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This investigation was undertaken to evaluate '8F-labeled fluoro-
deoxyglucose (FDG) PET in monitoring patients after intraopera-
tive radiotherapy (IORT) for unresectable pancreatic cancer and
to compare its usefulness with CT. Methods: FDG PET was
performed in 12 consecutive unresectable ductal adenocarci-
noma patients before (n = 12) and after IORT (0.7-11.9 mo, n =
14). In the follow-up period, FDG PET results after IORT were
divided into three groups: early (0-2.0 mo after IORT, n = 7),
intermediate (2.1—4.0 mo, n = 5) and delayed period (4.1 mo or
later, n = 2). FDG uptake at 60 min after injection of 185 MBq
FDG under fasting conditions was analyzed with standardized
uptake value (SUV). Three parameters, the highest SUV in the
tumor, the area of tumor showing SUV of more than 2.0 and the
average SUV in the tumor area were calculated. Ratios of each
parameter after IORT to that before IORT were defined as
residual uptake ratio (RUR)-1, -2 and -3, respectively. Tumor
regression after IORT was evaluated with CT as tumor size ratio
(TSR) every 2 mo. Results: Results of RUR-1 and -3 were
consistent with tumor size measured by CT. They decreased in
10 patients with partial response and increased in 2 patients with
no change, although these 2 patients had abscesses. RUR-3
decreased consistently as 0.65 + 0.33 in 2 mo, 0.51 + 0.39in 4
mo and 0.24 in 4 mo or later after IORT, respectively. RUR-1
decreased in early period, but demonstrated no change through
the remaining periods. There were discrepancies between the
results of RUR-2 and those of the other RURs. CT results
revealed a slow decrease in tumor size, because TSR was 0.91
+0.10,0.76 = 0.11 and 0.70 + 0.18 in 2, 4 and 6 mo after IORT,
respectively. RUR-3 was smaller than TSR at 2 mo (P < 0.05)
and 4 mo (P = 0.056). These results indicate that the measure-
ment of the average SUV in the tumor area with FDG PET could
evaluate the local response of pancreatic cancer after IORT
earlier and more markedly than with CT. Conclusion: FDG PET
was useful in monitoring patients after IORT, because the
decrease of metabolism in pancreatic tumor could be detected
earlier than the decrease in tumor size.

Key Words: pancreatic cancer; intraoperative radiotherapy;
treatment effect

J Nucl Med 1999; 40:1424-1433

Received Sep. 10, 1998; revision accepted Mar. 5, 1999.

For correspondence or reprints contact: Tatsuya Higashi, MD, Department of
Nuclear Medicine, Kyoto University Faculty of Medicine, Shogoin, Sakyo-ku,
Kyoto, 606—01 Japan

1424 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 40

PET with !8F-labeled fluorodeoxyglucose (FDG) has
shown promise in oncologic imaging. An increase in FDG
uptake has been demonstrated in various malignant tumors
(I-5). FDG PET was also used to monitor the early
therapeutic effect in tumors, including head and neck cancer,
breast cancer, hepatocellular carcinoma and malignant lym-
phoma (6-10). For pancreatic tumors, we have reported the
clinical values of FDG PET for the detection and differentia-
tion of pancreatic carcinoma (1/,12). However, the use of
FDG PET in the evaluation of treatment effects in pancreatic
cancer has not been fully investigated.

Pancreatic carcinoma is associated with a poor prognosis
(13). The poor outcome may result from the fact that in
many cases, the tumors are already unresectable at the time
of diagnosis (/4). Recently, intraoperative radiotherapy
(IORT) has been widely used as a high single dose of
radiation that can be safely given to tumors. IORT has been
confirmed to have a significant effect in relieving pain in
patients with localized unresectable pancreatic cancer, al-
though the role in prolonging the survival of patients still
remains unclear (/4-18). Recent reports showed that tumor
regression for pancreatic cancer evaluated with CT after
IORT was slow, taking 4 mo to show maximum tumor
regression (/9). It is worth examining the usefulness of FDG
PET as a functional imaging tool in the evaluation of
treatment effects of IORT in pancreatic cancer.

In this study, to evaluate the treatment effects of IORT for
unresectable human pancreatic cancers, we performed a
series of FDG PET studies before and after the IORT
operation, examined FDG uptake in comparison with the
tumor regression on CT images and also compared the three
evaluation methods of FDG PET for treatment effect that
were proposed in this study.

MATERIALS AND METHODS

Patients

The study group comprised 12 consecutive patients with sus-
pected unresectable pancreatic tumors (7 men, 5 women; mean age
57 y, age range 42-73 y) who were examined with FDG PET
studies between June 1994 and June 1997 at Kyoto University
Hospital and who underwent surgical laparotomy with IORT and
could undergo both pre- and postoperative FDG PET. Patients who

* No. 9 * September 1999



had complete or partial resection with IORT were excluded.
Patients underwent preoperative FDG PET within 1-2 wk before
IORT, and underwent postoperative FDG PET at 0.7-11.9 mo
(average 2.53 mo) after the operation at least once. Patients who
could not undergo FDG PET after IORT because of poor clinical
condition were excluded. The clinical condition of patients 5 and 8
allowed for two FDG PET scans for each patient after IORT.
According to the follow-up periods, FDG results after IORT were
divided into three groups: early (0-2.0 mo after IORT, n = 7),
intermediate (2.1-4.0 mo, n = 5) and delayed (4.1months or later
with an average of 10.0 mo, n = 2). The patients also underwent
preoperative CT within 1-2 wk before the operation and were
followed postoperatively with a CT study every 2 mo, up to 12 mo
after IORT. They all had surgical staging and biopsy at the time of
laparotomy, and their histologic diagnoses proved to be adenocarci-
noma. Clinical stages according to the 1987 Union Internationale
Contre le Cancer staging system were as follows: stage IV, 4
patients; stage III, 7 patients; and stage II, 1 patient. All the patients
were treated with IORT (mean dose 25.5 Gy) combined with
external beam radiation therapy (EBRT) (mean dose 47.1 Gy)
before or after IORT:; 8 of 12 patients received additional chemother-
apy (Table 1). The methods used to deliver IORT and EBRT were
previously described in detail (/6).

Diagnosis of abdominal abscess, liver metastasis or peritonitis
carcinomatosa was performed by general assessment of clinical
conditions, sonography, CT and PET studies, and the laboratory
data (such as serum C-reactive protein and CA19-9). Pathologic
examination was not performed during the follow-up periods.

Before enrollment in this study, each patient provided written

informed consent, as required by the Kyoto University Human
Study Committee.

PET Imaging

Imaging Technique. '8F was produced by 2°Ne (d, o) '8F-labeled
nuclear reaction, and FDG was synthesized with the acetyl
hydrofluorite method (20). PET was performed with an eight-ring,
whole-body PET camera (PCT3600W; Hitachi Medico, Tokyo,
Japan), which provides 15 tomographic sections at 7-mm intervals.
The intrinsic resolution was 4.6-mm full width at half maximum
(FWHM) at the center, and the axial resolution was 7-mm FWHM.
The effective resolution after reconstruction was approximately 10
mm. The field of view and the pixel size of the reconstructed
images were 512 and 4 mm, respectively. Scatter correction was
not performed. The patients fasted for at least 5 h before the FDG
injection. Plasma levels of glucose were measured at the time of
FDG injection.

On the preoperative FDG PET scan, the exact position of
pancreatic tumor was verified and marked on the skin as deter-
mined by sonography before the time of imaging. The patients were
placed in a prone position on the center of the PET camera bed.
During the whole imaging procedure, they kept their arms over
their head in the same position, aided by a headrest and a holding
bar. The exact position of the patient was determined, because the
center of the tumor mass was located in the center of the imaging
field with a laser beam alignment system. This patient position was
marked with a pen in a cross line using the laser beam system. On
the preoperative FDG PET scan, the longitudinal distance between
the center of the tumor and the caudal edge of the xiphoid process

TABLE 1
Summary of Treatment and Prognosis of 12 Patients with Pancreatic Cancer
Tumor Dose of
Pa- characteristics irradiation (Gy) Chemotherapy Prognosis
tient Age Size Before IORT After Before After Re-  Survival Local Relapsed
no. (y) Sex Stage (mm) IORT dose IORT IORT IORT sponse (mo) recurrence site Outcome
1 63 M T3NIM1 60 0 30 40 None 5-FUS.0g, PR 4.05 - Livermeta  Died
CDDP
100 mg
2 47 F T3NIMO 50 0 12 50.4 None None PR 4.10 - Livermeta  Died
3 45 M T3NIMI 60 0 30 45 5-FU35g, None PR 4.13 — P&L Died
Farumorubicin
20 mg
4 72 M T3NIMO 50 42 25 0 MMCi10mg, None NC 6.40 — Peritonitis ~ Died
5-FU4.0g
5 51 M T3NIMO 60 0 28 524 MMC 10 mg, None PR 7.37 — P&L Died
5-FU4.0g
6 48 M T3NIMO 25 0 30 40 None None PR 8.77 — P&L Died
7 42 M T3NIM1 100 162 14 432 None None NC 11.13 — P&L Died
8 73 F T3NOMO 60 0 30 504 None None PR 12.33 —_ Livermeta  Died
9 64 F T3NIM1I 80 504 14 0 MMC 10mg, MTX 50 mg, PR 14.03 — Peritonitis Died
5-FU4.0g 5-FUO0.5g
10 60 F T3NIMO 50 45 30 0 §5-FU8Sg, None PR 17.20 - Livermeta  Died
CDDP
127.5mg
11 62 M T3NIMO 60 0 30 45 5-FUS.0g, None PR 7.00 - Liver meta  Alive
CDDP 100 mg
12 56 F T3NIMO 45 45 30 0 5-FU875g, None PR 13.17 — None Alive
CDDP 175 mg

IORT = intraoperative radiotherapy; FU = fluorouracil;, CDDP = cis-diaminedichloroplatinum; PR = partial response; meta = metastasis; P& L =
peritonitis and liver metastasis; MMC = mitomycin C; NC = no change; MTX = methotrexate sodium.
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or the cephalic edge of the pubic bone of the patient was measured
before transmission scanning, which was used for the exact
correspondence of the patient position between the pre- and
postoperative FDG PET scans. The patient was then held in place
with a holding belt across the abdomen.

For postoperative FDG PET, the procedures for the patients’
position differed slightly from those used in the preoperative
imaging. At first, the patient was positioned in the same prone
position on the center of the PET camera bed. The center of the
tumor mass was then positioned to be located in the center of the
imaging field with the laser beam alignment system and the
distance from the bones as previously mentioned. After these
procedures, the position of pancreatic tumor was verified by
sonography. Again the patient was marked with a pen and held with
a holding belt across the abdomen.

Patient positions were kept fixed during transmission scanning
for attenuation correction in image reconstruction for 20 min. After
the transmission scan, approximately 185 MBq (5.0 mCi) FDG
were administered intravenously. About 50-55 min later, the
patient were repositioned on the PET camera bed. The marking and
the laser beam system were used to ensure that the patient was
placed in precisely the same position as in the transmission scan.
Exactly 60 min after the FDG injection, static scanning was
performed for 15 min (/2).

Image Analysis. PET images were compared with the correspond-
ing CT images for accurate anatomic identification of the tumor. On
CT images, the longitudinal distances between the center of the
tumor, the edge of the xiphoid process and the lower edge of the
liver of the patient were calculated by slice thickness. These
measurements were used for the exact correspondence of the
patient position between FDG PET and CT images.

On the preoperative FDG PET scan, the boundary of the tumor
mass could be clearly visualized and assessed by visual compari-
son. The shape of tumor uptake was usually observed as a focal
centripetal strong uptake on the preoperative images. On the
postoperative FDG PET scans, however, the shape of tumor uptake
changed to an irregularly shaped uptake after IORT, sometimes
with multiple high uptake spots along the boundary. In addition, the
center of tumor boundary by visual interpretation was sometimes
observed in a different image slice compared with the markers,
such as the xiphoid process and the lower edge of the liver.
However, the longitudinal distance of the tumor center position
between pre- and postoperative PET by our corresponding system
was within * 1.5 slices of each other.

Therefore, the evaluation of tumor uptake by FDG PET was
performed in seven consecutive imaging slices on both pre- and
postoperative PET for the purpose of correcting the possible error
due to the longitudinal differences between the slices. The seven
slices were determined during preoperative PET so that the center
of tumor boundary was located in the center of these slices. On the
other hand, the seven slices during postoperative FDG PET were
defined by our corresponding system because they were located in
the same anatomic position as that in the preoperative images,
regardless of the shape of uptake or the longitudinal differences. In
one postoperative imaging session (patient 12), a focal high FDG
uptake with standardized uptake value (SUV) 3.5 was observed
outside the seven consecutive slices, with a distance of five slices
from the preoperative center. However, we interpreted this focus as
an inflammatory change or nonirradiated lymph node in the
extrairradiation field at that time, which was later clinically
confirmed to be inflammatory change.
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On each of the consecutive seven slices, FDG accumulation was
analyzed quantitatively by calculating the SUV in the regions of
interest (ROIs) placed over the tumor (2/) by three highly
experienced physicians as follows:

PET count X calibration factor (mCi/g)
SUV =

injection dose (mCi)/body weight (g)

In this study, three parameters, the highest SUV in the tumor
area (parameter 1), the area of tumor showing SUV of more than
2.0 (parameter 2) and the average SUV in the tumor area
(parameter 3) were calculated. Ratios of each parameter after IORT
to that before IORT were defined as residual uptake ratio (RUR)-1,
-2 and -3, respectively. This definition derives from the fact that
maximum SUV of 2.0-2.2 is considered the threshold between
malignant and benign pancreatic tumors in our university (/1,21).

Parameter 1 was calculated using an average count in an ROI of
10 X 10 mm square (independent of tumor size), which was
selected in areas of tumor that showed the highest FDG activity in
all the consecutive slices. This was the same method used in our
previous study and is basically similar to the most common
methods used in the evaluation of static FDG PET studies (/,2,11).
Although the highest ROI in the preoperative study was always
located in the center of the seven consecutive slices, the highest
ROI in the postoperative study could be located in another slice
within the seven consecutive slices, as previously mentioned.
RUR-1 showed the change of the highest uptake point within the
tumor area, as follows (Fig. 1):

RUR-1 = A'/A,

where A = SUV of 10 X 10 mm ROI before IORT, which was
selected in areas of tumor that showed the highest FDG activity,
and A’ = SUV of 10 X 10 mm ROI placed as the same way after
IORT.

Parameter 2 was measured as the area of tumor showing SUV of
more than 2.0. In each consecutive slice, we adjusted the window
level manually to clearly reveal the boundary enclosing all pixels
with uptake greater or equal to SUV = 2.0 within the seven
consecutive slices. These boundaries were then determined as ROI
of the tumor area in each slice. The largest ROI boundary having
the largest pixel area for the tumor mass in the seven consecutive
slices was defined as the area of tumor for parameter 2. Although
the largest ROl in the preoperative study was always located in the
center of the seven consecutive slices, the largest ROI in the
postoperative study could be located in another slice within the
consecutive slices. We calculated RUR-2 as the change of pixel
area of the appropriate tumor mass, as follows (Fig. 1):

RUR-2 =Z'/Y,

where Y = the largest number of pixels of the suspected tumor area
showing SUV = 2.0 or more before IORT (Y larger than X or Z),
and Z' = the largest number of pixels of the suspected tumor area
showing SUV = 2.0 or more after IORT (Z' was larger than X' or
Y").

We also calculated parameter 3 using the same area of tumor
showing SUV of more than 2.0 as used in parameter 2. At first, the
largest ROI boundary for the tumor area was defined as the
preoperative tumor boundary on preoperative PET, using the same
procedure as parameter 2. Then the average uptake count in this
ROI boundary was measured. This preoperative ROI boundary was
also placed on all the seven consecutive slices on postoperative
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FIGURE 1.

Schematic figures of three parameters for comparative FDG PET evaluation of treatment effect. Left three figures

represent three consecutive slices of preoperative FDG PET (only three of seven slices we evaluated in this study are presented
here). Spot with highest SUV in tumor for parameter 1 (thick arrow, A) and largest area of tumor with SUV > 2.0 for parameters 2 and 3
(shaded circle with number of pixel = Y; in this schema, Y is larger than X or Z) are shown. Both were located in central slice of seven
slices. Right three slices represent postoperative PET images and show different uptake pattern. Spot for parameter 1 (thick arrow, A’)
and largest area for parameter 2 (area with number of pixel = Z’; in this schema, Z’ is larger than X’ or Y’) are observed in another
slice. For parameter 3, we applied ROI with pixel = Y (unshaded circle) on all seven consecutive postoperative PET images and

examined highest average uptake.

PET, regardless of the shape of uptake, the highest count or the
longitudinal difference. The highest average uptake of this ROI
boundary in all the consecutive slices of postoperative PET was
used for parameter 3. We then calculated RUR-3 as the change of
average SUV within the suspected tumor area defined by preopera-
tive FDG PET, as follows:

RUR-3 = Q'/Q,

where Q = the average SUV in the ROI boundary suspected tumor
area before IORT, which was defined as Y for the area of tumor

EvALUATION OF IORT IN UNRESECTABLE PANCREATIC TUMORS ¢ Higashi et al.

showing SUV of more than 2.0. Q' = the average SUV in the same
tumor area of Y placed on the PET image after IORT.

CcT

Every patient fasted overnight before the CT study was per-
formed. CT examinations were performed in the same overhead-
arm position. Hi-Speed Advantage (GE Medical Systems, Milwau-
kee, WI) or CT-W2000 or CT-W3000 (Hitachi Medico) scanners
were used. Unenhanced, dynamic and delayed-enhanced images
were obtained in all patients. In several patients, unenhanced
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images were omitted after IORT. For unenhanced CT, a section
collimation of 5-8 mm at 8- to 10-mm intervals was used, and
incremental, contiguous, 5-mm-thick scans were also obtained
through the pancreas. Dynamic contrast-enhanced CT with 150 mL
of nonionic contrast material administered as a bolus injection
through a mechanical power injector at a rate of 2-5 mL/s was
performed. Scanning started about 35 s after the beginning of the
injection. Helical scans were obtained at 7-mm collimation with
1:1 pitch.

Evaluation of Tumor Response by CT

Two highly experienced physicians determined tumor size by
maximum length of long axis on the axial CT image showing
maximum size of a tumor in every 2 mo up to 12 mo after IORT.
The ratio of tumor size after IORT was calculated as the tumor size
ratio (TSR) as follows:

TSR =D'/D,

where D = maximum length of long axis on the axial image
showing maximum size of tumor in CT before IORT, and D' =
maximum length measured by each CT after IORT.

The term definitions for tumor response were classified as
follows: complete response (CR) as disappearance of the tumor,
partial response (PR) as a decrease in the tumor size of more than
70% and no change (NC) as less than 70% decrease (22).

Statistical Analysis

The data in this article were presented as values * SD.
Probability values < 0.05 indicated a statistically significant differ-
ence. The nonparametric statistical analysis between the residual
ratio of SUV and that of CT were performed by analysis of variance
followed by Mann-Whitney U test.

RESULTS

Blood glucose levels at the time of FDG injection were
measured with averages of 91.4 *+ 21.9 and 100.4 + 13.2 for
pre- and postoperative FDG PET studies, respectively
(range 58-151 mg/dL). Blood glucose concentration above
120 mg/dL was noted in only 1 patient (patient 12, before
IORT).

Prognosis

Table 1 summarizes the treatment and prognosis of the 12
patients studied. PR and NC were observed in 10 and 2
patients, respectively. There was no instance of CR. All
patients with increased CA19-9 before IORT showed de-
creases in their serum CA19-9 after IORT (data not shown).
There was no patient with local tumor recurrence during the
follow-up period. The average survival was 9.1 = 4.4 mo.
Of the 12 patients, 10 died of liver metastasis or peritonitis
carcinomatosa. There was no remarkable correlation ob-
served between initial serum CA19-9 level, the decreased
ratio of CA19-9 and the long-term survival of the patient.

PET Imaging Before and After Intraoperative
Radiotherapy

Table 2 shows the results of 14 studies of FDG PET after
IORT compared with that before IORT using parameter 1
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and RUR-1. Decrease of SUV was well correlated with
decrease of tumor size. SUV decreased in 10 patients with
PR, and SUV increased in 2 patients with NC. In these 2
patients, however, intra-abdominal abscess was diagnosed at
the time of the follow-up PET study. There was no remark-
able correlation observed between FDG uptake before
IORT, the decreased ratio after IORT and the long-term
survival of the patient.

Table 2 also shows the diagnosis of liver metastasis by
follow-up FDG PET after IORT. In the 14 follow-up PET
studies, PET diagnosed liver metastases accurately as fol-
lows: 5 true-positive cases, 8 true-negative cases and 1
false-negative case. In 4 true-positive cases, FDG PET
initially detected these nodules before CT and sonography
could have detected these nodules. Figure 2 shows a patient
with liver metastases scanned by FDG PET twice after
IORT.

Comparison of Three Parameters Used in FDG PET
Table 3 shows the results of each RUR. In the early
follow-up period, all three RURs showed similar decreased
ratios. The results of RUR-3 showed a constant decrease in
its average through all three periods with relatively small
SD. RUR-1 decreased in the early follow-up but demon-
strated no change through the remaining periods with

TABLE 2
Results of FDG PET Before and After IORT with Parameter
1 and RUR-1
FDG PET results
PET after IORT
Pa- Before Months  Detection
tient Re- IORT from of liver
no. sponse SUV SUV IORT metastasis RUR-1
1 PR 11.80 5.42 217 TP 0.46
2 PR 562 4.04 1.03 TN 0.72
3 PR 415 0.53 1.90 FN 0.13
4 NC 425 482 0.73 TN 1.13
5 PR 434 3.23 0.83 TN 0.74
2nd PET after
IORT 32 4.00 TP* 0.74
6 PR 397 220 2.40 TP* 0.55
7 NC 356 5.3 3.27 TN 1.49
8 PR 455 273 2.23 TN 0.60
2nd PET after
IORT 2.63 8.07 TP* 0.58
9 PR 260 1.32 117 TN 0.51
10 PR 429 260 11.87 TP* 0.61
1 PR 5.04 3.51 1.00 TN 0.70
12 PR 448 2.82 1.70 TN 0.63

IORT = intraoperative radiotherapy; RUR = residual uptake ratio;
SUV = standardized uptake value; PR = partial response; TP =
true-positive; TN = true-negative; FN = false-negative; NC = no
change; TP* = true-positive/PET initially detected metastatic nod-
ules.
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FIGURE 2. Patient 5, 51-y-old man with unresectable ductal adenocarcinoma. (A) PET before IORT shows remarkable focal FDG
uptake in pancreatic body (yellow arrow) with maximum SUV = 4.34 using 10 X 10 mm ROI. (B) FDG uptake at 0.83 mo after IORT
shows remarkable decreased area of tumor with maximum SUV = 3.23. (C) Follow-up FDG PET at 4.0 mo after IORT shows further
decreased high uptake area at tumor site, but maximum SUV was still high (SUV = 3.2). In this intermediate period, liver metastasis
was also detected (white arrow). Please note that highest uptake of tumor was observed in one more cephalic side of image in (B) and
(C). (D) Contrast-enhanced CT shows low enhanced mass in pancreatic body. (E) Follow-up CT obtained at 0.73 mo after IORT
revealed no change. (F) Follow-up CT at 4.0 mo after IORT shows 20% decreased tumor size, whereas it could not detect liver nodule.

relatively small SD. The results of RUR-2 showed fluctuat- Tumor Size Evaluated by CT
ing averages with the largest SD. Furthermore, the RUR-2 Table 4 shows the tumor response after IORT evaluated as
results were inconsistent with the other two parameters in 2 TSR with CT. In the early period, 6 of 12 patients showed no

patients (patient 1 and 2). change in tumor size with average TSR of 0.91 = 0.10. In
TABLE 3
Comparison Between Each RUR Measured by FDG PET in 12 Patients with Pancreatic Cancer
Patient no.
Early follow-up (n = 7) 2 3 4 5 9 1 12
0-2.0 mo after IORT 1st Average SD
RUR-1 0.72 0.13 1.13 0.74 0.51 0.70 0.63 0.65 0.30
RUR-2 1.08 0.00 1.68 0.65 0.00 0.65 0.58 0.66 0.59
RUR-3 0.86 0.15 1.21 0.55 0.50 0.58 0.71 0.65 0.33
Intermediate follow-up (n = 5) 1 5 6 7 8
2.1-4.0 mo after IORT 2nd 1st Average SD
RUR-1 0.46 0.74 0.55 1.49 0.60 0.77 0.42
RUR-2 1.13 0.58 0.61 1.80 0.33 0.89 0.59
RUR-3 0.40 0.21 0.33 1.20 0.43 0.51 0.39
Delayed follow-up (n = 2) 8 10
4.1 mo or more after IORT 2nd Average
RUR-1 0.58 0.61 0.60
RUR-2 0.21 0.49 0.35
RUR-3 0.25 0.23 0.24

RUR = residual uptake ratio.
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every 2-mo period, TSR revealed a slow and constant
decrease with small SD. In the delayed follow-up, TSR
nadired in 6 mo or more with TSR of 0.5-0.6.

Comparison Between PET and CT

Figure 3 compares the two parameters of FDG PET
(RUR-1 and -3) and TSR measured by CT. No case of
discrepancy between decreased FDG uptake measured by
PET using RUR-1 and -3 and local tumor response measured
by CT appeared. RUR-3 was smaller than TSR in all
follow-up periods. RUR-3 was significantly smaller than
TSR in 2 mo (P < 0.05) and relatively smaller in 4 mo (P =
0.056). RUR-1 was significantly smaller than TSR in 2 mo
(P < 0.01), whereas there was no significant difference
between them in 4 mo (P = 0.27).

DISCUSSION

These data indicate that the regression of FDG uptake in
FDG PET studies was consistent with the local tumor
response results evaluated with CT, and that FDG PET
detected a decrease in tumor metabolism earlier than tumor
size regression. In addition, these data also suggest that in
the intermediate and delayed periods after IORT the measure-
ment of average FDG uptake in the suspected tumor area has
the potential to evaluate the local tumor response better than
that of the maximum FDG uptake in tumor, which is the
most common parameter in FDG PET studies. We may say
that the local tumor response of pancreatic cancer after IORT
could be analyzed by FDG PET within 2 mo, and that it
would be better to analyze both the maximum FDG uptake
and the averaged FDG uptake in tumor-suspected area,
especially in long-term follow-up.

CT Evaluation of Local Tumor Response
The major findings in this study rely on the assumption
that good tumor regression measured with CT after IORT

generally means good local control in the evaluation of
pancreatic carcinoma treatment. Although tumor size mea-
surement on CT has been the standard method of treatment
evaluation in cancer patients, it is difficult to differentiate the
residual viable tumor tissue from necrosis or fibrosis clearly
on CT. There are only a few articles available to evaluate the
early local pathologic response of tumor tissue after IORT
(23,24). These reports reveal that the irradiated tumor area
consisted of the residual viable tumor tissue, necrosis and
fibrosis at first (around 1.5 mo after IORT), and that
contraction and scar formation followed this early patho-
logic change. They suggest that a tumor reduction after
IORT cannot be clearly imaged with CT before the process
of absorption of necrotic tumor tissue and scar formation.
These reports are in agreement with the current results and
another report from this group (/9). In this study, however,
we have no definite pathologic information on this problem.
Although there was no patient with local tumor recurrence,
10 of 12 patients died of liver metastasis or peritonitis
carcinomatosa. Therefore, even in the good local control
cases, we could not deny the possibility that a small number
of scattered viable tumor cells could stay buried in the
fibrous tissue and that they played an important part for
distant metastasis.

Evaluation of Local Tumor Response by FDG PET

The usefulness of FDG uptake for assessing radiotherapy
remains a matter of debate (6-10). The decreased FDG
uptake of the total irradiated tissue was observed in the early
stage after radiotherapy (8,25,26). On the other hand, some
articles reveal early phase increased FDG uptake in irradi-
ated tumor cell lines and in irradiated human lymph node
metastasis (27,28). It may be said that an accumulation of
FDG in irradiated tumor tissue is determined by a result of
the “trade-off” of several factors, such as the amount of

TABLE 4
CT Results of Tumor Size Ratio After IORT Compared with Size Before IORT in 12 Patients with Pancreatic Cancer
Patient no.

1 2 3 4 5 6 7 8 9 10 1 12 Average SD
Early follow-up (n = 12) 080 100 100 1.00 083 080 100 083 1.00 080 0.80 1.00 0.91 0.10
0-2.0 mo after IORT
Intermediate follow-up (n = 12) 0.67 067 067 080 080 060 100 075 086 080 075 075 0.76 0.11
2.1-4.0 mo after IORT
Delayed follow-up 1 (n = 9) ND ND ND 080 067 050 1.00 050 086 080 067 0.50 0.70 0.18
4.1-6.0 mo after IORT
Delayed follow-up 2 (n = 8) ND ND ND ND 067 050 1.00 050 070 070 0.67 0.33 0.63 0.20
6.1-8.0 mo after IORT
Delayed follow-up 3 (n = 6) ND ND ND ND ND 050 080 050 070 050 ND 0.33 0.56 0.17
8.1-10.0 mo after IORT
Delayed follow-up 4 (n = 5) ND ND ND ND ND ND 080 050 067 050 ND 0.33 0.56 0.18
10.1-12.0 mo after IORT
Delayed follow-up 5 (n = 1) ND ND ND ND ND ND ND ND ND 050 ND ND 0.50 ND

12.0 mo after IORT

IORT = intraoperative radiotherapy; ND = not done.
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FIGURE 3. Timetable of each parameter
'3- RUR-3 | measured by FDG uptake (RUR-1 and -3)
compared with TSR by CT. Early changes
observed in RURs were quick and steep.
RUR-3 was decreasing constantly and was
smaller than TSR in all follow-up periods,
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with significant difference in 2-mo periods
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Months after IORT

1'2 (P < 0.05). RUR-1 decreased quickly and

then remained unchanged through all peri-
ods. TSR revealed slow and constant de-
crease with small SD.

uptake by surviving tumor cells, the number of viable tumor
cells, the number of inflammatory cells and the change of
blood flow or vascular permeability (6,26,29-31). These
results are also supposed to depend on several factors, such
as dose or method of radiation, time of evaluation, tumor
histology, serum glucose level and evaluation method of
FDG uptake (6,32). In view of the specific character of this
study, three factors should be considered: surviving viable
tumor cells, the inflammatory cells and the evaluation
method of FDG uptake.

We will begin by considering the problem of surviving
viable tumor cells and the evaluation of therapeutic response
by FDG PET. The most important point to note is the
heterogeneous character of irradiated tumor tissue. As
previously mentioned, the shape of tumor uptake became
irregularly shaped after IORT, sometimes with multiple high
uptake spots in the boundary of the tumor. It does not make
sense to think that only a small sample evaluated by one
method can be considered representative of the entire,
heterogeneous neoplastic tissue. Therefore, it should be said
with some emphasis that it is useful in the evaluation of
IORT to use multiple methods and to evaluate the character
of the method itself.

RUR-1 is important for early detection of local relapse,
because it is most commonly used in clinical FDG PET. We
should note that both cases of delayed follow-up with
relatively higher maximum SUV had liver metastases, and
that the only patient with remarkably decreased maximum
SUV after IORT (patient 9) was a rare case without liver
metastases. One explanation for the remaining higher maxi-
mum SUV in delayed follow-up may be the presence of
scattered viable tumor cells, as previously mentioned.

Concerning the other two methods we proposed in this
study, we were confronted by two difficulties. The first was
the accuracy of the corresponding system between pre- and
postoperative FDG PET. The second was the validity of

EVALUATION OF IORT IN UNRESECTABLE PANCREATIC TUMORS ¢ Higashi et al.

using a single slice for evaluation. We believe our method in
this study is justified by the fact that the longitudinal
distance of the tumor center position between pre- and
postoperative PET imaging was within * 1.5 slices, and that
we evaluated the largest value in the seven consecutive
slices.

Comparative results of the three methods showed that
there was no remarkable difference among them in the early
follow-up period. Therefore, when early response is to be
evaluated, it is not problematic to use maximum SUYV, which
is the most commonly used parameter in clinical FDG PET
study. However, the results in the intermediate and delayed
periods showed that RUR-3 fairly represents the patients’
condition with good local control. We may say that it is
better to evaluate the treatment effect not only by the
common quantitative analysis using maximum SUV but also
by average SUV in tumor-suspected areas, especially in
long-term follow-up.

In this study, the definition of ROI boundary for the tumor
area was performed using SUV = 2.0 within the tumor for
parameters 2 and 3. It could be possible to measure these
parameters using another value because the threshold varied
in each report (/-2). There is room for argument on this
point.

The second point is the problem of inflammatory cells.
Two cases of follow-up FDG PET showed increased uptake
with clinical, not pathologic, diagnosis of abdominal ab-
scess, and PET cannot clearly differentiate between local
recurrence of pancreatic cancer and inflammatory change.
Several clinical studies report that increased FDG uptake
was not lost in most tumors after the treatment, and the
residual active tumor could not be distinguished from the
inflammatory reaction caused by the radiation (6). Further-
more, it is well known that inflammatory effects occur and
may last for the first half year after the end of radiotherapy
(33). Although there are only few articles reporting abscess
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formation, we should not overlook this inflammatory change
18).

Prognosis

The usefulness of FDG uptake as a predictor of prognosis
remains a matter of debate (6—10). The results of this study
show that it was impossible to predict the prognosis of
unresectable pancreatic cancer with FDG PET. There was no
correlation between the initial FDG uptake, the decreased
ratio of FDG uptake after IORT and the long-term survival.
These results stem partially from the fact that the prognosis
of pancreatic cancer is poor and partially from the fact that
there was no patient who died of local recurrence in this
study. Because patients without follow-up FDG PET were
excluded from this analysis, some local recurrence cases
might have been excluded because of the clinical condition.
In addition, Haberkorn et al. (6) concluded that the differ-
ences in treatment response reported in various articles
might depend on the tumor types as well as treatment
protocols. Further study with more patients is needed.

Another advantage of FDG PET is the detection of
metastatic liver nodules. In this study, FDG PET detected 4
cases of liver metastases when CT and sonography could not
detect these nodules. The upper portion of liver could not be
evaluated by FDG PET because our PET machine has a
longitudinal field of view of only 10 cm. A consecutive
dual-level scan or whole-body scan that can cover whole
liver level would be useful in the evaluation of liver
metastases.

CONCLUSION

These data suggest that local tumor response of IORT in
unresectable pancreatic cancers can be evaluated earlier with
FDG PET than with CT. This could be useful in evaluating
local tumor response of IORT not only by the highest SUV
in the tumor but also by analysis of the averaged uptake in
the preoperative tumor area in the long-term follow-up
period.
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