68Ga-Labeled Bombesin Studies in Patients with
Gastrointestinal Stromal Tumors: Comparison

with 18F-FDG

Antonia Dimitrakopoulou-Strauss!, Peter Hohenberger?, Uwe Haberkorn!-3, Helmut R. Micke®*, Michael Eisenhut?,

and Ludwig G. Strauss'

!Medical PET Group—Biological Imaging, Clinical Cooperation Unit Nuclear Medicine, German Cancer Research Center, Heidelberg,
Germany; 2Division of Surgical Oncology and Thoracic Surgery, Surgical Clinic, Klinikum Mannheim, University of Heidelberg,
Heidelberg, Germany, >Department of Nuclear Medicine, University of Heidelberg, Heidelberg, Germany; *Division of Radiological
Chemistry, Department of Radiology, University Hospital Basel, Basel, Switzerland; and °Department of Radiopharmaceutical

Chemistry, German Cancer Research Center, Heidelberg, Germany

Dynamic PET studies with a ®8Ga-bombesin analog, DOTA-
PEG,-[p-Tyr®, p-Ala’, Thi'3,Nle'¥] BN(6-14) amide ((3Ga-BZH3;
DOTA is 1,4,7,10-tetraazacyclododecane-N,N’,N”,N"-tetraacetic
acid, and PEG is ethylene glycol [2-aminoethyl-carboxymethyl
ether]), were performed on patients with gastrointestinal stromal
tumors (GIST) to investigate the impact of complementary
receptor scintigraphy on diagnosis and the potential of a ra-
dionuclide treatment. Furthermore, dynamic '8F-FDG studies
were performed on the same patients. Methods: This study
comprised 17 patients with GIST. All patients were scheduled
for therapy with imatinib because of unresectable primary or
recurrent GIST or because of metastatic disease. Dynamic PET
scans using %8Ga-BZH3 and '8F-FDG were obtained on 2 con-
secutive days. Multivariate analysis was used to evaluate the
kinetic data. Standardized uptake values (SUVs) were calcu-
lated, and a compartmental model (2-tissue) and noncompart-
mental model were used for data evaluation of both tracers.
Results: Fourteen of 17 patients (25/30 lesions) were positive
for uptake on '8F-FDG imaging, whereas 68Ga-BZHs; demon-
strated an enhanced accumulation in 7 of 17 patients (8/30
lesions). Thirteen lesions were confirmed by histologic exami-
nation, and the remaining 17 were confirmed by follow-up.
One recurrent tumor in the stomach could not be delineated
on '8F-FDG imaging but showed enhanced 8Ga-BZH; uptake.
The median SUV for 8Ga-BZH3; was 3.3, in comparison with
7.9 for '8F-FDG. Best-subset analysis demonstrated that
the global SUV (55-60 min after injection) for '8F-FDG was pri-
marily dependent on k3, followed by k1. Multivariate analysis
did not show a significant correlation between the kinetic param-
eters (k1-k4, fractional blood volume, and SUV) for "8F-FDG and
bombesin. Conclusion: 68Ga-BZH3; may be helpful for diagnos-
tic reasons in a subgroup of patients with GIST, as in the case of
negative '8F-FDG findings and suspicion of viable tumor tissue.
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The meaning of the enhanced ®8Ga-BZH; uptake is open at the
moment.
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Gastrointestinal stromal tumors (GIST) are tumors that
occur in the wall of the bowel and are thought to be derived
from the cells of Cajal, which drive peristalsis in the
intestine. Most GIST show a gain-of-function mutation in
the cKIT proto-oncogene resulting in ligand-independent
activation of the cKIT receptor tyrosine kinase (/). PET
with '8F-FDG is frequently used for oncologic applications
to assess tissue viability. Especially in patients with GIST,
I8F_FDG is being used for staging and therapy monitoring.
Not all patients respond to imatinib mesylate, and many
of those who initially respond may later become resistant.
Therefore, new therapeutic approaches are needed. One idea
is to study the expression of different receptors to guide
therapy in that direction. It has recently been shown that
somatostatin receptors can be quite well imaged using a
new radiolabeled compound, ©°3Ga-DOTA-p-Phe!-Tyr?-
octreotide (DOTATOC). In patients with neuroendocrine
tumors, DOTATOC has successfully been used both for
diagnostic purposes, labeled with %8Ga, and for therapy,
labeled with °°Y (2). Reubi et al. reported in a recent paper
that GIST expressed bombesin subtype 2 receptors, better
known as gastrin-releasing peptide receptors, using in vitro
receptor autoradiography (3). The authors reported that not
only primary GIST but also metastases and even tumor
samples from patients who did not respond to imatinib were
receptor-positive. On the basis of these data, in patients with
GIST we used for the first time °®Ga-bombesin, in terms of
a pan-bombesin analog, the peptide DOTA-PEG,-[D-Tyr®,
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B-Ala!!,Thi'3 Nle'4] BN(6-14) amide (BZH3; DOTA is 1,4,
7,10-tetraazacyclododecane-N,N',N" ,N"-tetraacetic acid, and
PEG is ethylene glycol [2-aminoethyl-carboxymethyl ether]).

Because of the increased spatial resolution of PET and its
ability to quantify biodistribution, the pan-bombesin analog
BZHj; was labeled with the positron emitter %3Ga, which has a
half-life of 68.3 min for the positron emission (4). BZH; binds
to at least 3 receptor subtypes: bombesin receptor subtypes
1 (also known as neuromedin B), 2, and 3. The aim of this study
was to investigate the impact of complementary receptor scin-
tigraphy on diagnosis and the potential of a radionuclide treat-
ment. Furthermore, bombesin kinetics were compared with
I8E-FDG kinetics. We compared the bombesin kinetic data de-
rived from a 60-min full dynamic acquisition with those obtained
from the dynamic '8F-FDG data. For quantitative analysis of
both tracers, a 2-tissue-compartment model and a noncom-
partment model based on the fractal dimension were used. In
particular, we evaluated different kinetic parameters such as
k1-k4 and Vg, which reflects the fraction of blood within the
evaluated volume, and compared them with global tracer
uptake (SUV) to find which parameter has the greatest impact.

MATERIALS AND METHODS

%8Ga for PET was obtained from a %3Ge/%®Ga generator, which
consists of a column containing a phenolic ion exchanger (manu-
factured in-house) loaded with °8Ge and coupled in series with a
small-sized anion-exchanger column (AG 1 x 8 Cl~ ion-exchange
resin, 200400 mesh; Bio-Rad) to concentrate °8Ga during elu-
tion. This generator provides °8Ga with an average yield of 60%
for more than 1.5 y. ®*Ga-BZH; was prepared according to the
method described by Schuhmacher et al. (4).

For '8F-FDG studies, all patients fasted for at least 4 h before
undergoing PET. Blood glucose levels were measured imme-
diately before PET began and were within normal levels (<130
mg/dL). '8F-FDG was prepared according to the method described
by Toorongian et al. (5).

The study included 17 patients with histologically proven
GIST. Two of the patients had primary GIST without previous
treatment and were scheduled for preoperative imatinib therapy
because of unresectable tumors. The remaining 15 patients were
previously treated with surgery and were scheduled for imatinib
therapy because of suggestive metastatic lesions on CT or MRI.
Five of these patients received imatinib before undergoing PET.
All 17 patients were scheduled for imatinib therapy and under-
went an '8F-FDG PET study for staging and a bombesin PET
study for assessment of bombesin receptor expression. Dynamic
PET studies were performed for 60 min after the intravenous
application of 300-370 MBq of ¥F-FDG and 150-210 MBq of
68Ga-BZHj; (3 nmol) using a 28-frame protocol (10 frames of 30 s,
5 frames of 60 s, 5 frames of 120 s, and 8 frames of 300 s) on 2
consecutive days. A dedicated PET system (ECAT EXACT HR+;
Siemens) with an axial field of view of 15.3 cm, operated with
septa extended (2-dimensional mode), was used for patient stud-
ies. The system allows the simultaneous acquisition of 63 trans-
axial slices with a theoretic slice thickness of 2.4 mm. Before
application of the radionuclide, transmission scans for a total of
10 min were obtained for attenuation correction of the acquired
emission tomographic images. All PET images were corrected for
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attenuation, and an image matrix of 256 X 256 pixels was used for
iterative image reconstruction. Conversion of reconstructed im-
ages to SUV images was based on the following formula (6):
standardized uptake value (SUV) = tissue concentration (Bq/g)/
(injected dose [Bql/body weight [g]). The SUV 55-60 min after
injection was used for the analysis of both tracers.

Dynamic PET data were evaluated using the software package
PMOD (provided courtesy of PMOD Technologies Ltd.) (7,8).
Areas with enhanced tracer uptake on transaxial, coronal, and
sagittal images were evaluated visually. Time—activity curves were
created using volumes of interest. A volume of interest consists of
several regions of interest over the target area. Irregular regions of
interest were drawn manually. To compensate for possible patient
motion during the acquisition, the original regions of interest were
visually repositioned but not redrawn. A detailed quantitative
evaluation of tracer kinetics requires the use of compartmental
modeling. A 2-tissue-compartment model was used to evaluate the
dynamic studies. This methodology is standard, particularly for
the quantification of dynamic '3F-FDG studies (9,10).

One problem in patient studies is accurate measurement of the
input function, which theoretically requires arterial blood sam-
pling. However, the input function can be retrieved from the image
data with good accuracy (/7). For the input function, the mean
value of the volume-of-interest data obtained from a large artery,
such as the descending aorta, was used. The constants k1-k4 were
calculated using a 2-compartment model implemented in the
PMOD software taking into account Vp in a volume of interest
as an additional variable. Details about the applied compartmental
model have been described by Burger and Buck (7). The model
parameters were accepted when kl-k4 was less than 1 and Vg
exceeded 0. The unit for the rate constants k1-k4 was 1/min.

Concerning the %%Ga-BZH; Kkinetics, again the 2-tissue-
compartment model was applied to the data. In the case of %3Ga-
BZH3;, k1 is associated with receptor binding, k2 with displacement
from the receptor, k3 with cellular internalization, and k4 with ex-
ternalization. For '8F-FDG, k1 is associated with influx of the tracer,
k2 with efflux, k3 with phosphorylation, and k4 with dephospho-
rylation. Vg, which is associated with the volume of blood ex-
changing with tissue, was calculated as a separate parameter.

Besides the compartmental analysis, a noncompartmental model
based on the fractal dimension was used. The fractal dimension is a
parameter of heterogeneity and was calculated for the time—activity
data of each individual volume of interest. The values for fractal
dimension vary from 0 to 2, showing the deterministic or chaotic
distribution of tracer activity. We used a subdivision of 7 X 7 and a
maximal SUV of 20 for the calculation of fractal dimension (/2).

The data were statistically evaluated using JMP IN software
(version 5.1; SAS Institute GmbH) on a notebook computer
(MacBook Pro, 2.16 GHz, 2 GB of random-access memory;
Apple) running with the Mac OS X operating system (Apple). The
statistical evaluation used descriptive statistics, box plots, and
linear regression analysis. The parameters for measuring linear fit
were determined by the least-squares method.

Each patient gave written informed consent to participate in the
study and to have their medical records released. The study was
performed with the approval of the institutional review board.

RESULTS

The evaluation comprised 17 patients with 30 lesions,
including 2 primary lesions (stomach and rectum), 3 recurrent
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lesions (stomach), and 25 metastatic lesions (12 liver metas-
tases, 10 gut lesions, 2 pelvic lesions, and 1 soft-tissue
metastasis in the upper leg). All study patients were sched-
uled for therapy with imatinib because of unresectable
primary or recurrent GIST or because of metastatic disease.
Of the 30 evaluated lesions, 13 were confirmed by histologic
evaluation and 17 by clinical follow-up. Fourteen of 17
patients (25/30 lesions) showed increased '8F-FDG uptake
in the primary or recurrent tumor or in the metastases. Two
hypermetabolic areas were falsely classified as tumors on
the basis of the '8F-FDG findings. These 2 findings were in
the gastroesophageal junction (average SUV, 2.8) and in the
colon ascendens (average SUV, 3.5). The lack of correlative
pathologic findings on CT and MRI and on clinical follow-up
confirmed that these '8F-FDG findings were not due to
malignancy. Four lesions in 2 patients who received imatinib
therapy were true-negative on the basis of clinical follow-up
data. A lesion in a patient with recurrent, histologically
confirmed GIST of the stomach could not be delineated on the
I8F.FDG scan (false-negative). Comparison with the histo-
logic data revealed a low proliferative activity, with a Ki-67
of less than 10%, in this patient. However, this recurrent
tumor showed enhanced %8Ga-BZHj; uptake (Fig. 1).

We noted physiologically uniform enhanced ®8Ga-BZHj;
uptake in the entire pancreas of all patients. 8Ga-BZHj;
uptake in the evaluated tumor lesions was generally lower
than '8F-FDG uptake, and 8 of 30 evaluated lesions (7/17
patients) could be delineated through the enhanced bombesin
uptake. We found no difference in ®®Ga-bombesin uptake
with respect to imatinib pretreatment. Two of 5 patients
who received imatinib before PET demonstrated enhanced
68Ga-BZHj; uptake. Figure 2 shows an example of a patient
with GIST of the stomach and a suggestive metastatic lesion
medial to the spleen (Fig. 2A). The '3F-FDG images clearly
showed enhanced '8F-FDG uptake in this area (Fig. 2B).
The bombesin images showed diffuse enhanced uptake ven-
tral to the spleen (Fig. 2C). Figure 3 demonstrates another
patient with 2 suggestive lesions on CT, one in the stomach
and a smaller one in the right liver lobe. Whereas both
lesions could be delineated clearly on the '8F-FDG images
because of hypermetabolism, the bombesin images revealed
enhanced uptake of the labeled peptide primarily in the
smaller lesion in the liver. Histologic examination revealed
recurrent GIST of the stomach and a liver metastasis.
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The 56- to 60-min SUV for 8Ga-BZH; was highly vari-
able, with a range of 0.5-9.3 (median, 3.3). The 56- to 60-min
SUV for '8F-FDG was higher, with a range of 2.4-17.0
(median, 7.9). k1, k2, and in particular k3 for °8Ga-BZHj;
were lower than the corresponding values for '3F-FDG,
whereas Vg was higher for bombesin (Table 1).

Box plots of '83F-FDG and %3Ga-BZH; uptake (56- to
60-min SUV) in tumor tissue are presented in Figure 4A.
The transport rate constants k1 and k3 and the vascular
fraction Vy of both tracers are presented in Figure 4B. The
data show higher SUV, k1, and k3 values for '®F-FDG than
for bombesin. Vg was higher for bombesin. No significant
correlation was found between the kinetic parameters of
bombesin and of '8F-FDG for the evaluated lesions.

We used linear regression analysis to determine the effect
of each kinetic parameter (k1-k4 and Vg) on global SUV.
Analysis of the '8F-FDG data revealed the highest positive
F score for k3 (F = 8.5, P = 0.008), followed by k1 (F =
5.7, P = 0.025). The bombesin data could not be analyzed
because of the low number of positive lesions.

DISCUSSION

I8F-FDG still has a major impact on the diagnostics and
management of patients with GIST (/3,14). Although '8F-
FDG is the tracer of choice, the aim of this study was to
investigate the impact of complementary receptor scintig-
raphy on diagnosis and the potential for a radionuclide treat-
ment, such as °°Y-DOTATOC treatment of patients with
neuroendocrine tumors. Furthermore, the study compared
the kinetic data of °8Ga-BZH; with those of °8Ga-DOTA-
TOC and '®F-FDG.

Receptor imaging has found a use in nuclear oncology,
with somatostatin receptor imaging being widely used in
oncologic patients, primarily those with neuroendocrine tu-
mors. We have reported °*Ga-DOTATOC studies on patients
with neuroendocrine tumors, meningiomas, and non—small
cell lung cancer (2,15). Bombesin analogs labeled with y- or
B-emitting radionuclides have found some limited use for
imaging prostate cancer, breast carcinoma, and small cell
lung tumors. Gastrin-releasing peptide receptors were found
to be predominantly expressed in human prostate cancer
(100%), gastrinoma (100%), and breast cancer (70%),
whereas concomitant expression of gastrin-releasing peptide

FIGURE 1. Patient with recurrent GIST
in stomach. (A) Transaxial '®F-FDG image
(SUV image) at level of upper abdomen
shows no significantly enhanced '8F-
FDG uptake in stomach. (B) Correspond-
ing transaxial bombesin image (SUV
image) at level of upper abdomen shows
enhanced bombesin uptake in stomach
(SUV, 9.3).
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FIGURE 2.

(A) CT image of patient with metastatic GIST demonstrates soft-tissue mass medial to spleen. (B) Transaxial '8F-FDG

image (SUV image) at level of CT image shows enhanced '8F-FDG uptake (SUV, 3.2) at location of CT finding. (C) Corresponding
transaxial bombesin image (SUV image) at level of CT image shows slightly enhanced bombesin uptake (SUV, 2.0) at location of CT

finding.

receptors (33%) and bombesin receptor subtype 3 (40%) was
found in small cell lung cancer (/6). These data are compa-
rable to our currently presented results on GIST patients, only
a subgroup of whom demonstrated enhanced °8Ga-BZHj;
uptake. However, because of the lack of immunohistochem-
ical studies in this study, the question is open as to whether
enhancement of °®Ga-BZHj; uptake was due to overexpres-
sion of only one bombesin receptor subtype or of all.

We used a pan-bombesin analog, BZH;, labeled with
68Ga. Experimental results on rats have been reported by
Zhang et al. using '''In- and !"7Lu-labeled pan-bombesin
peptides, BZH;, and BZH,.The authors performed biodis-

FIGURE 3. (Top left) Transaxial '8F-FDG image (SUV image)
at level of liver demonstrates 2 hypermetabolic areas, one in
ventral part of right liver lobe (SUV, 5.8) and another in stomach
(SUV, 17.1), in patient with metastatic GIST. (Top right) CT
image at same level demonstrates the 2 hypodense lesions in
stomach and liver. (Bottom left) Transaxial bombesin image
(SUV image) at level of CT image demonstrates clearly
enhanced bombesin uptake only in liver lesion (SUV, 2.6).
Bombesin uptake in stomach shows slight diffuse enhance-
ment. (Bottom right) Fused image of '8F-FDG and bombesin
transaxial slice shows an agreement for both tracers in the liver
lesion, whereas the enhanced '8F-FDG uptake in the stomach
is assigned to a low-bombesin-uptake area. Histology revealed
recurrent stomach tumor and liver metastasis.
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tribution studies on Lewis rats bearing a rat pancreatic car-
cinoma cell line, AR4-2J, which is known to express high
levels of bombesin receptors (/6). Zhang et al. reported a
high uptake for both of these radiolabeled peptides in AR4-
2J tumors and in organs—such as the pancreas—positive for
gastrin-releasing peptide receptor. The high pancreatic up-
take is comparable to our results in GIST patients. We noted
homogeneously enhanced ®8Ga-BZHj; uptake in the normal
pancreatic tissue of all examined patients. Schuhmacher
et al. performed biodistribution studies with °Ga-BZH; on
rats bearing the same pancreatic tumor cell line, AR4-2J]
(4). The authors found a high affinity for %¥Ga-BZH; and
rapid internalization. Clearance of %8Ga-BZH; from the
circulation and from normal tissues negative for gastrin-
releasing peptide receptor was fast and resulted in low
background activity and high tumor-to-tissue ratios as early
as 1 h after injection (4). On the basis of these data, we
decided to use a 60-min acquisition protocol for the %8Ga-
BZHj; studies. The quantitative analysis was based on the
2-tissue-compartment model because receptor binding is
given by k1. Schuhmacher et al. reported a high receptor
affinity in cells and a low nonspecific binding of the tracer
(<3.5%). Furthermore, they reported a high internalization
rate, which is reflected by k3, when using the 2-tissue-
compartment model. The fraction of internalized 8Ga-
BZHj; activity compared with total cell-associated activity
was 85% after 1 h of incubation in AR4-2]J cells. This value
indicates a primarily enhanced expression of bombesin
receptor subtype 1 and bombesin receptor subtype 2.

One important aspect of PET is the possibility of per-
forming noninvasive highly accurate quantitative measure-
ments of tracer concentration in patients. The use of a
2-compartment model is generally an accepted approach
to the assessment of '8F-FDG kinetics (/0). Concerning
bombesin kinetics, k1 is a parameter that reflects receptor
binding, and k3 is a parameter that reflects internalization
of the tracer. Unfortunately, only a few studies have been
performed on humans to assess rate constants in malignant
tumors, and to our knowledge, no data have been published
on the kinetics of 8Ga-BZHj in patients. Kinetic data exist
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TABLE 1
Data Summary

Radiopharmaceutical Parameter Median Mean Minimum Maximum

18F-FDG k1 0.544 0.580 0.199 0.961
k2 0.803 0.780 0.500 0.999
k3 0.092 0.107 0.003 0.314
k4 0.003 0.006 0.000 0.023
Vg 0.123 0.127 0.029 0.253
Fractal dimension 1.376 1.351 1.158 1.440
SuUvV 7.846 8.422 2.395 17.000

68Ga-BZH; k1 0.500 0.500 0.377 0.612
k2 0.590 0.580 0.218 0.902
k3 0.022 0.047 0.000 0.189
k4 0.001 0.025 0.000 0.134
Vg 0.188 0.231 0.050 0.588
Fractal dimension 1.214 1.160 0.870 1.400
SUvV 3.270 3.270 0.536 9.253

for the tracer ®8Ga-DOTATOC, a substrate for somatostatin
receptor subtype 2, which was applied in patients with
meningiomas and neuroendocrine tumors at our institution
using the same methodology (/7,18). The reported mean k3
for DOTATOC in neuroendocrine tumors was 0.113, in
comparison with 0.047 for bombesin in GIST, whereas the
reported mean k1 for DOTATOC in neuroendocrine tumors
was 0.529, in comparison with 0.5 for bombesin in GIST.
The data may indicate a higher internalization rate for
DOTATOC than for bombesin.

From the diagnostic point of view, the '8F-FDG studies
were superior and revealed enhanced uptake in 25 of 30
lesions. However, 2 lesions in the gastrointestinal tract were
false-positive with '8F-FDG, as subsequently shown by
clinical follow-up data. Whether these false-positive results
could have been avoided by using a combined PET/CT
scanner is an open question. Interestingly, a histologically
confirmed recurrent stomach tumor that could not be delin-
eated on the '8F-FDG study demonstrated enhanced %3Ga-
BZHj; uptake (Fig. 1). It is reported that '8F-FDG primarily
measures viable tumor tissue (/9). In contrast, it is also
known that there is an association between '8F-FDG uptake
and proliferation rate (20). Therefore, a possible explanation
for the low '8F-FDG uptake may be the low viability or the
low proliferative activity as measured by Ki-67 (<10%).

Generally, °8Ga-BZH; uptake was lower than '|F-FDG
uptake, and only a subgroup (41%) of the patients demon-
strated enhanced uptake. This finding differs from that in 15
patients with neuroendocrine tumors studied with %8Ga-
DOTATOC, all of whom demonstrated enhanced DOTATOC
uptake (57/63 evaluated lesions) (/8). The data differ from
the present study, in which only 7 of 17 patients with GIST
demonstrated enhanced °8Ga-BZH; accumulation (mean
SUVof 3.3, compared with the surrounding tissue). The data
give evidence of a subgroup (41%) of GIST patients who
demonstrate enhanced receptor expression. On the basis
of these preliminary results, receptor scintigraphy with
bombesin cannot be generally recommended. The idea of
performing radionuclide therapy—analogous to giving *0Y-
DOTATOC therapy to patients with neuroendocrine tumors—
cannot be supported by these results because of the relatively
low uptake in most patients. Further studies on larger num-
bers of patients are needed to confirm these results.

CONCLUSION

Quantitative '8F-FDG data showed enhanced viability in
25 of 30 lesions (14/17 patients; median SUV, 7.9). Only 8
of 30 lesions (7/17 patients) demonstrated enhanced %3Ga-
BZH; uptake (median SUV, 3.3). One recurrent GIST in

FIGURE 4. (A) Box-and-whisker plot of
median SUV for both tracers 56-60 min
after injection in malignant lesions. (B)
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Box-and-whisker plot of median values
for both tracers for Vg, k1, and k3 in
malignant lesions.
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the stomach was delineated only on the ®®Ga-BZHj; scans;
I8F-FDG uptake was low. The data demonstrate a subgroup
of GIST lesions that show enhanced bombesin receptor ex-
pression. The meaning of the enhanced ®®Ga-BZH; uptake
is not yet certain.
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