The most interesting result is that the same information also
could be obtained with the model-based interpretation of the
SPECT scan, thus avoiding the cumbersome and expensive
pharmacologic protocol described above. Indeed, assuming the
receptor model is used, the simple observation of the temporal
behavior to the ROI/ROIy ratio gives strong evidence that
tumor uptake was specific.

Therefore, we suggest pentetreotide can be extended beyond
its use as a tumor detection agent to that of a tumor character-
izing agent, which increases the clinical importance of the
scintigraphic data and may provide direction for therapeutic
management. This aim probably will be best fulfilled by true
quantitative approaches (8), but the simplicity of the method we
propose can represent a reasonable trade-off in clinical man-
agement. Future developments of SSR2 receptor tracers,
labeled with more favorable isotopes (9) and with high-
resolution SPECT instrumentation, can further increase the
value of the biological in vivo characterization of SSR2-
expressing tumors.

REFERENCES

1. Krenning EP, Kwekkeboom DJ, Bakker WH, et al. Somatostatin receptor scintigraphy
with '"'In-DTPA-D-Phe- and 'ZI-Tyr-octreotide. The Rotterdam experience with
more than 1000 patients. Eur J Nucl Med 1993;8:715-731.

2. Lamberts SWJ, Krenning EP, Reubi JC, et al. The role of sandostatin and its analogs
in the diagnosis and treatment of tumors. Endocr Rev 1991;4:450-482.

3. Peri A, Cordellea-Nicle E, Micle L, Mukherje AB. Tissue-specific expression of the
gene coding for human clara cell 10-kD protein: a phosphoerpase A,-inhibitory
protein. J Clin Invest 1993;92:2099-2109.

4. Maini CL, Tofani A, Venturo I, et al. Somatostatin receptor imaging in small cell lung
cancer using '''In-DTPA-D-Phe-octreotide: a preliminary study. Nuc! Med Commun
1993;14:962-968.

5. Innis RB, Al-Tikriti MS, Zoghbi SS, et al. SPECT imaging of the benzodiazepine
receptors: feasibility of in vivo potency measurement from stepwise displacement
curves. J Nucl Med 1991;9:1754-1761.

6. Morlein SM, Welch MS. Application of SPECT to the in vivo measurement of
benzodiazepine potency. J Nucl Med 1991;9:1762-1763.

7. Lassen NA. Neuroreceptor quantitation in vivo by the steady-state principle using
constant infusion or bolus injection of radioactive tracers. J Cereb Blood Flow Metab
1992;5:709-716.

8. Eckelman WC. The application of receptor theory to receptor-binding and enzyme-
binding oncologic radiopharmaceuticals. Nuc! Med Biol 1994;5:759-769.

9. Bakker WH, Krenning EP, Reubi JC, et al. In vivo application of ['''In-DTPA-D-
Phe} ide for d ion of atin -positive tumors in rats. Life Sci
1991;49:1593-1601.

i 4

Influence of Chemotherapy on FDG Uptake by
Human Cancer Xenografts in Nude Mice
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This study evaluated the use of PET with ®F-2-deoxy-2-fluoro-D-
glucose (*°F-FDG) for monitoring chemotherapy effects, using a
human cancer xenograft (poorly differentiated human gastric can-
cen in vivo model. Methods: Tumor '8F-FDG uptakes and sizes
were measured after administrating mitomycin (MMC), cisplatin
(CDDP) and adriamycin (ADR) to xenograft-bearing nude mice and
compared with '®F-FDG tumor uptake and tumor size in a non-
therapy group. The correlation between the uptake and size was
also assessed. Results: The largest reduction in tumor size after
occurred in the MMC administered group, followed
by the CDDP case, with no reduction in the ADR group as compared
to the controls. Fluorine-18-FDG tumor uptake after chemotherapy
was also decreased in the MMC and CDDP groups, in that order,
but not in the ADR case. With MMC and CDDP, size reduction
became significant on Days 8 or 11, whereas '8F-FDG tumor uptake
had already been decreased on Days 3 or 7. Conclusion: Fluorine-
18-FDG uptake decreases in parallel to the efficacy of anticancer
agents and correlates with subsequent morphologic changes. We
conclude that '®F-FDG PET tumor images are indeed useful for
monitoring the effects of cancer chemotherapy.
Key Words: fluorine-18-FDG; human cancer xenograft; PET; che-
motherapy
J Nucl Med 1997; 38:714-717

Wth cancer chemotherapy, it is important to choose the most
effective chemotherapeutic agents for individual patients. There
have been several attempts to develop in vitro (/-6) and in vivo

Received Jan. 11, 1996; revision accepted Jul. 19, 1996.

For correspondence or reprints contact: Takashi Yoshioka, MD, Department of
Clinical Oncology, Institute of Development, Aging and Cancer, Tohoku University, 4-1,
Seiryo-machi, Aoba-ku, Sendai 980-77, Japan.

714

(7,8) systems that would predict the response of a tumor, in an
individual patient, to a particular chemotherapeutic agent, but
the results have been far from satisfactory. In clinical practice,
the chemotherapist chooses chemotherapeutic agents on the basis
of his experience and by monitoring morphological changes of
tumors by physical examination, radiograph studies, endos-
copy, CT, US or MR, in a continuous decision-making process.

The development of PET has made it possible to study the
metabolism of cancer tissues. The positron-labeled compound
18F-2-deoxy-2-fluoro-D-glucose (*®F-FDG) is widely used in
PET as a tracer for glucose metabolism (9) because it is phosphor-
ylated by hexokinase but essentially cannot be further metabolized,
becoming preferentially trapped in the cells (/0). As enhanced
glycolysis is one of the best-documented characteristics of malig-
nant tumors (1), '®F-FDG PET has been used for successful
imaging of various kinds of human neoplasms (/2-19).

Theoretically, '®F-FDG PET should also be suitable for
follow-up after cancer treatment, since its uptake relates to the
number of viable tumor cells (20). The response of tumors to
chemotherapy might, therefore, be recordable earlier and more
exactly in terms of '*F-FDG uptake than from morphological
changes. Several clinical studies using 'F-FDG have been
performed to evaluate therapeutic response in malignant tumors
(14-17, 21-24) and there also have been reports of experimen-
tal studies concerned with the relationship between treatment
efficacy and '®F-FDG uptake (25,26). However, detailed exper-
imental in vivo studies on the correlation between morphologic
alterations and '®F-FDG uptake in tumors caused by chemo-
therapy have been lacking.

In this study we compared the relationship between tumor
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volume and '8F-FDG uptake after chemotherapy using human
cancer xenografts.

MATERIALS AND METHODS

Xenografts

The SC-6-JCK used in this study is a poorly differentiated
human gastric adenocarcinoma cell line. It was supplied as an
established xenograft in a nude mouse and serially transplanted in
nude mice at our institution.

Tumor tissue fragments, approximately 2 mm?, were inoculated
into the subcutaneous tissue of the backs of inbred 5-wk-old male
BALB/c nu/nu mice maintained under pathogen-free conditions.

Radiopharmaceutical

Fluorine-18 -2-deoxy-2-fluoro-D-glucose was synthesized by
the method described by Shiue (27). The specific activity varied
according to the integrated cyclotron beam dose focused on the
target and ranged from 1-10 mCi/mg at the end of synthesis.
Radiochemical purity was 97%—98%.

Chemotherapeutic Agents

Commercially available mitomycin C (MMC), adriamycin
(ADR) and cisplatin (CDDP) were used for the experiment. MMC
and ADR were dissolved in about 0.2 ml of physiological saline
and CDDP was dissolved in about 0.2 ml of distilled water. MMC
and CDDP were administered once intraperitoneally, and ADR
once intravenously because it is poorly absorbed by the perito-
neum. The administered doses were 6 mg/kg for MMC, 8 mg/kg
for CDDP and 8 mg/kg for ADR, which were previously described
as adequate doses for treatment (28).

Measurement of Tumor Size and Treatment

Tumors inoculated into the subcutaneous tissue of the backs of
nude mice were measured (length and width) with sliding calipers
every day by the same person. Using the method of Geran et al.
(29), the tumor volume (V) in mm?> was calculated from the linear
measurements using the formula: tumor volume (mm®) = length
(mm) X (width (mm))?%/2. On the 16th day after inoculation, when
tumors had reached 300-500 mm?, tumor-bearing mice were
randomized into four test groups (MMC, CDDP, ADR and con-
trol). The relative mean tumor volume (RV) was calculated as
Vi/Vo, where Vi is the mean tumor volume of a group at any given
time and Vo is the mean tumor volume at the initial treatment. Growth
curves after treatment were generated from the calculated RV.

Radioactivity Measurement

Six '8F-FDG tissue distribution studies were performed at 1, 3,
S, 7, 10 and 14 days after treatment. Each study encompassed four
test groups, each consisting of five to seven nude mice (MMC,
CDDP, ADR and control). Fluorine-18-FDG was dissolved in
isotonic saline and approximately 20 wCi/0.2 ml were injected
intravenously through the lateral tail vein. The mice were killed by
decapitation 60 min after the injection and the tumors removed and
blotted. The tumors were weighed and counted in an automated
Nal well counter along with a standard sample of the injected
8E_FDG. Radioactivity was corrected for decay and data were
expressed as the differential uptake ratio (DUR):

_ tissue counts/tissue weight
" injected dose counts/body weight.
Statistical Comparison
The Student’s t-test was used for determining the statistical signif-
icance of differences between tumor volumes and in uptake data.

RESULTS
The growth curves after treatment are shown in Figure 1.
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FIGURE 1. Tumor growth curves after chemotherapy. Symbols are mean
values and bars are s.d. The tumor proved sensitive to MMC and CDDP, in
that order, and not to ADR.

Each curve gives the mean and s.d. of the relative tumor
volume. The relative tumor volumes on Day 14 were 0.46 =
0.21 for MMC, 0.66 = 0.10 for CDDP, 3.54 * 0.57 for ADR
and 3.85 = 1.23 for the control group. Reduction of tumor size
was largest in the MMC administered group, followed by the
CDDP case, although no significant difference was observed
between the two (p < 0.1; Student’s t-test). The ADR-treated
group demonstrated no reduction. In the MMC group, reduction
was evident on Day 4, which became significant on Day 8
(RV = 0.78 * 0.13) as compared with the initial volume (p <
0.01). Likewise for the CDDP group, where tumor reduction
was noted on Day 5 and with significance from Day 11 (RV =
0.83 = 0.17) (p < 0.01), when the relative tumor volume was
smaller than just before the treatment commencement.

Data for tumor uptake of '8F-FDG in each drug administra-
tion group and the controls are shown in Table 1, and drug
response curves in Figure 2. There was a gradual and constant
decrease in uptake from Day 1 to Day 7 with a slight increase
from Day 7 to Day 14 in the MMC and CDDP groups, but there
was a slight decrease from Day 1 to Day 5 and a gradual

TABLE 1
Fluorine-18-FDG Tumor Uptake after Chemotherapy
Differential uptake ratio
Day Control ADR CDDP MMC
1 144 +032 143+022 126 +0.06 124 +0.18
©r ®) ® ©)
3 136 +0.30 127 +037 1.26 +0.14" 0.96 = 0.27¢
©) ® ®) 0]
5 144 +£040 120045 1.01 *x0.16" 0.85 + 0.2¢%
®) ©® ©) ©)
7 135+0.32 1.26*023 093 +021¥ 071 +0.22%
© ©) ©® @
10 141021 132+022 097 +0.225" 0.85+0.12%
™ ()] ©®) ®
14 1.33+019 1.39+0.14 1.10+0.24™ 0.88 + 0.205*
@ ©® © ©)

Values are mean * s.d.

*Number of nude mice.

Tp < 0.1, ¥p < 0.05 and Sp < 0.01, compared with the control.
p < 0.1 and "*p < 0.01 compared with the ADR case.
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FIGURE 2. Time-response curves of '®F-FDG tumor uptake after chemo-
therapy. Consistent decreases from Day 1 to Day 7 were observed in the
sensitive drug groups, but not with ADR.

increase from Day 5 to Day 14 in the ADR case. Fluorine-18-
FDG tumor uptake in the MMC-administered group showed a
steady decrease that became significant in comparison with the
control level on Day 3 (p < 0.05). In the CDDP case, a
significant decrease was noted on Day 7 (p < 0.05). With both
drugs the uptake values remained decreased at later time points
(Table 1). Fluorine-18-FDG tumor uptake in the ADR-admin-
istered group demonstrated no difference from the control
group, but the values were higher for the two other drugs from
Day 7 to Day 14 (Table 1). Fluorine-18-FDG tumor uptake in
the MMC group was consistently lower than that of the
CDDP-administered group, but there was no statistically sig-
nificant difference between the two.

DISCUSSION

PET using '8F-FDG, a structural analog of glucose and
labeled with the short-lived positron-emitting radioisotope '°F,
has provided a noninvasive methodology that can give quanti-
tative information on regional glycolytic processes (9,/0). As
increased glycolysis is one of the most important characteristics
of cancer cells (1/), '®F-FDG PET has been widely used for
cancer diagnosis with successful imaging of various kinds of
malignant tumors (/2-19).

We find '8F-FDG PET has two advantages. It facilitates
diagnosis of tumor aggressivity because of the positive corre-
lation between glycolytic rate and proliferative activity or
histologic de-differentiation (12,19,22,23,30,31). Also, it is
suitable for follow-up after cancer treatment because '*F-FDG
uptake reflects the viability of tumor cells (20).

Abe et al. (25) reported, using experimental murine cancer
models, that '®F-FDG uptake is reduced in radiosensitive but
not radioresistant tumors and that metabolic changes lead to
morphologic alterations in radiosensitive tumors after radiation.
Minn et al. (22) reported that successful treatment causes a
decrease in '8F-FDG uptake in patients with head and neck
tumors, and similar tendencies were also noted in patients with
other tumors (/4-17,21,23,24). In this study, a comparison of
18E_FDG uptake and tumor size allowed a good correlation to
be established after administration of anticancer drugs with
differing efficacy against xenograft growth.

It was earlier shown that SC-6-JCK responds well to MMC,
moderately to CDDP and poorly to ADR by Shimoyama et al.
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(32) and a previous study in our institute (33) and tumor size
measurement in this study also gave similar results (Fig. 1). Our
present findings show that '®F-FDG uptake after chemotherapy
is decreased in parallel to the response in terms of tumor growth
and, thus, suggest that '®F-FDG PET might be suitable for
monitoring cancer chemotherapy.

The time response of 'F-FDG uptake indicated the possibil-
ity of more rapid detection of chemotherapeutic potential than
with tumor size. This was the case with both MMC and CDDP
administration. The reason for this is presumably because
cytotoxic effects of anticancer agents cause metabolic arrest of
cancer cells, as reflected by '®F-FDG uptake, before necrosis
and reduction in tumor size can occur. The latter is also
complicated by inflammatory changes and fibrosis. The obser-
vations in our study suggest that '*F-FDG PET tumor imaging
might allow the effectiveness of chemotherapy for an individual
patient to be decided earlier than with conventional morpho-
logical methods.

In this study, '|F-FDG uptakes in MMC- and CDDP-
administered groups increased slightly after Day 7. We think
that these phenomena show the possibility of the recurrence of
cell proliferation.

The recent development of GCS-F and bone marrow trans-
plantation (ABMT) has reduced the risk of infection induced by
bone marrow suppression that is the most dangerous side effect
of anticancer agents (34), making possible an increase in the
dose intensity for high-dose chemotherapy (HDCT), which has
augmented the number of long-term survivors with some kinds
of cancers (35). Therefore, it is even more important now to
identify effective chemotherapeutic agents for individual cancer
patients. While many assays of chemosensitivity in vitro and in
vivo have been developed, the in vitro results are generally
affected by several experimental factors, including drug con-
centration and exposure time, as well as number of cells seeded
and culture duration, and this makes interpretation of any
correlation with in vivo clinical efficacy very difficult (/-6).
The nude mouse method, one of in vivo assays, is expensive
and the success of transplantation is not guaranteed (7). Another
in vivo assay, the subrenal capsular assay, cannot exclude the
influence of immune or endocrine host reactions (8). Therefore,
no routine method has so far been established for assessing
chemosensitivity at the individual patient level. In clinical
practice, rapid and reliable evaluation of chemotherapeutic
effects is of great assistance in determining the most favorable
anticancer drug regimen. Since the data in this study indicate
that '8F-FDG tumor uptake is decreased in parallel with the
efficacy of anticancer agents in causing size reduction, this
approach might be particularly suitable for this purpose.

This is the first study on the correlation between morphologic
alterations and '®F-FDG uptake in tumors caused by chemo-
therapy. Heterogeneity of tumor tissue in terms of '|F-FDG
kinetics is a potential source of problems in interpreting
18E_FDG PET images for assessment of response to chemother-
apy. However, our observations provide evidence that '*F-FDG
PET imaging is indeed useful for follow-up after cancer
chemotherapy.
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Transcobalamin II Receptor Imaging via
Radiolabeled Diethylene-Triaminepentaacetate

Cobalamin Analogs

Douglas A. Collins and H.P.C. Hogenkamp
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Minneapolis, Minnesota

Rapidly dividing cells up-regulate the number of transcobalamin I
receptors during DNA replication. We have developed diethylene-
triaminepentaacetate (DTPA) cobalamin analogs for the purpose of
imaging transcobalamin Il receptors in malignant and nonmalignant
tissue. Methods: Methyl-, adenosyl- and cyanocobalamin-b-(4-
aminobutyl)-amide-DTPA analogs were synthesized. In vitro binding
of the analogs to the transcobalamin proteins was assessed by the
unsaturated vitamin B12 binding capacity assay and compared to
DTPA and cyanocobalamin. The biodistribution of the ''In-DTPA
cobalamin analogs was measured at 24 hr after injection into
sarcoma-bearing mice and non-tumor-bearing mice and pigs.
Results: Methyl-, adenosyi- and cyanocobalamin-b-(4-aminobutyl)-
amide-DTPA analogs and DTPA were 94.0%, 90.4%, 66.4%, and
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3.6%, respectively, as efficient in binding to the transcobalamin
proteins when compared to cyanocobalamin. At 24 hr after admin-
istration, the cobalamin analogs had 5-17 times and 20-29 times,
respectively, the amount of uptake within the resected tissue sam-
ples and transplanted sarcomas when compared to '''In-DTPA.
Conclusion: The radiolabeled DTPA cobalamin analogs are biolog-
ically active. Preliminary animal studies suggest that the analogs
could be effective in vivo transcobalamin |l receptor imaging agents.
Key Words: receptor imaging; tumor-seeking agent; vitamin B12
J Nucl Med 1997; 38:717-723

‘Iitamin B12 (cyanocobalamin) has two coenzymatic func-
tions in humans. Methylcobalamin serves as the cytoplasmic
coenzyme for *N-methyltetrahydrofolate:homocysteine methyl
transferase (methionine synthetase, EC 2.1.1.13), which cata-
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