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Conclusion:
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To assess the safety, biodistribution, and dosimetric properties
of the positron emission tomography (PET) radiopharmaceuti-
cal agent fluorine 18 ('®F) FPPRGD2 (2-fluoropropionyl labeled
PEGylated dimeric RGD peptide [PEG3-E{c(RGDyk)}2]),
which is based on the dimeric arginine-glycine—aspartic acid
(RGD) peptide sequence and targets « 3, integrin, in the first
volunteers imaged with this tracer.

The protocol was approved by the institutional review board, and
written informed consent was obtained from all participants.
Five healthy volunteers underwent whole-body combined
PET-computed tomography 0.5, 1.0, 2.0, and 3.0 hours after
tracer injection (mean dose, 9.5 mCi = 3.4 [standard devia-
tion] [351.5 MBq £ 125.8]; mean specific radioactivity, 1200
mCi/pmol = 714 [44.4 GBq/pmol = 26.4]). During this time,
standard vital signs, electrocardiographic (ECG) readings,
and blood sample values (for chemistry, hematologic, and
liver function tests) were checked at regular intervals and 1
and 7 days after the injection. These data were used to evaluate
tracer biodistribution and dosimetric properties, time-activity
curves, and the stability of laboratory values. Significant
changes in vital signs and laboratory values were evaluated by
using a combination of population-averaged generalized esti-
mating equation regression and exact paired Wilcoxon tests.

The administration of 'SF-FPPRGD2 was well tolerated, with
no marked effects on vital signs, ECG readings, or laboratory
values. The tracer showed the same pattern of biodistribution
in all volunteers: primary clearance through the kidneys (0.360
rem/mCi * 0.185 [0.098 mSv/MBq = 0.050]) and bladder
(0.862 rem/mCi * 0.436 [0.233 mSv/MBq = 0.118], voiding
model) and uptake in the spleen (0.250 rem/mCi *£ 0.168
[0.068 mSv/MBq = 0.046]) and large intestine (0.529 rem/
mCi * 0.236 [0.143 mSv/MBq = 0.064]). The mean effective
dose of 'SF-FPPRGD2 was 0.1462 rem/mCi = 0.0669 (0.0396
mSv/MBq = 0.0181). With an injected dose of 10 mCi (370
MB(q) and a 1-hour voiding interval, a patient would be exposed
to an effective radiation dose of 1.5 rem (15 mSv). Above the
diaphragm, there was minimal uptake in the brain ventricles,
salivary glands, and thyroid gland. Time-activity curves showed
rapid clearance from the vasculature, with a mean 26% = 17
of the tracer remaining in the circulation at 30 minutes and
most of the activity occurring in the plasma relative to cells
(mean whole blood-plasma ratio, 0.799 = 0.096).

I8F-FPPRGD2 has desirable pharmacokinetic and biodistribution
properties. The primary application is likely to be PET evaluation
of oncologic patients—especially those with brain, breast, or lung
cancer. Specific indications may include tumor staging, identify-
ing patients who would benefit from antiangiogenesis therapy,
and separating treatment responders from nonresponders early.

©RSNA, 2011

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 11101139/-/DC1
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ngiogenesis is essential for tumor

growth and progression (1,2). In-

hibition of angiogenesis has been
shown in various experimental models to
prevent tumor growth and even cause
tumor regression (3,4). The expression
of the cell adhesion molecule « B, inte-
grin on sprouting capillary cells and the
interaction of « 8, integrin with specific
matrix ligands have been shown to play
a key role in tumor angiogenesis (5) and
metastasis (6), and the o, integrin
is a potential target for antiangiogenic
therapy (7).

The ability to noninvasively visual-
ize and quantify « B, integrin expres-
sion via arginine-glycine-aspartic acid
(RGD) peptide sequence levels will pro-
vide new opportunities to document tu-
mor integrin levels, more appropriately
select patients who are candidates for
antiangiogenic treatment, and monitor
treatment effectiveness in patients with
integrin-positive findings (8). A variety
of modalities have been used to image
integrins. Contrast material-enhanced
ultrasonography with microbubbles tar-
geted to « integrins expressed on the
neovascular endothelium has been used
to image the tumor integrin status in

Advances in Knowledge

B A recently introduced PET radio-
pharmaceutical agent, fluorine 18
('F) FPPRGD2, was well toler-
ated in all five healthy volunteers
examined, with no adverse
events or clinically important
changes in vital signs or electro-
cardiographic findings.

B The biodistribution of
IBE-FPPRGD2, a marker for o 3,
integrin expression, was evalu-
ated in the nonpathologic state,
with the areas of highest activity
in the bladder, kidneys, liver,
spleen, and bowel and minimal
uptake above the diaphragm.

B Complete dosimetric parameters
for F-FPPRGD2 and expected
maximal administered doses in
clinical practice are given, with
the mean effective dose being
0.1462 rem/mCi = 0.0669
(0.0396 mSv/MBq * 0.0181).

addition to the tumor microvascular blood
volume and the blood velocity (9-12).
With use of an animal model, Sipkins
et al (13) demonstrated that it is feasi-
ble to image « B, integrin expression by
using magnetic resonance (MR) imaging
and antibody-coated paramagnetic lipo-
somes. It has also been shown that the
near-infrared fluorescent dye-conjugated
cyclic RGD peptide sequence could en-
able visualization of subcutaneously inoc-
ulated integrin-positive tumors (14,15).
However, to date, most of the studies
have been focused on the development
of suitably radiolabeled small RGD pep-
tide antagonists of « integrin that can
serve as radiopharmaceutical agents for
single photon emission computed to-
mography (SPECT) and positron emis-
sion tomography (PET) applications (8).
Owing to the higher sensitivity of PET,
as compared with SPECT (16), the de-
velopment of probes for PET imaging of
integrin expression has been the main-
stay of continued efforts.

Instead of introducing an amino sugar
moiety to increase the hydrophilic-
ity (17-19), we previously inserted an
amphiphilic polyethylene glycol linker
(PEGylation), and this resulted in im-
proved pharmacokinetics (20,21). How-
ever, PEGylation also reduced the re-
ceptor binding affinity of the RGD
peptide sequence. We then applied a
polyvalency effect to develop dimeric
and multimeric RGD peptide sequences
(22-28), with repeating cyclic penta-
peptide units connected by glutamates.

Implications for Patient Care

m 8F-FPPRGD2 provides a way of
determining the expression of
a B, integrin, a marker for angio-
genesis, and can be used as a
more specific imaging agent pri-
marily for oncologic applications
but also some nononcologic PET
applications.

® Use of 8F-FPPRGD2 might be a
targeted imaging approach for
identifying patients who would
benefit from antiangiogenesis
treatments and separating
responders from nonresponders
at an early time point.

Fluorine 18 ('8F) FPPRGD2 (phenylala-
nine-proline-proline-arginine-glycine-
aspartic acid) is a PET radiopharmaceu-
tical agent based on the dimeric RGD
peptide sequence, and it targets « f,
integrin (Fig 1). In several tumor xenograft
models, we confirmed that 'F-FPPRGD2
is superior to '8F galacto-RGD in terms
of tumor-targeting effectiveness (tumor-
to-background ratio) and in vivo phar-
macokinetics (29).

On the basis of these favorable pre-
clinical study results and the potential
specificity of imaging angiogenesis (ie,
a B, integrin expression) for a variety
of oncologic and nononcologic applica-
tions, a Food and Drug Administration
emergency investigational new drug ap-
plication (eIND 104150) was obtained for
further evaluation of '8F-FPPRGD2. The
purpose of this pilot study was to assess
the safety, biodistribution, and dosimet-
ric properties of F-FPPRGD2 in the
first volunteers imaged with this tracer.

Materials and Methods

I8F-FPPRGD2 was synthesized under
good manufacturing practice conditions.
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The single-dose acute toxicity of a struc-
turally similar compound, '8F-FPRGD2
(fluorobenzoate labeled PEGylated dimeric
RDG peptide [PEG3-E{c(RDGyk)}2),
was tested by using Sprague-Dawley rats
(Harlan, Hayward, Calif) under good
laboratory practice-like conditions, and
the emergency investigational new drug
application was submitted to include
both FPRGD2 and FPPRGD2.

Preparation of Reference Compound and
18F-FPPRGD2

Synthesis of the reference compound,
fluorine 19-FPPRGDZ2, was performed
according to previously published meth-
ods (29); the nuclear MR and mass
spectrometry data collected were simi-
lar to the results of these methods.
For preparation of 'SF-FPPRGD2, first
an 'F-synthon (['®F]-4-nitrophenyl-2-
fluoropropionate, or 'F-NPE) was pro-
duced by means of nucleophilic '8F fluo-
rination of methyl 2-bromopropionate,
hydrolysis, and esterification at one-
pot synthesis performed with a GE
TRACERIab FX,  synthesizer (GE Health-
care, Waukesha Wis). Subsequently, the
conjugation between '8F-NPE and the
RGD dimeric peptide (PEG,-c [RGDyK],)
was performed in a customized module to
yield 8F-FPPRGD2 with a specific mean
radioactivity level of 1200 mCi/pmol *
714 (44.4 GBq/pmol + 26.4). This agent
had greater than 99% radiochemical pu-
rity and greater than 90% chemical pu-
rity (Fig 1). More details about the ra-
diosynthesis and quality control process
are described elsewhere (30,31).

Volunteers and Collection of Nonimaging
Data for Biosafety

The protocol was approved by the in-
stitutional review board, and written
informed consent was obtained from all
five volunteer participants. They were
recruited between August 2009 and Oc-
tober 2009 (Table 1). Volunteers older
than 18 years with no known oncologic
or notable nononcologic medical condi-
tions were eligible for study inclusion.
Not more than 6 months before the
start of the study, all volunteers submit-
ted physical examination and laboratory
results documenting their healthy status.
Not more than 1 day before they were

NH

HN\//\\

Gly

Arg

['8FIFPPRGD2

Figure 1:

Chemical structure of "8F-FPPRGD2. Arg = arginine, Asp = aspartic acid, Gly = glycine, Lys =

lysine.

Table 1

Demographic and '*F-FPPRGD2 Dose Data

Volunteer No./Sex/Age (y)  Height (cm) Weight (kg) Injected Activity (mCi)*
1/F/26 165.1 58.5 5.4
2/F/58 168.0 47.2 14.2
3/M/37 185.4 117.9 7.28
4/F/42 170.2 68.0 11.4
5/F/45 167.6 56.7 9.2
Meant 171.3 = 8.1 (165.1-185.4)  69.7 = 28.0 (47.2-117.9) 9.5 = 3.4 (5.4-14.2)

*To convert to megabecquerels, multiply by 37.

T Data are mean values + standard deviations, with ranges in parentheses. The volunteers had a mean age of 41.6 years

11.7 (range, 26-58 years).

injected with '8F-FPPRGD2, all female
volunteers underwent serum pregnancy
tests, with documented negative results.

To mimic the preparation that fu-
ture clinical patients might have, no
specific subject preparation (eg, fasting,
hydration) was requested on the day of
imaging. One volunteer needed to take
1 mg of lorazepam sublingually before
undergoing imaging owing to claustro-
phobia. The 'SF-FPPRGD2 was injected
as a bolus within 30 seconds. A range
of 5.4-14.2 mGCi (199.8-325.4 MBq)
was injected because the radiochemis-
try yields for this radiopharmaceutical
agent were variable (Table 1). Immedi-
ately afterward, each volunteer’s vital
signs (ie, heart rate, pulse oximetry value,
body temperature, and blood pressure)
were monitored every 15 minutes dur-
ing the imaging procedure and for up
to 3 hours after the injection by us-
ing an automated machine (Vital Signs
Monitor; Welch Allyn, Skaneateles Falls,

NY). The volunteers also underwent a
12-lead electrocardiographic examination
(Burdick Eclipse Plus; Cardiac Science,
Bothell, Wash) at the same frequency.
The electrocardiographic and vital sign
data were reviewed by a nuclear medi-
cine physician (E.S.M.). A 5-mL blood
sample was obtained just before the
tracer injection for laboratory tests (Table
E1 [online]), and 1-mL blood samples
were obtained throughout the imaging
period—specifically at 1, 3, 5, 10, 30,
60, 90, 120, 150, and 180 minutes after
the injection—for time-activity curve cal-
culations. Vital signs were checked and
blood samples (5 mL) were also ob-
tained on days 1 and 7 after the injection
to ensure that there were no changes
or abnormalities. Any unusual or ad-
verse symptoms were recorded on the
day of imaging and during the follow-up
period. In addition, the subjects were
asked to void before the start of each
imaging examination.
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Table 2

Standardized Uptake Values Normalized to Weight for Various Organs

Hours after '8F-FPPRGD2 Injection

Organ 0.5 1.0 2.0 3.0

Brain 0.2 +0.1 0.2 = 0.1 0.2 +0.0 02 +0.1
Brain ventricles 50+ 26 6.6 =1.2 59+ 07 6.3+ 1.1
Thyroid gland 46+23 36+0.8 33+07 3.1+06
Lungs 0.9+ 0.1 0.7 0.3 0.6 +0.1 0.5+ 0.1
Mediastinum 1.8+03 15+04 1.3+06 1.1+02
Liver 51+23 46+15 49+15 57+24
Spleen 72+ 41 6.5+1.3 7.0+22 6.3+15
Intestines 6.3+4.0 9.8 +4.1 6.7+ 1.0 6.2 +2.1
Kidneys 31.8 = 35.7 25.3 +23.9 16.2 = 3.1 9111
Urinary bladder 61.9 = 49.1 36.1 = 24.2 38.0 = 16.3 29.0 = 14.2
Gluteal muscle 0.7 = 0.2 0.5 = 0.1 0.4 =0.1 0.5*+0.0

Note.—Data are mean standardized uptake values (in grams per milliliter) decay corrected to the time of tracer injection, =

standard deviations.

The preinjection and follow-up blood
samples were assessed for full chemis-
try, hematology, and liver function tests,
as detailed in Table E1 (online). The
smaller blood samples collected during
imaging were analyzed in a well counter
(Wallac Wizard 1470 Automatic Gamma
Counter; Perkin Elmer, Waltham, Mass)
to measure the photon counts per min-
ute emitted from both the whole blood
sample and the plasma portion only.
To determine the biologic clearance
of BF-FPPRGD2, the activity was de-
cay corrected to the injection time and
time-activity curves were constructed.
Note that tracer metabolites were not
analyzed because pilot studies revealed
greater than 95% stability when the
tracer was incubated with human plas-
ma for 2 hours (data not shown). These
metabolites will be studied in future in-
vestigations on cancer patients.

PET Imaging and Reconstruction
Procedure

In all subjects, imaging was performed
on a GE Discovery LS PET/CT scanner
(GE Healthcare) in the two-dimensional
mode. Because institutional review board
approval for examining the first volunteer
was more limited at the time of imag-
ing, she only underwent one total-body
(from vertex to toes) combined PET-
computed tomographic (CT) examina-
tion 1 hour after tracer administration.

The four subsequent volunteers under-
went a serial examination involving a
total of four PET scans and one PET/
CT scan acquired after the tracer in-
jection. The PET scans were acquired
0, 30, 120, and 180 minutes after the
injection by using six bed positions
(from skull base to middle of thigh),
3-minute emission scans, and 1-minute
transmission scans with a germanium
rod source for attenuation correction.
The PET/CT scan was acquired 1 hour
after the injection by using a total of
11 bed positions (from vertex to toes)
and 3-minute emission scans. The CT
parameters used included a fixed am-
perage setting of 90 mA and a peak
voltage of 140 kVp with a 5-mm recon-
struction interval. In this case, the CT
transmission data were used for attenu-
ation correction and anatomic localiza-
tion of the PET information. The PET
scans were reconstructed by using an
ordered subset expectation maximiza-
tion algorithm and were reviewed in
the axial, coronal, and sagittal planes.
All reconstructions and image analyses
were performed by using Xeleris, ver-
sion 2.0551 (GE Healthcare), software.

Biodistribution and Dosimetry

Visual analysis was used to determine
the general biodistribution of the ra-
diopharmaceutical agent and the tem-
poral and intersubject stability. Organ

dosimetry values were calculated by using
organ-level internal dose assessment soft-
ware (Vanderbilt University, 2003) (32).
Thresholded datasets were used to hand
draw three-dimensional regions of inter-
est over all of the major organs showing
visually appreciable uptake greater than
that in the background tissue (Table 2).
The regions of interest were drawn in
consensus (by E.S.M. and M.L.G., 3 and
30 years experience in nuclear medi-
cine, respectively). Note that the CT
information was not used to draw the
regions of interest. Time-activity curves
were constructed by using values of
whole-organ activity at the time of im-
aging. These data were used to estimate
the radiation doses absorbed by all of
the organs. To determine the maximal
dose of "8F-FPPRGD2 that can be safely
injected into a patient, we used the res-
idence time of the tracer in each organ
for each volunteer to calculate his or her
absorbed radiation dose.

Statistical Analyses

To assess changes in vital signs during
the first 3 hours (during the first day
of imaging), a population-averaged gen-
eralized estimating equation regression
analysis was performed by using the dif-
ference in the given value at baseline
as the dependent variable and the log
(minutes) and its square as dependent
variables. Age and weight were included
as covariates, and a lag-2 autoregres-
sive correlation structure was used. To
assess changes in a given vital sign at
days 1 and 7, exact paired Wilcoxon tests
were used to perform comparisons be-
tween the baseline measurements and
the measurements obtained at a later
time. Pre- and posttracer differences in
laboratory values were tested with in-
dividual exact paired Wilcoxon tests by
using the coin package in R, version 9.2
(www.r-project.org), program. P < .03
indicated a significant difference.

Biosafety

The mean injected dose of '*F-FPPRGD2
was 9.5 mCi = 3.4 (standard devia-
tion) (351.5 MBq * 125.8) (Table 1),
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Figure 2

Figure 2: A, Coronal maximum intensity projection PET image shows distribution of 8F-FPPRGD2 1 hour after intravenous
administration in healthy volunteer (subject 1). Principal organs and regions of uptake are labeled: brain ventricles (7), salivary-
oropharyngeal cavity (2), thyroid gland (3), lungs (4), liver (5), spleen (6), kidneys (7), bowel (8), and bladder (9). B, Correspond-
ing axial CT (left) and PET (right) images further show distribution of '8F-FPPRGD2 at key levels in brain (top), thorax (middle),
and upper abdomen (bottom). Principal organs and regions of uptake are labeled: brain ventricles, brain (70), lungs, liver,
spleen, kidneys, heart (77), and stomach (72).

and the mean specific radioactivity level
was 1200 mCi/pmol = 714 (44.4 GBq/
pmol * 26.4) at the end of the bom-
bardment. As such, the mean mass of
tracer injected into each subject was
8 pmol = 5, or 12.9 ng * 8.1.

No adverse symptoms (eg, rash, pal-
pitations, headache, nausea) or signs
were reported by the volunteers or no-
ticed by the staff either immediately or
up to 7 days after the administration of
BE-FPPRGD2. There were significant
short-term changes in pulse (P = .011)
and systolic and diastolic blood pressure
(P < .001 for both) caused by sharp
changes from the baseline that occurred
during the first few minutes after the
injection. These changes were followed
by a gradual return to baseline values.
There was no significant change (P=.181)
in oxygen level. There were no long-
term changes in any vital signs (P > .12
for all). Temporal variations in average
heart rate, pulse oximetry, and blood
pressure values are shown in Figure E1

(online). The electrocardiographic re-
cordings of the five volunteers before
and after the injection of '*F-FPPRGD2
were normal. Two subjects showed a
normal sinus rhythm with baseline bra-
dycardia, but no changes were seen af-
ter tracer administration. No individual
tests of pre- versus posttracer differences
in laboratory values yielded significant
differences (Table E1 [online]), and,
thus, no further adjustments for mul-
tiple comparisons were made.

Biodistribution and Dosimetry

Figure 2 shows the distribution of '8F-
FPPRGD2 1 hour after intravenous tracer
administration in a healthy volunteer,
with the principal organs labeled. The
corresponding transaxial CT and PET
scans further show the tracer distribu-
tion in several key areas of the body.
The combined PET image set in Figure 3
shows the temporal and intersubject
stability of '"®F-FPPRGD2. The areas of
highest activity are the bladder, kidneys,

liver, spleen, and bowel. There are no
major differences visually aside from the
normal intersubject variability expected
with any radiopharmaceutical agents.
As would be expected, the renal and he-
patobiliary excretion rates are slightly
different among the individuals, reflect-
ing the moderate variability in uptake in
these areas among subjects. One subject
also had gallbladder uptake. Above the
diaphragm, there is minimal radiotracer
accumulation in the brain ventricles,
salivary glands, and thyroid gland. Es-
sentially no uptake is seen in the tho-
rax and extremities. One volunteer had
low-grade uptake in both breasts.

The average percentage of injected
dose per gram of activity and the stan-
dardized uptake values in the organs
involved in the clearance pathway and
in some background tissues in all of the
subjects are listed in Tables E2 (online)
and 2, respectively. The low activity
that was seen in most background tis-
sues indicated low blood-pool activity
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and low retention of 'F-FPPRGD2 in
cells that do not express o (, integrin.
The negligible activity in the brain likely
reflects the inability of "F-FPPRGD2 to
cross the blood-brain barrier. However,
all five subjects had stable uptake in
the brain ventricles. Figure 4 shows the
time-activity curves for four principal or-
gans in all of the subjects. These activ-
ity data are not decay corrected.

The data in Table 2, Table E2 (on-
line), and Figure 4 show that there was
a gradual decline in activity throughout
all of the organs and regions studied.
While this was true on average, two in-
dividuals had an initial increase in activ-
ity, followed by a pattern of decreasing

¢y ™ X
' ¥ ¢

uptake in the bowel—reflecting initial
accumulation from hepatobiliary clear-
ance followed by subsequent clearance.
There was rapid clearance of the ra-
diotracer from the blood circulation
(Fig 5). At 30, 60, and 90 minutes af-
ter the injection, means of 26% * 17,
18% = 14, and 8% = 2 of the tracer,
respectively, remained in the circulation.
The mean ratio of 'F-FPPRGD2 in whole
blood to '8F-FPPRGD2 in the plasma
portion across the 10 blood collection
times after the injection was 0.799 *
0.096, indicating that the majority of
the tracer was in the plasma (Table 3).

The mean absorbed radiation doses
for all organs in the four volunteers

£

0 hr 0.5 hr 1hr 2hr 3 hr
Time after injection, Subject 2
a.
. £ A D
3 p & w &
3 .
. Yk - :
¢ 0 - ¢ 8
v B 9 o
1 2 3 4 5
Subject Number, 1 hr post-injection
b.

Figure 3: PET image sets show temporal and intersubject stability of '8F-FPPRGD2. All images are coronal views of maximum
intensity projection images from PET examination. (a) Images show tracer uptake in 58-year-old women (volunteer 2) at five
time points after '8F-FPPRGD2 injection. (b) Images show uptake differences among the five subjects 1 hour after injection.
There is minimal variability in 1F-FPPRGD2 uptake over time and across subjects.

who had multiple scans are listed in
Table 4. The bladder received the highest
absorbed doses (mean absorbed dose,
0.862 rem/mCi = 0.436 [0.233 mSv/
MBq =+ 0.118]), reflecting rapid clearance
of most of the injected '"SF-FPPRGD2
into the bladder. The other major or-
gans that received relatively high doses
were the lower region of the large in-
testine (mean absorbed dose, 0.529
rem/mCi = 0.236 [0.143 mSv/MBq *
0.064]), kidneys (mean absorbed dose,
0.360 rem/mCi = 0.185 [0.098 mSv/
MBq = 0.050]), and spleen (mean ab-
sorbed dose, 0.250 rem/mCi = 0.168
[0.068 mSv/MBq = 0.046]). On the
other hand, the thymus, skin, lungs,
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Figure 4:  Averaged time-activity curves indicate clearance of '8F-FPPRGD2 from (a) bladder, (b) intestines, (c) liver, and (d) kidneys and per-
centages of total injected activity in each organ versus time after tracer injection, for all healthy volunteers. Activity data are not decay corrected
to the time of injection. Error bars indicate standard deviations.
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and plasma (), for all
healthy volunteers. Error
bars indicate standard
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clears from blood rap-
idly, with most activity in
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myocardium, bone marrow, and mus-
cle absorbed the lowest doses.

The mean effective dose of 'SF-
FPPRGD2 was 0.1462 rem/mCi = 0.0669
(0.0396 mSv/MBq = 0.0181) (95% con-
fidence interval: 0.086 rem/mCi [0.023
mSv/MBq], 0.206 rem/mCi [0.056
mSv/MBq]). With an injected dose of
10 mCi (370 MBq) and a 1-hour voiding
interval, the patient would be exposed

to an effective dose of 1.5 rem (15 mSv).
Note that with use of visual compari-
son and quantitative assessment of stan-
dardized uptake values, good quality im-
ages are possible at doses as low as 5.4
mCi (185 MBq). Volunteer 3 was injected
with 7.28 mCi (269.36 MBq) of '8F-
FPPRGD2, and although he weighed
117.9 kg, his images were visually indis-
tinguishable from those of volunteer 2,

Table 3

Whole Blood-Plasma Uptake Ratios

Subject No. Mean Uptake Ratio
2 0.642 + 0.031
3 2.804 + 0.584
4 0.797 £ 0.131
5 0.698 + 0.027
All four subjects 0.799 + 0.096

Note.—Data are mean ratios of '®F-FPPRGD2 uptake in
whole blood to '®F-FPPRGD2 uptake in plasma, *
standard deviations.

who was injected with 14.2 mCi (525.4
MBq) and weighed 47.2 kg.

This phase 1 (pilot) study shows the
safety of intravenously injected 'SF-
FPPRGD2. There were no adverse events
or clinically important changes in vital
signs or electrocardiographic findings
during the course of the study. We be-
lieve that the initial significant increase
in blood pressure and pulse during
the first few minutes of imaging was a
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Table 4

18F-FPPRGD2 Dosimetric Data

Mean Absorbed Radiation Dose*

Target Organ rem/mCi mSv/MBq Primary Source
Adrenal glands 0.0300 + 0.0137 0.0081 = 0.0037 Remainder of body
Brain 0.0540 =+ 0.0967 0.0146 + 0.0262 Brain ventricles
Breasts 0.0067 =+ 0.0032 0.0018 =+ 0.0009 Remainder of body
Gallbladder wall 0.0296 += 0.0113 0.0080 =+ 0.0030 Liver, gallbladder
Lower region of colon 0.5290 + 0.2364 0.1430 + 0.0639 Intestines
Small intestine 0.0372 + 0.0165 0.0101 = 0.0045 Intestines
Stomach wall 0.0201 + 0.0089 0.0054 + 0.0024 Remainder of body
Upper colon 0.0274 = 0.0118 0.0074 = 0.0032 Intestines
Heart wall 0.0125 + 0.0055 0.0034 + 0.0015 Remainder of body
Kidneys 0.3603 =+ 0.1852 0.0976 =+ 0.0502 Kidneys
Liver 0.0988 =+ 0.0379 0.0267 = 0.0103 Liver
Lungs 0.0115 + 0.0052 0.0031 = 0.0014 Remainder of body
Muscle 0.0170 + 0.0075 0.0046 + 0.0020 Remainder of body
Ovaries 0.0634 + 0.0295 0.0171 + 0.0080 Remainder of body
Pancreas 0.0294 + 0.0135 0.0079 + 0.0037 Remainder of body
Red marrow 0.0196 + 0.0093 0.0053 + 0.0025 Remainder of body
Osteogenic cells 0.0169 + 0.0093 0.0046 + 0.0025 Remainder of body
Skin 0.0089 =+ 0.0043 0.0024 = 0.0012 Remainder of body
Spleen 0.2496 + 0.1677 0.0675 + 0.0455 Spleen
Thymus 0.0074 = 0.0039 0.0020 =+ 0.0011 Remainder of body
Thyroid gland 0.2180 + 0.2034 0.0590 + 0.0552 Thyroid gland
Urinary bladder wall 0.8615 + 0.4362 0.2333 + 0.1182 Urinary bladder
Uterus 0.0649 + 0.0286 0.0175 = 0.0077 Remainder of body
Entire body 0.0235 + 0.0116 0.0064 + 0.0032 Remainder of body

Effective dose equivalent 0.1548 + 0.0762 0.0418 + 0.0206 Remainder of body
Effective dose 0.1462 + 0.0669 0.0396 + 0.0181 Urinary bladder

* Data are mean absorbed radiation doses + standard deviations.

physiologic response to the stress related
to the procedure, which subsequently
normalizes. In addition, the biodistri-
bution and dosimetry analyses revealed
a stable and reproducible biodistri-
bution of 'F-FPPRGD2 over time and
across subjects, with acceptable doses ab-
sorbed by critical organs and even lower
doses absorbed by radiation-sensitive
organs.

One safety goal was to keep the ab-
sorbed organ radiation dose below 50
rem (0.5 Sv) per year, as set forth by
the Food and Drug Administration. Ac-
cording to the calculated dosimetric
values, a maximum of 56 mCi (2072
MBq) of F-FPPRGD2 per patient can
be injected per year, or up to five acqui-
sitions can be performed in one patient
per year by using 10 mCi (370 MBq) per
scan. Similarly, the doses to radiation-
sensitive organs, such as the testes and

ovaries, were well below the 0.03-Gy limit
set by the Food and Drug Administration.
The mean effective dose of 'SF-
FPPRGD2 was 0.1462 rem/mCi =
0.0669 (0.0396 mSv/MBq = 0.0181).
With use of an injected dose of 10 mCi
(370 MBq) and a 1-hour voiding inter-
val, the patient would be exposed to an
effective radiation dose of 1.5 rem (15
mSv). This corresponds to the second
risk category defined by the 2007 In-
ternational Commission on Radiological
Protection (33,34). The dose limit for
the second risk category was 2.0 rem
(20 mSv) and applies to situations in
which there is a direct or indirect ben-
efit for exposed individuals. In compari-
son, the effective dose to the patient
from a '8F-galacto-RGD PET examina-
tion is 0.07 rem/mGCi (0.019 mSv/MBq),
or 0.7 rem (7 mSv) for a 10-mCi dose
(35). Similarly, the total effective dose to

the patient from a standard '®F-fluorode-
oxyglucose PET examination is approx-
imately 0.6-0.7 rem (6-7 mSv) (36).

The 95% confidence interval for the
mean effective dose of '8F-FPPRGD2
was 0.086 rem/mCi (0.023 mSv/MBq),
0.206 rem/mCi (0.056 mSv/MBq). At
the maximum of this confidence interval,
an injected dose of 10 mCi (370 MBq)
with a 1-hour voiding interval would ex-
pose the patient to an effective dose
of 2.1 rem (20.7 mSv), which is still at
the upper limit of the second risk cat-
egory. We believe the higher radiation
dose from '8F-FPPRGD?2 is warranted,
given its potentially improved specificity
compared with the specificity of '8F-
fluorodeoxyglucose and the aforemen-
tioned better tumor-to-background ratio
relative to that with galacto-RGD. More-
over, as mentioned earlier, doses as low
as 5.4 mCi may be used, further reduc-
ing the radiation dose to the patient.

The biodistribution of intravenously
injected '8F-FPPRGD2 showed that the
route of clearance of this tracer was
through the renal and hepatobiliary path-
ways. Thus, the organs showing primary
uptake were the kidneys, bladder, liver,
and gastrointestinal tract. One volunteer
also showed radiopharmaceutical ac-
cumulation in the gallbladder, which is
understandable, given the hepatobiliary
excretion pathway. All four of these or-
gans had, on average, decreasing time-
activity curves over the duration of im-
aging. Compared with 'F-fluciclatide,
another RGD peptide agent tested in
human volunteers (37), "F-FPPRGD2
has better pharmacokinetic properties
and less uptake in background tissue
(especially lower uptake in liver).

A T-hour circulation-uptake time is
recommended after the intravenous in-
jection of SF-FPPRGD2. While the bio-
distribution of the tracer was relatively
fixed after 30 minutes, the blood and
plasma clearance curves show that ap-
proximately 25% of the tracer remained
in the circulation at 30 minutes, less
than 20% remained at 60 minutes, and
less than 10% remained at 90 minutes.
Before imaging, patients should be in-
structed to urinate to reduce both the
degree of uptake in the bladder and the
radiation dose to this dose-limiting organ.
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There are a variety of potential ap-
plications for the 'SF-FPPRGD2 tracer.
Owing to the increased levels of angio-
genesis in tumors and the associated
« B, integrin levels in the sprouting cap-
illary walls and tumor cells, the primary
role of 'SF-FPPRGD2 is expected to be
the evaluation of tumors. The biodistri-
bution of '8F-FPPRGD2 observed in our
study indicates that malignancies of the
head, neck, and thorax would be most
optimal for evaluation, given the low
background in these areas. Moreover,
those malignancies treated with anti-
angiogenic agents might be identified
on BF-FPPRGD2 scans to help identify
those patients who would benefit from
antiangiogensis therapy and more pre-
cisely assess the response to therapy at
an earlier time. Other cancers, including
those below the diaphragm can also be
imaged. For instance, pancreatic tumors,
which are often treated with fractionated
radiation therapy, may be good candi-
dates for 'F-FPPRGD2 imaging because
their neovasculature tends to decrease
substantially after therapy. Ultimately,
further clinical studies involving patients
with cancer will be required to deter-
mine the specificity of 'SF-FPPRGD2 in
humans and the tumor-to-background
ratio that can be achieved.

Nononcologic applications of '8F-
FPPRGD?2 also have been proposed. Tis-
sue growth and healing require angiogen-
esis. Study investigators have reported
the use of galacto-RGD in the evalua-
tion of myocardial healing after an in-
farct (38). Also, the development of
aortic aneurysms is closely related to
angiogenesis. As such, 'SF-FPPRGD2
might be used to track the development
and progression of aneurysms in native
vessels and after therapy.

Because '8F-FPPRGD2 was assessed
as a potential imaging agent for onco-
logic PET, the primary limitation of this
study was that only healthy volunteers
were examined. This was mandated by
the Food and Drug Administration, and
testing this agent in patients with cancer
is the next step. Also, since only five
healthy volunteers were involved, this
work qualifies as a pilot study only; this
limited the statistical analyses in par-
ticular. Again, the biodistribution and

safety parameters will be investigated
further in future studies involving pa-
tients with cancer. In addition, no urine
metabolite analyses were performed; fu-
ture experiments will also include these
assessments.

In conclusion, the radiopharmaceuti-
cal '8F-FPPRGD2 has desirable pharma-
cokinetic and biodistribution properties,
with the latter favoring PET applications
in the head, neck, thorax, and extremi-
ties. As such, the primary application
for F-FPPRGD2 is likely to be the
PET evaluation of patients with cancer—
especially those with brain, breast, and
lung malignancies—for staging and re-
staging. As a next step, we plan to test
the usefulness of 'SF-FPPRGD2 in pa-
tients with brain, lung, and breast can-
cers for tumor staging and assessing
suitability for and response to antian-
giogenesis agents.
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