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The combination of small-animal PET/CT scans and conven-
tional imaging methods may enhance the evaluation of in vivo
biologic interactions of murine models in the study of prostate
cancer metastasis to bone. Methods: Small-animal PET/CT
scans using 18F-fluoride ion and 18F-FDG coregistered with
high-resolution small-animal CT scans were used to longitudi-
nally assess the formation of osteoblastic, osteolytic, and mixed
lesions formed by human prostate cancer cell lines in a severe
combined immunodeficient (SCID) mouse tibial injection model.
These scans were correlated with plain radiographs, histomor-
phometry, and soft-tissue measurements. Results: Small-
animal PET/CT scans were able to detect biologic activity of cells
that induced an osteoblastic lesion 2 wk earlier than on plain
radiographs. Furthermore, both the size and the activity of the
lesions detected on PET/CT images significantly increased at
each successive time point (P , 0.05). 18F-FDG lesions strongly
correlated with soft-tissue measurements, whereas 18F-fluoride
ion activity correlated with bone volume measured on histomor-
phometric analysis (P , 0.005). Osteolytic lesions were success-
fully quantified using small-animal CT, whereas lesion sizes
measured on 18F-FDG PET scans also strongly correlated with
soft-tissue tumor burden (P , 0.05). In contrast, for mixed
lesions, 18F-fluoride ion and 18F-FDG PET/CT scans detected
only minimal activity. Conclusion: 18F-FDG and 18F-fluoride
ion PET/CT scans can be useful tools in characterizing pure
osteolytic and osteoblastic lesions induced by human prostate
cancer cell lines. The value of this technology needs further eval-
uation to determine whether these studies can be used effec-
tively to detect more subtle responses to different treatment
regimens in animal models.

Key Words: PET/CT; small-animal imaging; prostate cancer;
osteoblastic lesion; osteolytic lesion

J Nucl Med 2008; 49:414–421
DOI: 10.2967/jnumed.107.045666

Prostate adenocarcinoma affects millions of men annu-
ally and is the leading newly diagnosed cancer in American
men (1). Bone metastases from prostate cancer usually
form osteoblastic lesions but may also be associated with
mixed or osteolytic lesions as well (2,3). Transgenic and
severe combined immunodeficient (SCID) mouse models
have been essential in enhancing our understanding of the
biologic interactions between human prostate cancer cells
and bone (4,5). However, these animal models have some
limitations. First, the traditional outcome measures, such as
plain radiographs, histology, and histomorphometry, do not
measure dynamic biologic activity, such as cellular metab-
olism. Second, plain radiographs provide only a qualitative
assessment of tumor activity and do not identify subtle
changes in bone formation or loss. Third, studies that use
histologic specimens are subject to potential sampling limi-
tations that can lead to misleading results (6).

PET is a well-established, noninvasive imaging modality
to evaluate metabolic activity through the uptake of radio-
active tracers in tissue. Historically, clinical PET and CT
scanners were hindered by low-resolution capabilities not
suitable for animal models of disease (7). The development
of high-resolution combined PET/CT scanners dedicated to
small-animal imaging allows the critical study of bone (8–10).

Different radioactive tracers labeled with positron-
emitting radionuclides can be delivered systemically, which
localize in living tissue. For example, 18F-fluoride ion has
been shown to deposit preferentially at the surface of bone,
where the greatest activity of remodeling and turnover are
seen (11). 18F-Fluoride ion exchanges with hydroxyl groups
on hydroxyapatite to form fluoroapatite, which subsequently
incorporates into bone matrix (12). 18F-FDG, which corre-
lates with cellular glucose metabolism, is the most widely
used radioactive tracer in oncology and is often used in
whole-body scanning to detect distant metastases (13). 18F-
FDG is considered a valuable adjunct to existing imaging
methods in an increasing number of clinical oncologic
applications, such as metastatic adenocarcinoma and mus-
culoskeletal sarcomas (14–16). Although metastatic prostate
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cancer in humans traditionally exhibits relatively low up-
take of 18F-FDG, several studies have demonstrated its
utility as a promising prognostic measure for patient survival
(17,18).

Plain radiographs reveal the late manifestations of tumor
cell activity, including osteolytic or osteoblastic lesions.
However, demonstration of localized metabolic activity
from high-resolution PET/CT images could lead to prospec-
tive assessments of tumor growth and its effect on bone.
Furthermore, the ability to quantify the osteoblastic and
osteolytic components of a prostate cancer lesion in vivo
could be advantageous in providing an objective evaluation
of different therapeutic regimens. Animals can potentially
be followed longitudinally throughout the course of a study,
obviating the need for histologic specimens at multiple time
points. Because of its high-resolution imaging capabilities,
we postulated that microPET/CT could aid in the character-
ization of osteolytic, osteoblastic, and mixed human prostate
cancer lesions in a murine tibial injection model.

MATERIALS AND METHODS

Cell Lines
Human prostate cancer cell lines PC-3, LAPC-9, and C42B

were used in this study. LAPC-9 was derived from a human
metastatic lesion to bone and has been reported in prior studies
(19–22). LAPC-9 produces a purely osteoblastic lesion when
surrounded by bone. PC-3 (American Type Culture Collection)
has been demonstrated to form a purely osteolytic lesion when
implanted into bone (23). The C42B cell line (gift of Irvin Chung,
PhD, Emory University) is derived from LNCaP cells (24) and
has been shown to result in a mixed osteoblastic and osteolytic
lesion when placed into bone. Both PC-3 and C42B cells can be
maintained in cell culture for an extended period of time, whereas
LAPC9 cells can be kept in culture for only 48 h. PC-3 and C42B
cells were cultured in Iscove’s medium (Irvine Scientific) supple-
mented with 10% fetal bovine serum (FBS) and 1% glutamine and
maintained at 37�C in a humidified atmosphere with 5% CO2.

Cell Suspension Protocol
SCID mice with subcutaneous LAPC-9, PC-3, or C42B tumors

were anesthetized (100 mg ketamine/kg body weight, 10 mg
xylazine/kg body weight) and then euthanized. Dorsal skin was
then shaved and prepped under standard sterile conditions using
70% EtOH and povidone iodine. The subcutaneous tumor was
resected and minced in phosphate-buffered saline (Invitrogen Life
Technologies) using a sterile scalpel blade. The solution was then
centrifuged at 1,400 rpm for 5 min at room temperature. After
aspiration of the supernatant, the residual pellet was resuspended
in a 0.1% pronase E/Iscove’s medium solution that was previously
filtered using a 0.22-mm Steriflip filter (Millipore Corp.). The cell
suspension was slowly shaken for 18 min at room temperature,
kept in ice for 2 min, and subsequently passed through a 70-mm
cell strainer. The mixture was then centrifuged at 1,300 rpm for
5 min at room temperature. Supernatant was aspirated and the
pellet was resuspended in Iscove’s medium with 15% FBS and 1%
glutamine and plated in 10-mL culture dishes. Cells were main-
tained at 37�C in a humidified incubator with 5% CO2.

Animals
Eight- to 10-wk-old male SCID mice were maintained under

pathogen-free conditions after protocol approval by the UCLA
(University of California, Los Angeles) Chancellor’s Animal
Research Committee (ARC). Animals were housed in accordance
with the UCLA Department of Laboratory Animal Medicine
guidelines and were provided food and water ad libitum.

Surgical Technique
Five microliters of Matrigel (BD Biosciences) were added to

single-cell suspensions of LAPC-9 or PC-3 cells to form a 10-mL
mixture containing 1 · 105 cells. Mice were administered a loading
dose of intraperitoneal anesthesia (100 mg ketamine/kg body
weight, 10 mg xylazine/kg body weight). Maintenance anesthesia
was then provided using continuous delivery of 1% isoflurane
through a nose cone. Left hind limbs were shaved and prepped under
standard sterile conditions using 70% EtOH and povidone iodine.
Using a number 15 scalpel blade, a 2- to 3-mm longitudinal incision
over the midpatellar region was made. An arthrotomy was then
performed using the tip of the blade. A 27-gauge, 0.5-in needle on a
tuberculin syringe containing the cell line/matrigel mixture was
inserted through the middle of the tibial plateau and advanced ;3
mm into subchondral bone. Injection of the cell suspensions was
performed slowly with minimal resistance. A 2-layer skin closure
was performed with a 5-0 Vicryl suture (Ethicon Inc.). The time until
animal sacrifice was chosen for each prostate cancer cell line on the
basis of previously reported rates of growth and the size limitations
of tumors established by the UCLA ARC. For PC-3 tumors, animals
were sacrificed at 2-, 4-, and 6-wk time points; for LAPC-9 cells,
animals were sacrificed at 4-, 6-, and 8-wk time points; and for C42B
tumors, 4-, 8-, and 12-wk time points were used. Animals were
sacrificed before the soft-tissue tumor burden reached 1.5 cm in
diameter. These measurements were chosen in accordance with
regulations enforced by the ARC. At each time point, animals were
sacrificed, radiographed with a Faxitron (Field Emission Corp.),
imaged using standardized microPET and microCT protocols, and
had their tumor harvested for soft-tissue measurement and histo-
morphometric analysis. Tumor burden calculations were performed
with the function:

Volume 5 ðlengthÞðwidthÞ2 � 0:52 ð25Þ:

Three animals were used at each time point for both 18F-FDG and
18F-fluoride ion tracers for all cell lines.

Tracer Preparation
Fluoride ion was produced using 18O-water and proton

bombardment using a RDS cyclotron (Siemens Preclinical Solu-
tions). 18F-Fluoride ion was produced at specific activities of
;37 TBq/mmol (;1,000 Ci/mmol) using a method reported by
Wieland et al. (26). 18F-FDG was synthesized by the method
described by Hamacher et al. (27) at specific activities of ;185
GBq/mmol (;5,000 mCi/mmol).

PET Protocol
Using an ARC-approved isolated imaging chamber that pro-

vided continuous delivery of 1%–3% isoflurane anesthesia in
oxygen and temperature control at 36�C (28), all animals under-
went PET scans at the appropriate time points. Mice were injected
with ;9.25 MBq (;250 mCi) of 18F-fluoride ion via tail vein
using a 27-gauge, 0.5-in needle on a tuberculin syringe. Bladders

PET/CT IN A PROSTATE CANCER MODEL • Hsu et al. 415



were manually expressed 5 min before imaging to decrease
background signal. Animals were positioned in a multimodality,
portable isolated bed system consisting of a polymethyl methac-
rylate chamber with anesthesia ports and raised platform (29).
Whole-body scans were performed with a 10-min acquisition time
using a microPET FOCUS 220 system (Siemens Preclinical So-
lutions). Immediately afterward, a noncontrast-enhanced microCT
study using a microCAT II (Siemens Preclinical Solutions) imag-
ing system was used to scan animals with a 30-min acquisition
time. Mice were then placed in a recovery chamber and monitored
carefully for respiratory difficulties. PET scan images were recon-
structed using filtered backprojection and an iterative 3-dimensional
reconstruction algorithm (maximum a posteriori [MAP]) (30).
microCT images were created using Fledkamp reconstruction at
200-mm resolution. microPET and microCAT images were then
overlaid for analysis for use with AMIDE software (31). Repro-
ducibility of the coregistration of both scans for the mouse, when
using this imaging technique, has been found to be acceptable
(28). Whole-body scans using the same acquisition protocol with
9.25 MBq (250 mCi) of 18F-FDG were performed for different
mice at the same weekly intervals.

Quantitative Analysis
18F-Fluoride and 18F-FDG PET and CT data were analyzed and

quantified by AMIDE (A Medical Image Data Examiner), version
0.7.154 (31). Plain anteroposterior radiographs were superim-
posed onto reconstructed PET/CT images, and tibial injection sites
were identified. Two separate protocols were used to analyze PET
images to quantify tumor size and activity.

To quantify the size of the lesion in the proximal tibias, regions
of interest (ROIs) were drawn using a 3-dimensional isocontour
ROI tool identifying voxels of similar signal intensity. Manual
selection of a voxel within the site of tumor uptake was confirmed
by 2 independent reviewers. The isocontour tool then drew a
3-dimensional ROI based on voxels that exhibited signal intensity
either greater or equal to the manually chosen voxel. Final ROIs
were checked to ensure that signal uptake within the proximal
tibia was included. Because background radioactivity is seen
around physeal growth plates, ROIs using similar isocontour
values over the contralateral proximal tibia were measured to
control for background radioactivity. Tumor size was then calcu-
lated by subtracting control tibial ROIs from those of tibias with
tumor cells. The AMIDE data analysis tool was used to calculate
ROI sizes (in mm3).

Tumor activity was quantified using manually drawn ROI
boxes (34 · 20 · 10 mm) over bilateral proximal tibias that were
3-dimensionally reconstructed to confine all discernible signal
uptake. AMIDE data analysis tools were then used to calculate
median signal intensity of the voxels contained in the ROI box.
This process was repeated for both the control and the experi-
mental group tibias. The difference in uptake between tibias was
reported as a percentage increase of absolute uptake in the tibia
containing the prostate cancer lesion. To assess the potential effect
of the injection on the PET scan results, sham surgeries were
performed in 3 SCID mice in which only Matrigel was injected
into the proximal tibia. PET/CT images of these animals revealed
no measurable difference in tracer uptake compared with control
animals 2 wk after surgery (data not shown).

For PC-3 and C42B tumors, microCT images were used to
identify osteolytic lesions in comparison with the contralateral
control tibia. ROIs were drawn and reconstructed over bilateral

tibias using AMIDE and a standardized isocontour value used for
cortical bone (;2.20). Osteolytic lesion size was measured by
subtracting tumor tibial ROIs from control tibial ROIs. Data at
each time point for PET/CT images were compiled and analyzed
by 2 independent reviewers.

Histologic and Histomorphometric Analysis
After animal sacrifice, tibias from each limb were subjected to

histologic analysis. Lower extremities were amputated en bloc at
the level of the distal femur. Specimens were then fixed in 10%
buffered formalin, followed by decalcification in 10% ethyl-
enediaminetetraacetic acid (EDTA) solution for 2 wk at room
temperature with mechanical stirring. Sagittal sections were cut
manually and stained with hematoxylin and eosin, Orange G, and
tartrate-resistant acid phosphatase activity. An Olympus imaging
system was used to perform histomorphometric analysis with
BIOQUANT software (BIOQUANT Image Analysis Corp.).

Statistical Analysis
For each experiment, ROIs and tumor sizes were reported as

mean 6 SD. Soft-tissue tumor measurements and PET scan
tumor-size quantifications were compared using standard logistic
regression methods. Statistical significance was considered pres-
ent when P , 0.05. Data obtained from ROI calculations and
histomorphometric analysis were compared using 2-way ANOVA.

RESULTS

For all 3 human prostate cancer cell lines, lesion size and
signal intensity were quantified using 18F-fluoride ion and
18F-FDG PET/CT scans, and soft-tissue tumor burden was
measured at each time point. In addition, for those cell lines
with an osteoblastic component (LAPC-9 and C42B),
histomorphometric analysis was used as an outcome mea-
sure. For osteolytic lesions (PC-3 and C42B), microCT was
used to quantify lesion size using contralateral tibia vol-
ume. Because newly formed bone formed from LAPC-9
and C42B lesions closely approximated signal intensity of
host bone, the resolution capabilities of microCT were not
sufficient to distinguish an osteoblastic lesion from native
tibia.

Lesion size was quantified on 18F-fluoride ion PET/CT
scans for LAPC-9 cells, which form pure osteoblastic
lesions. Statistically significantly larger lesions were found
at each time point using 18F-fluoride ion imaging (P ,

0.05) (Fig. 1). Qualitatively, signal uptake was confined
primarily within the cortical bone of the tibia and extended
distally from the injection site in larger lesions (Fig. 2).
Furthermore, statistically significantly higher signal inten-
sity was measured at each time point using 18F-fluoride ion
(P , 0.05) (Table 1). Corresponding PET/CT images, plain
radiographs, and histologic specimens were evaluated for
the presence of an osteoblastic lesion at the 4-, 6-, and 8-wk
time points (Fig. 2). Although osteoblastic lesions could not
be identified on plain radiographs until the 6-wk time point,
PET/CT images detected tracer uptake as early as 4 wk
after tumor implantation. Furthermore, osteoblastic activity
measured on PET/CT scans was well visualized using
qualitative assessments of reconstructed images (Fig. 2).
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Median signal intensity measured for all animals strongly
correlated with bone volume measured with histomorpho-
metric analysis (R2 5 0.71) (Fig. 3).

LAPC-9 tumors were also evaluated using 18F-FDG
PET/CT scans in different animals at the same time points.
Both lesion size and localized signal intensity increased
significantly at each time point on 18F-FDG images (P ,

0.05) (Fig. 4) (Table 1). Lesion sizes measured on PET images
were compared with soft-tissue measurements of harvested
tumors using standardized logistic regression analysis with
evidence of strong statistical correlation (R2 5 0.92). Qual-
itatively, signal uptake was found around and within the
periphery of the soft-tissue shadow seen on CT and plain
radiography, with the most intense signal measured within
bone (Fig. 4).

PC-3 tumors, which form pure osteolytic lesions, were
also assessed using both 18F-fluoride ion and 18F-FDG
PET/CT scans. Although PC-3 tumors exhibited early 18F-
fluoride ion uptake at the 2- and 4-wk time points, size
measurements were not statistically significantly different
at any time point (data not shown). In each animal, as the
osteolytic lesion expanded, less host bone was available for
deposition of 18F-fluoride ion. As a result, at the 6-wk time
point, no radioactivity was seen within the ROI (data not
shown). 18F-FDG PET/CT scans at the 2-, 4-, and 6-wk
time points revealed statistically significantly increased
lesion size and specific uptake values at each time point
(P , 0.04) (Table 2). Similar to that of LAPC-9 tumors,
lesion sizes were compared with soft-tissue measurements
and found to correlate significantly on logistic regression
analysis (R2 5 0.86) (graph not shown).

The osteolytic lesions induced by PC-3 cells were
assessed using plain radiographs, microPET/CT images,
and histologic specimens at each time point (Fig. 5). Plain
radiographs revealed progressive bone loss beginning at the
2-wk time point. microCT allowed for quantification of

bone loss at each successive time point using the contra-
lateral tibia as a control value. Osteolytic lesion size was
significantly greater at each time point (P , 0.05) (Fig. 6).
Furthermore, bone loss seen on imaging correlated with
osteoclastic activity and tumor cell infiltration on histologic
analysis and increased 18F-FDG uptake in the surrounding
soft tissues (Fig. 5).

C42B tumors, which characteristically produce mixed
osteolytic and osteoblastic lesions, were evaluated with

FIGURE 1. 18F-Fluoride ion PET/CT scans, used to measure
osteoblastic lesion size, demonstrate increased uptake in
LAPC-9 tumors at each time point. ROI sizes were statistically
significantly greater at each successive interval (P , 0.05). The
PET scan allows for quantification of the size of the osteoblastic
lesion.

FIGURE 2. Plain radiographs, corresponding PET/CT images,
and histologic specimens of representative LAPC-9 tumors
using 18F-fluoride ion at 4-, 6-, and 8-wk time points. Although
bone formation is visible on plain radiographs at the 6- and
8-wk time points (arrows), a progressive increase of 18F-fluoride
ion uptake indicating osteoblastic activity is well visualized on
successive PET images beginning at 4 wk after tumor cell
injection (arrows). Increasing signal intensity on PET scans
corresponded to new bone formation seen on high-power
histologic analysis (asterisks).

TABLE 1
Percentage Increase in Tracer Uptake in LAPC9 Cells

Tracer

Increase in tracer uptake (%)

4 wk 6 wk 8 wk

18F-Fluoride ion 7.9 6 5.7 42.5 6 13.3 94.4 6 53.4
18F-FDG 13.8 6 14.6 70.3 6 33.6 224.5 6 248.3
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18F-fluoride ion and 18F-FDG PET/CT scans at 4-, 8-, and
12-wk time points. Minimal 18F-fluoride ion uptake mea-
sured at the 3 successive intervals was not statistically
significantly different from each other, and minimal oste-
oblastic changes were noted on plain radiographs (Fig. 7).
C42B tumors were seen to have a mixed osteolytic and
osteoblastic appearance on plain radiographs; however, this
activity was not correlated on 18F-fluoride ion PET/CT
scans. 18F-FDG PET revealed progressively increasing
signal intensity at each time point; however, lesion size
calculations were consistently smaller than the soft-tissue
tumor burden measurements. Furthermore, tumor sizes
derived from PET images were widely variable. Whereas
C42B ROIs measured 283 6 181 mm3 at the 12-wk time
point, soft-tissue tumor burdens of the same lesions were
calculated at 1,279 6 621 mm3. microCT was used to mea-
sure the size of the osteolytic lesion; however, no signif-
icant differences were seen between each successive time
point (data not shown).

DISCUSSION

Animal models of bone metastasis are critical in the
advancement of our understanding of the molecular mech-
anisms associated with the development of bone lesions and
the identification of potential treatment regimens for met-
astatic prostate cancer. Plain radiographs, histologic anal-
ysis, and histomorphometric analysis are excellent tools to

analyze the tumor manifestations in bone; however, the ad-
vent of high-resolution imaging systems suitable for small
animals, such as microPET/CT scans (8,32), offers the ca-
pability of noninvasive in vivo quantification of critical
biologic processes.

The goal of this study was to determine whether micro-
PET/CT scans could be a useful adjunct to the traditional
tools used to study the biologic interactions between tumor
cells in bone. LAPC-9 cells produce pure osteoblastic
lesions, and PET using 18F-FDG and 18F-fluoride ion
detected lesions with significantly greater size and biologic
activity at each successive time point. These data were
compared with well-accepted parameters to measure tumor
activity: direct measurements of soft-tissue lesion size and
histomorphometric indices of bone volume. Strong corre-
lations were established between lesion size and soft-tissue
burden as well as median signal intensity and bone volume
measured on histomorphometric analysis, validating these
quantification methods. Other studies have shown similar
correlations between 18F-fluoride ion PET scans and bone
histomorphometry indices of bone formation (33,34). Fur-

FIGURE 3. Analysis of PET scans after intratibial injections of
LAPC-9 cells. Logistic regression analysis comparing localized
median signal intensity seen on 18F-fluoride ion PET scans and
bone volume measured using histomorphometric analysis was
performed. Tracer uptake was reported as a percentage
increase in median signal intensity in relation to the control,
uninjected tibia. A strong correlation was established between
data points (P 5 0.005) (R2 5 0.71). BV 5 bone volume, TV 5

tissue volume.

FIGURE 4. Plain radiographs and corresponding PET/CT
images of a representative LAPC-9 tumor using 18F-FDG at
4-, 6-, and 8-wk time points. A progressive increase of 18F-FDG
uptake on PET images is pervasive where soft-tissue shadows
are visible on plain radiographs (arrows). LAPC-9 tumors at the
8-wk time point show the strongest signal intensity (green), with
tracer uptake seen at the outermost periphery of the lesion.
Using quantitative analysis, lesion size (measured in mm3 and
labeled below each corresponding tumor) can be calculated
from PET images.

TABLE 2
Percentage Increase in Tracer Uptake in PC-3 Cells

Tracer

Increase in tracer uptake (%)

2 wk 4 wk 6 wk

18F-FDG 0.8 6 33.9 57.8 6 3.2 84.4 6 6.4
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thermore, 18F-fluoride ion uptake was noted 4 wk after
LAPC-9 cell injection, when no lesion was visible on plain
radiographs.

For pure osteolytic lesions induced by PC-3 cells,
microCT was successfully used to quantify lesion size
based on bone loss. Significantly larger areas of osteolysis
were measured at each successive time point. 18F-FDG is
not specific to tumor metabolism and can accumulate in
metabolically active inflammatory cells; however, the use-
fulness of 18F-FDG in human prostate adenocarcinoma is
unclear. Some investigators have reported low uptake of
18F-FDG in patients with prostate cancer, whereas in other
studies, 18F-FDG PET/CT scans have been used to identify
osseous and soft-tissue metastasis from prostate adenocar-

cinoma (17,18,35–37). Our data demonstrated early tracer
uptake (2 wk) and a strong correlation between soft-tissue
tumor burden measurements with 18F-FDG. 18F-fluoride
ion PET/CT images were ineffective in characterizing

FIGURE 5. Plain radiographs and corresponding microPET/
CT images using 18F-FDG of a representative PC-3 tumor at 2-,
4-, and 6-wk time points. A progressively larger osteolytic lesion
is discernible on both plain radiographs and microCT images at
successive time intervals, where the absence of proximal tibial
bone is seen. In addition, increased 18F-FDG uptake was found
to localize in soft tissues surrounding the osteolysis at each
time point. Using AMIDE data analysis tools on microCT scans,
osteolytic lesion volume can be measured by comparing values
with contralateral control tibia. Osteolysis seen on microCT
images corresponded to histologic analysis, which revealed
cortical disruption (arrows) and progressive infiltration of tumor
cells (asterisks).

FIGURE 6. Osteolytic lesion size measured in PC-3 tumors
using microCT at 2-, 4-, and 6-wk time points. Using contra-
lateral tibia volume, bone loss was quantified using differences
in voxel signal intensity. Statistically significantly larger lesions
were measured at each successive time point (P , 0.05).

FIGURE 7. Plain radiographs and corresponding PET/CT
images of a representative C42B tumor using 18F-FDG at 4-,
8-, and 12-wk time points. Although an increase of 18F-FDG
uptake on PET images is seen on successive PET/CT images,
the region of signal intensity was not found to closely approx-
imate the large soft-tissue lesion, especially at the 12-wk time
point (arrows). Quantitative analysis was used to assess the ROI
(measured in mm3 and labeled below each corresponding
tumor); however, these calculations consistently underesti-
mated the soft-tissue lesion size based on tumor burden
measurements.

PET/CT IN A PROSTATE CANCER MODEL • Hsu et al. 419



tumors induced by PC-3 cells because of the extensive bone
loss associated with these cells. Because 18F-fluoride ion
uptake predominantly occurs in bone, large osteolytic
lesions prohibit tracer uptake in vivo.

C42B cells typically induce a mixed osteoblastic and
osteolytic lesion; however, the 18F-fluoride scans detected
minimal osteoblastic activity, and the soft-tissue lesions
measured with 18F-FDG were smaller than direct soft-tissue
burden measurements. One possible explanation for this
finding is that there is a canceling effect from the overall
osteoblastic and osteolytic activity of these cells. Further-
more, the smaller soft-tissue lesions measured on 18F-FDG
scans may be secondary to tumor cell necrosis. Cells
undergoing apoptosis do not exhibit metabolic activity,
which would lead to decreased radioactive tracer uptake.
Necrosis was noted in the histologic specimens, and other
investigators have noted high cell necrosis rates with
LNCaP tumors (38). To date, this has not been investigated,
and further study is necessary—possibly involving more
specific radioactive probes, such as 18F-39-deoxy-39-fluoro-
thymidine (18FLT), which identifies areas of mitosis and
proliferation (39), and 64Cu-ATSM (copper-diacetyl-bis-
N4-methylthiosemicarbazone) as an indicator of local
blood flow (40).

This study suggests several potential advantages for the
use of microPET/CT, including: the ability to detect an
osteoblastic lesion at an earlier time point than seen on
plain radiographs, to quantify the size of bone loss associ-
ated with osteolytic lesions, and to follow the biologic
response to a tumor over time. However, further studies as-
sessing the response to treatment regimens are necessary to
determine whether the time and expense of microPET/CT
scans provides more useful data than seen with the com-
bination of plain radiographs, histologic and histomorpho-
metric analysis, and CT scans.

Despite the potential advantages of molecular imaging
techniques, there are certain limitations in its use for
routine evaluation of small-animal prostate cancer models.
First, although meticulous efforts are made to standardize
and control for variations in tracer uptake within a study
group, the image quality is ultimately dependent on an
intravenous injection and the kidney clearance of each
individual animal, which may be quite variable. Second,
because the use of molecular imaging in small animals in
longitudinal studies is in its relative infancy (41), the long-
term effects of repeated radiation exposures to tumor
growth are unknown. Although radiation doses delivered
to the soft tissues from individual microCT and microPET
scans have been demonstrated to be relatively low (41),
outcomes from cumulative exposure from imaging at mul-
tiple time points and different modalities have yet to be
studied. The cumulative dose from the imaging protocols in
this study (microPET 18F-FDG, microPET 18F-fluoride, and
microCT) at each time point was ;30 cGy in the soft tissue
and ;60 cGy in the bone marrow. Although these dose
levels are certainly not insignificant, they compare favor-

ably with the estimated median lethal dose for a single
time-point radiation exposure of a mouse (8 Gy). Further-
more, in unpublished data from our laboratory, no signif-
icant effects on tumor cell growth have been seen using
microPET/CT in either control or treatment groups.

Third, fluoride ion scans may have limited value when
analyzing rapidly growing osteolytic lesions, as decreased
tumor activity was demonstrated consistently with increas-
ing bone loss. Again, further studies must be performed to
determine whether subtle differences in treatment response
can be noted with molecular imaging. Finally, the capabil-
ity of microPET/CT to fully evaluate mixed lesions appears
to be limited by the interaction between the osteolytic and
osteoblastic components.

CONCLUSION

The advent of high-resolution molecular imaging has
introduced a noninvasive, effective instrument to monitor in
vivo tumor behavior and biologic interactions between
itself and host tissue. In this study, we successfully used
18F-fluoride ion and 18F-FDG radioactive tracers to localize
and quantify skeletal metabolic activity in a preclinical
model of prostate cancer bone metastases. However, the
true value of this technology hinges on whether subtle
responses to novel treatment regimens—which cannot be
elucidated with plain radiographs, histomorphometry, and
histologic analysis—can be delineated with molecular
imaging. Our future plan is to determine whether micro-
PET/CT can facilitate the detection of differences in the
response to new treatment modalities in animal models of
metastatic disease.
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