Fig. 5. Development and progression of papillary and nodular
carcinomas depending on the concentration and period of
administration of N-butyl-N-{4-hydroxybutyl) nitrosamine (BHBN) in
female dogs.®? (Reproduced with permission from Medical view Co.,
T. Kakizoe, Development and Progression of Bladder Cancer, 1995.)

«

as P and P+ C. Fifty-seven cases featured apparent early
changes from P to a mixture of P and N, whereas six showed
late development of N with repeated recurrence of P. The
findings thus indicated some N to have developed from P as
more anaplastic cell populations -within a pre-existing low-
grade lesion, whereas others arose directly de novo from C
(Fig. 6). Topographic relationships between P and N in the
pT3 group are illustrated in Fig. 7. Figure 8§ demonstrates

Fig. 6. Conceptual progression routes of papillary (P), papillonodular
(PN) and nodular (N) carcinoma, and carcinoma insitu (C), in 186
cystectomized specimens examined by step-sectioning.®®

findings for patients having a previous history of repeated
recurrence of papillary carcinomas treated by TUR. At the
time of cystectomy, all the cystectomized specimens showed
a variable degree of coexistence of P, N and C.

Molecular pathways of urothelial
carcinogenesis

With papillary superficial and nodular invasive carcinomas,
there appear to be differences in molecular pathways as well

Fig. 7. Cases of pT3 cystectomized specimens indicating coexistence of papilléry (P; blue), papillonodular (PN; yellow) and nodular (N; red)
carcinoma together with oblique line area (C) and shaded area (dysplasia).®?
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Fig. 8. Eleven cases of cystectomiZed specimens having histories of multiple transurethral resection for papillary recurrent carcinomas

showing variety of stages and morphology in a single bladder.®®

as morphology®*3® (Fig. 9). The most common genetic
alterations in low-grade papillary urothelial carcinomas are
LOH of chromosome 9 and activating mutations of fibroblast
growth factor receptor 3 (FGFR3).%%0 Over 70% of low-grade
papillary carcinoma exhibit FGFR3 mutations, but only 10—
20% of high-grade invasive carcinomas have FGFR3 mutations,
implying a key role for FGFR3 together with mutations of 9p
and 9q, specifically for the induction of low-grade papillary
carcinomas. Invasive carcinoma is frequently associated with
p53 mutations. -4

In addition to the above-mentioned genomic abnormalities
associated with urothelial carcinoma, epigenetic alterations
also occur during urothelial carcinogenesis. Almost all cells
in the human body contain the same sequence of DNA, but
cells in different organs during différént developmental
stages express different genes by epigenetic control of cellu-
lar function. This expression control of DNA is achieved by
DNA methylation, chromatin structure and transcription
factors. DNA can be methylated at cytosine residues adjacent
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to guanine residues (CpG) and CpG sites are distributed
non-randomly throughout the genome, being found as islands
in the promoter and exonic regions. Inactivation of tumor
suppressor genes is known to occur via promoter hypermethy-
Iation, frequently due to DNA methyltransferase 1 (DNMT1).
Expression of DNMT1 is increased in tumors and even
during the precancerous stages of the urothelium with the
development of flat carcinomas in situ.“® Hypermethylation
in urothelial carcinogenesis has also been observed in the
promoter region of the E-cadherin gene, indicating an
association with carcinoma in-situ and detachment of cells or
clusters of carcinoma cells in the urine.“*

Development and progression of urothelial
carcinoma

As is shown in Fig. 1, multifocal transitional cell carcinomas
may develop in any region of the urinary tract, from the renal
pelvis/ureter to the bladder/urethra.“*? Whereas upper urinary
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Fig.9. Presumed molecular pathways of development of papillary
and nodular carcinoma. (Modified from Wu.®®) CIS, carcinoma in
situ; FGFR3, fibroblast growth factor receptor 3; MMPS, matrix
metal proteinases; RB, retinoblastoma gene; VEGF, vascular
endothelial growth factor. .

tract carcinomas occur infrequently after transurethral
management of bladder carcinomas, the incidence is much
greater in patients with vesico-ureteral reflux,” suggesting
seeding or implantation of primary urothelial carcinoma cells
after spread via the urine rather than field cancerization. In
addition, recent molecular analyses using X-chromosome
inactivation,® p53 mutation,® 2 LOH®?® and comparative
genomic hybridization® have provided compelling evidence
that multifocal urothelial carcinomas are monoclonal in
origin, despite some discrepancies.®®*"

Comparing the basic morphological patterns of urothelial
carcinomas, namely low-grade, superficial papillary carcino-
mas and high-grade, invasive nodular carcinomas, these two
patterns of urothelial carcinomas are clearly separated in rats®?
and mice.®® However, in dogs,®® papillary carcinomas and
nodular carcinomas can both be induced, depending on the
concentration and period of carcinogen administration. In
humans, papillary carcinomas and nodular carcinomas may
originally develop separately, but coexistence of the two
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The present study was conducted to compare the diagnostic accuracy
between carbon-11 choline (" C-choline) positron emission tomography
(PET)/computed tomography (CT) and conventional imaging for
the staging of bone and soft tissue sarcomas. Sixteen patients who
underwent "'C-choline PET/CT prior to treatment were evaluated retro-
spectively for staging accuracy. Conventional imaging methods
consisted of ® Tc-hydroxymethylene diphosphonate bone scintigraphy,
chest CT and magnetic resonance imaging of the primary site. The
images were reviewed and a consensus was reached by two board-
certified radiologists who were unaware of any dinical or radiological
information using hard-copy films and multimodality computer
platform. Tumor stage was confirmed by histological examination
and/or by an obvious progression in number and/or size of the lesions
on follow-up examinations. Reviewers examining both "C-choline
PET/CT and conventional imaging classified T stage in all patients.
Interpretation based on ""C-choline PET/CT, the Node (N) stage was
correctly diagnosed in all patients, whereas the accuracy of conventional
imaging in N stage was 63%. Tumor Node Metastasis (TNM) stage
was assessed correctly with ""C-choline PET/CT in 15 of 16 patients
{94%) and with conventional imaging in eight of 16 patients (50%).
The overall TNM staging and N staging accuracy of '"C-choline PET/CT
were significantly higher than that of conventional imaging (P < 0.05).
YC-choline PET/CT is more accurate than conventional imaging regarding
clinical staging of patients with bone and soft tissue sarcomas. A
whole body "'C-choline PET/CT might be acceptable for imaging studies
of tumor staging prior to treatment. (Cancer Sc 2006; 97: 1125-1128)

?he general diagnostic tools for staging bone and soft tissue
sarcomas are clinical examination, magnetic resonance
imaging (MRI) and X-ray of the primary tumor site, chest X-ray
or computed tomography (CT), and bone scintigraphy.®

Positron emission tomography (PET) with [18F}-fluoro-2-deoxy-
D-glucose (FDG) has been used in the evaluation of patients
with bone and soft tissue sarcomas for grading and therapy
monitoring.*™ Most of these studies reveal that *FDG-PET is
superior in the assessment of grading and therapy monitoring
compared with conventional imaging.

Recently, carbon-11 choline (*!C-choline) has been introduced
as a new oncological positron-emitting radiopharmaceutical for
evaluation of a variety of malignant tumors.®*? Choline is an
essential component of the cell membrane, and choline uptake
may be via a choline-specific transporter protein.® Choline kinase,
which catalyzes the phosphorylation of choline, is upregulated
in malignant cells. Some studies have demonstrated additional
gains in diagnostic accuracy using "'C-choline.®®"C-choline uptake
is significantly higher in malignant tumors than in benign tumors
and correlates well with the degree of ®¥FDG accumulation with
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the lesion, while the high background activity owing to excretion
via urinary tract interferes with evaluation on SFDG-PET.(415
However, the role of 'C~choline PET scan in the staging of bone
and soft tissue sarcomas has not been clarified. To fully elucidate
the role of "'C-choline PET, the comparison with **FDG-PET and
conventional imaging modalities are needed.

A new-modality PET/CT can improve the localization of
tumors and accuracy of staging in patients because anatomic and
molecular information can be coregistered precisely.® The aim
of the current study was to compare the diagnostic accuracy
between !'C-choline PET/CT and conventional imaging for the
staging of bone and soft tissue sarcomas.

Materials and Methods

Patient. We retrospectively reviewed ''C-choline PET/CT results
from September 2005 to March 2006 for patients with bone and soft
tissue sarcomas, who subsequently underwent surgical resection,
chemotherapy and/or radiotherapy within 2 weeks. 'C-choline
PET/CT was performed for initial staging in 12 patients and for
restaging of recurrent disease in four patients. The study population
consisted of 13 men and three women with a mean age of 44 years
(range, 13-75 years). The clinical records of all of the patients were
available for review. This study was conducted in accordance with
the amended Helsinki declaration and the protocol was approved by
the Institutional Review Board (National Cancer Center, Research
Center for Cancer Prevention and Screening). All of the patients
provided their written informed consent to participate in the
present study and to review their records and images.

Radiopharmaceuticals. Carbon-11 choline was synthesized with
a commercial module essentially using the method described by
Hara and Ynasa."” 1'CO, was converted to 'C-methyl iodide by
LiAlH,/HI reaction. 'C-methyl iodide was trapped in dimethy-
laminoethanol. After a washing step with ethanol and water, 1'C-
choline retained on a cation exchange resin was eluted with
saline. Radiochemical purity of the solution was evaluated by
liquid chromatography radiodetector. The organic solvents were
analyzed by gas chromatography. Endotoxin was assayed by the
lysosomal acid lipase method.

PET/CT. Scans were acquired with a PET/CT device (Aquiduo;
Toshiba Medical Systems, Tokyo, Japan) that consisted of a PET
scanner (ECAT HR+; CTI, Knoxville, TN, USA) and 16-section
CT scanner (Aquilion V-detector; Toshiba Medical Systems) with
a whole-body mode implemented as the standard software. Prior
to the 'C-choline PET/CT study, the patients fasted for at least
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Table 1. Summary of patients and confirmed staging

Size Staging

Pa:oe.m Diagnosis SUV (mm) type Location TNM Metastasis Grade Stage
1 Leiomyosarcoma 463 110 Initial Retroperitoneum T2bNOM1  Soft tissue High v
2 Rhabdomyosarcoma 3.03 60 Initial Perineum T2bN1MO  Lymph node High v
3 Pleomorphic malignant 15.05 133 Initial Chest wall T2bNOM1  Bone, pleura, lymph node High Iv
Fibrous histiocytoma

4 Leiomyosarcoma 4.10 80 Initial Retroperitoneum T2bNOM,P Lung Low v

5 Osteosarcoma 6.70 110 Initial lliac bone T2NOM1b  Bone, lung High VB
6 Clear cell sarcoma 13.03 80 Initial Chest wall T2bNOM1 Bone, lung, pleura, lymph node High IV

7 Myxoid liposarcoma 2.15 50 Initial Leg T1aN1M0 Lymph node Low VB
8 Osteosarcorna 531 110 Initial Tibia T2N1MO Lymph node High v

9 Ewing sarcoma 3.46 95 Initial leg T2bNOMO  N/A High i
10 Ewing sarcoma 9.86 102 Initial Shouider T2NOMO  N/A High 1B
1 Ewing sarcoma 6.14 16 initial Spine TINOMO N/A High A
12 Chondrosarcoma 599 110 Initial lliac bone T2NOM1b  Bone High VB
13 Lelomyosarcoma 3.18 50 Restaging Thigh TibN1M1  Bone, soft tissue, lymph node High v
14 Osteosarcoma 4,95 75 Restaging Jaw TINOM1a Lung High VA
15 Osteosarcoma 3.60 50 Restaging Femur TINOM1b Lung, bone High IVB
16 Alveolar soft part sarcoma  3.60 25 Restaging Shoulder T2NOM1 Bone High v

N/A, not applicable; SUV, standardized uptake value; TNM, Tumor Node Metastasis.

6 h. CT was performed from the head to the mid-thigh according
to a standardized protocol with the following setting: axial 3.0-mm
collimation x 16 modes; 120 kVp; 100 mAs; and a 0.5-second
tube rotation, pitch 11.0. Patients maintained normal shallow
respiration during the three-dimensional acquisition of CT scans.
No iodinated contrast material was administered. Emission scans
from the base of the skull to the leg were obtained starting 5 min
after the intravenous administration of 350-573 MBq of 'C-
choline. The acquisition time for PET was 2 min per table position.
Images were reconstructed with attenuation-corrected ordered-
subset expectation maximization with two iterations and eight
subsets using emission scans and CT data.

Positron emission tomography, CT and coregistered PET/CT
images were analyzed with dedicated software (e-soft; Siemens).
The initial review of the attenuation-corrected PET images
was performed using transaxial, coronal and sagittal planes. The
images were reviewed and a consensus was reached by two
board-certified radiologists who were unaware of any clinical or
radiological information using a multimodality computer platform.
1C-choline uptake was considered to be abnormal when it was
substantially greater than the swmrrounding normal tissue. For
1C-choline PET/CT, tumor sizes and T staging were determined
by the CT part of PET/CT. 'C-choline-avid lymph nodes or
distant metastases on PET/CT were interpreted as positive for
metastases regardless of size. Lymph nodes with abnormal uptake
were deemed positive for metastases even when they were smaller
than 10.0 mm in short axis nodal diameter. Lung nodules without
abnormal uptake but highly suggestive of lung metastases on
1C_choline PET/CT were considered to be positive for metastases.
A pixel region of interest (ROI) was outlined within regions of
increased “C-choline uptake and measured on each slice. For
quantitative interpretations, standardized uptake value (SUV)
was determined according to the standard formula, with activity
in the ROI given in Bq per mL/injected dose in Bq per weight
(kg). However, time decay correction for whole-body image
acquisition was not conducted. A SUV of more than 2.5 was
considered to characterize malignancy.

Conventional imaging. Conventional imaging methods, performed
within 2 weeks of XC-choline PET/CT, either before or after, were
#aTe hydroxymethylene diphosphonate (HMDP) bone scinti-
graphy, chest CT and MRI of the primary site. **Tc-HMDP
bone scintigraphy was performed 2 h after intravenous injection
of 740 MBq of *®Tc-HMDP. Both anterior and posterior
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whole-body planar images were obtained simultaneously with a
dual-headed gamma camera (E.CAM,; Siemens). Chest CT was
performed vsing a multidetector scanner (Aquilion V-detector;
Toshiba Medical Systems) with the following setting: axial 4.0-
mm X 4 modes; 120 kVp, automated electric current; 0.5-second
tube rotation; and pitch 5. Images were reconstructed with 10.0-mm
slice thickness by means of a standard algorithm. MRI of the
primary site was performned using a 1.5 Tesla system (Signa
Horizon; GE Medical Systems, Milwaukee, WI, USA or Visart;
MRI produced by Toshiba Medical Systems, Tokyo, Japan).
Pulse sequences comprised T1-weighted spin echo (SE) images,
T2-weighted fast spin echo (FSE) images, as well as post-contrast
T1-weighted SE images with fat suppression after injection of
contrast material. Pulse sequence parameters and slice orientation
varied with the examined anatomic site. The images were reviewed
and a consensus was reached by two board-certified radiologists
who were unaware of any clinical or radiological information using
hard-copy films and multimodality computer platform. The two
readers for 'C-choline PET/CT and those for conventional imaging
were not the same persons.

Each tumor was staged according to the Tumor Node Metastasis
(TNM) classification of the International Union Against Cancer
for sarcoma of bone and the American Joint Committee staging
protocol for sarcoma of the soft tissue.®®% T, N and M stages were
assigned for both PET/CT and conventional imaging. T staging
was confirmed by pathological evaluation using specimens
obtained from surgical resection of the primary tumors. N staging
was confirmed by pathological examinations in two patients using
specimens obtained from sampling of regional nodes. In terms of
extraregional nodes in two patients, nodal staging was confirmed
by an obvious progression in number and/or size of the lesions
on follow-up examinations. The mean follow-up period was
172 days (range, 44-322 days).

Statistical analysis. All valuables were assessed on a patient-by-
patient basis. The McNemar test was used for paired comparisons
between "C-choline PET/CT and conventional imaging. Statistical
analysis was performed with the SPSS version 11 software program
(SPSS, Chicago, IL, USA).

Results

There were eight bone sarcomas and eight soft tissue sarcomas
(Table 1). The primary sites included shoulder (r = 2), chest wall
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Table 2. Staging of bone and soft tissue sarcoma

"C—choline Conventional

Variables PETICT P—— P-value
Overall stage 0.023
Correct 15 (94) 8 (50)
Understaged 1(6) 8 (50)
Overstaged 0 0
N stage 0.041
Correct 16 (100) 10 (63)
Understaged 0 6 (38)
Overstaged 0 0
M stage 0.617
Correct 15 (94) 13 (81)
Understaged 1(6) 3(19)
Overstaged 0 0

Note: Data are presented as number {n). Numbers in parentheses are
percentages. CT, computed tomography; PET, positron emission
tomography.

(n = 2), retroperitoneum (n = 2), iliac bone (n=2), leg (n=2),
thigh (n=1), perineum (n=1), tibia (n=1), femur (n=1),
mandible (n = 1) and spine (n = 1). Pathological diagnoses were
osteosarcoma (1 = 4), Ewing sarcoma (7 = 3), leiomyosarcoma
(n=23), clear cell sarcoma (n=1), chondrosarcoma (n= 1),
pleomorphic malignant fibrous histiocytoma (n=1), myxoid
liposarcoma (n=1), rhabdomyosarcoma (n=1), and alveolar
soft part sarcoma (n=1). Histological grade of tumors was
grade 1 (n=1), grade 2 (n=1), grade 3 (n=11) and grade 4
n=23).

( All patients of initial staging had increased ''C-choline uptake
of the primary lesion (average maximal SUV & SD: 5.92 * 3.68
[range, 2.15-15.05]). Pathological T stages available in patients
with initial staging are as follows: T1 (n= 1), Tla (n=1), T1b
(n=1), T2 (n=4) and T2b (n = 5). T stages in patients with restag-
ing were T1 (n=2), T1b (n=1) and T2 (rz = 1). Tumor size of
patients for initial staging was 78.5 % 34.0 mm (mean * SD [range,
16.0-133.0 mm]). Both "'C-choline PET/CT and conventional
imaging classified the T stage correctly in all patients. Twelve
(75%) of the 16 patients had NO disease. Using ''C-choline PET/
CT, the N stage was correctly assigned in all patients, whereas
the accuracy of conventional imaging in N stage was 63%
(P =0.041, Table 2). Understaging occurred in six patients
(38%). Three of these patients (19%) had metastasis of inguinal
node whose largest diameter was less than 10.0 mm (Fig. 1). The
incidence of distant metastases was high in our study popula-
tion. Both 1'C-choline PET/CT and conventional imaging detected
bone metastases in seven patients (44%), lung metastases in five
(31%) and pleural dissemination in two (18%, Fig. 2). Using
1. choline PET/CT, the M stage was correctly assigned in 15
patients (94%), whereas the accuracy of conventional imaging
in M stage was 81% (P = 0.617, Table 2).

The complete stages of all patients were stage IA (n= 1), stage
OB (n=1), stage IIT (n=1) and stage IV (n=13). TNM stage
was correctly assessed with 'C-choline PET/CT in 15 of 16
patients (94%) and with conventional imaging in eight of 16
patients (50%, P = 0.023, Table 2). 'C-choline PET/CT assigned
an incorrect TNM stage in a patient. This patient was under-
staged due to small metastatic lung tumor which was not clearly
visualized by CT part of “C-choline PET/CT. Eight patients
were understaged by conventional imaging (50%). Of these, skip
metastases of soft tissues were identified in two (25%) and small
nodal metastases in six (75%). 'C-choline PET/CT correctly
determined TNM stage in seven patients (44%) in whom stage
derived from conventional imaging was incorrect.

Tateishi et al.

Fig. 1. A 13-year-old boy with osteosarcoma. (a) Transverse "'C-choline
positron emission tomography (PET)/computed tomography (CT) image
revealed hypermetabolic focus in the proximal portion of the left tibia
(arrow). PET/CT findings were verified at histopathological analysis.
(b) Abnormal uptake of ""C-choline was also noted in the left inguinal
lymph node, which was interpreted as highly suspicious for malignancy
(arrow). Subsequent resection revealed metastasis from osteosarcoma.

Discussion

The results of the present study show that ''C-choline PET/CT
improves the accuracy of staging in patients with bone and soft
tissue sarcomas compared to conventional imaging. Specifically,
"C-choline PET/CT has potentially significant implications for
detecting nodal and distant metastases at overall staging. Reports
about the efficacy of 1'C-choline in the localization and detection
of bone and soft tissue sarcomas are still limited."> To our
knowledge, no study regarding !'C-choline PET/CT for staging
bone and soft tissue sarcomas was found. In our study, seven of
the 16 patients had skip metastases of soft tissue or nodal metastases
detected by "C-choline PET/CT that were not identified by
routine clinical and conventional radiological evaluation.

The ability of PET to depict increased metabolism in malignan-
cies has greatly improved the accuracy in detecting neoplasms.®
However, compared with conventional imaging studies, use of PET
alone results in a lack of substantial detail. ™ The PET/CT device
permits sequential acquisition of anatomic CT and functional
PET images in a single scanning session. Morphological charac-
terization of scintigraphic lesions by PET/CT resulted in a lower
percentage of equivocal interpretations compared with that of
conventional imaging. Tumor-detecting PET/CT technology is
growing rapidly. However, there are only limited data available
on staging of bone and soft tissue sarcomas with PET/CT.

Carbon-11 choline uptake was significantly higher in malignant
soft tissue tumors and was due to the high utilization of cell
membranes of these lesions. 'C-choline uptake is observed physio-
logically in the liver, pancreas, kidney and duodenum. 'C-choline
is also secreted into phospholipid-rich pancreatic juice in a non-
fasting state. A potential advantage of "'C-choline PET/CT might
be the assessment of tumors in the skull or retroperitoneum.
Blood clearance of 'C-choline is rapid and radioactive distribution
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Fig.2. A 34-year-old man with clear cell sarcoma. (a) Transverse "'C-
choline positron emission tomography (PET)/computed tomography
(CT) image depicting abnormal uptake in the tumor arising from the
left lateral chest wall (arrow). (b) PET/CT image also depicts pleural
dissemination and mediastinal lymph node (arrows). Follow-up findings
in this patient confirmed the diagnosis.

in tissues is constant in 5 min. The accumulation of 'C-choline
in the skull or retroperitoneum is hardly affected by background
within the limits of short uptake time. In comparison to *FDG,
physiological background level in the urinary tract is low. This may
be due to incomplete tubular reabsorption of the intact tracer, or
enhanced excretion of labeled oxidative metabolites like betaine.*?
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Limited resolution of the present generation of "C-choline
PET/CT and the partial volume effect result in failure to detect
small lesions. In our study, one patient was understaged due to
small metastatic lung tumor, which was not visualized clearly
by the CT part of "C-choline PET/CT. Faint increase in tracer
uptake and motion artifact caused by breathing contribute to
false negative results. However, the advantage of ''C-choline
PET/CT is that the whole-body can be visualized in a single
examination. In our study, 50% of patients were understaged by
conventional imaging. The inaccuracy of conventional imaging
in assessing skip metastases of soft tissues is due to the field
of view.

We reported the accurate modality of 'C-choline PET/CT as
a non-invasive method for staging in patients with bone and soft
tissue sarcomas compared to conventional imaging. Choline is
an essential component of the cell membrane, and choline uptake
may be via a choline-specific transporter protein. Choline kinase,
which catalyzes the phosphorylation of choline, is upregulated
in tumor cells.®® In some types of tumor cells, overexpression
of choline-specific transporter protein and choline kinase were
identified by in sim hybridization.?V *C-choline will be phos-
phorylated by choline kinase as a choline analog and retained in
tumor cells.?V However, the precise pathway of metabolic trapping
by tumor cells has not been elucidated, and further studies to
clarify the mechanism of imaging by "C-choline are needed.

Our study has limitations. Most patients in this study had high-
grade tumors (88%) and may differ from the patient population of
previous studies. Our study was intended to examine the staging
prior to treatment; therefore, patient population of high-grade
tumors may explain the significant accuracy in overall staging
compared to conventional imaging. A study with a larger patient
population would clarify the influence of "*C-choline PET/CT on
staging. Y'C-choline is clearly a sensitive PET tracer for staging
patients with bone and soft tissue sarcomas. The short half-life of
UC-choline necessitates the availability of an on-site cyclotron,
which causes practical restriction. More specific radiotracers
will help overcome this limitation in the future.

In summary, the use of *C~choline PET/CT in patients with bone
and soft tissue sarcomas increases the accuracy of overall staging
and N staging compared to conventional staging. Our study suggests
that whole-body *C-choline PET/CT should be the preferred
modality for staging in patients with bone and soft tissue sarcomas.
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Abstract. Implantable, biocompatible and biodegradable
devices bearing an anticancer drug can provide promising local
therapy to patients with malignant disorders. With the aim of
treating brain tumors, especially gliomas, a membranous sheet
containing doxorubicin was produced by co-polymerization to
poly(D,L-lactide-co-glycolide) (PLGA). When release of the
drug from the sheet was measured, sustained release continued
until day 34. The data contrasted with the burst release from
material containing a higher proportion of the drug. In terms of
biodegradability, a subcutaneous 3 x 3-mm tetragonal sheet
was almost completely absorbed by day 80. When a glioma was
implanted subcuteneously and the tumor nodule exposed to the
sheet, the device inhibited tumor growth significantly. The sheet
consisted of an amorphous structure with cavities estimated to
have a diameter of 0.5 — 3 um by electron microscopic
observation. Since the sheet is implantable, biodegradable and
has a sustained-drug release property, the device may play a
role in the local therapy of brain tumors.

Malignant brain tumor, such as infiltrating glioma and
glioblastoma, is one of the most intractable diseases in the
human body. The invasive character and rapid proliferation
of the cells often brings recurrence of the disease even after
radical treatment and an increase in intracranial
hypertension eventually causes herniation due to limited
intracranial space. The median survival time is 0.4 years for
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glioblastoma and is 5.6 years even for more benign low-grade
astrocytoma (1). Most patients die within 2 to 5 years after
their diagnosis. In spite of recent advances in radiotherapy,
immunotherapy, chemotherapy and other adjuvant
therapies, the prognosis has not been dramatically improved
and more effective therapies are required. Although the
prognosis is poor, the tumors seldom metastasize to regions
outside of the central nervous system. In addition, the main
etiology of death is local recurrence. Therefore, if local
recurrence can be prevented, long-term survival or even a
complete cure of the patient can be expected.

The main problem of administering chemotherapy for
malignancy in the central nervous system is the low efficiency
of drug delivery to the residual tumor in brain parenchyma.
When anti-malignant drugs are systemically administered,
most drugs may not reach the lesion due mainly to the
existence of the blood-brain barrier. From the aspect of
chemotherapy, alkylating agents such as temozolomide and
nitrosourea represented by ACNU or BCNU are the first
choice of drugs in combination with radiation (2, 3). These
drugs are potent against malignant gliomas since they can
cross the blood-brain barrier and enter the tumor cells. They
confer toxicity even to not-actively dividing cells, which
account for approximately 70% of the brain tumor (4).
Moreover, alkylating agents can synchronize cells in the
G2M phase and, thus, function as radiosensitizers when
combined with therapeutic irradiation. Regardless of such a
promising efficacy of the drug, the prognosis of patients has
not improved sufficiently. The reason is partly attributable
to the low local drug concentration, because the drug
delivery is not adequate in spite of penetrability of the drug
through the blood-brain barrier (5, 6). When these facts are
considered, it is obvious that the development of more
potent local treatment is required.

3317



ANTICANCER RESEARCH 26: 3317-3326 (2006)

Recent advances in material engineering have provided a
new material for such local treatment. One representative
example is the BCNU-loaded PLGA wafer (7). PLGA is a
biodegradable and biocompatible material, and the BCNU-
loaded PLGA wafer is an implantable polymeric device that
releases BCNU directly into the tumor tissue. Implanting the
device after surgery can eliminate the residual tumor tissue in
the operative field and delay recurrence. The antitumor activity
of the wafer has been demonstrated (8, 9) and the device might
be useful because most patients with glioma undergo surgical
removal and chemotherapy as well as radiotherapy.

However, there is a concern about alkylating agent-based
local chemotherapy, because tumor cells soon acquire
resistance after the systemic administration of drugs. The
mechanism of resistance is mainly via the recruitment of Og¢-
methylguanin merthyltransferase, a DNA repair enzyme into
tumor cells (10-13). MGMT facilitates stoichiometric transfer
of the Og-alkyl groups from the alkylated DNA molecules to
its own cysteine residues and by so doing, is itself deactivated
after acceptance of the alkyl groups. Overexpression of
MGMT repairs the DNA damage caused by the alkylating
agents. Chemotherapeutic agents, such as temozolomide and
nitrosourea, induce MGMT expression in the tumor cells and
resistance may influence the effect of focal treatment with the
BCNU wafer. In such cases, treatment with another anti-
malignant drug with a different mechanism of action might
be useful. Based on this concept doxorubicin was selected.

The mechanism of doxorubicin resistance is expression
of the multiple drug resistant gene (MDR); moreover, it
does not show cross-resistance to alkylating agents. In
addition, doxorubicin has been used commonly in patients
with disseminated Iymphoma or leukemia in the
cerebrospinal fluid by intrathecal injection and its safety
has been well recognized. Thus, doxorubicin was co-
polymerized to biodegradable PLGA and a membrane
containing the drug was developed. Ultimately, the
possibility of modulating the glioma after surgery using the
membrane could be explored.

Materials and Methods

Doxorubicin sheet. Doxorubicin hydrochloride ((28,4S)-4-(3-amino-
2,3,6-trideoxy-a-L-fxo-hexopyranosyloxy)-1,2,3,4-tetrahydro-2,5,12-
trihydroxy-2-hydroxyacetyl-7-methoxynaphthacene-6,11-dione
monohydrochloride; DOX or Adriamycin) was provided by Kyowa
Hakko Kogyo Co. Ltd. (Tokyo, Japan). One square centimeter of
the sheet contained 1 mg of doxorubicin. To prepare an 8.4 cm?
surface of the sheet, 8.4 mg of doxorubicin were mixed with 318 mg
of PLGA (50:50 molar ratio, Mw53114) dissolved in chloroform.
The mixture was co-polymerized by the solvent-evaporation
method and used after further desiccation.

Release of doxorubicin in vitro. Measurement of the drug

concentration in the solvent was determined by the UV-2200A
spectrophotometer (Shimadzu, Kyoto, Japan). The doxorubicin
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sheet was set under physiological conditions for days (pH7.4, 37°C
in phosphate-buffered saline) and the total amount of the eluted
doxorubicin was quantified.

Animal experiments. To investigate the biodegradation of the
doxorubicin sheet, closed colony Jcl:ICR mice were purchased
from Clea Japan, Tokyo and bred in a standard animal facility. For
the tumor implantation and treatment study, five-week old Fischer
344 rats were purchased from Sankyo Laboratory, Tokyo, Japan.
These animals were maintained under conditions of 28°C and 55-
60% humidity and given free access to food and tap water. All the
animal procedures were performed under the guidance of the
committee in the animal care facility. In the first set of animal
experiments, the 3 x 3 mm tetragon sheet was subcutaneously
implanted into the left flank of an ICR mouse. After implantation,
absorption of the sheet was determined by weighing the
unabsorbed residuals after removal. Degradability was expressed
as a percentile of the original sheet weight on the day of
observation (n=5 in each group). In the second set of the
experiment, the RT2 glioma cell line, syngeneic to the Fischer 344
rat, was used. The RT2 glioma cells were cultured in Dulbecco’s
minimum essential medium supplemented with 10% bovine serum
(GIBCO Laboratories, Grand Island, NY, USA). Three x 105 of
the trypsinized and dispersed cells in 100 pl of PBS were
subcutaneously injected into the rat’s right flank and four days
later, after confirmation of establishment of the tumor nodule, the
rats were treated with 2.1125 cm? of doxorubicin sheet containing
2.1 mg of doxorubicin by covering the tumor. For some animals,
8.4 mg/100 ul of doxorubicin were directly injected into the center
of the tumor. Tumor volumes were measured and growth was
directly accessed. Statistical analysis was performed by the two-
tailed Student’s z-test.

Morphological examination of the doxorubicin sheet by electron
microscopy. For the scanning electron microscopy, the doxorubicin
sheet was lightly washed in water then fixed with 1.2%
glutaraldehyde in 0.1 M phospate-buffered saline then adjusted to
pH 7.4. The specimen was dehydrated by ascending concentrations
of ethanol and the critical point drying method using liquid CO,.
After the dehydration, the sample was coated with ion-sputtered
gold and palladium and observed by a JSM-5800LV Scanning
Electron Microscope (JEOL Ltd.,, Tokyo, Japan) at the
accelerating voltage of 15 KV. For transmission electron
microscopy, the sheet was fixed with 2% glutaraldehyde in
phosphate-buffer and the specimens were subjected to examination
by an H-7500 Electron Microscope (Hitachi, Tokyo, Japan) at the
accelerating voltage of 100 KV.

Results

Release of doxorubicin from the doxorubicin sheet. The
release of doxorubicin from the PLGA membrane was first
determined in vitro. The concentration of doxorubicin was
measured by absorption spectrophotometric analysis. The
absorbance of light by doxorubicin in continuous wavelength
was measured by a spectrophotometer (Figure 1A) and the
correlation of both 232 nm and 480 nm peaks for
determination of the doxorubicin concentration was
confirmed. The amount of drug in the solvent was
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Figure 1. Release of doxorubicin from the sheet in vitro. A) Spectrophotometric properties of doxorubicin. The light absorbance of doxorubicin was
measured by continuous change in the wave length. Based on the figure, the absorbances at 232 nm and 480 nm were used for further determination of
the drug concentration. Values measured at both peaks correlated well with drug concentrations. B) Total amount of doxorubicin released from 1 mg of
the sheet. Release gradually started from immediately after the exposure and 10% of the drug was released by day 10. The sheet steadily discharged the
drug and sustained release continued until day 28. After the burst release around day 30 to 34, further release was not detected. The result is expressed
as the mean of two experiments; bars, S.D. C) Release from the drug-overloaded sheet. When the drug concentration was increased 3-fold when co-
polymerized to PLGA, the sheet released the drug much faster than the ordinary sheet. Most of the drug was released by day 8 and further release was

not prominent after day 10. The result is expressed as the mean of two experiments; bars, S.D.

quantified at the 480-nm wavelength. The PLGA sheet
containing doxorubicin was left under physiological
conditions and the total amounts of doxorubicin released
were measured (Figure 1B). Release started from day 1 and
gradually increased until day 24. Subsequently, the release
was abruptly increased and continued until day 34. Thirty-
four days after the experiment, the release reached a peak.

The released amount was followed up until day 178,
however further release was not detected in the experiment
(data not shown). The pattern of slow release from the
sheet might derive from the proportions of doxorubicin and
PLGA. When the load of doxorubicin was increased in the
sheet, a three-fold higher drug discharge occurred at an
earlier stage of the experiment (Figure 1C). The drug burst
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A started from the day of the experiment and most of the
doxorubicin was released by day 8. Unlike the previous
result, sustained release was not detected in this drug-
100 ¢ enriched sheet. The sheet did not retain doxorubicin after
12 days of experiments.

% - \\\ Biodegradation of the sheet in mice. Since deliberate release
- of the drug from the sheet was demonstrated'in vitro, the
60 \ biodegradability of the sheet was examined next. After
\ implantation of the sheet into the left flank of the mice,
] \. changes in the dry-weight of the sheet were measured and
0 - \\ recorded chronologically. The sheet degraded according to
; ’ \f\ the passage of time. Degradation rapidly progressed in the
20 \ initial stage and continued until day 78. The sheet was

% of original weight

| ultimately absorbed. It took more than 80 days to disappear
1 [™e and further changes in weight could not be determined.
: b s e During the process, the doxorubicin sheet was assimilated

and other than pigmentation in the adjacent area, caused

Figure 2. Biodegradability of the sheet in vivo. A) The dry-weight of the implanted sheet was measured and biodegradability was expressed as a percentage
of the original weight. The sheet degraded according to the passage of time. There was a rapid decrease in volume from the start of the experiment, Sfollowed
by gradual degradation. More than 78 days were required for complete absorption. The result is expressed as the mean of five animals at each time point;
bars, S.D. B) Biodegradability of the subcutaneously implanted sheet. The picture shows the sheets at 52 days after implantation. The sheet was degraded,
but still visible with a change in the color of the surrounding subcutaneous tissue. Pigmentation of tissue occurred in the contact area of the sheet.
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neither inflammation nor substantial necrosis in the
surrounding tissue (Figure 2A, B).

Effect of the released doxorubicin on the established tumor.
The slow-release character and biodegradability of the sheet
enables potential application of the sheet for tumor
treatment in vivo. In the final examination, the sheet was
used for the treatment of subcutaneously implanted RT2
syngeneic malignant glioma tumor cells. After growth, the
tumor was covered with a doxorubicin sheet and the
subsequent growth was measured. Tumors treated with a
mock sheet increased in size exponentially (Figure 3). In
contrast, growth of the tumor was inhibited in rats treated
with the doxorubicin sheet. On the 17th day of the
experiment, the tumor volume reached more than 30 cm?
and the rats started to die in the control group, whereas the
group treated with the doxorubicin sheet exhibited a smaller
tumor size. There were inter-group differences in volumes

Figure 3. Tumor growth inhibition by the sheet. A) After glioma cells were implanied, the tumor nodule was treated to the sheet. While tumors in control
animals grew prosperously, treatment inhibited the expansion of the tumor. Mock sheet treatment ( [); doxorubicin sheet treatment (@). There were
differences on day 14 (p=0.064) and day 17 (p=0.019). The result was demonstrated as a mean of five animals in each group; bars, 8.D. B) Histology
of tumor cells with the sheet (on day 17, hematoxylin-eosin staining). Tumor tissue or cells (left) adjoining the sheet (right) were necrotic with erythrocytes.
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Figure 4. Ultrastructure of doxorubicin sheet by electron microscopy. A-C) Pictures taken by scanning electron microscope, D) By transmission electron
microscope. A) Overview: the sheet had a flexible texture with a thickness of 10 um. B) Surface: the surface consisted of amorphous material with small
holes. Grains of the drug resided in these small holes with a diameter of 0.5 to 3 um. C) Vertical section (ethanol-cracked surface): after fixation, the
sample was ethanol-cracked in liguid nitrogen. Cross-section disclosed the porous structure of the membrane sheet. D) Cross-section of the sheet: the drug
was encircled by an amorphous electro-density substrate. Direct magnification, x15000.
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Figure 4. continued
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on days 14 and 17 (p=0.064 and 0.019, respectively). The
sizes of tumors treated with the doxorubicin sheet were
comparable to those of animals treated by direct injection
with a 4-times higher total dose (on day 14: injection
4.88+2.33 cm3 vs. sheet 5.50=1.81 cm3, on day 17:
14.80%6.62 cm? vs. 12.56+2.65 cm?).

Morphological studies of the sheet. The sheet’s ability to
confer toxicity to the target tumor by releasing the drug was
confirmed. To further investigate the material, the sheet was
examined by electronmicroscopy. The sheet had a thickness
of 10 um and was flexible (Figure 4A). The surface of the
sheet consisted of an amorphous structure with small
cavities having a diameter of 0.5 to 3 pum. A grain,
presumably of drug, was held in each cavity and some of
these protruded to the surface. Some of the cavities were
empty, but this may have been due to elution of the drug
during preparation of the specimen (Figure 4B). An
ethanol-cracked, vertical section revealed the spongy,
cheese-like structure of the sheet. Most of the cavity was
hollow due to the same reason as above, but the drug is
visible in the cavities through a small exit (Figure 4C). This
finding was confirmed by transmission electronmicroscopy
(Figure 4D). The structure of the sheet may be responsible
for sustained release of the drug.

Discussion

In this study, a doxorubicin-loaded poly (D, L-lactide-co-
glycolide) membrane was developed and drug release from
the membrane, biodegradation and efficacy on implanted
glioma cells were examined.

As a scaffold for drug polymerization, PLGA was chosen.
Similar to other polymers (14), PLGA has been used, not only
as biodegradable polyester elastomers in tissue engineering
(15), but also as a carrier of drugs, antigens, or genes either by
itself or in combination with other appropriate materials.
Owing to its safety, performance, cost and ease-of-use, this
material was especially useful as a drug delivery tool for
anticancer drugs. Micro- or nano-particles of PLGA conjugates
include paclitaxel (16-20), doxorubicin (21-23), floxuridine
(24), cystatins (25), camptothetin (26), 5-fluorouracil (27, 28),
oxaliplatin (29), methotrexate (30) and cisplatin (31). In
addition to the anticancer agents, tumor antigen (32, 33),
photodynamic (34-37) or radiosensitizer (38, 39), genes (40-42)
or DNA decoys (43), anti-angiogenic agents (44, 45), usnic acid
(46), interferons (47), immunotoxin (48), all-trans retinoic acid
(49), hormones (42, 50) and other compounds have been
conjugated to PLGA for the treatment of malignant diseases.

Nano- or micro-particles of PLGA have drug delivery
advantages, such as achievement of a higher concentration in
the target tissue, sustained release and a longer circulation
time in plasma as well as Jower toxicity. However, from the
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stand-point of brain tumor therapy, especially considering the
prevention of recurrence, there is an advantage of local
therapy with an implantable drug-conjugated device, even
though diffusion of nanoparticles is relatively limited to the
vicinity of the implantation site (27). Accordingly, a wafer with
BCNU was successfully developed (7, 8, 51). In other solid
tumors, local treatment with PLGA polymers with paclitaxel
and vinca alkaloid were developed and tested in clinical pilot
trials (52, 53).

We chose doxorubicin for co-polymerization to PLGA.
This drug has a long history and has been used widely for the
treatment of malignancies, including leukemias, lymphomas
and many solid tumors, including brain tumors. Accordingly, '
its pharmacokinetics are well known. From the aspect of
safety, the drug can be administrated intrathecally with few
serious adverse effects (54, 55). This might compromise
safety if leakage of the drug occurs into the cerebrospinal
fluid. Moreover, resistance to alkylating agent due mainly to
overexpression of MGMT generally does not demonstrate
cross-resistance to doxorubicin, which blocks DNA and RNA
synthesis by inhibiting topoisomerase II. The sheet might be
especially useful for patients with recurrent drug-resistant
gliomas initially treated by alkylating agents.

Local therapies are key options for the treatment of brain
tumors. BCNU-loaded wafers and other implantable nano-
and micro-particles are the materials of first choice. It is
preferable to increase the number of effective devices or drugs
for local treatment. Since our PLGA-based sheet is
implantable, easy to prepare, wholly degradable and displays a
sustained-release property, it may play a role in the treatment
for malignant brain tumors as a local therapy device.
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