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Abstract

The purpose of this study was the assessment of the feasibility of dynamic positron emission tom-
ography (PET) studies with fluorine-18 fluorodeoxyglucose (**F-FDG) to quantify effects of the cyclic
Arg-Gly-Asp peptide cilengitide, which targets the avf33 and avf5 integrin receptors in rats with
breast cancer bone metastases. Rats were inoculated with MDA-MB-231 breast cancer cells, followed
by the development of lytic lesions in the hind leg. Rats with lytic lesions were treated with cilen-
gitide five times weekly on a continuous basis from days 30 to 55 after tumor cell inoculation. Dy-
namic PET studies with '®F-FDG were performed in untreated (n=9), controlled (n=4) and treated
rats (n=6). The data were assessed using learning-machine two-tissue compartmental analysis. The
'8F-FDG kinetic parameters obtained by two-tissue compartmental model learning-machine showed
significant differences when individual parameters were compared between the control group and
treated animals. Quantitative assessment of the tracer kinetics and the application of classification
analysis to the data provided us with evidence to identify those tumors that demonstrated effect
of cilengitide treatment. The transport rate K1 and the phosphorylation rate k3 were significantly
different (P=0.033 and 0.038, respectively). Classification analysis based on support vector machines
ranking feature elimination of the combination of PET parameters revealed an overall accuracy of
80.0% between treated animals and the control group. We were able to identify 83.3% treated ani-
mals compared with the control group based on k2 and VB. In conclusion, the results revealed that
cilengitide treatment of experimental breast cancer bone metastases had a significant therapeutics
impact on '®F-FDG kinetics.

Hell ] Nucl Med 2011; 14(1): 15-20 Published on line: 26 March 2011

Introduction

orldwide, breast cancer is the second most common type of cancer after lung

s )s / cancer (10.4% of all cancer incidence, both sexes counted) and the fifth most

common cause of cancer death [1]. Several treatment protocols including

surgery, hormone treatment and chemotherapy as well as radiation treatment are al-

ready in use. Recently, antiangiogenic and antitumor effects of several drugs have been

studied in experimental models and in patients with breast cancer [2-5]. These drugs

significantly inhibited breast cancer progression and metastasis including metastases
to bone [6].

The avP3 and avf5 integrins are cell adhesion molecules that play a vital role in tumor
angiogenesis and metastatic spread [7, 8]. Especially, avf33 integrin promotes spontaneous
metastasis of breast cancer to bone [9, 10]. Cilengitide (EMD 121974) is a cyclic arginine-gly-
cine-aspartic acid containing peptide that binds to avf33 and av5 with nanomolar affinity.
In cell adhesion assays, it inhibited both av@3 and avB5 mediated cell adhesion with IC_|
values in the low micromolar range and inhibited angiogenesis in the chick chorioallantoic
membrane and rabbit cornea assay [11]. In experimental breast cancer bone metastases,
cilengitide was shown to reduce the size of osteolytic lesions and the corresponding soft
tissue tumors [12].

Metabolic imaging with positron emission tomography (PET) is an established method
in addition to anatomic imaging methods in patients with several tumor types, including
metastatic breast cancer. Several studies have been performed to assess the impact of
transporters and hexokinases on the glucose or fluorine-18 fluorodeoxyglucose ("®F-FDG)
kinetics, which suggested a modulation of the FDG kinetics by angiogenesis-related genes
[13]. Moreover, prior studies from other groups have suggested that serial measurements
of tumor glucose metabolism using '®F-FDG PET are helpful for monitoring breast cancer
tumor response [14-18]. MicroPET imaging of breast cancer av integrin expression with
4Cu-labeled dimeric Arg-Gly-Asp (RGD) peptides has been reported also [19].
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The rationale of this experimental study was the assess-
ment of the "®F-FDG kinetics based on quantitative PET for
the evaluation of treatment effects of an integrin antagonist
in the setting of experimental metastatic breast cancer. Pre-
viously, we have studied early effects of FOLFOX treatment
of colorectal tumor in an animal model by assessment of
8F-FDG kinetics [20]. The present study was undertaken to
monitor therapeutic effects in individual rats with breast
cancer bone metastases after cilengitide treatment and to
detect combinations of PET parameters that may be helpful
in identifying the treatment effect by PET follow-up studies
with ®F-FDG. The uptake of ®F-FDG is a sensitive indicator
of alterations in glucose metabolism in tumors. However,
whether PET with 8F-FDG may be able to assess the effects
of cilengitide treatment is still unresolved. Furthermore, the
impact of a short-term cilengitide treatment on the individ-
ual parameters of 8F-FDG kinetics is not known. Therefore,
the animal experiments were designed to assess effects of
cilengitide treatment on '®F-FDG kinetics.

Materials and methods

Animal characteristics, treatment

Experiments were approved by the responsible governmen-
tal animal ethics committee. Nude rats were obtained from
Harlan Winkelmann GmbH (Borchen, Germany) at an age of
6 weeks. The human estrogen-independent breast cancer
cell line MDA-MB-231 was obtained from the American Type
Culture Collection. The experimental model to induce breast
cancer bone metastases was performed as described before
[21]. Briefly, nude rats were inoculated with 10° MDA-MB-231
breast cancer cells into the superficial epigastric artery. Oste-
olytic metastases in the respective hind leg occurred within
30 days after the cancer cell inoculation. Dynamic PET stud-
ies with 8F-FDG were performed in all animals after tumor
cell inoculation. The whole study comprised of 9 untreated
(day 30 after tumor cell inoculation), 4 controlled (sham-
treated, day 55 after tumor cell inoculation) and 6 treated
(day 55 after tumor cell inoculation) rats. The integrins av33
and avf5 inhibitor cilengitide (Merck, Darmstadt, Germany)
was applied intraperitoneally (75 mg/kg body weight, five
times per week) from day 30 to 55 after tumor cell inocula-
tion. Tumor-bearing controlled animals received saline in-
jections instead of cilengitide. During processing, rats were
anesthetized using a mixture of nitrous oxide (1 I/min), oxy-
gen (0.5 I/min) and isoflurane (1.5 vol%).

Magnetic resonance imaging

T2-weighted imaging was performed using a turbo spin
echo sequence (orientation axial, TR 3240ms, TE 81ms, ma-
trix 152x256, FOV 90x53.4mm?2, slice thickness 1.5mm, 3
averages, scan time 3min 40sec). The volumes of soft tissue
components, expressed in mL, were determined from MRI-
acquired T2-weighted images using Medical Imaging Inter-
action Toolkit (MITK, Heidelberg, Germany).

PET, kinetic model

The PET acquisition parameters have been described
elsewhere [13, 20] and are summarized briefly here. The
standard ®F-FDG-PET protocol at our institute is based on
dynamic data acquisition for 60min beginning from the
intravenous injection of 1.80-5.67MBq "®F-FDG and is a 28-

frame protocol (ten frames of 30sec, five frames of 60sec,
five frames of 120sec and eight frames of 300sec). A dedi-
cated PET system (ECAT EXACT HR+; Siemens, Erlangen,
Germany) with an axial field of view of 15.3cm operated in
2D mode was used for all animal studies. The system pro-
vides the simultaneous acquisition of 63 transverse slices
with a slice thickness of 2.4mm. The animals were posi-
tioned in the axial plane of the system to maintain the best
resolution in the center of the system. A transmission scan
(10min) was obtained prior to radionuclide administration
for attenuation correction of the acquired dynamic emis-
sion data. The software developed at our center was used
to reconstruct images iteratively using the ordered-subset
expectation maximization algorithm (6 iterations, 2 sub-
sets), and the median root prior correction was applied to
the intermediate matrices, which limits the dependency
of the pixel maximum from the number of iteration steps.
The theoretic voxel size was 2.277x2.277x2.425mm. The
reconstructed images were converted to standardized up-
take value (SUV) images based on the formula [22]: SUV =
Tissue concentration (Bq/g)/[injected dose (Bq)/body weight
(g)]. The SUV images were used for all further quantitative
evaluations. Learning machine two-tissue compartmental
modeling was performed with dynamic PET data. The SUV
55-60min following ®F-FDG injection was used for the as-
sessment of ¥F-FDG uptake.

In animals, a partial volume correction must be applied
to the data due to the small size of the input and tumour
volumes of interest (VOI). Herein, the recovery coefficient
was 0.85 for a diameter of 8mm and 0.32 for a diameter of
3mm based on phantom measurements as well as the re-
cent parameter settings used with our reconstruction soft-
ware. A partial volume correction function was previously
calculated for our PET system using phantom measure-
ments and was used to correct the dynamic data obtained
in this study. For the input function the mean values of the
VOI data obtained from the heart were used. We used a
preprocessing tool which allowed a fit of the input curve
by a sum of up to three decaying exponentials. The learn-
ing-machine two-tissue compartment model provides five
parameters: the transport parameters for ®F-FDG into and
out of the cell, K1 and k2, the parameters for phosphoryla-
tion and dephosphorylation of intracellular ®F-FDG, k3
and k4, and the fractional blood volume, also called vessel
density (VB), which reflects the amount of blood in the VOI.
Following compartment analysis, we calculated the global
influx of ®F-FDG from the compartment data using the for-
mula: influx = (K1*k3)/(k2+k3). A machine learning method
was used for the fitting, which has the advantage of a fast
convergence and avoidance of over fitting as compared to
the standard iterative method [23].

Statistical analysis

Statistical evaluation was performed with Stata/SE 10.1 (stata-
Corp, College Station, TX) using the descriptive statistics and
scatter plots. The classification analysis was performed using
the GenePET software [24]. The software applies the support
vector machines (SVM) algorithm and provides a classifica-
tion analysis by optimising a hyperplane between the target
variables. The algorithm for selection or elimination of vari-
ables, the feature ranking, can be based on different criteria,
e.g. F-test, Mann-Whitney test, or the SVM ranking feature
elimination (SVM_RFE) approach [25]. The SVM_RFE algo-
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rithm computes a multidimensional weight vector for the
PET variables and the square of the vector is used to calcu-
late the ranking criteria. The overall accuracy, which reflects
the correctness of the classification of untreated, controlled
and treated animals in relation to the total number of sam-
ples, was used to assess the results of the SVM analysis. For
comparison between two groups, the two-sided Wilcoxon
rank sum test was applied for all kinetic PET parameters, SUV
and tumor size, using a single parameter analysis. P values
<0.05 were considered significant.

Results

Single parameter analysis

The mean, median, minimum and maximum values as well
as the standard deviation of quantitative PET parameters for
the "®F-FDG kinetics in controlled and treated animals were
presented in Table 1. All data considering untreated animals
are presented in the supporting material. Herein, owing to
the death of untreated rats, the sample size of the controlled
group was smaller than that of untreated and treated ani-
mals. Obviously, the SUV was decreased in treated animals
as compared with the controlled group. In addition, a box
plot of kinetic data (Fig. 1) showed the value of VB and K1 in
treated animals was higher than that of controlled animals,
but the value of k3 and INF was lower.

Using P<0.05 as the significance level, the Wilcoxon rank-
sum test revealed that statistically significant differences
were found for the transport rate K1 and the phosphor-
ylation rate k3 between controlled and treated animals
(P=0.033 and 0.038; Table 2). In addition, a statistically sig-
nificant difference was found for the tumor volume from MRI
as demonstrated on Table 2 (P=0.011).

E=

%4 -

Controlled

Treated

l

vB
k3

Figure 1. Box plot of kinetic data in controlled and treated animals. The value of
VB and K1 in treated animals was higher than that of controlled animals, but the
value of k3 and INF was lower.

Multiparameter analysis

Besides the single parameter analysis, a multiparameter
analysis was performed to assess the possible impact of
treatment on ®F-FDG kinetic data. The SVM algorithm was
used for classification analysis with the Mann-Whitney test
as the feature ranking procedure and the Mann-Whitney
test for the kernel function. The aim was to identify a com-
bination of variables that would discriminate controlled and
treated animals.

The highest overall accuracy of 80.0% was achieved for a
combination of k2 and VB between treated and controlled
rats. Of the 6 treated animals, 5 were correctly identified
and of the 4 controlled animals, 3 were correctly identi-
fied based on the combination of k2 and VB. All results are
shown in Table 3.

Table 1. Quantitative PET parameters for the '8F-FDG kinetics in controlled (n=4) and treated animals (n=6)

Tumor
Group VB K1 K2 K3 K4 Influx SUV volume No.
(mL)

Controlled Mean 0.047 0.119 0.462 0.222 0.013 0.032 2.573 4.065 4
SD 0.029 0.038 0.076 0.137 0.008 0.006 0.550 2.687 4

Median 0.044 0.127 0.373 0.178 0.010 0.033 2.632 2.632 4

Minimum 0.015 0.069 0.555 0.120 0.008 0.025 1.902 2.521 6

Maximum  0.085 0.151 0.626 0.413 0.024 0.038 3.127 7.575 6

Mean 0.097 0.243 0.626 0.096 0.015 0.031 2.119 0.310 6

SD 0.047 0.078 0.121 0.025 0.006 0.010 0.392 0.267 6

Treated  Median 0.091 0.266 0.634 0.098 0.015 0.027 2.098 0.211 6
Minimum 0.038 0.128 0.461 0.060 0.006 0.022 1.687 0.053 6

Minimum 0.181 0.332 0.760 0.121 0.023 0.045 2.573 0.670 6

Table 2. The value of statistically significant level P using the Wilcoxon rank-sum test. P values <0.05 were considered

significant®
P
VB K1 K2 K3 K4 Influx SuvV Tumor
volume
0.088 0.033* 0.055 0.038* 0.670 0.670 0.201 0.011%
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Table 3. The classification results based on SVM_RFE with highest accuracy. PPV: positive predictive value, NPV: nega-

tive predictive value

Parameters Sensitivity Specificity

PPV NPV Accuracy

VB, k2 3/4 (75.0%) 5/6 (83.3%)

3/4 (75.0%) 5/6 (83.3%) 8/10 (80.0%)

Representative SUV images of ®F-FDG uptake from three
groups’ animals (Fig. 2a) revealed a larger bone metastasis
in the hind leg of a controlled animal as compared to an un-
treated rat. Furthermore, the functional volume of the skel-
etal metastasis in a treated animal was slightly larger than
that in the untreated but clearly smaller than in the control-
led animal, which is consistent with data in Table 1 and the
MRIimages (Fig. 2b).

Treated

Controlled

Figure 2. Representative SUV images of "®F-FDG uptake (a) and MRI T2-weighted
images (b) in axial orientation from three groups” animals (see the right leg, ar-
rows point at bone metastases).

Discussion

Positron emission tomography with F-FDG is recom-
mended for the primary diagnosis, staging, evaluation of
relapse and assessment of treatment response in patients
with different tumors including breast cancer, colorec-
tal cancer or soft-tissue sarcomas [26-28]. Cilengitide is
a cyclic peptide containing the sequence RGDf(N-Me)V
with high affinity for avp3 and avp5 integrins, which are
important in angiogenesis and metastasis [29]. In experi-
mental breast cancer bone metastases, cilengitide inhib-
ited the growth of skeletal lesions as shown by CT and MRI
[12]. The aim of this study was to examine the value of a
dynamic, quantitative '®F-FDG study using several phar-
macokinetic parameters for assessment of the treatment
effect of cilengitide in experimental breast cancer bone
metastases.

Quantitative PET provides the possibility to assess phar-
macokinetic data. A two-tissue-compartment model is a
generally accepted method for an accurate, detailed kinetic
analysis of the '®F-FDG metabolism. The '8F-FDG, as a glucose
analog, is taken up by high-glucose-using cells such as brain,
kidney, and cancer cells, where phosphorylation prevents
the glucose from being released again from the cell, once
it has been absorbed [30]. The size of a tumor as well as the
system resolution should influence all parameters. Herein,
we implemented a new method for the two-tissue-compart-
ment fitting of VOI, which is based on a machine learning
method [23]. Thus the critical selection of the starting values
could be solved by an observer-independent method, which
guarantees that the interobserver and intraobserver error is
generally low compared with an iterative solution method.
Furthermore, a partial volume correction was applied to the
data due to the small size of the input and tumor VOI, which
guarantees the accurate measurement of the input and tu-
mor functions.

Schwarzbach et al. (2000) reported that the SUV was help-
ful in the diagnosis of primary and recurrent high-grade tu-
mors [31]. In our study, a decrease in SUV, referring to meta-
bolic downregulation was found in cilengitide-treated rats
when compared to controlled animals. This result indicated
an effect of cilengitide treatment on the global ®F-FDG-
metabolism. However, the SUV values did not differ signifi-
cantly between the controlled and treated groups. As we
know, one limitation of the SUV is the differentiation of low-
grade sarcomas or at least a subset of low-grade soft-tissue
tumors because sarcomas are a histologically heterogene-
ous group. Depending on the histology, '®F-FDG uptake and
phosphorylation may be different for the various histologi-
cal subtypes. Thus, in this study, several kinetic parameters
obtained from the dynamic '®F-FDG data provided more in-
sight into the mechanism of action of cilengitide. The trans-
port constants K1 and k2 are primarily parameters for the
transport capacity of ®F-FDG, and the rate constant k3 is
associated with the phosphorylation rate of the radiophar-
maceutical. The blood volume in tumors is a parameter that
modulates the uptake of the tracer. Therefore, the use of
the vascular fraction (VB) of a target volume is another pa-
rameter that may improve diagnostic accuracy. In our study,
we showed that the value of VB and K1 in treated animals
was higher than that of controlled animals, but the value
of k3 and INF was lower, which indicated successful treat-
ment. Moreover, K1 and k3 showed significant differences
between treated and controlled rats. Torizuka et al. (1998)
suggested that k3 is the rate-limiting factor in '®F-FDG ac-
cumulation in untreated breast cancers rather than other
PET parameters [32]. In our series, however, we found that
K1 was most sensitive for therapeutic changes among all
parameters as far as the significance levels were concerned.
Thus, there was a shift in the ®F-FDG kinetic pattern after
treatment, driven by glucose delivery (K1) relative to the rate
of phosphorylation (k3). It is safe to say that the cilengitide
treatment reduced glucose metabolism and slowed tumor
growth in accordance with previous results [12].
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Moveover, after treatment using cilengitide in our experi-
mental model, mean k3 (P<0.05) and INF (P>0.05) declined,
whereas mean K1 (P<0.05) increased. An increase in K1 was
in discordance with our previous results in colorectal can-
cer, which demonstrated that K1 is related to angiogenesis
[13]. A possible explanation was that cilengitide might have
a higher impact on proliferation or cell migration than on
angiogenesis. In addition, the observed effect of cilengitide
might be the inhibition of interactions between av integrins
and the respective binding partners such as bone sialopro-
tein (BSP) and matrix metalloproteinases (MMP) [33]. The in-
tegrins av33 and av35 are interaction partners of BSP, which
is considered to play an important role in the pathogenesis
of breast, prostate or lung cancer patients concerning tumor
cell adhesion, progression and invasion [33-37]. Furthermore
avP3 was observed to form complexes with MMP-2, which
increased the invasive potential of breast cancer cells [38]. A
decrease in viability of MDA-MB-231 breast cancer cells after
treatment with cilengitide as observed in our study might
therefore be owed to the avf33 and av35 inhibition including
the blocking of its binding partners. The exact mechanism
of action of cilengitide in our model, however, remains to be
elucidated.

We demonstrated that tumor volume as assessed by MRI
was a sensitive parameter for differentiating treated and
controlled animals. However, changes in tumor volume
do not provide any data of the biological mechanisms,
which are responsible for any therapeutic effects. Dynamic
8F-FDG-PET parameters provide information about early
metabolic changes of a therapeutic drug [20, 28]. Further-
more, differences in the skeletal lesion size of bone me-
tastases appear rather late after therapeutic intervention
[39]. Therefore, novel imaging biomarkers are needed for
assessment of treatment response, which are independent
of morphology.

Our results indicated that PET might be of clinical value
for the assessment of treatment response to cilengitide in
patients with breast carcinoma metastases. Further studies
will elucidate, if effects upon cilengitide treatment can be
captured earlier using PET than by assessment of morphol-
ogy alone.

It was concluded that compartment analysis of '®F-FDG-
PET studies in a tumor model was helpful to assess changes
induced by a targeted treatment against av integrins. PET
parameters provided a new tool for gaining insight in the
mechanism of action of cilengitide in bone metastases and
might be used for assessment of treatment response in
skeletal and visceral metastases. Furthermore, the analysis
of ®F-FDG-PET parameters could be helpful for assessment
and management of cilengitide treatment in patients with

metastatic breast cancer. Further studies will explore bio-
logic mechanisms underlying our findings using techniques
such as in vitro assays, immunohistochemical analysis as well
as non-invasive imaging methods, which should be highly
suitable for monitoring all aspects of bone metastases.

Supporting Material: Quantitative PET parameters for the "®F-
FDG kinetics in untreated animals (n=9)
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