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Case Study

Superparamagnetic Iron Oxide-
enhanced Magnetic Resonance Imaging
of Spontaneous Hepatic Neoplasia in a

Cynomolgus Macaque (Macaca fascicularis)

Yasuyo Ito Fujishiro,"* Hiroshi Koie,* Shunya Nakayama,'” Hiroaki Shibata,' Sachi Okabayashi,® Yuko Katakai,?® Kiichi
Kanayama,? Yasuhiro Yasutomi,' and Naohide Ageyama'’

Although the number of reports describing tumors in aged NHP has increased, spontaneous neoplasias in NHP are extremely
rare, with the notable exception of prosimians, in which spontaneous hepatic neoplasms arise. In addition to radiography
and ultrasonography, superparamagnetic iron oxide (SPIO)-enhanced MRI tends to be applied in human practice to non-
invasively locate, identify, and size liver tumors and to define the border between neoplastic and normal tissues. Here we
report a 13-y-old female cynomolgus monkey with anorexia and serologically normal liver enzymes. After fluid therapy, the
condition remained in remission for several months. Later, however, a palpable mass was assessed by using ultrasonography,
radiology, and SPIO-MRI; T2-weighted images revealed a clear border between a hepatocellular carcinoma and normal liver
tissue. Findings at necropsy supported the imaging data. Serologic assessment after euthanasia revealed a positive reaction
to an abnormal form of prothrombin (PIVKA-II). We recommend SPIO-MRI as a practical and useful for diagnosing hepa-
tocellular neoplasias in NHP. This study is the first to demonstrate the applicability of SPIO-MRI for the identification of

hepatocellular carcinoma in NHP.
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Superparamagnetic iron oxide (SPIO) is a liver-targeting
MRI contrast agent that is absorbed by the reticuloendothe-
lial system. Clinically approved SPIO agents are ferumoxides
(Feridex, Bayer Healthcare, Wayne, NY) and ferucarbotran
(Resovist, Bayer Healthcare) with particle sizes of 120 to 180 nm
and about 60 nm, respectively. Both are used to improve
the detectability of focal liver lesions, mainly by increas-
ing tumor-to-liver contrast. Because metastatic liver cancers
lack Kupffer cells, hepatic metastases do not take up SPIO,
whereas normal phagocytic Kupffer cells in the reticuloen-
dothelial system retain SPIO.** Consequently, T2 and T2* re-
laxation times significantly differ between normal tissue and
lesions, such that lesions appear hypointense relative to the
surrounding normal liver. This difference is useful for detect-
ing metastatic liver cancer as areas of hypointensity. Residual
Kupffer cells uptake SPIO in some tumors, including focal
nodular hyperplasia, hepatic adenoma, well-differentiated
hepatocellular carcinoma (HCC), and dysplastic nodules,
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indicating that SPIO-MRI can facilitate the radiologic dif-
ferentiation of primary liver tumors."'?!® Spontaneous neo-
plasias that rarely arise in NHP are unrelated to carcinogenic
factors such as aflatoxin B1."15? A previous study identified
a relatively low incidence of spontaneous malignant tumors
in cynomolgus (1.9%) and rhesus (3.8%) macaques.”” The
incidence is the lowest (1.4%) in rhesus macaque younger
than 5 y, and 78.3% of all neoplasms have been diagnosed in
monkeys older than 20 y. In fact, cancer contributes to 50%
of all deaths among rhesus macaques older than 26 y,* and
recent reports indicate that the number of tumors is increas-
ing among elderly NHP.>¢ This correlation between age and
neoplasia has been recognized in other species.! However,
primary hepatic tumors are still quite rare in NHP>”'* and
humans,>** with the notable exception of prosimians, es-
pecially the Lemuridae,? in which spontaneous neoplasms
can develop in the liver."#? Hepatic iron, copper, and mo-
lybdenum are not associated with HCC in lemurs, suggest-
ing that iron is not a key element in the pathogenesis of liver
tumor formation.* Furthermore, metastatic spread from the
liver to multiple abdominal organs is infrequent.'** Borders
between masses and normal organs are often—but not al-
ways—difficult to evaluate by radiography or ultrasonog-
raphy.'*? However, as we mentioned previously, SPIO-MRI
can noninvasively identify the size and location of tumors as
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well as borders between tumors and normal liver tissues.*
The most recent recommendations from the American As-
sociation for the Study of Liver Diseases state that HCC can
be diagnosed when a mass larger than 2 cm shows typical
features of HCC with contrast material, and SPIO-MRI is use-
ful for masses measuring 1 to 2 cm.* The radiologic criteria
favoring malignancy are size larger than 2 cm, hyperintensity
on T2-weighted images, delayed hypointensity ‘washout,”
delayed enhancement of tumor capsule, and rapid interval
growth.?? However, the diagnostic application of MRI to live
cynomolgus monkeys has not been reported. Here, we in-
vestigated the practical utility of SPIO-MRI for diagnosing
hepatocellular neoplasia in NHP.

Materials and Methods

Clinical symptoms and clinical course. A 13-y-old female cy-
nomolgus monkey had been bred and individually housed in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals in a stainless steel cage with visual and olfactory contact
with other macaques under conditions of a temperature range
of 23 to 27 °C, humidity of 50% to 70%, 12 air changes hourly, a
12:12-h light:dark cycle and was fed 70 g of commercial monkey
chow (Type AS, Oriental Yeast, Chiba, Japan) and 100 g of fruit
daily at the Tsukuba Primate Center.”® The Animal Welfare and
Animal Care Committee of the National Institutes of Biomedi-
cal Innovation, Health, and Nutrition (NIBIOHN, Osaka, Japan)
approved the experimental protocol. This monkey had been
healthy except for being obese, without signs of disease at an-
nual health examinations, and levels of liver enzymes (ALT and
AST) were normal. She was certified free of simian retrovirus
type D, herpesvirus B, simian varicella virus, and SIV and had
never been used for experimentation.

She developed anorexia and mild weight loss, which initially
was alleviated by fluid therapy. However, several months af-
ter apparent recovery, laboratory analysis of serum parame-
ters (AU480 Chemistry System, Beckman Coulter, Brea, CA)
revealed elevated values for creatinine (1.8 mg/dL; normal ref-
erence value, 0.8 + 0.1 mg/dL) and ALP (1924 IU/L; normal
reference value, 453 £ 179 IU/L). At that time, firm, palpable
masses were discovered within the upper abdomen. Ultra-
sonography (data not shown) and plain radiology (Figure 1)
suggested the presence of liver masses and an associated pul-
monary mass. Contrast-enhanced noninvasive SPIO-MRI re-
vealed several masses in the liver.

General anesthesia was induced by using ketamine hy-
drochloride (10 mg/kg IM; Ketalar, Daiichi Sankyo Pro-
pharma, Tokyo, Japan) and maintained by mask anesthesia
with isoflurane gas (2%; Pfizer, New York, NY). Subsequent
exploratory laparotomy revealed massive neoplasms that
were deemed too difficult to resect because of their location
and the extent of infiltration. After exploratory laparotomy,
cefazolin sodium hydrate (50 mg/kg IM; Cefamezin o, As-
tellas Pharma, Tokyo, Japan) was administered to prevent
infection, and buprenorphine hydrochloride (0.02 mg/kg IM,
Zalban, Nissin Pharmaceutical, Yamagata, Japan) was admin-
istered for analgesia.

Several days later, the macaque was euthanized by
using sodium pentobarbital overdose because of a poor
prognosis. Biochemical findings revealed that the animal had
been negative for serum o-fetoprotein” and positive for the
PIVKA-II protein,® both of which are hepatic tumor markers
in NHP.
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Figure 1. Plain-film radiographic images acquired after confirming
serologic abnormalities. White arrows, liver masses and associated
pulmonary metastasis.

Enhanced MRI. After unenhanced MRI of the abdomen, SPIO
contrast-enhanced MR images of the liver were acquired (Al-
legra 3-T scanner, Siemens, Munich, Germany). The macaque
was intubated and mechanically ventilated (ADS1000, Shin-ei,
Tokyo, Japan) under general anesthesia with ketamine hydro-
chloride and isoflurane gas during 3-T MR image acquisition.
Single boluses of SPIO agent (0.45 mg Fe/kg; Resovist, Bayer
Schering Pharma, Berlin, Germany) were administered through
a saphenous vein. Enhanced images were acquired after 10 to
15 min. T2-weighted images were acquired under the following
parameters: repetition time, 2500 ms; echo time, 90 ms, frac-
tional anisotropy, 90°; and slice thickness, 2.5 mm. In addition,
the macaque was assessed in the dorsal position by using a head
coil for ECG and respiratory gating.

Histopathologic analysis. The liver and lung tissues were
fixed in 10% neutral buffered formalin, processed routinely, and
embedded in paraffin wax. Sections (3 mm) were stained with
hematoxylin and eosin, periodic acid-Schiff, and silver. In ad-
dition, neoplastic cells underwent immunohistochemistry. Sec-
tions were dewaxed and immersed in 0.5% H,O, in methanol,
and antigen was retrieved by using citric acid buffer (pH
6.0). The sections were placed in an autoclave for 10 min at
121 °C and then incubated overnight at 4 °C with primary
mouse monoclonal antibodies specific for cytokeratin 7
(dilution, 1:50; CK7, Dako, Glostrup, Denmark), cytokeratin
20 (1:200; CK20, Dako), surfactant protein A (1:100; SP-A, Dako),
hepatocytes (1:50; Dako), and vimentin (1:50; Dako). The sec-
tions were briefly washed with buffer and incubated in the
EnVision+ Dual Link HRP System (Dako) for 30 min. Labeling
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was visualized by immersing the sections in the chromogen
DAB (Dojin Kagaku, Tokyo, Japan) and H,0,” and counter-
staining with hematoxylin.

Results

MR images. In our cynomolgus macaque, the border between
the hepatocellular neoplasia and the normal liver was rendered
more clearly on T2- than T1-weighted images (white arrows,
Figure 2 A and B, respectively). Neoplastic cells were scarce
among Kupffer cells and did not uptake SPIO particles. There-
fore, after SPIO infusion, neoplasias appeared hyperintense
against the normal, dark background of the liver.

Macroscopic findings. At the time of necropsy, the macaque’s
weight had decreased from 5.26 to 3.95 kg over a period of
6 mo, and the animal seemed somewhat emaciated. Macro-
scopic findings revealed 3 masses in the right medial hepatic
lobe (Figure 3 A) and a larger mass (diameter, 5 cm) in the left
lateral hepatic lobe. On cut section, these masses were greenish
yellow and the center was yellowish white, due to necrosis (Fig-
ure 3 B). The gallbladder was extremely enlarged with soluble,
greenish-black bile. Dark-green or brownish-red, multinodular
neoplasms measuring 7 x 8 X 4 cm were found at the base of the
anterior lobe of the left lung and in the medial and posterior
lobes (Figure 3 C). Many dark-red nodules (diameter, less than
1 cm) had spread throughout the right lung lobes. Several tight
adhesions were identified between the dorsal aspect of the left
lung and thorax and between the right lateral hepatic lobe and
right kidney.

Histopathologic analyses. Histopathology revealed exten-
sive infiltration of the liver by atypical neoplastic cells that
were pleomorphic and minimally cohesive, with a large oval
or pleomorphic macronucleus or were multinucleated with
prominent nucleoli. Abnormal nuclear divisions and Mallory
bodies were predominant among the atypical cells (Figure 4 A),
which did not produce bile. Liver staining with periodic acid—
Schiff revealed round cytoplasmic globular inclusions that
resembled globular hyaline bodies in some neoplastic cells
(Figure 4 B); silver impregnation demonstrated decreased re-
ticulin fibers in these lesions (data not shown). The neoplastic
cells were immunocytochemically negative for CK7, CK20,
surfactant protein A, and vimentin (data not shown). Some
atypical cells stained weakly positive with antihepatocyte
antibody (data not shown). In addition, the lungs had been
extensively infiltrated by neoplastic cells that were similar to
those in the liver (Figure 5). Neoplastic thrombi were found in
some liver and lung vessels. Poorly differentiated HCC-like
neoplasia and pulmonary metastases were diagnosed in light
of these findings.

Discussion

Ferucarbotran consists of 60-nm SPIO nanoparticles and
a contrast agent with 4- to 5-nm crystals. The particles are
coated with dextran and attached through electrostatic inter-
action to the iron core by hydrogen bonds between hydroxyl
groups on the dextran and oxide groups on the surface of the
iron core. An unattached dextran tail covers the remaining
iron crystals and contributes to most of the hydrodynamic di-
ameter of the SPIO nanoparticles.”” We selected ferucarbotran
for this study because it can be administered as a rapid bolus.
On ferucarbotran-enhanced MR images, organs with neo-
plasia appear brighter than normal organs because Kupffer
cells in normal organs phagocytize SPIO nanoparticles. The

Enhanced MRI for hepatic neoplasia in NHP

Figure 2. MR images acquired by using a 3-T scanner with SPIO
contrast enhancement. The border between hepatocellular neoplasia
(white arrow) and normal liver is delineated more effectively on (A)
T2- than (B) T1-weighted imaging.

contrast on such MR images renders hepatocellular neo-
plasia easy to diagnose. Liver tumors appeared markedly
brighter than other sites on T2-weighted MR images (Figure
2 A). Although SPIO-MRI is useful for diagnosing metasta-
sis of hepatocellular neoplasia,'® whether it can be used to
discriminate pulmonary or bone metastasis has not yet been
reported. Metastasis in the lungs or bone might be undetect-
able by SPIO-MRI, including our system, because of a lack
of macrophages or due to the target organ’s function. From
the perspective of serologic analysis, PIVKA-II values have
already been established as practical indicators of HCC in
NHP. We confirmed that the PIVKA-II value in the macaque
we present indicated HCC.* Several reports have described
both a-fetoprotein-positive?* and -negative’” HCC in NHP.
Increasing serum a-fetoprotein values in humans indicate
cirrhosis or hepatitis and may not necessarily increase due to
HCC.*? Opinions about o-fetoprotein-negative and -positive
HCC conflict, and the matter is difficult to resolve because
few NHP with HCC have been studied. Some neoplastic cells
in the macaque we described here had Mallory or globular
hyaline bodies, and some cells were weakly positive for anti-
hepatocyte antibody (Figure 4 A and B). Therefore, a poorly
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Figure 3. Macroscopic findings from liver and lung. (A) Three large
masses are located in the medial hepatic lobe. (B) The cut surface of the
mass is greenish yellow and the center has yellowish-white regions
due to necrosis. (C) Dark-green or brownish-red multinodular neo-
plasms measuring 7 x 8 x 4 cm are located at the base of the anterior
lobe of the left lung and in the medial and posterior lobes.
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Figure 4. Histologic findings from liver. The neoplastic cells have
large, oval, atypical nuclei or pleomorphic macronuclei with promi-
nent nucleoli (arrow). Some neoplastic cells had abnormal nuclear
division and Mallory bodies. Hematoxylin and eosin stain; magnifi-
cation, 400x. (B) Staining with periodic acid-Schiff shows round cy-
toplasmic globular inclusions (arrows) resembling globular hyaline
bodies in some neoplastic cells. Magnification, 400x.

differentiated HCC-like neoplasia was diagnosed in light of
the histopathologic findings and other clinical background
parameters.

The SPIO-MRI method is noninvasive and free of undesir-
able side effects. To our knowledge, findings from enhanced
MRI and postmortem imaging in NHP have not been compared
previously. This report delivers additional information about
HCC in cynomolgus macaques, which therefore likely is valu-
able in terms of their care and use as research models. In addi-
tion, we hope to improve the enhanced MRI procedure to assess
responses to anticancer therapies in cynomolgus macaques. This
report is the first to demonstrate the applicability of SPIO-MRI
for diagnosing HCC in NHP.
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Enhanced MRI for hepatic neoplasia in NHP

Figure 5. Histologic findings from lung. Lungs are extensively infiltrated by neoplastic cells similar to those in the liver. Hematoxylin and eosin
stain; magnification, 100x.
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