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17 Abstract
18 Purpose: Cholangiocarcinoma (CCA) is a lethal disease afflicting many thousands of patients
19 worldwide. We have previously developed an oral thioacetamide (TAA)-induced model of rat
20 CCA that recapitulates the histologic progression of human CCA. Our objective was to evaluate
21 the feasibility of animal PET in detecting CCA in the setting of the TAA rat model.
22 Procedures: Male Sprague–Dawley rats (n=30) were used in this study. Drinking water with
23 TAA 300 mg/l was administered orally in 26 rats, and animal PET was performed at 20 weeks
24 after initiation of TAA. A total of four rats served as controls. Animal PET images were acquired
25 sequentially using both C-11 acetate and 2-deoxy-2-[F-18]fluoro-D-glucose (FDG) to determine
26 the optimal tracer. Dynamic animal PET images were collected to assess the optimal scan time
27 based on the highest tumor-to-liver (T/L) ratio using time–activity curves. Animal PET findings
28 were compared lesion by lesion with the results of autoradiography and the histological data.
29 Results: FDG animal PET images had a higher T/L ratio compared to images obtained with C-11
30 acetate as a marker. The optimal scan time for FDG animal PET was determined as 90 min
31 postinjection of the tracer. This was when the T/L ratio reached its peak. Necropsy and histology
32 confirmed the presence of TAA-induced CCA in 22 rats (84.6 %). Static animal PET images
33 showed intense FDG uptake in 17 of the 22 tumor-bearing animals (77.3%). The average T/L
34 ratio was 1.60±0.09. The sensitivity and specificity of animal PET in the detection of CCA were
35 77% (17/22) and 100% (4/4), respectively.
36 Conclusions: We conclude that animal PET in the setting of the TAA rat model seems to be
37 feasible for the detection of CCA. Future translational studies are needed to confirm and expand
38 our findings.
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41 Introduction
42 C holangiocarcinoma (CCA) is a lethal disease, afflicting
43 approximately 3,000 individuals in the USA and many
44 thousands more the world over. The mortality from intra-

45hepatic CCAs is very high, with the 5-year survival rates
46being G15–20% in most series [1, 2]. There are numerous risk
47factors for CCA including primary sclerosing cholangitis,
48parasitic infections, choledochal cysts, hepatolithiasis, and
49carcinogen exposure [1, 3]. Increasing evidence suggests that
50human CCA proceeds through a multistep process and that
51invasive CCA is preceded by dysplasia in the biliary epithelium
52[4]. Recently, major progress has been made in understanding
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53 the molecular basis of CCA. Aberrant autocrine expression of
54 hepatocyte growth factor/scatter factor is frequently detected in
55 CCA and is likely contribute to oncogenesis in the biliary tract
56 [7]. Other alterations that seem to occur early in cholangio-
57 carcinogenesis include over-expression of the receptor tyro-
58 sine kinases (RTKs), ErbB-2, and Met [5–7].
59 Thus far, preclinical therapeutic investigations in CCA
60 have been conducted in vitro [8] or in studies involving
61 tumor xenografts [9]. Under these circumstances, preclinical
62 animal models may be a major tool for the selection and
63 development of anticancer agents for treating this malignan-
64 cy [10]. We have previously developed an oral thioaceta-
65 mide (TAA)-induced model of rat CCA that recapitulates the
66 histologic progression of human CCA [11]. The TAA rat
67 model may thus serve as a powerful preclinical platform for
68 evaluating therapeutic strategies in invasive CCA.
69 In recent years, tumor response to therapeutics has been
70 detected by a combination of direct tumor measurement and
71 molecular imaging methods, including 2-deoxy-2-[F-18]
72 fluoro-D-glucose (FDG)-positron emission tomography
73 (PET) [12]. Notably, FDG-PET is useful in detecting the
74 primary lesion in both hilar and peripheral CCA [13]. In
75 addition, several recent studies have demonstrated that C-11
76 acetate may be a useful tracer for various cancer types [14,
77 15]. It is worth noting that C-11 acetate has a high sensitivity
78 and specificity as a radiotracer complementary to FDG in the
79 PET imaging of hepatocellular carcinoma [14, 16].
80 A very recent study has shown that the TAA rat model is
81 a valuable experimental tool that, in combination with FDG
82 PET, may allow the evaluation of pharmacological inter-
83 ventions in CCA [17].These findings prompted us to
84 evaluate the feasibility of animal PET in detecting CCA in
85 the setting of the TAA rat model. In the present study,
86 animal PET images were acquired sequentially using both C-
87 11 acetate and FDG to determine the optimal tracer. Animal
88 PET findings were also compared lesion by lesion with the
89 results of autoradiography and the histological data.

90 Materials and Methods
91 Animal Studies
92 The experimental animal ethics committee of Chang Gung Memorial
93 Hospital approved all animal protocols in this study. Furthermore, the
94 investigation conformed to the US National Institute of Health (NIH)
95 guidelines for the care and use of laboratory animals (Publication No. 85–
96 23, revised 1996). Thirty adult male Sprague–Dawley (SD) rats (weight=
97 319±14 g, mean±SD) were used in these experiments. The animals were
98 divided into two groups, including a control group (n=4) and an experiment
99 group (n=26). The rats were housed in an animal room with a 12:12-
100 h light–dark cycle (light from 0800 to 2000 hours) at an ambient
101 temperature of 22±1°C, with food and water available ad libitum. The
102 experiment group rats were administered 300 mg TAA/l in their drinking
103 water every day up to 20 weeks. The control group rats were administered
104 normal drinking water everyday up to 20 weeks. During the experiment, the
105 animals were weighed weekly to calculate their body weight gain.

106 Animal PET
107 Image acquisition was performed on an Inveon™ system (Siemens Medical
108 Solutions, USA, Inc.). The scanner has an axial field of view (FOV) of

10912.7 cm and a transaxial FOV of 10.0 cm. One bed position is thus
110sufficient to cover the entire rat body area. Data were corrected for dead-
111time losses, random coincidences, and radioactive decay. The scanner has a
112peak system sensitivity of 6.8% at the center of the field of view (CFOV)
113and features high spatial resolution (1.4 mm FWHM).

114Comparison of PET Radiotracers
115C-11 acetate was prepared as described earlier [18]. FDG was produced
116according to the method described by Füchtner [19]. Animals fasted
117overnight under the standard condition of light and free access to water.
118Warming was started 30 minutes before radiotracer injection and continued
119throughout the uptake and imaging period under a tungsten lamp. The
120scanning room temperature was controlled at 24°C at all time. Under
121temporary isoflurane anesthesia, 2 mCi (74 MBq) of C-11 acetate was
122administered intravenously, and a dynamic frame acquisition was initiated
123simultaneously. The total acquisition time was 40 minutes. The scanning
124was started from the neck to ensure a whole coverage of the lung and liver
125in one bed position. The next day, 0.5 mCi (18.5 MBq) of FDG was
126administered intravenously under the same experimental conditions. The
127total acquisition time was 120 minutes. Volumes of interest (VOIs) were
128drawn around the tumor volume and the surrounding normal liver tissue.
129The tumor-to-liver (T/L) activity ratio was also calculated.

130Determination of Optimal Scan Time
131In a pilot experiment, serial dynamic scans were performed in six rats from
132the experiment group. The 2-hour list-mode image acquisition (2 minutes×5
133frames, 5 minutes×4 frames, and 10 minutes×9 frames) was started
134immediately after radiotracer injection. To augment the anatomical data
135obtained from animal PET, microcomputed tomography (NanoSPECT/CT,
136Bioscan, USA) was performed immediately after the PET acquisition using
137the same scanning bed. Micro-CT data were acquired using high-resolution
138frames (55 keV tube voltage, 500 ms exposure time, 180 projections).
139Helical pitch was set to be of 2 to enable lung and liver scanning. CT data
140were reconstructed with the NanoSPECT/CT software using a “fine”
141reconstruction mode (512×512×480 voxels, 0.2 mm voxel size). PET and
142CT images were fused automatically for visual interpretation using the
143PMOD image analysis software (PMOD Technologies Ltd, Zurich,
144Switzerland; Fig. 1).
145Regions of interest (ROIs) were drawn around the tumor volume and the
146surrounding normal liver tissue. Next, the time–activity curve and the T/L
147ratio were calculated. The optimal scan time for obtaining the maximal T/L
148ratio was determined. In all animals (n=6), static images were generated
149from dynamic images obtained at the optimal scan time for later
150interpretation.

151Static Animal PET Imaging
152Based on actual data obtained in the course of the pilot study, static animal
153PET studies were conducted in 24 rats from the experiment group. List
154mode image data were acquired and were rebinned into 2D sinograms using
155Fourier rebinning method. Images were reconstructed using 2D OSEM
156method (4 iterations and 16 subsets) without attenuation and scatter
157corrections. A total of 159 slices (x–y pixel size: 0.0861 cm, slice thickness:
1580.0796 cm) with 128×128 matrix were acquired. To obtain a calibration
159factor relating animal PET measurement to the activity in the dose calibrator
160source, a cylindrical phantom (3.0 cm diameter) filled with FDG solution
161was scanned.

162Necropsy and Ex Vivo Autoradiography
163After static animal PET scans were completed, the rats were killed by
164overdose of pentobarbital (100 mg/kg intraperitoneally). Following a
165midline laparotomy, all lobes of the liver were explored and thoroughly
166examined. Harvesting procedure and histopathological evaluation of the
167liver was performed as previously described [11]. The uptake of radiotracer
168in the liver was assessed with autoradiography according to previous
169methodology [20]. Sections were cut at 40 μm thickness for autoradiogra-
170phy and at 10 μm for hematoxylin–eosin staining.
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171 For autoradiographic studies, sections were rapidly dried in a stream of
172 warm air and exposed to Fuji Storage Phosphor Image Plates (Phosphor
173 Imager system, Fujifilm, Japan) for 24 hours. FDG uptake and the T/L ratio
174 were measured from autoradiography.

175 Animal PET Image Analysis
176 Quantification of tracer uptake was performed by the calculation of the
177 standardized uptake value (SUV) according to the following formula:

SUV ¼Decay corrected tissue activity Bq=mLð Þ
Injected dose Bqð Þ=Bodyweight gð Þ

179 according to the European Organization for Research and Treatment of
180 Cancer recommendations [21]. The maximum and mean SUV (SUVmax and
181 SUVmean) were calculated within the VOIs. FDG uptake was investigated in
182 all animals. Animal PET findings were compared lesion by lesion with the
183 results of autoradiography and the histological data.

184 Data Analysis
185 Data are presented as means±SDs, and differences between the study and
186 control groups were determined using an independent two-sample Mann–
187 Whitney U test and the Kruskal–Wallis test when appropriate. Data analysis
188 was performed using SPSS computer software (Chicago, IL, USA), with a p
189 value of G0.05 being considered statistically significant.

191Results
192Systemic Effects of TAA Administration

193There were no instances of TAA-induced mortality during
194the 20-week study period. Significantly lower body weight
195gain was observed in the TAA-fed rats (452±35 g) compared
196with the control rats (567±12 g) at 20 weeks posttreatment.

197Scan Protocol and Comparison of Radiotracers

198In the pilot dynamic study, the maximal T/L ratio was 1.2±
1990.2 for C-11 acetate and 1.8±0.2 for FDG. There was a
200higher T/L contrast for FDG versus C-11 acetate (Fig. 2).
201Thus, FDG was chosen for the following dynamic studies.
202The time–activity curves were characterized by a gradual
203decrease in the tumor volume and the surrounding normal
204liver tissue after tracer injection. There was a gradual
205increase in T/L ratio over time revealing a peak about
20690 minutes after tracer injection (Fig. 3). Then, the ratio
207stabilized for 30 minutes and declined thereafter. In the light
208of these results, the optimal scan time for animal PET was

Fig. 1. Transverse, sagittal, and coronal views of CT and PET studies. CT and PET images were fused to improve
interpretation accuracy (third column).
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209determined as 90 minutes postinjection of the tracer, and
210FDG was selected as the tracer of choice. A 30-minute
211period for the static acquisition protocol was used.

212Tumor Detection and FDG Uptake

213Necropsy and histology confirmed the diagnosis of TAA-
214induced CCA in 22 out of the 26 experiment rats (84.6%,
215Table 1). Twenty rats had peripheral mass-forming CCA and
216two had infiltrative CCA. Static animal PET imaging
217disclosed FDG-avid hepatic lesions in 17 tumor-bearing rats
218(77.3%). Two foci of increased FDG uptake were detected in
219three tumor-bearing rats, whereas three FDG-positive foci
220were seen in three animals. The average tumor size was 5.3±
2212.1 mm in diameter. The sensitivity of animal PET in the
222detection of CCA was 77% (17/22). There were five rats
223with false-negative animal PET scans. One case was an
224infiltrative tumor with heterogeneous FDG uptake through-
225out the liver (Fig. 4b). The remaining four rats with false–
226negative animal PET scans had small liver tumors (G2 mm)
227whose diameters were close to the spatial resolution of the
228animal PET scanner. No animal developed distant metasta-
229ses. FDG uptake in nontumoral liver and lung tissues was
230similar in experiment and control rats. The average values of

Fig. 2. Coronal views of CCA using C-11 acetate (a, arrow heads) and FDG (b, arrows). Image intensity was normalized to liver
radioactivity for comparative purposes.

Fig. 3. Time–activity curves of tumor, liver, and T/L ratio in
the pilot FDG animal PET study (n=6 rats).
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231 the SUVmean and SUVmax in nontumoral liver tissue were
232 relatively high in experiment rats, but not significantly
233 different from the control rats. Tumor tissue had higher
234 SUVmean than nontumor tissue, regardless of number of
235 tumors per animal (Table 2). There was a positive correlation
236 between SUVmean and SUVmax in both tumor tissue (r2=
237 0.74) and in nontumor liver (r2=0.67) tissue. No correlation
238 was found with the tumor volume.

239 Correlation Between Ex Vivo Autoradiographic
240 Results and Histological Data

241 Histopathology revealed invasive intestinal-type CCA with
242 intense stromal desmoplasia. Ex vivo autoradiography
243 showed that large tumors, as detected by PET, were actually
244 confluent small tumor nests (Fig. 5). The average tumor size
245 was 2.6±1.5 mm (largest diameter).
246 The neoplastic glands exhibited prominent intra-luminal
247 necrosis (‘comedonecrosis’), an indication of high cellular
248 turnover. In one experiment rat, the liver tumor mass had a
249 large central necrotic area. In this case, animal PET showed
250 intense FDG uptake in the periphery of lesion with no
251 uptake in the center of the liver lesion (doughnut appearance,
252 Fig. 4c). The smallest tumor size that was detected by FDG
253 animal PET was approximately 2 mm (Fig. 5). FDG uptake
254 was not increased in fibrotic areas. The average T/L ratio as
255 determined by quantitative autoradiography was 4.4±0.2
256 (twofold higher than that calculated with animal PET).

257 Discussion
258 The exploitation of novel therapeutic strategies merits a
259 high priority in the treatment of CCA. This highlights the
260 need to carefully investigate the most stringent available
261 preclinical model of this malignancy. We have previously
262 developed an oral TA-induced model of rat CCA that
263 recapitulates the histologic progression of human CCA [11,
264 22]. In the present study, we sought to evaluate the
265 feasibility of animal PET in detecting CCA in the setting
266 of the TAA rat model.
267 PET has recently emerged as a valuable imaging modality
268 for the diagnosis and staging of cancer [12]. Until recently,
269 however, PET has not been suitable for small animal models
270 because of resolution limitations. Development of micro-
271 PET instrumentation for small animal imaging has made this
272 technology feasible for the noninvasive, quantitative, and
273 repetitive imaging of biological function in living animals

274[23]. Our current data show that animal PET in the setting of
275the TAA rat model is feasible for the detection of CCA.
276Both FDG and C-11 acetate have successfully been used
277as functional probes in tumor imaging. It is worth noting,
278however, that FDG has emerged as the most reliable tracer in
279PET imaging of human CCA [24, 25]. In keeping with these
280observations in humans, we found higher uptake of FDG
281than C-11 acetate in TTA-induced experimental rat CCA.
282Interestingly, a higher FDG uptake was found in our model
283compared with other animal models of hepatocellular
284carcinoma (HCC) [26]. Altogether, these data suggest a
285different biological behavior of HCC versus CCA. Notably,
286FDG-PET has a high average false-negative rate of 40%–
28750% in the detection of HCC, and the usefulness of C-11
288acetate as a radiotracer complementary to FDG in PET
289imaging of HCC has recently emerged in humans [14, 16].
290The incidence of CCA at 20 weeks after initiation of TAA
291in the present study was similar to that reported previously

t1.1 Table 1. True positive, true negative, false positive and false negative of
animal PET results, as compared with necropsy, in experiment rats (n=26)

Parameter Necropsy + Necropsy – Totalt1.2

Animal PET + 17 0 17t1.3
Animal PET – 5 4 9t1.4
Total 22 4 26t1.5

Q2

Fig. 4. FDG animal PET images and corresponding necropsy.
White arrows indicate concordant FDG lesions on both image
and necropsy. Black arrow heads indicate small tumor nodules
not detected by animal PET a. Diffuse CCA lesions (b) and a
doughnut lesion (c) were also evident. Image intensity was
normalized to liver radioactivity for comparative purposes.
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292 [11]. However, detection rates of CCA were lower for animal
293 PET compared with necropsy. Several possible explanations
294 could be considered to account for these findings. Firstly,
295 animal PET with FDG may fail to show enhanced accumu-
296 lation in tumor tissue, as previously reported in human PET
297 studies [27]. Second, although accuracy in detecting tumors
298 larger than 2 mm is high, animal PET may miss approxi-
299 mately 35% of tumors smaller than 1 mm [28]. According to
300 our autoradiography results, our animal PET scanner cannot
301 detect CCA that are less than 2 mm in size. The presence of
302 such small tumors may cause a high liver background in the
303 experiment rats compared to the control group.
304 As can be seen in Fig. 4b, infiltrative CCA in the TAA rat
305 model often is not easily distinguished from normal liver
306 background due to the lack of distinct borders. Similar
307 findings have been recently reported in humans [29]. Under
308 these circumstances, the only abnormal finding on PET may
309 be a relative increase in FDG uptake in the liver parenchy-
310 ma. This shortcoming of PET has encouraged the develop-
311 ment of the tumor viability index (TVI) to quantitatively
312 measure tumor growth instead of using the SUV of the

313tumor tissue [30]. TVI values are calculated by subtracting
314FDG uptake in the normal liver tissue from the FDG uptake
315in the whole liver region (including tumor nodules). A major
316drawback of this index is that the selection of a normal liver
317region and the placement of the ROIs for the whole liver
318may be not easily defined in animal PET studies.
319Given the lack of adequate software support, attenuation
320correction was not applied in our study. Although less
321prominent in animal PET than in humans, attenuation
322correction may influence lesion detectability. In this regard,
323a previous study has shown that attenuation correction can
324improve resolution by 0.2 mm in animal PET imaging [31].
325Our current data also show that the average T/L ratio as
326determined by quantitative autoradiography was twofold
327higher than that calculated with attenuated animal PET. In
328addition, partial volume correction (PVC) may improve
329detection of small tumors and allow accurate quantitation of
330tracer. Moreover, an iterative postreconstruction PVC cor-
331rection may generate more accurate uptake measurements in
332subcentimeter tumors than the uncorrected values [32].
333Although fine correction methods were not applied in our

Fig. 5. Autoradiography (a), necropsy (b) and histology (c) findings showing confluent tumors (approximately 2 mm in size).
Some CCA lesions failed to accumulate FDG (arrow head). E Enlargement, P proliferation, A atypia, NE comedonecrosis, CA
carcinoma.

t2.1 Table 2. Maximal and mean SUV of nontumor liver tissue and tumor tissue in control and experiment rats

Parameter Group Tumor number
(subject number)

SUVmean SUVmax Total tumor volume
(cm3;SD)t2.2

Livera (SD) Tumor (SD) Livera (SD) Tumor (SD)t2.3

Control; rats (n=4) 1 0 0.32 0.56t2.4
(n=4) (0.07) (0.04)t2.5

Experiment; rats (n=26) 2 0 0.37 0.61t2.6
(n=9) (0.08) (0.12)t2.7

3 1 0.39 0.61b 0.64 0.81b 0.05t2.8
(n=11) (0.08) (0.12) (0.10) (0.14) (0.03)t2.9

4 2 0.42 0.76b 0.68 1.07b 0.27t2.10
(n=3) (0.05) (0.11) (0.14) (0.19) (0.20)t2.11

5 3 0.38 0.62b 0.57 0.84b 0.38t2.12
(n=3) (0.11) (0.13) (0.16) (0.22) (0.27)t2.13

t2.14 Animals were divided into five groups according to the number of tumors detected by animal PET
SUV Standardized uptake value, SD standard deviation
aLiver SUVmean and SUVmax were compared across group 1~5 (SUVmean, p=0.478; SUVmax, p=0.409, Kruskal–Wallis test)
bSUVmean and SUVmax were compared in tumor and nontumor liver tissue in groups 3~5 (all pG0.05, the only exception being comparison of SUVmax in
group 5 (p=0.116). Mann–Whitney U test)

Q2
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334 study, the sensitivity and specificity of animal PET in the
335 detection of CCA were 77% (17/22) and 100% (4/4),
336 respectively. The use of a robust animal model such as the
337 TAA rat model may account for such diagnostic accuracy of
338 animal PET.
339 The T/L ratio in our pilot dynamic studies was relatively
340 low compared to human studies [24, 29]. The T/L ratio,
341 however, was not uniformly distributed throughout different
342 tumor sizes (Fig. 4a and c), and partial volume effects may
343 not be negligible in small animal studies. Furthermore, the
344 radioactivity time course after exposure may be different in
345 human and animal studies [33]. It is also possible that TTA-
346 induced CCAs might have different glucose-regulating
347 mechanisms from those of human cholangiocarcinomas [24].
348 In general, we have shown a good positive correlation
349 between SUVmax and SUVmean, the only exception being
350 large tumors with areas of central necrosis. These necrotic
351 areas contain a highly heterogeneous distribution of FDG
352 uptake. Moreover, SUVmax and SUVmean did not correlate
353 significantly with tumor volume. As can be seen in Table 2,
354 similar SUV values were observed across different study
355 groups. Accordingly, SUVmax, SUVmean, and tumor volume
356 should all be taken into account when evaluating tumor
357 response to therapy. In this regard, total lesion glycolysis has
358 been proposed as an objective measurement of clinical
359 treatment response [34].
360 FDG accumulated in both tumor and infectious lesions
361 [35]. As liver inflammation may occur after ingestion of the
362 toxin, tumor detectability in the TTA rat model might be
363 diminished by the presence of TAA-induced centrilobular
364 liver inflammation [36]. Due to different FDG uptake
365 kinetics between inflammatory and tumoral foci, it might
366 be useful to distinguish these two entities by scanning the
367 subject at a later time period [37]. In our study, the use of an
368 optimal scan time (90 minutes postinjection of the FDG)
369 resulted in no FDG accumulation in cirrhotic lesions.
370 A previous clinical study has shown that FDG-PET may
371 be of value in discovering unsuspected distant metastases in
372 patients with CCA [24]. In our study, no extrahepatic
373 metastases were detected by either animal PET or necropsy.
374 It is worth noting, however, that it is unlikely that metastatic
375 lesions may develop during the early course of CCA.

376 Conclusions
377 In conclusion, this study demonstrates that animal PET in
378 the setting of the TAA rat model seems to be feasible for the
379 detection of CCA. Future translational studies are needed to
380 confirm and expand our findings.
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