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A method that provides real-time image-based monitoring of
solid tumor therapy to ensure complete tumor eradication during
image-guided interventional therapy would be a valuable tool.
The short, 2-min half-life of 150 makes it possible to perform re-
peated PET imaging at 20-min intervals at multiple time points
before and after image-guided therapy. In this study, O-water
PET was evaluated as a tool to provide real-time feedback and
iterative image guidance to rapidly monitor the intratumoral cov-
erage of radiofrequency (RF) ablation therapy. Methods: Tumor
RF ablation therapy was performed on head and neck squamous
cell carcinoma (SCC) xenograft tumors (length, ~23 mm) in 6
nude rats. The tumor in each animal was ablated with RF (1-cm
active size ablation catheter, 70°C for 5 min) twice in 2 separate
tumor regions with a 20-min separation. The 1°0O-water PET im-
ages were acquired before RF ablation and after the first RF and
second RF ablations using a small-animal PET scanner. In each
PET session, approximately 100 MBq of 'O-water in 1.0 mL of
saline were injected intravenously into each animal. List-mode
PET images were acquired for 7 min starting 20 s before injec-
tion. PET images were reconstructed by 2-dimensional
ordered-subset expectation maximization into single-frame im-
ages and dynamic images at 10 s/frame. PET images were dis-
played and analyzed with software. Results: Pre-RF ablation
images demonstrate that 'O-water accumulates in tumors
with 150 activity reaching peak levels immediately after adminis-
tration. After RF ablation, the ablated region had almost zero ac-
tivity, whereas the unablated tumor tissue continued to have a
high 150O-water accumulation. Using image feedback, the RF
probe was repositioned to a tumor region with residual 1°O-water
uptake and then ablated. The second RF ablation in this new
region of the tumor resulted in additional ablation of the solid tu-
mor, with a corresponding decrease in activity on the 1>O-water
PET image. Conclusion: '®O-water PET clearly demonstrated
the ablated tumor region, whereas the unablated tumor contin-
ued to show high 50O-water accumulation. '°0O-water imaging
shows promise as a tool for on-site, real-time monitoring of im-
age-guided interventional cancer therapy.
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Image—guided interventional cancer therapy is an emerg-
ing local solid cancer therapy technique (/-3). With this
cancer therapy technique, solid cancer is locally treated
with thermal or cryoablation or with instillation of alcohol
or chemotherapeutic agents.

Cancer thermal ablation with radiofrequency (RF), micro-
wave, or focused ultrasound has been intensively investi-
gated in experimental or human cancer therapy (4—8). Cancer
thermal ablation provides a minimally invasive or noninva-
sive cancer therapy technique that rapidly kills cancer cells
by heat. Cancer cell death is related to both the temperature
and the time period of thermal exposure. However, tumor
eradication relies on the complete thermal ablation of the
whole tumor mass (6). After the initial thermal ablation,
remaining viable tumor tissue may exist, and further thermal
ablation is necessary to ensure complete delivery of the
thermotherapy to the whole tumor. Accordingly, a rapid-
feedback imaging technique would be useful for the real-time
evaluation of thermal therapy coverage (8).

To assess the therapy coverage by thermal ablation, the use
of contrast-enhanced CT, MRI, and ultrasound imaging has
been investigated (9—15). In addition, MRI thermometry has
been used in the real-time monitoring of the temperature
distribution in the ablation site (/6). An immediate effect of
thermal ablation is the coagulation of tumor vasculature and
the formation of a coagulation zone that covers either the
whole tumor or a portion of the tumor (4). Because of the
coagulation zone formation, blood-perfusion contrast agents
may prove to be useful tools for the real-time monitoring of
the coverage by thermal ablation (10).

In this article, we introduce the use of a perfusion
radiotracer, '>O-water, and PET imaging as a potential
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technique for the real-time monitoring of thermal ablation.
150-water mostly represents the in vivo behavior of water
after administration (/7,18). The short, 2-min half-life of
150 makes it practical to perform repeated PET scans at
20-min intervals at multiple time points before and after
image-guided thermal therapy. In this study, '>O-water PET
was evaluated as a tool to provide real-time feedback and
iterative image guidance to rapidly monitor the intratumoral
coverage of RF ablation therapy of head and neck squamous
cell carcinoma (SCC) xenografts in rats. A comparison
between PET images and RF ablation coverage on the basis
of the dissected tumors was also investigated.

MATERIALS AND METHODS

Animal Model

Animal studies were performed according to the National
Institutes of Health animal use guidelines (/9) and were approved
by our Institutional Animal Care Committee. During animal-
handling procedures, the animals were anesthetized with 1%-3%
isoflurane (Vedco) in 100% oxygen using an anesthesia inhalation
unit (Bickford). A head and neck SCC xenograft model in nude
rats was set up by subcutaneously inoculating 5 x 10° human
tongue SCC-4 cells (American Type Culture Collection) in 0.20
mL of saline into the back of the neck of each male rnu/rnu nude
rat (Harlan) (age, 3—4 wk) at the scapula level. Tumor growth and
histopathology for this cancer xenograft model have been previ-
ously characterized (20).

RF Ablation and 150-Water PET

Six male nude rats bearing SCC tumor xenografts were used for
the studies. The RF ablation and 'O-water PET studies were
performed 16 d after tumor cell inoculation. On the day of the
PET and RF ablation studies, the thickness, width, and length
of each tumor were measured with a digital caliper, and the
tumor volume was calculated using the equation V = thickness
X width X length X w/6 (21). The average tumor dimensions were
11.74 (£2.67 [SD]) x 14.62 (£3.07) x 23.54 (*£4.11) mm; the
average tumor volume based on the calculation of caliper mea-
surement was 2.16 * 0.86 cm?. The average body weight was
2063 = 11.7 g.

Immediately after placement of a 25-gauge needle catheter with
0.070 mL of dead volume into the tail vein of each rat under
anesthesia, the rat was relocated onto the bed of the microPET R4
scanner (Siemens Medical Systems) and positioned to align the
tumor of each animal in the center of the field of view in both
axial and longitudinal directions. '>O-water tracer in 1.0 mL of
saline for injection (111.4 = 36.3 MBq [3.01 = 0.98 mCi])
prepared on site was injected approximately 20 s after the start of
PET image acquisition. The injection procedure lasted around 10 s.
Any remaining radioactivity in the catheter was not flushed from
the catheter, to avoid variation and perturbation from the injection
procedure. On the basis of the 70 wL of dead volume in the
catheter, it was estimated that 7% of total activity was retained in
the catheter and was not injected into the animal. Thus, the net 'O
activity injected was 103.6 = 33.8 MBq (2.80 = 0.91 mCi). Each
PET image acquisition was collected in list mode for 7 min. After
this baseline 'O-water PET image acquisition, a 21-gauge RF
ablation single straight-needle electrode (1-cm active element tip)
was inserted into the caudal portion of the tumor, in parasagittal
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orientation, to perform RF ablation using a protocol adapted from
previous studies by Goldberg et al. (22) (Fig. 1). Because of the
subcutaneous location of the tumor, the needle tip was easily
placed in the center of the tumor by direct visualization and
palpation. The caudal portion of the tumor was ablated for 5 min
at 70°C using a 500-kHz RF generator (Cool-tip RF Ablation
System; Valleylab Co.). To perform RF ablation, a standard
ground electrode (Valleylab Co.) was enveloped in aluminum foil
and placed in contact with the ventral surface of the animal, using
electrolytic contact gel to ensure a large area of contact between
animal and ground electrode. The RF ablation procedure used the
manual-control mode of the generator to ensure that the ablation
temperature was at 70°C, within 1°C variance.

Without repositioning of the RF electrical cathode, a second
150-water PET was performed within 20-30 min of the pre-RF
ablation PET image acquisition, using the same '>O-water injec-
tion and PET protocol as described for pre-RF ablation baseline
imaging (average net 'O activity injected, 104.8 * 0.8 MBq
[2.83 = 0.02 mCi]). When the °O-water PET after the first RF
ablation was completed, the RF ablation electrical cathode was
repositioned to the cephalic portion of the tumor and in the same
direction as the first RF ablation. A second RF ablation, with the
same protocol as the first RF ablation and followed by 30-water
PET within 20-30 min of the second '>O-water injection, was
performed (average net 150 activity injected, 105.5 = 0.14 MBq
[2.85 = 0.004 mCi]).

After completion of the RF ablation and '>O-water PET, each
animal was euthanized via cervical dislocation under deep anes-
thesia sedation. The tumor in each animal was dissected and cut
along the insertion pathway of the RF ablation electrical cathode.
The tumor sections were fixed with 10% buffered formalin (Fisher
Scientific). The formalin-fixed tumor samples were then sec-
tioned, placed in cassettes, processed, and embedded in paraffin.
Five-micrometer-thick sections of each specimen were prepared
and stained with hematoxylin and eosin (H&E) by the Department
of Pathology Core Laboratory of our university, using standard
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FIGURE 1. Experimental setup for real-time monitoring of RF
ablation with 10-water PET. RF ablation catheter (white arrow)
was inserted into tumor xenograft located on back of rat’s neck
(black arrow). Ground electrode covered in aluminum foil was
placed underneath rat. Flow chart indicates approximate times
from 0 to 70 min and sequence for performing '°O-water PET,
RF ablation, and tumor dissection of each animal.
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procedures. H&E slides were scanned at low resolution using a
high-resolution laser scanner or observed with a microscope (BH-
2; Olympus) equipped with a digital camera (PowerShot S3 IS;
Canon) under low and high magnification.

Image Analysis

A global decay correction using the half-life of 122.24 s
was applied to the dataset. The PET images were reconstructed
by 2-dimensional ordered-subset expectation maximization into
single-frame images and dynamic images at 10 s/frame with
small-animal PET manager software (Concorde MicroSystems)
(matrix size, 128 x 128 x 63; voxel size, 0.85 X 0.85 mm; slice
thickness, 1.20 mm). The PET images were displayed and
analyzed with software (ASIPro; Concorde MicroSystems).

Time-Activity Curves from Region-of-Interest (ROI)
Analysis of Dynamic °0-Water PET Images

The average relative pixel values of each tumor on the pre-RF
ablation images and the first and second RF ablation images were
analyzed by manually placing ROIs (8-12 pixels with each ROI)
on the central region (ablated region) and the rim of each tumor
(unablated region) of the coronal slice. The largest ablated area is
shown in Figures 2 and 3. The average pixel values and their SDs
of tumors of all 6 rats at each time point were calculated with
Excel software (Microsoft). The graphs of dynamic average values
in the ROI with time were plotted and formatted using software
(Origin, version 7.5; Origin Lab).

3-Dimensional ROI Analysis of Ablated Region

The total pixel number (n) of the ablated region, resulting from
the first and second RF ablations in each tumor in each PET
image, was calculated by manually drawing a 3-dimensional ROI
around the entire tumor and around the ablated central region of
the tumor. The RF-ablated region was determined by defining the
edge using a threshold-based method (23). Profile analysis
revealed a transition zone of about 2-3 pixels from very low
activity between ablated and unablated regions before an unab-
lated high-activity plateau was reached. As shown in Figures 2 and
3, the RF ablation ROI represents the area with pixel values of less
than 30% of the maximum pixel value in each slice of the
3-dimensional tumor volume, and the ROI was drawn to include
the regions below the 30% threshold value without partial-volume
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correction. The volumes of ablated regions resulting from the RF
ablations were calculated with the following equation:

V(em®’) = n x 0.85 x 0.85 x 1.2/1,000.

The comparison between PET images and dissected tumors
used the method of drawing a region of RF-ablated tissue and
comparing it to the ablated region in PET images in the tumor
slice.

Statistical Analysis

Statistical analyses used Origin software. The comparison
between the ablated region volumes after the first and second
RF ablations was analyzed by paired ¢ test under the hypothesis
that the volume after the second RF ablation was larger than that
after the first RF ablation. The statistical analysis of the compar-
ison on the relative values of ablated and unablated regions of the
tumor at each time point with each PET image used paired
t testing under the hypothesis that each set of values was not equal.
A value of P less than 0.05 was considered significantly different.

RESULTS

150-Water PET

The coronal images of all 6 rats bearing head and neck
SCC tumors before RF ablation and after the first and
second RF ablations are shown in Figure 2.

Pre-RF Ablation Image Analysis

The images in Figures 2 and 3 demonstrate that '>O-water
accumulated readily in tumors, and the tumor margin had
higher radioactivity than did the tumor center. Analysis of
the average pixel value within the tumor from the dynamic
images with 10 s/frame showed that the tumor margin
(higher-activity unablated region) reached a peak of 'O
activity within 20 s after '30-water administration, followed
by a gradual clearance during the 7-min time period (Fig.
4A). Comparably, the tumor center (ablated region) had a
lower activity per unit volume (P < 0.01 at 30 s) than did the
tumor margin and a gradual increase in 'O activity during

FIGURE 2. '50O-water PET images of all
6 rats bearing head and neck SCC
xenografts (coronal images) at time
points of before RF ablation, after first
RF ablation, and after second RF abla-
tion. Image slices are mainly focused on
tumors located in center of neck for rats
1, 2, 4, and 5 or slightly on side of neck
for rats 3 and 6 (arrows). Because of
motility of subcutaneous tumor xenograft,
geometry of tumor in rat 6 was different
before and after each RF ablation.
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FIGURE 3. Representative 'O-water PET images of rat
bearing head and neck SCC xenograft (left, axial images;
middle, coronal images; right, sagittal images) at time points of
before RF ablation, after first RF ablation, and after second RF
ablation. Arrows point to tumor.

.:.

the 7-min time period (Fig. 4A). By the end of the 7-min
150-water PET period, tumor margin and tumor center
reached similar O activity levels.

Post-RF Ablation Image Analysis

The first RF ablation resulted in an area in the caudal
region of each tumor with decreased '°O activity (Figs. 2
and 3). The second RF ablation further expanded the low-
activity ablated region in the cephalic portion of the tumor.
Analysis of the dynamic images demonstrates that the RF-
treated region in the tumor had minimal '3O activity (Figs.
4B and 4C). The tumor margin had an 'O activity accu-
mulation profile that was similar to the activity in the tumor
center before RF ablation. These results demonstrate an
immediate decrease in 'O-water accumulation after RF
ablation. The volume of ablated region after the first RF
ablation was 0.41 * 0.22 cm?3, whereas the volume of
ablated region after the second RF ablation was 0.94 =
0.23 cm3. The ablated region volume after second RF
ablation was significantly larger than it was after first RF
ablation (P = 0.001).

Similar Pattern of Tissue RF Ablation Region and 150-
Water Distribution

On gross pathologic examination of the dissected tumors,
there was an observable pattern of blood infiltration of the
tumor tissue after the RF ablation that matched the pattern
on the '3O-water PET image (Fig. 5). The lower-activity
ablated region of '3O-water distribution in PET images and
RF ablation coverage as shown by the coagulation zones in
freshly dissected tumors had a similar distribution (Figs. SA
and 5B). Tissue RF ablation regions and the ablated regions
depicted on the PET image had the same shape and size.

The H&E-stained section demonstrated that the differ-
ence between the RF-ablated and the non-RF-ablated
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FIGURE 4. Relative pixel-value (average = SD) time curves
determined by ROI analysis of dynamic '®O-water PET images
with 10 s/frame before and after RF ablation of tumors (n = 6).
For pre-RF ablation analysis (A), ablated region represents ROI
drawn in tumor center, whereas unablated region represents
ROI drawn at tumor margin. For first RF ablation (B) and second
RF ablation (C), ablated region represents area in tumor center
after RF ablation and unablated region represents area in tumor
margin that was not ablated (*P < 0.05, **P < 0.01, and **P <
0.001 compare ablated and unablated regions at same time
points).
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regions in a tumor was mainly because of coagulative
necrosis, blood coagulation, and blood infiltration into the
tumor interstitial space in the RF-ablated region (Fig. 6),
which is normally observed after thermal ablation (4).
Under higher magnification, RF-ablated tumor tissue, com-
pared with nonablated tissue, also had enlarged cell nuclei
(data not shown). In addition, decreased tumor tissue
integrity in the RF-ablated region, with a decreased adher-
ence among cells and between tumor cells and their
extracellular matrix, which is indicated by the loss of cells
in RF-ablated tissue region on the H&E-stained sections
(Fig. 6), was observed.

DISCUSSION

This study demonstrates the potential use of 'SO-water
PET for real-time monitoring of image-guided tumor ther-
mal therapy. The region of the RF ablation was clearly
demonstrated, with a rapid feedback in fewer than 20 min.
150-water can be used repeatedly during the same therapy
session because of its short, 2-min physical half-life and
associated low—radiation-absorbed dose. Injection of '2O-
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FIGURE 5. Comparison between coag-
ulation zone shown in freshly dissected
tumor (A) and ablated region in 150-water
PET image (B). Coagulation zone
(marked area) has similar shape and size
corresponding to ablated region in '50-
water PET image.

water as an imaging agent is also extremely safe and has
almost no possibility of causing a contrast-related adverse
reaction.

Prior clinical studies with '>O-water have also demon-
strated that liver tumors can be imaged with >O-water for
the monitoring of chemotherapy (24). To monitor liver
tumor therapy by RF ablation, '8F-FDG PET and other
imaging methods have been investigated (25,26). It has
been shown that '3F-FDG imaging may be useful for
assessment of the effectiveness of tumor RF ablation.
However, these studies did not use real-time assessment
of the coverage of tumor RF ablation, which was made
possible in this study because of the short half-life of '50.

One of the strengths of ’O-water PET is its ability to
directly monitor the physiologic process of blood flow,
which is generally increased in solid tumors along with
tumor metabolism. In our studies, the blood flow to the
tumor margin was significantly greater than that to the
central portion of the tumor. It is the tumor margin, with its
increased blood flow, that is most difficult to treat with
thermal ablation because of heat dissipation from increased
blood flow. Therefore, in clinical thermal RF ablation tumor

FIGURE 6. H&E-stained tumor section
that was not RF ablated (A) and was RF
ablated (B) (20x magnification for both
tumor sections). Red color component
(arrows) in RF-ablated tumor tissue is
because of coagulated and infiltrated
blood cells.
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regrowth generally occurs at the margins of the tumor.
Previous histopathologic characterization of the tumor model
used in this study revealed surviving tumor cells throughout
the whole tumor section, including both the tumor margin
and the tumor center, although a greater number of necrotic
tumor cells were evident in the tumor center (20). The
extracellular matrix—supported tumor blood vessels were
located in the whole tumor section from the tumor margin
to the tumor center; however, the tumor margin had a more
abundant blood vessel supply, including larger blood vessels
at the tumor surface.

In RF ablation planning, the goal of the RF ablation
treatment is to not only ablate the tumor but also ablate a
1-cm margin of normal tissue surrounding the tumor (6).
Historically, it has been difficult to create ablations that are
much larger than 3 cm in diameter with RF ablation single
straight-needle electrodes (27), which are commonly used
in clinical practice. Recent technical advancements using
perfusion or bipolar or multipolar electrodes can allow the
ablation area to reach over 5 cm in diameter (28-33).

To ensure the eradication of the entire tumor, real-time
image monitoring is necessary, due to the possibility of an
unpredictable ablation volume in a particular patient asso-
ciated with difficulty in accurately knowing the area of
tumor and surrounding normal tissue treated with each
ablation. 130-water imaging with rapid feedback of ablated
volumes and repeated iterative thermal ablation and re-
imaging with 13O-water offers the possibility of improving
thermal therapy and ensuring that the margin of the tumor
has been adequately treated. In clinical practice, the PET
image would most likely be fused with a simultaneously
acquired CT image, and the CT image would be used to
provide real-time image guidance for placement of the RF
ablation probe.

Another promising approach being investigated to im-
prove solid tumor thermal therapy is MRI thermometry
monitoring (/6). This technique offers the possibility of
precisely determining the elevation of temperature to the
tumor and regions surrounding the tumor. An advantage of
the 1>O-water imaging technique is that it directly monitors
the tumor physiologic change in relationship to the coag-
ulation of the tumor caused by the thermal ablation.
Contrast-enhanced MRI has also been investigated for the
real-time monitoring of thermal ablation (/0,11,13). Al-
though MRI contrast agents, such as Gd-diethylenetriami-
nepentaacetic acid, may be useful for monitoring thermal
ablation, their kinetics of tumor accumulation after RF
ablation could be different from ’O-water because of their
decreased ability to penetrate through blood vessels into the
tumor interstitial space. In addition, contrast-enhanced
ultrasound may be useful for the real-time image monitor-
ing of thermal ablation (9,14,15). Further investigation of
comparative studies of these imaging modalities for real-
time monitoring of RF ablation would be worthwhile.

One obvious concern of this technique is the requirement
that imaging and therapy need to be performed near a
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cyclotron capable of 50 production. However, dedicated
cyclotrons for producing 'O can be manufactured at a
much lower cost than higher-energy cyclotrons for produc-
tion of other PET radionuclides. Cyclotrons associated with
academic medical centers have also become more widely
available.

CONCLUSION

The feasibility of using '’O-water PET for on-site real-
time monitoring of image-guided interventional cancer
therapy is demonstrated in this preclinical animal model.
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