liver parenchyma and the tu-
mor rim was gradually increased and maintained continuously.
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trix 128 X 256, 2 NEX, and slice thickness of 3 mm (gap
1 mm). The parameters for the dynamic T1-weighted
FMPSPGR imaging were as follows: 80 msec/4 msec
(TR/TE), flip angle 60 degrees, FOV 12 cm, bandwidth
16 KHz, matrix 128 X 256, 2 NEX, and slice thickness of
3 mm (gap 1 mm). The parameters for T2-weighted fast
spin-echo (FSE) imaging were as follows: 1200 msec/85
msec (TR/TE}, FOV 12 cm, matrix 128 X 256, 2 NEX,
and slice thickness of 3 mm {gap 1 mm). Both pre- and
postenhanced MR images were used identical pulse se-
quence parameters.

Data Analysis

SI values for the liver parenchyma and the VX2 carci-
noma were obtained for subsequent, quantitative analy-
sis. ROI measurements were made as a function of time

C

after intravenous injection of contrast agents in the nor-
mal liver parenchyma and the VX2 tumor rim. SI versus
time curves from each ROI were individually normal-
ized to the unenhanced baseline value, and then aver-
aged over all regions on all slices for each tissue type.

Results

Proton Relaxivity

The value of T1/T2 relaxivity (R1/R2) of MnPC was
7.28 mM™'S™ for T1 and 55.56 mM 'S for T2 respective-
lyat 1.5 T (64 MHz).

In vivo Magnetic Resonance Images
a. Mn-phthalocyanine .
The liver parenchyma and the VX2 tumor lesions
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Fig. 2. Spin-echo images(TR/TE =516/14 msec) of MnPC in rabbit liver with experimentally implanted VX2 tumors. a:
Before contrast agent. b. 12 minutes after intravenous injection of 4 mmol/8[] MnPC. SI of the liver parenchyma and
the tumor rim began to be increased. ¢. 34 minutes after injection. Tumor areas and surrounding connective tissue ar-
eas could be clearly separated due to significantly increased SI of the rim. d. 63 minutes after injection. SI of the liver
parenchyma and tumor rim was gradually increased all during examination. No contrast enhancement was observed

in the central zone that were necrotic areas.
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showed homogeneous patterns on precontrast TIWI
{Fig. 2a, 3a) and heterogeneous patterns on unenhanced
T2WI (Fig. 4a). The VX2 tumor was hypointense on
T1WI (Fig. 2a, 3a) and hyperintense on T2WI (Fig. 4a),
compared with the normal liver parenchyma. On T1WI,
the liver parenchyma was strongly enhanced after intra-
venous injection of MnPC. SI of the liver parenchyma
was gradually increased, and the increase in the tumor-
to-normal liver contrast was maintained continuously
(Fig. 1). Prominent rings surrounded the tumor masses
with a darker core. Tumor areas and surrounding con-
nective tissue areas could be clearly separated on post-
contrast T1-weighted SE images due to significantly in-
creased SI of the tumor rim (Fig. 2b-d). The tumor was
easily distinguishable from the necrotic or cystic inner
core also on the postcontrast T1-weighted FMPSPGR

images. Enhancement of the central viable tumors from
about 30 minutes after injection of MnPC was not as
sharp as postcontrast T1-weighted SE images, but the in-
crease in the tumor-to-normal liver contrast was contin-
uously maintained to some extent all during examina-
tion (Fig. 3b-d). It was noteworthy that SI of the liver
parenchyma was decreased on enhanced T2-weighted
FSE. This phenomenon made possible the clear discrim-
ination between the liver parenchyma and the viable tu-
mor regions, which could not be observed after intra-
venous injection of T1 contrast agents (Fig. 4b-d). On
both T1- and T2-weighted images, no contrast enhance-
ment was observed in the central zone that were necrot-
ic areas histopathologically, and fibrotic portions that
were obscurely observed on precontrast TIWI were
seen clearly.
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Fig. 3. FMPSPGR images(TR/TE = 516/14 msec) of MnPC in rabbit liver with experimentally implanted VX2 tumors.
a. Before contrast agent. b. 8 minutes after intravenous injection of 4 mmol/#]] MnPC. Tumor periphery was en-
hanced strongly in a rim pattern, while central viable tumor showed an intermediate enhancement. The tumor was
easily distinguishable from the necrotic or cystic inner core. €. 29 minutes after injection. There was no contrast en-
hancement at the center of the necrotic regions. d. 59 minutes after injection. The increase in the tumor-to-normal liv-

er contrast was continuously maintained to some extent.
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b. Mn-DPDP

The liver parenchyma and the VX2 tumor showed ho-
mogenous SI on precontrast TIWI (Fig. 5a, 6a). The SI of
tumor lesion was lower than the normal liver parenchy-
ma on all pre- and postcontrast TIWI. The liver
parenchyma is strongly enhanced after injection of this
tissue-specific agent. The increased signal enhancement
of the liver parenchyma thus improved the visualization
of the VX2 tumor lesion on postcontrast T1WI relative
to the precontrast images. Enhancement of the liver
parenchyma was relatively well maintained during ex-
amination. A tumor rim, which is hyperintense, is well
defined on postcontrast images. No uptake of the con-
trast agent into the necrotic area was seen after intra-
venous administration of Mn-DPDP(Fig. 5b-d, 6b-d).
The maximum liver-to-tumor contrast was reached in

about 35 minutes after intravenous infusion of Mn-
DPDP (Fig. 1). Unenhanced T2-weighted FSE showed
hyperintense tumor rim and hypointense fibrotic that
were obscurely observed on precontrast TIWI (Fig. 6b).

Discussion

Our laboratory recently developed the relatively
macromolecular MR contrast agent, Mn-phthalocya-
nine, that had the molecular weights of 2000 daltons.
The effect of MnPC on water proton relaxation was de-
termined in vitro. In case of MnPC, an increased effi-
clency in proton relaxation enhancement was observed
when paramagnetic ions were complexed to macromol-
ecular ligand. The R1 measured with 0.1 mmol MnPC
was 7.28 mM™S* at 1.5 T (64 MHz), and consequently

Fig. 4. FSE images (TR/TE = 1200/85 msec) of MnPC in rabbit liver with experimentally implanted VX2 tumors. a.
Before contrast agent. b. 9 minutes after intravenous injection of 4 mmol/kg MnPC. SI of the liver parenchyma began
to be decreased. Compartmentalized necrotic regions were seen. €. 30 minutes after injection. Decreased SI in the liv-
er parenchyma made possible the differentiation between the liver parenchyma and the viable tumor lesions, which
could not be observed after intravenous injection of T1 contrast agents. d. 60 minutes after injection. The increase in
the tumor-to-normal liver contrast was relatively well maintained.
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attributed to a slowing of tumbling rate of MnPC. In ad-
dition, the value of R2 of MnPC was 55.56 mM™S. It
was noteworthy that the R2 value of MnPC was much
higher than the commonly used MR contrast agents
(18). We expected that MnPC would be able to be used
as T2 agent as well as T1 agent, adjusting imaging para-
meters properly on T2WI. This possibility was well
demonstrated in the experimentally implanted VX2 tu-
mor model of rabbits.

T1 contrast agent such as Mn-DPDP could show no
significant discrimination between the liver parenchy-
ma and the viable tumor on enhanced T2WI (16, 17, 19,
20). In this study, high T2 relaxivity of MnPC, resulting
from strongly, covalently bonded manganese with ph-
thaocyanine, suggests that MnPC will be used as T2 a-
gent as well as T1 agent. As a result, we determined the

SI of the liver parenchyma was decreased on postcon-
trast T2-weighted FSE after intravenous injection of
MnPC, and we could easily distinguish the VX2 carcino-
ma within the liver parenchyma (Fig. 4.

When MnPC was administrated intravenously, the tu-
mor margin delineation was more remarkable than the
MR images enhanced with Mn-DPDP (Fig. 2-4) (19, 20).
On all enhanced T1WI, strongly enhanced areas corre-
sponded to richly vascularized connective tissues and vi-
able tumor tissues, whereas nonenhanced areas corre-
sponded to nonvascularized necrotic tissue histological-
ly. No contrast enhancement was observed in the cen-
tral zone that were necrotic areas histologically (21-23).
In the current study, the change in the SI of liver
parenchyma after intravenous injection of CM was mea-
sured. The enhancement of normal liver parenchyma
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Fig. 5. Spin-echo images (TR/TE = 516/14 msec) of Mn-DPDP in rabbit liver with experimentally implanted VX2 tu-
mors. Q. Before contrast agent. b. 12 minutes after intravenous injection of 0.01 mmol/kg Mn-DPDP. The liver
parenchyma was strongly enhanced, but the central viable tumor was not enhanced very much. ¢. 34 minutes after
injection. SI of the liver parenchyma and the tumor rim showed the maximum value. d. 63 minutes after injection.
Enhancement of the liver parenchyma was relatively well maintained. No contrast enhancement was observed in the

necrotic areas.
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with MnPC persisted at relatively high levels over at
least one hour after injection of CM (Fig. 1). The grad-
ual, persistent, high enhancement patterns of VX2 carci-
noma with MnPC are thought to reflect the leakiness of
the macromolecules into the interstitial space due to
high vascular permeability.

The hepatobiliary contrast agents were taken up into
the hepatocytes, and then excreted into bile and urine
(1-3}. In case of Mn-DPDP, it is dissociated to free man-
ganese and DPDP after undergoing rapid dephosphory-
lation by alkaline phosphatase. Because DPDP is chemi-
cally similar to vitamin B6, this agent is taken up into
the hepatocytes via the cell membrane transport system
(1, 15-17). The previous study showed that the signal
enhancement of the kidney and the gallbladder oc-
curred after intravenous injection of MnPC on the MR
images (18). The mechanisms by which the hepatocytes

extract MnPC from the blood and secrete them into bile
were not refined in this study. Therefore, preclinical ex-
amination should be performed to determine how
MnPC is taken up by the hepatocytes.

Compared with the current developmental directions
of MMCM, MnPC is analogous with MS-325 in that the
paramagnetic materials are strongly combined with the
large molecular ligands (24, 25). Therefore, it is a new
class of the MMCM that has a similar property with S-
PIO in that they exhibit high T2 effect (2, 10). This agent
is T1 and T2 contrast agent but show no blood pool ef-
fect like other MMCM.

MnPC is a relatively new contrast agent for MR imag-
ing, but its pharmacokinetic or pharmacodynamic prop-
erties are not yet fully determined. The hepatic uptake
and biliary excretion of MnPC, which are similar to Mn-
DPDP, suggest that this agent is a new liver-specific a-

Fig. 6. FMPSPGR images (TR/TE =516/14 msec) of Mn-DPDP in rabbit liver with experimentally implanted VX2 tu-
mors. a. Before contrast agent. b. 8 minutes after intravenous injection of 0.01 mmol/kg Mn-DPDP. SI of the liver
parenchyma and the tumor rim began to be increased. €. 29 minutes after injection. The increased signal enhance-
ment of the liver parenchyma improved the visualization of the VX2 tumor lesion. d. 59 minutes after injection. No

uptake of the contrast agent into the necrotic area was seen.
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gent. Also, MnPC seems to be used as a dual contrast a-
gent (T1 and T2) with high T2 relaxivity. That is, further
characterizations of MnPC are needed in vivo and in vit-
ro before clinical trials. The diagnostic potential of
MnPC will also have to be examined more in the disease
models of additional types.
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Y F FH A& A7 o] =A FAIE KAt

AE : MnPC7t ZHA£2 FrE]o] gt e 2 wiAddchke A2 Mn-DPDP$} f-4kgt 54 0H o] MnPC7F A28
ZHEolA 2 AIY-S EQlAA Fr}. i3k MnPCe R23ko] 71&9) 2 Aol vls] vil-¢- Zrs A2 T1 A2
Pakotye} T2 2R A 249 AHE 7HeAdS HolFrt, o|ef sk AM & EU] Bl sibdsly] e 48 o
F AL oAl BA W 2|3 AT 77t o Deste] o FE Rl e 71 A7 e
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