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Abstract

Purpose—Non-invasive PET imaging with radiolabeled RGD peptides for a,p3 integrin
targeting has become an important tool for tumor diagnosis and treatment monitoring in both pre-
clinical and clinical studies. To better understand the molecular process and tracer
pharmacokinetics, we introduced kinetic modeling in the investigation of 18F-labeled RGD
peptide monomer 18F-FP-c(RGDyK) (denoted as 18F-FPRGD) and dimer 18F-FP-PEG3-
E[c(RGDyK)], (denoted as 18F-FPPRGD2).

Procedures—MDA-MB-435 tumor-bearing mice underwent 60 min dynamic PET scans
following the injection of either 18F-FPRGD or 18F-FPPRGD2. Blocking studies with pre-
injection of a blocking mass dose were performed for both monomeric and dimeric RGD

groups. 18F-FPRAD (RAD) was used as a negative control. Kinetic parameters (K1, ko, k3, ka) of
a three-compartment model were fitted to the dynamic data to allow quantitative comparisons
between the monomeric and dimeric RGD peptides.

Results—Dimeric RGD peptide tracer showed significantly higher binding potential (Bpnp = k3/
k4, 5.87 £ 0.31) than that of the monomeric analog (2.75 £+ 0.48, p = 0.0022, n = 4/group). The
Bpnp Values showed a significantly greater ratio (dimer/monomer ~2.1) than the difference in
%ID/g uptake measured from static images (dimer/monomer ~1.5, p = 0.0045). Significant
decrease in Bpyp was found in the blocked groups compared with the unblocked ones (dimer p =
0.00024, monomer p = 0.005, n = 4/group). Similarly, the RAD control group showed the lowest
Bpnp value among all the test groups, as the RAD peptide does not bind to integrin a.,f3. Volume
of distribution (V1 = K1/ky(1+ka/ky)) could be separated into non-specific (Vyp = K1/kp) and
specific (Vg = K1ka/(koks)) components. Specific distribution volume (V) was the dominant
component of V-t in the unblocked groups and decreased in the blocked groups. Unblocked RGD
dimer also showed higher Vg than that of the monomer (dimer Vg = 2.38 + 0.15, monomer Vg =
0.90 £ 0.17, p = 0.0013, n = 4/group), well correlated with Bpyp calculations. Little difference in
Vnp Was found among all groups. Moreover, parametric maps allowed quantitative analysis at
voxel level and provided higher tumor-to-background contrast for Bpyp maps than the static
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images. Tumor heterogeneity in kinetic parameters was found in parametric images, which
couldn’t be clearly identified in static intensity images.

Conclusions—The pharmacokinetics of both monomeric and dimeric RGD peptide tracers was
compared, and the RGD dimers showed significantly higher binding affinity than the monomeric
analogs. Kinetic parameters were demonstrated to be valuable for separating specific and non-
specific binding and may allow more sensitive and detailed quantification than simple standard
uptake value (SUV) analysis.

Keywords
Positron Emission Tomography; kinetic modeling; quantitative analysis; RGD peptide; Integrin

Introduction

The expression of integrin B3 on sprouting capillary cells and its interaction with specific
matrix ligands play a key role in human tumor-induced angiogenesis and metastasis [1-6].
Non-invasive PET imaging of integrin a.,f3 has become an important tool for tumor
diagnosis and treatment monitoring in both pre-clinical and clinical studies [4, 5, 7-11].
Suitably labeled RGD peptides with prominent binding affinity and high binding selectivity
for integrin receptors are increasingly used to target and monitor integrin expression level,
especially a,B3 in tumor regions [12-16]. Among them, 18F-labeled cyclic RGDyK peptide
dimer with mini-pegylation has favorable properties for PET imaging [12]. This radiotracer
has been used in clinical trial and showed potentials in biomedical and clinical imaging [17].
It has been proven that the dimeric RGD peptides have better receptor-binding
characteristics than those of the monomeric analogs [18]. In our previous studies of static
images, 18F-FB-E[c(RGDyK)], (18F-FRGD?2) showed more than 1.5 times as much tumor
uptake in the same animal model as compared with the monomeric tracer 18F-FB-
¢(RGDyK) (18F-FRGD) [19, 20].

Compared with static images, dynamic PET imaging followed by kinetic modeling offers
several advantages. First of all, it quantitatively measures the transport rates and provides
means to measure the metabolic or specific binding rates of the tracer. It also facilitates the
separation of specific signal from non-specific signal and can be used to discern specific
binding in tissue [21]. Parametric mapping emphasizes the spatial distribution of the specific
signal at the voxel level, and allows interpretation of physiological function,
pharmacokinetics, as well as the behavior of target molecule [22]. This quantitative
information may provide a more sensitive measure of early tumor response to treatment,
compared with the semi-quantitative values (e.g. %ID/g) extracted from static images.

With 18F-galacto-RGD peptide, Beer et a/. [23] used one- and two-compartment models to
perform the pharmacokinetic analysis on patient data. Ferl ef a/. [24] conducted
pharmacokinetic analysis of 84Cu-DOTA-RGD in preclinical models and demonstrated that
a 2-tissue compartment, 4-parameter model with internalization is more appropriate to
describe RGD tracer compared with the 1-tissue compartment (2-parameter) model and a 2-
tissue compartment irreversible (3-parameter) model. In our previous study, we utilized the
Logan graphical analysis with reference tissue model to fit the dynamic time activity curves
(TACs) for 18F-labeled RGD tracers [19]. Although these studies have implied that the RGD
kinetics agree with a reversible three-compartment model, it is still not clear how the kinetic
parameters reflect the tracer binding affinity and whether the parametric map can provide
more sensitive information. Therefore, an appropriate compartment model and a blocking
study should be applied to accurately characterize the kinetics of RGD peptide tracers with
different receptor binding characteristics. Furthermore, appropriate Kinetic parameters and
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parametric images need to be employed for quantitative analysis and comparison between
different RGD peptides.

Herein we used a reversible three-compartment model to analyze dynamic PET data of 18F-
labeled RGD peptide monomer 18F-FP-c(RGDyK) (denoted as 18F-FPRGD) and dimer 18F-
FP-PEG3-E[c(RGDyK)], (denoted as 18F-FPPRGD2). To validate the accuracy of the
model, blocking studies with unlabeled peptide were performed. Studies with 18F-FP-
c(RADyK) (18F-FPRAD), a peptide of very similar structure, but with negligible affinity to
integrin receptors, were also conducted as a control. Tissue uptake of 18F-FPRAD was used
to estimate the non-specific uptake of the RGD peptides. We also estimated specific binding
and non-specific binding by calculating “macro” parameters such as binding potential
(Bpnp) and volumes of distribution (V7). Furthermore, parametric maps were obtained by
Logan graphical analysis with reference tissue at voxel level for quantitative comparison
between monomeric and dimeric RGD tracers.

MATERIALS AND METHODS

Preparation of 4-nitrophenyl 18F-2-fluoropropionate

4-Nitrophenyl 18F-2-fluoropropionate (18F-NPFP) was prepared on a GE TRACERLab FX
F-N module according to a published procedure [25] with some modifications. Briefly, 5 mg
of ethyl 2-bromopropionate in 0.5 mL of acetonitrile was reacted with anhydrous 18F-
fluoride containing 15.0 mg of K-222 and 3.5 mg of potassium carbonate to form

ethyl 18F-2-fluoropropionate. The radioactive ester was hydrolyzed to the corresponding
carboxylic acid with 0.2 N KOH and then converted to 4-nitrophenyl 18F-2-fluoropropionate
(18F-NPFP) with 20 mg of bis-4-nitropenyl carbonate (BNPC) in acetonitrile. The final
product was purified with HPLC on a semi-prep Phenomenex Luna Cyg column running at 5
mL/min with 40% acetonitrile/water containing 0.1% trifluoroacetic acid. The desired
product was collected and trapped on a Waters Sep-Pak Plus C4g cartridge and eluted with 1
mL of methylene chloride.

Preparation of 18F-FPRGD

Methylene chloride was removed from the 18F-NPFP solution with argon flow at room
temperature and 1.0 mg of c(RGDyK) in 0.1 mL of dimethyl sulfoxide containing 20 puL of
diisopropylethylamine was added and heated at 100 °C for 10 min. The reaction mixture was
cooled, diluted with 0.7 mL of water containing 25 pL of acetic acid, and injected onto a
semi-prep HPLC column (Vydac C1g) running a linear gradient starting from 5% A (0.1%
TFA in acetonitrile) and 95% B (0.1% in water) for 2 min and increasing A to 65% at 32
min at 5 mL/min. The radioactive peak at retention time of 13.3 min was collected, diluted
with 10 mL water, and the product trapped on a Varian Bond Elut C1g column (100 mg).
The radioactivity trapped on the C1g column was eluted with 0.3 mL of 1 mM HCI ethanol
solution and the eluate evaporated with argon flow. The residue was re-dissolved in normal
saline for use in animal experiments. 18F-FPRAD and 18F-FPPRGD2 (Fig. 1) were prepared
with similar procedure with HPLC retention time of 15.3 min and 13.3 min, respectively.

Tumor model

The MDA-MB-435 tumor model, which expresses medium level of integrin a3, was
chosen for dynamic PET imaging [26]. The MDA-MB-435 cell line was purchased from the
American Type Culture Collection (ATCC). The cells were grown in Leibovitz’s L-15
medium supplemented with 10% (v/v) fetal bovine serum at 37°C under 100% air
atmosphere. The tumor model was established by injection of 5x10° cells into the left
mammary fat pad of each female athymic nude mouse at 5-6 weeks of age (Harlan
Laboratories). Tumor growth was monitored by caliper measurements three times a week
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after the tumors are palpable. The mice were used for PET imaging when the tumor volume
reached about 300 mm? (about 3 weeks after inoculation). The tumor volume was
determined as the formula: V=a x (b2)/2, where a and b are the length and width of each
tumor, respectively, in mm. All procedures in this animal study were conducted under a
protocol approved by the NIH Clinical Center Animal Care and Use Committee (ACUC).
Moreover, all mice were maintained in a specific pathogen-free facility in accordance with
the requirements of the ACUC.

Dynamic PET imaging

Dynamic PET scans were performed using an Inveon microPET/CT scanner (Siemens
Medical Solutions). The animals underwent 15-min CT scans followed by the dynamic PET
scan using the same animal bed for ROI quantification. Each MDA-MB-435 tumor-bearing
mouse was placed at the center of the field of view (FOV) focusing on the tumor location,
where the highest detection sensitivity can be achieved. Sixty-min dynamic PET data
acquisitions were performed following tail-vein injection of ~3.7 MBq (100 uCi) of
radiotracer (18F-FPRGD, 18F-FPPRGD2, or 18F-FPRAD) under isoflurane anesthesia.
Monomer RGD peptide c¢(RGDyK) was injected 10 min before scanning for the blocking
studies. During the scanning, the body temperature of mice was maintained by a thermostat-
controlled thermal heater. PET images were reconstructed with 2 iterations of 3-dimensional
ordered-subsets expectation maximum (3D OSEM) with 14 subsets, followed by 18
iterations maximum a posteriori (MAP) algorithm with a smoothing parameter of 0.1. Frame
rates were 10x30 s, 5x60 s, 5x120 s and 10x240 s.

ROI quantification and derivatives of time activity curves

In dynamic PET image analysis, regions of interest (ROIs) were drawn manually on
individual tumor and correlative organs with Inveon Research Workplace (IRW) 3.0. The
time—activity curves were derived by superimposing the ellipsoid volume of interest (VOI)
to the target organs of each time frame of the entire 60-min dynamic image sequence. PET/
CT fused images were acquired for accurate VOI quantification. The value of each time
point represents the overall concentration of radioactivity in the tissue. The activity
concentrations were determined by the mean pixel values within each VOI, which were
converted to uCi/mL by using a calibration constant. Assuming the tissue density of ~1 g/
mL, the VOI activity was converted to uCi/g and normalized as percent injected dose per
gram (%ID/qg).

Heart could be identified clearly in the PET images. A representative 2D projection of PET
image fused with CT image for left ventricle identification was shown in Fig. 2a. The
corresponding blood input function (red curve) with zoomed coronal image at left ventricle
was shown in Fig. 2b. The arterial blood input function was estimated by drawing a VOI in
the region of left ventricle on reconstructed PET/CT images at the 0.5 min frame (the second
frame of dynamic PET image series). It permits the extraction of the input function from the
left ventricle while keeping the peak of tracer concentration in blood with good accuracy.
Tumor and muscle VOI were determined in the last frame of the 60 min dynamic PET
images (Fig. 2c). A region of muscle contralateral to the tumor was selected as the reference
tissue (the region with the same blood input function but without specific binding). The
corresponding time courses are shown in Fig. 2d. The impact of partial volume effect and
spillover may slightly affect the accuracy of evaluation but was ignored in this study.
Because of the high performance of the Inveon scanner, partial volume effect for the tumor
region of interest analysis was also considered to be negligible.
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Kinetic modeling and parameter estimation

Kinetic analysis was performed by importing the TACs into a three-compartment model
[27]. The three-compartment model describes RGD tracer kinetics in the tumor region,
where Cp, represents tracer concentration in the arterial blood plasma, C; represents the free
or non-specific binding component in the interstitial and intracellular space and C,
represents integrin specific component of the RGD tracer. The transport and binding rates of
the tracer are: transfer from arterial plasma to tissue (K1 [mL/g/min]), clearance from tissue
(k2 [1/min]), on-rate for specific binding (k3 [1/min]), and target dissociation rate (k4 [1/
min]).

Model equations are illustrated as:

dCi(1)
d(t)

=K, C(1) = (k2 +k3)C(t)+ks Crn(t) - Eq. (1)

dCp (1)
d(r)

:k3C,(l) - k4cm(t) Eq. (2)

Values of K;—k4 were determined by fitting the models to the time-activity curves. The
arterial blood input function determined by ROI quantification in the left ventricle was used
as Cp in the model equation calculation. To minimize the sum of the residuals, the efficiency
of fitting was assessed with the Akaike Information Criterion (AIC) [28].

Some combinations of parameters were also calculated, such as binding potential (Bpnp,
equation 3) that reflects the binding affinity, and volume of distribution (V) that reflects the
tissue-to-plasma concentration ratio. V1 can be regarded as the sum of specific and
nonspecific distribution in the tissue. Parametric maps were generated by applying kinetic
modeling at voxel level [24, 29].

Bpnp is defined as [30]:
k3
Bprzﬁ Eq. 3)

V1 can be divided into two elements according to the pharmacokinetics: specific volume of
distribution (V) and non-displaceable (Vnp), that is, nonspecific volume of distribution:

Kk

K,
VND:k_2 Eqg. (5)

Total volume of distribution:

K k3
VT:VS+VND:E(I+E) Eg. (6)

Where K1, ko, ks, and k4 were calculated by fitting the model to 60-min dynamic PET data
[24].
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Parametric map estimation

Voxel-wise parametric mapping was applied to whole body images by using the Logan
graphical analysis. The parametric maps of volume of distribution (V1) were generated for
each group by using blood input function. And the reference tissue model was applied for
the parametric imaging of binding potential (Bpnp). The V- parametric map was calculated
using equation 7 below.

T T
ROI()dt C,(Hdt
{ Jé Eq. (7)
Int

=pv2 +
ROI(T) ROI(T)

The Bpnp map was calculated using equations 8, and the value of binding potential is Bpnp
=DVR-1

T T
[ROI(t)dt [refitdt+refir) [k
0 _ 0 )

Statistical Analysis

Quantitative kinetic parameters determined from dynamic PET data were expressed as
means + SD. Differences between either blocked and unblocked or dimeric and monomeric
RGD groups were evaluated using unpaired Student ¢test. P values less than 0.05 were
considered statistically significant.

RESULTS

Time-activity curves

The time-activity curves of tumor uptake after administration of RGD dimer (18F-
FPPRGD2), monomer (18F-FPRGD) or RAD (18F-FPRAD) and the corresponding blocking
studies were analyzed and presented in Fig. 3. Without a blocking dose, high and rapid
tumor tissue uptake was observed that reached a plateau after 30 min. The tumor uptake in
the blocked group decreased continuously over time and was extremely low at late time
points. Compared with the monomeric RGD, dimeric RGD showed much slower tumor
washout. As a control, RAD peptide showed the most rapid tumor washout since there was
no specific binding to integrin.

From the model fitting, non-specific (C;) and specific binding (Cy,) components were
separated from the tumor uptakes of dimeric and monomeric RGD tracers, respectively (Fig.
4). The curves representing specific binding revealed that RGD dimer has increasing
specific uptake in the tumor throughout the total time course of the experiment, and the rate
of increase is higher than that of monomer. The specific bound component of dimeric RGD
in the tumor region is almost twice as much as that of the monomer at 1-h. Both dimeric and
monomeric groups showed similar non-specific (free) time curves with RAD.

Binding potential and volumes of distribution

As shown in Fig. 5a, dimeric RGD showed significantly higher Bpyp (5.87 £ 0.31) than that
of the monomeric analog (2.75 + 0.048, p = 0.0022, n = 4/group). The dimer showed more
than 2 times higher Bpyp Vvalue than the monomer, which is greater than the difference in
%ID/g uptake (dimer is 1.5 times as much as monomer) measured from static images [31].
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After blocking with an excess amount of unlabeled RGD peptide, a significant decrease in
Bpnp Was found in tumor-bearing mice administered either 128F-FPPRGD2 (~80%
decreased, p < 0.001) or 18F-FPPRGD (~60% decreased, p < 0.01). Similar to the blocking
studies, the RAD control group showed the lowest Bpyp (0.89 = 0.19).

By applying kinetic modeling, the total volume of distribution (V1) could be separated into
non-displaceable (Vnp) and specific (Vs) components to enable accurate assessment of the
magnitude of specific binding of the two RGD compounds. Fig. 5b plots the mean + SD of
the total VT, specific Vg and non-specific Vyp components for blocking and unblocking
studies. The individual parameter values of K1, ks, k3 and k4 were summarized in Table 1.
As shown, Vg was the dominant component of the total distribution volume in the
unblocked group and decreased in the blocked group.18F-FPPRGD?2 also showed
significantly higher Vs than 18F-FPRGD (dimer Vg = 2.38 + 0.15, monomer Vg = 0.90 +
0.17, p = 0.0013, n = 4/group), similar to the dimer and monomer Bpyp calculations. Little
difference in Vyp was found among different groups, suggesting comparable non-specific
binding in tumor region.

Parametric mapping

As a graphical analysis method, Logan plot is robust for kinetic modeling, which is
computationally appropriate for parametric mapping [32]. Moreover, it is applicable to
ligands binding reversibly to receptors, such as cyclic RGD peptides to integrin a,p3. By
applying the Logan graphical analysis at the voxel level, we obtained the parametric maps
for volumes of distribution (V1) and binding potential (Bpnp), respectively (Fig. 6).

In parametric maps, dimeric RGD showed significantly higher V1 and Bpyp in the tumor
region than the monomer, which is greater than the difference in %ID/g values determined
from the original static images at 60 min with the same image scales. Extremely low binding
potential in the tumor region in both blocked groups was found as compared with that in the
unblocked groups. Parametric maps also provided higher tumor-to-muscle contrast ratio for
Bpnp maps (70.8 = 12.5) than the original static images at 1-h time point (5.29 £ 1.18, p =
0.035), e.g. in dimeric RGD unblocked group.

DISCUSSION

One main goal of molecular imaging is to visualize and quantify target expression level non-
invasively by applying the molecular probe in a real-time manner. The well-developed PET
image evaluation parameters with static images, such as standard uptake value (SUV) or
%ID/g are widely used for molecular image quantification. However, besides the tracer
binding affinity, the ability to convert tissue uptake into target concentration is unavoidably
affected by other factors such as heterogeneity of blood supply, vascular permeability, and
interstitial fluid pressure. Thus, there is an urgent need to delineate specific uptake from the
non-specific accumulation of radioactive tracers in the tumor region, which will definitely
facilitate tumor diagnosis and treatment monitoring.

By using dynamic PET imaging, the time-activity curves of various organs or tissue can be
obtained and characterized. Dynamic PET imaging provides more information than a static
image and may be useful in revealing the microenvironment of target tissue. In the kinetic
analysis, the uptake of radiotracer into the tumor microenvironment can be modeled as
different compartments, such as the homogeneous tracer concentration in plasma, tissue
interstitial space or tumor cells. The tracer concentration in tumor tissue can be divided into
two elements according to its molecular interaction in tissues, free and bound, which is also
regarded as non-specific binding and specific binding. Usually, the tracer concentrations of
three compartments in the compartment model are regarded as the amount of tracer trapped
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in tissue regions detected by the static PET image. By applying dynamic PET imaging and
kinetic modeling, we can separate the specific and non-specific bindings. The kinetics of
tracer uptake is described by the k. parameters representing the exchange rates between
compartments. With appropriate model definition and dynamic curve fitting, kinetic
modeling could quantitatively assess the tracer binding affinity for the receptors /7 vivo. In
this study, by taking the intensively investigated RGD-integrin system as an example, we
implemented a three compartment model to quantitatively estimate the kinetics of dimeric
and monomeric RGD peptide tracers in an MDA-MB-435 tumor model.

According to the definition binding potential (Bpnp = ka/ks), the Bpyp Value represents the
specific binding affinity of tracer. The measurement of Bpyp could be affected by either
tracer specific binding affinity or available receptor density. When comparing the Bpnp
value of RGD dimer with monomer in the same xenograft, the available receptor density in
each individual mouse could be regarded as the same, and then the resulting Bpyp only
reflects the difference in the binding affinity of the tracers for integrin. According to the
ICsq values in cell binding assay in our previous studies, the RGD dimer showed 3.6-3.8
fold higher binding affinity than the monomer [31, 33]. However, in static PET image
quantification, the tumor uptake of the RGD dimer was only 1.5 times as much as that of the
monomer. Comparing the binding potentials of dimeric and monomeric RGD peptides in
Fig. 5a, significantly higher Bpyp of the dimeric RGD (5.87 £ 0.31) was found than that of
the monomeric analog (2.75 £ 0.048). The RGD dimer showed more than a two-fold higher
binding affinity than the monomer. Thus the Bpyp appears to be more sensitive than the
differences illustrated in static images and much closer to the comparison of cell binding
assay results. Thus, even a minor subtraction for non-specific binding provides greater
sensitivity than a conventional %I1D/g analysis, where the difference between the dimer and
the monomer pertains only to the specific binding. On the other hand, the comparison
between radioligand only and blocked studies for either RGD dimer or monomer group
implies that the binding potential is an efficient indicator for available receptor density.
Using the same RGD tracer, the blocking study resulted in significant decreases in binding
potential.

Table 1 showed the values of transporting rates between the compartments for each tracer. It
has been reported that dimeric and polymeric RGD peptides could enhance the receptor
binding affinity through polyvalency effect, wherein the RGD sequence was locally
increased [34]. The RGD dimer has comparable on-rate of specific binding (ks) but a two-
fold lower off-rate (k4) compared with the monomer, which resulted in a higher binding
potential of the RGD dimer. It is likely that the receptor binding of one RGD domain
significantly enhances the local concentration of the other RGD domain within the dimer in
the vicinity of the receptor, which may lead to an apparent slower rate of dissociation of the
radiolabeled RGD dimer from integrin [19].

Furthermore, volume of distribution in the tumor region could be separated into specific and
non-specific components and was demonstrated to be valuable for quantification. V', the
tissue to plasma concentration ratio, is the index of tracer present in the tumor tissue
normalized by plasma tracer concentration when at equilibrium. Vyp (K1/k») represents the
non-specific binding and is determined by tracer influx and efflux rates between the tissue
and plasma. Vg (K1ka/(koks)) demonstrates the specific binding concentration and is
affected by not only the specific binding affinity of the tracer, and the number of available
binding sites but also the perfusion and clearance rates. As shown in Fig. 5b, the Vg of
dimeric RGD is about 2.6 times higher than the monomeric RGD, which is also significantly
greater than the difference in %I1D/g derived from static images. Vnp is about the same in
both dimeric and monomeric groups, and is similar to that of RAD, which only shows non-
specific binding in the tumor region. It is clear that the pre-injected blocking agent only
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reduced the specifically bound tracer signal in the PET images but not the perfusion
component among all the groups. The kinetic parameters, especially the macro-parameters,
are better indicators of tumor specific binding and enable more sensitive evaluation of tracer
kinetics in tumors.

In previous studies [24, 35], the performances of two-compartment model, three-
compartment reversible and irreversible were compared for receptor-ligand binding, e.g.
RGD to integrin, to identify the most appropriate model. The discrimination process and
evaluation was conducted by using Akaike information criterion (AIC). The three-
compartment reversible model yielded the lowest AICs for fitting tumor time activity curves
in unblocked RGD studies, which indicated that both 18F-labeled RGD dimer and monomer
kinetics could be assessed by a reversible receptor binding model. Although the AIC
analysis suggested that the two-compartment model (two parameters: K; and ky) is
sufficient to describe the blocked tracer and RAD kinetics, the three-compartment model
appears to provide more accurate information. This observation is reasonable considering
that the integrin receptors were incompletely blocked in the blocking experiments and RAD
peptide may have very low affinity for integrin, resulting in low levels of bound tracers. In
order to compare Bpnp = ka/kg and V1 = f(Ky, ko, k3, kg) more objectively, we used three-
compartment reversible model to estimate the kinetic parameters of the blocked and RAD
studies.

The impact of spillover in regions constructed for extraction of arterial time activity curves
is expected to be small, since the myocardium uptake of RGD is minimal. Direct arterial
blood sampling is regarded as the gold standard of input function for kinetic modeling.
Unfortunately, arterial blood sampling is technically quite challenging in small animal
studies. To accurately assess the kinetics of RGD peptides, it may be more appropriate to
apply curve fitting to the image derived input function which may require scaling by several
blood samples at late time points.

In this study, we evaluated kinetic parameters for dimeric and monomeric RGD peptide
tracers by using a three-compartment model and compared the binding potential and
volumes of distribution derived from macro-parameters among all the text groups. The
quantification of kinetic parameters may provide unique ways to assess the receptor density
and specific concentration in the tumor region. To validate the correlation between the
kinetic parameters and receptor density, different tumor models with varying receptor
expression levels will be considered in our future studies. Furthermore, in our future studies
the RAD data acquisition will be performed on the same animals to separate the RGD
specific and non-specific binding concentration in the tumor region.

CONCLUSION

The pharmacokinetics of both monomeric and dimeric RGD peptide tracers were compared
and the RGD dimer showed significantly higher binding affinity as assessed by the
calculated binding potential (Bpyp) than the monomer analog in our /n vivo study. Specific
binding and non-specific binding uptake in the tumor region could be separated according to
the macro kinetic parameters. Parametric maps of the macro-parameters at the voxel level
modeling results in better tumor-to-muscle contrast and can potentially be used to assess
tumor heterogeneity. Kinetic parameters may allow more sensitive and detailed
quantification than simple SUV analysis for potential tumor diagnosis and therapy response
monitoring applications.
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Fig. 1.
Schematic structures of RGD monomer FP-c(RGD)yK (FPRGD), dimer FP-PEG3-
E[c(RGDyK)], (FPPRGD2), and FP-c(RADyK) (FPRAD).
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Fig. 2.

a A representative PET/CT fusion 2D projection image at 0.5 min (the second frame of
dynamic PET image series). b A blood time activity curve is extracted by drawing a region
of interest over the left ventricle. ¢ A representative PET/CT fusion 2D projection image at
60 min (the last frame of dynamic PET image series). d Time activity curves corresponding
to the regions of tumor and muscle.
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Fig. 3.

Tumor time-activity curves derived from 60-min dynamic PET scans for (a) unblocked
group of mice after administration of dimeric RGD peptide tracer 18F-FPPRGD?2, (b)
unblocked group of monomeric RGD peptide tracer 18F-FPRGD, (c) blocked group of
dimeric RGD, (d) blocked group of monomeric RGD, and (e) 18F-FPRAD control. (n = 4/

group).
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Mean time activity curves of RGD monomer (a) and dimer (b). Tumor total uptake, free or
non-specific binding tracer separated by model fitting.
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Fig. 5.

a Binding potential (Bpnp) of 18F-labeled RGD peptide tracers. b volumes of distribution
(V1) of 18F-labeled RGD peptide tracers. The binding potential was calculated as Bpnp =
ka/kq reflecting the binding affinity, and the volume of distribution (V1 = K1/ko(1+ k3/Kg))
reflects the tissue-to-plasma concentration ratio. V1 can be regarded as the sum of specific

(Vs = Ky1-ks/(ko'kg)) and nonspecific (Vyp = Ki/kp) distribution.
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Fig. 6.

(a, b) Representative original static PET images at 60 min (left), parametric maps of volume
of distribution (middle) and binding potential (right) for unblocked (a) and blocked (b)
groups of mice after administration of dimeric RGD peptide tracer 18F-FPPRGD2. (c, d)
Representative original static PET images at 60 min (left), parametric maps of volume of
distribution (middle) and binding potential (right) for unblocking (c) and blocking (d)
groups of mice after administration of monomeric RGD peptide tracer 18F-FPRGD. The
arrows point to tumors.
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