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ABSTRACT
We are developing and evaluating choline molecular imaging with positron emission tomography
(PET) for monitoring tumor response to photodynamic therapy (PDT) in animal models. Human
prostate cancer (PC-3) was studied in athymic nude mice. A second-generation photosensitizer
Pc 4 was used for PDT in tumor-bearing mice. MicroPET images with 11C-choline were acquired
before PDT and 48 h after PDT. Time-activity curves of 11C-choline uptake were analyzed before
and after PDT. For treated tumors, normalized choline uptake decreased significantly 48 h after
PDT, compared to the same tumors pre-PDT (p < 0.001). However, for the control tumors,
normalized choline uptake increased significantly (p < 0.001). PET imaging with 11C-choline is
sensitive to detect early tumor response to PDT in the animal model of human prostate cancer.

I1TRODUCTIO1
Photodynamic therapy (PDT) is a relatively new therapy that has shown promising for treating
various cancers [1]. PDT requires exposure of tumor tissues or cells to a photosensitizing drug
followed by irradiation with low-power laser light of the appropriate wavelength. Upon
absorption of a photon, the photosensitizer generates singlet oxygen and other reactive oxygen
species that are toxic to cells [2]. Suitable animal tumor models and tumor response measurement
techniques can be helpful to develop and evaluate new PDT drugs.
In our previous study, we used both MRI and positron emission tomography (PET) to image
tumor-bearing mice before and after PDT [3-5]. We used a second-generation PDT drug
phthalocyanine 4 (Pc 4) that has been evaluated for treating various human cancers in animal
models and is currently under clinical trials [6]. In our MR study, for the treated tumors, the T2
values significantly increased (p < 0.002) 24 hours after PDT, compared to the pre-PDT values.
For the control tumors, there was no significant difference between the pre-PDT and 24-hour
post-PDT values. PET can be used to measure the tumor response to therapy at the cellular level.
PET with 18F-fluorodeoxyglucose (FDG) is routinely used to assess tumor response to therapy in
oncologic patients. Small animal PET imaging with FDG has been used to monitor changes in
glucose uptake after PDT in animals as reported by others [7,8] and we reported [4,5]. A decrease
of FDG uptake was observed in treated tumors after PDT.
In this study, we explored the potential of using PET imaging with radiolabeled choline as an
imaging marker to detect prostate tumor response to PDT. Although PET with radiolabled choline
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has been reported for detection of cancers including prostate cancer [9-12], it has not been applied
to study photodynamic therapy. Our experiments included Pc 4-PDT in tumor-bearing mice,
microPET imaging with radiolabeled choline before and after PDT, and quantitative analysis of
PET data. In the following sections, we report our methods, results and potential clinical
applications.

MATERIALS A1D METHODS
Pc 4 Formulation
We use a second-generation photosensitizing drug, the silicon phthalocyanine Pc 4,
[HOSiPcOSi(CH3)2(CH2)3N(CH3)2], that was developed and evaluated for treating a variety of
cancers. The chemical synthesis of Pc 4 was described earlier [13]. A stock solution (1 mg/mL)
was made by dissolving Pc 4 in 50% Cremophor EL, 50% absolute ethanol, then adding 9
volumes of normal saline with mixing. For injection, the Pc 4 stock solution was mixed with an
equal volume of 5% Cremophor EL, 5% ethanol, and 90% saline to give a final concentration of
0.05 mg/mL (0.07 mM).

Tumor Model
The PC-3 cell line is derived from a primary malignant human prostate tumor [14]. PC-3 cells
were grown as monolayers in E-MEM supplemented with 15% fetal bovine serum at 37°C. Cells
were harvested by trypsinization in ethylenediaminetetraacetic acid/trypsin, washed in Hank’s
balanced salt solution (HBSS) without Ca2+ and Mg2+, and centrifuged at 150 x g for 5 min. Cells
were counted in a hemacytometer using 0.4% trypan blue, and the cell suspension was brought to
a final concentration of 1 × 106 cells/mL and kept on ice for immediate injection.
Male athymic nude mice of 4-8 weeks old were housed under pathogen-free conditions. They
were maintained under controlled conditions (12-h dark-light cycles; temperature 20-24˚C) with
free access to sterilized mouse chow. Two tumors were initiated in each mouse by injection of 50
μL containing 5 × 104 PC-3 cells intradermally on each flank at least 20 mm apart and as far from
the lung and heart as possible to minimize motion effects in imaging.

Experimental Protocol
Tumors were treated and imaged when they reached 8-10 mm in diameter, which typically
required 2-4 weeks after implantation. A volume of Pc 4 solution was injected intravenously into
the tail vein to give 0.6 mg/kg (e.g., 240 μL to a 20 g mouse), a dose that we found to be optimal
in another xenograft model (OVCAR-3 ovarian epithelial carcinoma) [15]. Appropriate controls
of photosensitizer without light or light without photosensitizer produced no response. Fortyeight hours after photosensitizer injection, the animals were taken to the small-animal imaging
facility for imaging and PDT. For PDT, a diode laser (Applied Optronics Corp., Newport, CT)
delivered 672-nm light, the longest wavelength absorption maximum of Pc 4. The laser was
coupled to a fiber optic cable terminating in a microlens. The treatment light covered the entire
tumor and was distributed uniformly throughout the treatment field. One of the two tumors on
each animal was irradiated with a fluence of 150 J/cm2 and an irradiance of 100 mW/cm2, that
has been shown to produce a complete response and some cures in other tumor models [16,17].
The low power of the laser light precludes thermal effects. The other tumor in each animal served
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as a control (receiving photosensitizer but no light). Mice were euthanized 48 hours after PDT to
measure early histologic responses to Pc 4-PDT.

Radiosynthesis of 11C-Choline
11

C-choline instead of 18F-labeled choline analogues was used for the experiments because this
study focused on choline metabolic response to PDT. The synthesis method for 11C-Choline was
previously reported [18]. 11C-Carbon dioxide was produced by a Scanditronix MC17 cyclotron
and bubbled into a reaction vial previously filled with LiAlH4 in tetrahydrofurane (THF) solution
(0.1 mol/L, 1 mL) at room temperature. After THF was completely evaporated, hydriodic acid
(HI, 57%, 1 mL) was added, and the reaction vial was heated to 120°C. 11C-CH3I obtained by this
“wet” chemistry was then distilled, dried and trapped onto an Accell Plus CM Sep-Pak cartridge
which was previously loaded with precursor N,N-dimethylaminoethanol (60 µL) at room
temperature. The methylation reaction took placed immediately. The final product was eluted
from the cartridge by saline after being washed with ethanol and water and then passed through a
0.2-µm sterile filter. The radiolabeling yield was about 80% (corrected to 11C-CH3I). The
radiochemical purity was greater than 99% determined by high-performance liquid
chromatography (HPLC) (Partisil SCX cation exchange column, 250 mM NaH2PO4/ CH3CN
(9:1, v/v), flow rate: 1.8 mL/min).

PET Studies
MicroPET images were acquired from each mouse forty-eight hours after the injection of the
photosensitizer Pc 4 but before PDT (Day 0). A group of four mice was scanned 48 h after PDT.
The mice were imaged mo more than two days after PDT because our study focuses on detecting
the early response to PDT. A dedicated microPET imaging system (R4, Siemens Preclinical
Solutions, Knoxville, TN) was used in this study. Approximately 18.5 MBq of 11C-choline in
0.1 mL of physiological saline were injected into each animal via the tail vein. Mice were
immediately scanned for 60 min with a list-mode acquisition that allowed retrospective
determination of time-binning of dynamic data. During each imaging session, the animals were
taped onto a plastic holder and were provided with a continuous supply of 2% isoflurane
(EZAnesthesia, Palmer, PA) in air. Animal respiration rates were monitored throughout the entire
experiment; typically, the respiration rate was maintained at 40/min.

Quantitative Image Analysis
The percentage of the injected dose per gram of tissue (%ID/g) was obtained using ASIPro
(Acquisition Sinogram and Image Processing, software package installed with the microPET
system) and our in-house software. Localization of 11C-choline accumulation in the PET images
in relation to anatomical structures was aided by visually comparing PET images with
transmission images. From the PET image, each tumor was manually segmented on each image
slice. A three-dimensional (3D) region of interest (ROI) was drawn around the tumor regions. A
separate 3D ROI was used for each time point because the tumor size tended to change.

Histopathology
Mice were euthanized 48 h after PDT to measure histologic responses to Pc 4-PDT. Eight tumors
(4 PDT-treated, 4 controls) were dissected one day after PDT. Dissected tumors were sliced into
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2-3 slices and excised tissues were fixed in a large volume of 10% formalin overnight. All tumors
were stained with hematoxylin and eosin (H&E) for histopathologic assessment of tumor
features. Tissue sections of the entire specimen were then examined with an Olympus BX40
microscope at magnifications ranging from 40X to 400X.

RESULTS
Forty-eight hours after PDT, visible changes were observed on the treated tumor. Fig.1. showed
pictures of a mouse before and 48 h after the treatment. The treated tumor showed visible
necrosis, and the untreated tumor did not show obvious change. On microPET images, both
treated and control tumors were visible before and after PDT in Fig.2. The microPET images
showed that the 11C-choline activity within the PDT-treated tumor decreased 48 h after PDT.
Within the tumor region, the image demonstrated heterogeneity but the overall 11C-choline
activity within the entire tumor decreased after therapy. The control tumor did not show visible
change on the PET images before and after therapy.

Fig. 1. Pictures of a tumor-bearing mouse before and 48 h after PDT. Top is the mouse before the
treatment and the bottom is the picture 48 h after the treatment. The red arrows indicate
the treated tumor before and after PDT, which clearly shows the treatment effect. The
blue arrows indicate the control tumor that was intact without treatment.
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Fig. 2. PET images of the treated and untreated tumors before and 48 h after PDT. The first
column is PET image of the treated tumor (arrow) before and 48 h after PDT showing the
decrease of the choline uptake. The second column is the PET images of the untreated
tumor before and 48 h after PDT and there is no apparent change after treatment.

Normalized time-activity curves of 11C-choline uptake were computed for PC-3 tumors before
and 48 h after PDT. Fig. 3 showed the time activity curves before and 48h after PDT of treated
and untreated tumors. A decrease in choline uptake was observed in all treated tumors 48 h after
therapy. On the histologic image, there are massive areas of inflammation and damages within the
treated tumor. In contrast, 11C-choline uptake by the control tumors was increased at the 48 h time
point. The increase in the choline uptake may have been caused by tumor growth, as verified by
the tumor sizes. Histologic image shows that the untreated tumor was not damaged and the cells
were intact.
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Fig. 3. Time activity curves of the treated (top) and untreated (bottom) tumors. The treated tumor
shows a decreased activity 48 h after PDT but the untreated tumor shows an increased
activity 48 h after PDT.

DISCUSSIO1 A1D CO1CLUSIO1
We evaluated microPET with 11C-choline as a noninvasive imaging marker for monitoring tumor
response to PDT in mice. PET images are able to reveal PDT-induced changes in choline uptake
of tumors 48 h after therapy. Treated tumors demonstrated markedly decrease of choline uptake
after treatment, whereas increases in choline uptake were observed in the contralateral untreated
tumor at the same time. Histologic images verified the therapeutic effect on the treated tumors.
PET imaging with radiolabeled choline may provide a noninvasive tool for monitoring early
tumor response to photodynamic therapy, for evaluating new PDT drugs, and for optimizing the
therapy and assessing its efficacy.

Proc. of SPIE Vol. 7262 726211-6

ACK1OWLEDGME1TS
This work was supported by National Institute of Health grant CA120536 (B. Fei). The authors
thank Nancy Edgehouse for histologic preparation and thank Dr. Nancy Oleinick for helpful
discussions.

REFERE1CES

[1] Dougherty, TJ, “An update on photodynamic therapy applications.”, J Clin Laser Med
Surg, 20(1), 3-7 (2002)
[2] Oleinick NL, Morris RL, Belichenko I., “The role of apoptosis in response to
photodynamic therapy: what, where, why, and how.” Photochem Photobiol Sci 1(1), 1-21
(2002)
[3] Fei B, Wang H, Meyers JD, Feyes DK, Oleinick NL, Duerk JL., “High-field magnetic
resonance imaging of the response of human prostate cancer to Pc 4-based photodynamic
therapy in an animal model.” Lasers Surg Med 39(9), 723-730 (2007)
[4] Fei B, Wang H, Muzic RF, Jr., Flask C, Wilson DL, Duerk JL, et al., “Deformable and
rigid registration of MRI and microPET images for photodynamic therapy of cancer in
mice”. Med Phys 33(3),753-760 (2006)
[5] Fei B, Muzic RF, Jr., Lee Z, Flask C, Morris RL, Duerk JL, et al., “Registration of microPET and high-resolution MR images of mice for monitoring photodynamic therapy.”
Medical Imaging 2004: Physiology, Function, and Structure from Medical Images.Edited
by Amini, Amir A.; Manduca, Armando. Proceedings of the SPIE 5369, 371-379 (2004)
[6] Miller JD, Baron ED, Scull H, Hsia A, Berlin JC, McCormick T, et al., “Photodynamic
therapy with the phthalocyanine photosensitizer Pc 4: the case experience with preclinical
mechanistic and early clinical-translational studies.” Toxicol Appl Pharmacol 224(3),
290-299 (2007)
[7] Lapointe D, Brasseur N, Cadorette J, La MC, Rodrigue S, van Lier JE, et al., “Highresolution PET imaging for in vivo monitoring of tumor response after photodynamic
therapy in mice.” J Nucl Med 40(5), 876-882 (1999)
[8] Berard V, Rousseau JA, Cadorette J, Hubert L, Bentourkia M, van Lier JE, et al.,
“Dynamic imaging of transient metabolic processes by small-animal PET for the
evaluation of photosensitizers in photodynamic therapy of cancer.” J Nucl Med 47(7),
1119-1126 (2006)
[9] Glunde K, Jacobs MA, Bhujwalla ZM., “Choline metabolism in cancer: implications for
diagnosis and therapy.” Expert Rev Mol Diagn 6(6), 821-829 (2006).

Proc. of SPIE Vol. 7262 726211-7

[10] DeGrado TR, Coleman RE, Wang S, Baldwin SW, Orr MD, Robertson CN, et al.,
“Synthesis and evaluation of 18F-labeled choline as an oncologic tracer for positron
emission tomography: initial findings in prostate cancer.” Cancer Res 61(1), 110-7 (2001)
[11] Hara T, Kosaka N, Kishi H., “PET imaging of prostate cancer using carbon-11-choline.”
J Nucl Med 39(6), 990-995 (1998)
[12] Hara T, Kosaka N, Kishi H., “Development of (18)F-fluoroethylcholine for cancer
imaging with PET: synthesis, biochemistry, and prostate cancer imaging.” J Nucl Med
43(2), 187-199 (2002)
[13] Oleinick NL, Antunez AR, Clay ME, Rihter BD, Kenney ME., “New phthalocyanine
photosensitizers for photodynamic therapy.” Photochem Photobiol 57(2),242-247 (1993)
[14] Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW., “Establishment and
characterization of a human prostatic carcinoma cell line (PC-3).” Invest Urol 17(1), 1623 (1979)
[15] Colussi VC, Feyes DK, Mulvihill JW, Li YS, Kenney ME, Elmets CA, et al.,
“Phthalocyanine 4 (Pc 4) photodynamic therapy of human OVCAR-3 tumor xenografts.”
Photochem Photobiol 69(2), 236-241 (1999)
[16] Whitacre CM, Feyes DK, Satoh T, Grossmann J, Mulvihill JW, Mukhtar H, et al.,
“Photodynamic therapy with the phthalocyanine photosensitizer Pc 4 of SW480 human
colon cancer xenografts in athymic mice.” Clin Cancer Res 6(5), 2021-2027 (2000)
[17] George JE, III, Ahmad Y, Varghai D, Li X, Berlin J, Jackowe D, et al., “Pc 4
photodynamic therapy of U87-derived human glioma in the nude rat.” Lasers Surg Med
36(5), 383-389 (2005)
[18] Pascali C, Bogni A, Iwata R, Cambie M, Bombardieri E., “[11C]Methylation on a C18
Sep-Pak cartridge: a convenient way to produce [N-methyl-11C]choline.” Journal of
labelled compounds & radiopharmaceuticals 43, 195-203 (2000)

Proc. of SPIE Vol. 7262 726211-8

Baowei Fei, Hesheng Wang, Chunying Wu, Joseph Meyers, Liang-Yan Xue, Gregory MacLennan, and
Mark Schluchter, “Choline molecular imaging with small-animal PET for monitoring tumor cellular
response to photodynamic therapy of cancer”, Xiaoping P. Hu, Anne V. Clough, Editors, Proc. SPIE 7262,
726211 (2009)

Copyright 2009 Society of Photo-Optical Instrumentation Engineers (SPIE). One print or electronic copy
may be made for personal use only. Systematic reproduction and distribution, duplication of any
material in this paper for a fee or for commercial purposes, or modification of the content of the paper
are prohibited.

http://dx.doi.org/10.1117/12.812129

