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18F-FPPRGD2, which was approved for clinical study recently,
has favorable properties for integrin targeting and showed po-
tential for antiangiogenic therapy and early response monitor-
ing. However, the time-consuming multiple-step synthesis may
limit its widespread applications in the clinic. In this study, we
developed a simple lyophilized kit for labeling PRGD2 peptide
(18F-AlF-NOTA-PRGD2, denoted as 18F-alfatide) using a fluo-
ride–aluminum complex that significantly simplified the labeling
procedure. Methods: Nine patients with a primary diagnosis of
lung cancer were examined by both static and dynamic PET
imaging with 18F-alfatide, and 1 tuberculosis patient was inves-
tigated using both 18F-alfatide and 18F-FDG imaging. Standard-
ized uptake values were measured in tumors and other main
organs at 30 min and 1 h after injection. Kinetic parameters
were calculated by Logan graphical analysis. Immunohisto-
chemistry and staining intensity quantification were performed
to confirm the expression of integrin avb3. Results: Under the
optimal conditions, the whole radiosynthesis including purifica-
tion was accomplished within 20 min with a decay-corrected
yield of 42.1% 6 2.0% and radiochemical purity of more than
95%. 18F-alfatide PET imaging identified all tumors, with mean
standardized uptake values of 2.90 6 0.10. Tumor-to-muscle
and tumor-to-blood ratios were 5.87 6 2.02 and 2.71 6 0.92,
respectively. Conclusion: 18F-alfatide can be produced with ex-
cellent radiochemical yield and purity via a simple, 1-step, lyoph-
ilized kit. PET scanning with 18F-alfatide allows specific imaging
of avb3 expression with good contrast in lung cancer patients.
This technique might be used for the assessment of angiogene-
sis and for planning and response evaluation of cancer therapies
that would affect angiogenesis status and integrin expression
levels.
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Recently, encouraging reports of successful antiangio-
genic therapy in combination with chemotherapy and ra-
diotherapy have been demonstrated in various carcinomas
and metastatic malignant tumor entities (1–4). Conse-
quently, there is an increasing demand for noninvasive im-
aging to facilitate early response monitoring and screening
of the appropriate patients who will benefit from antiangio-
genic treatment with positive effects (5,6). Integrin avb3,
which plays a key role in the regulation of cellular activation,
survival, and migration, is one of the most important mem-
bers in the integrin family (7–9). The ability to visualize and
quantify avb3 integrin expression via specific targeting li-
gands will provide unique opportunities for evaluating tumor
neovascularization. Great efforts have been made in de-
veloping radiolabeled integrin-targeting agents (4,10–13).
Various arginine-glycine-aspartic acid (RGD)–containing
peptide probes have been tested, because cyclic RGD pep-
tides have high affinity and selectivity for integrin avb3.
RGD peptides have been radiolabeled and evaluated with
18F (14), 64Cu (15), 68Ga (16,17), 76Br (13), and 89Zr (18)
for integrin avb3–targeted PET imaging in xenograft models.

18F is a popular radioisotope for labeling peptides be-
cause of its well-suited physical half-life (109.7 min) for
routine clinical use. Therefore, several 18F-labeled RGD
peptide tracers have been tested in oncologic patients, in-
cluding 18F-galacto-RGD (4) and 18F-AH11585 (19). Both
of these radiotracers are peptides based on monomeric cy-
clic RGD. With favorable pharmacokinetics and binding
affinity for avb3 integrin, dimeric and multimeric RGD
peptides are superior to the monomeric analogs (10,20),
most likely because of the polyvalency effect. With potential
specificity of imaging avb3 integrin expression in oncology,
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the dimeric RGD peptide 18F-FPPRGD2 was obtained re-
cently for further evaluation approved by the Food and Drug
Administration (6).
However, all these 18F-labeled compounds suffer from

multistep time-consuming and low-yield synthetic proce-
dures, limiting their widespread use as routine tracers in
the clinic. The application of chelation chemistry, which
allows the radiotracer to be prepared without the need of
high-performance liquid chromatography, has led to the re-
cent development of 18F-fluoride–aluminum complexes to
radiolabel peptides. Lang et al. (21) successfully prepared
18F-AlF-NOTA-PRGD2 (denoted as 18F-alfatide as shown
in Fig. 1), and Guo et al. (22) evaluated and compared the
pharmacokinetics of this new fast-labeling dimeric RGD
compound with other well-developed dimeric RGD peptides
in U87MG xenografts. It was shown that 18F-alfatide has
promising imaging properties and pharmacokinetics that are
comparable, or superior, to those of 18F-FPPRGD2. Thus, it
is encouraging that the recently introduced kit formulation
method for rapid radiofluorination provides a strategy for
simplifying the labeling procedure for RGD peptides and
shows potential for facilitating clinical translation. As the
next logical step, we are now focusing on specific tumor
entities to evaluate the clinical use of 18F-alfatide.
The aim of this study was to develop the kits for the

dimeric RGD peptide and prove the feasibility of PET
imaging in lung cancer patients with squamous or adeno-
matous carcinoma using 18F-alfatide. Quantitative analysis
and pharmacokinetics studies were also conducted to fur-
ther analyze the specificity of tracer accumulation.

MATERIALS AND METHODS

Radiopharmaceutical Preparation
NOTA-PRGD2 was synthesized previously (21). AlCl3�6H2O

and other chemicals obtained commercially were of analytic grade
and used without further purification. No-carrier-added 18F was

obtained from an in-house cyclotron (HM-7; Sumitomo Heavy
Industries Ltd.). Reversed-phase extraction Sep-Pak C18 car-
tridges, which were used to purify the radiolabeled peptides, were
acquired from Waters. Analytic reversed-phase high-performance
liquid chromatography using a Phenomenex C18 column (Luna,
5 mm, 250 · 4.6 mm) was performed on a chromatography system
(Waters) with a 2487 Dual l absorbance detector (Waters) and
a Perkin-Elmer radiomatic flow scintillation analyzer. With a flow
rate of 1 mL/min, the mobile phase stayed at 95% solvent A (0.1%
trifluoroacetic acid in water) and 5% B (0.1% trifluoroacetic acid
in acetonitrile [MeCN]) at 0–2 min and was changed to 35%
solvent A and 65% solvent B at 32 min.

Stock solutions of NOTA-PRGD2 and AlCl3�6H2O were dis-
solved in deionized water. Kits were made with varying amounts
of NOTA-PRGD2 (8–32 nmol) and AlCl3�6H2O (3–12 nmol)
stock solutions. The filled vials were frozen and then transferred
to the shelf of the Labconco Freeze Dry System cooled to 216�C.
When the vacuum went below 13.3 Pa (100 mTorr), the shelf
temperature was increased to 0�C. After 16 h, the shelf tempera-
ture was increased to 20�C for 4 h. The vials were then sealed
under vacuum and removed from the lyophilizer.

The lyophilized peptide was radiolabeled by adding 18F (740–
3,700 MBq [20–100 mCi]) in 100–200 mL of deionized water and
an equal volume of sodium acetate–acetonitrile buffer solution
(pH 2–6) to the crimp-sealed vial and then heating to 70�C
–110�C for 5–30 min. After being cooled, the vial contents were
diluted with 10 mL of water and loaded onto an activated C18
cartridge. The cartridge was washed again with water (10 mL),
and the desired labeled peptide 18F-alfatide was eluted with 10
mM HCl in ethanol (1 mL). The product was reconstituted in
saline and passed through a 0.22-mm Millipore filter into a sterile
vial for further studies.

The percentage isolated yield in the product vial was determined
by measuring the activity found in the Sep-Pak C18 cartridge,
reaction vial, water wash, and product vial to account for the total
activity. When the isolated yield calculation was compared with the
decay-corrected method, the yields were found to be essentially
identical, indicating that all the 18F activity was counted.

The purified radiolabeled peptides in saline were stored at 37�C
and 4�C. The radiochemical purity of the solution was used to test
the labeling yield at different time points (0, 1, 2 and 4 h).

Patients
The study protocol was approved by the ethics committee of

Wuxi no. 4 People’s Hospital, and each patient gave written and
informed consent before the study. Nine male patients (age range,
57–79 y) who suffered from lung cancer were included and ex-
amined in this study. Patient selection was focused on lung cancer
because there is considerable evidence reported that squamous
cancer cells express integrin avb3. Diagnosis before scanning
was made by biopsy, CT, or 18F-FDG PET. After scanning, the
diagnosis was confirmed by surgery and histopathologic examina-
tion of the resection specimen or by combined analysis of mor-
phologic imaging and the patient’s clinical data as well as history.
One female patient with tubercular lymph nodes was investigated
by comparing 18F-FDG and 18F-alfatide imaging. The patient in-
formation is summarized in Table 1.

PET/CT Imaging
PET/CT imaging was performed on a Biograph 64 PET/CT

scanner (Siemens) in all instances. 18F-alfatide (224.56 6
FIGURE 1. Chemical structure of 18F-AlF-NOTA-PRGD2 (18F-

alfatide) peptide.
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38.2 MBq) was injected intravenously in all patients. No specific
subject preparation, such as fasting, was requested on the day of
imaging. Two imaging protocols were applied to study the whole-
body tracer distribution and time–activity curves. In 6 patients, 30-
or 60-min (depending on the age and state of illness) dynamic
scans were acquired, with the detector rings covering the region
of tumor and heart so that the time–activity curves of malignant
lesions and arterial blood input functions could be obtained. The
dynamic scans were followed by a static scan. A static emission
scan was acquired for each subject beginning on average 60 min
after injection of 18F-alfatide, covering a field of view from the
abdomen to the base of the skull (5–7 bed positions, 5 min per bed
position). PET images were reconstructed with 3-dimensional or-
dered-subset expectation maximization. The frame rates of dy-
namic scans were 10 · 30, 5 · 60, 5 · 120, and 10 · 240 s.
The images were attenuation corrected with the transmission data
from CT.

Image Analysis
In biodistribution analysis from static images, regions of in-

terest (ROIs) were placed over the tumor and major organs (heart,
lung, liver, spleen, intestine, kidneys, and muscle) with the as-
sistance of corresponding CT images. The results were expressed
in standardized uptake value (SUV), which was calculated ac-
cording to the following formula: (measured activity concentration
[Bq/mL] · body weight [g]/injected activity [Bq]). Biodistribution
SUV quantification for 30 min after injection was conducted in
dynamic image analysis, where only main organs could be covered
in 1 bed position. In dynamic PET image analysis, ROIs were
measured with the Inveon Research Workplace software (version
3.0; Siemens). ROIs were determined by manually superimposing
the ellipsoid volume of interest (VOI) to the target tissue on the last
frame of the entire 60-min (or 30-min) dynamic image se-
quence. Then a threshold of 30% maximum was set to screen the
voxels with lower values in the entire VOI because of possible
tumor heterogeneity and shape irregularity. The time–activity
curves were derived by superimposing the same VOI on each time
frame of the entire dynamic image sequence, and the value of each
time point represents the overall concentration of radioactivity
in the tissue. The activity concentrations, which were converted
to SUV, were determined by the mean pixel intensity within each

VOI. The arterial blood input function was estimated by
drawing a VOI in the region of left ventricle on the reconstructed
PET image at 0.5 min (the second frame of dynamic PET image
series). The region of muscle was selected as the reference
tissue.

Kinetic Modeling and Parameter Estimation
As reported in our previous study, a 2-tissue-compartment

(3-compartment) model best characterized the tumor and other
specific binding processes of RGD peptide (22,23). Therefore, a
1-tissue-compartment (2-compartment) model where the third
compartment (specific binding) is not suitable to be described
was used for muscle as a reference tissue. The 3-compartment
model consists of unmetabolized radiotracer in arterial blood
plasma (Cp), free or nonspecific binding tracer in interstitial and
intracellular space (Ct), and tracer bound specifically to integrin
(Cm). Both Ct and Cm occupy the same physical volume. The ROI(t)
represents the sum of radioactivity from all compartments and
includes the plasma volume fraction. Similarly, the 2-compartment
model describes RGD tracer kinetics using muscle as reference
tissue, and ref(t) represents free (nonspecific binding) tracer in
the reference tissue (muscle) region. Generally speaking, kinetic
parameters K1 (mL/g/min), k2 (1/min), k3 (1/min), and k4 (1/min)
represent the transport or binding rates of plasma perfusion into
tissue, clearance from plasma, specific binding, and dissociation,
respectively.

On the basis of the Logan plot shown in Equation 1 (24,25), the
ratio between the integral of Cp(t) and the instantaneous value of
ROI(t) and the ratio between the integral and the instantaneous
value of ROI(t) become linearly related when the exchange be-
tween the target tissue and plasma reaches an equilibrium (t . t*).

RT
0

ROIðtÞdt
ROIðTÞ 5 DV

RT
0

CpðtÞdt
ROIðTÞ 1 Int ðt.t � Þ: (Eq. 1)

DV denotes the volume of distribution (VT) and can be easily
calculated from the linear regression. DV is a measure of the
capacity of tissue to bind a particular tracer and can be regarded
as the sum of specific (VS) and nonspecific distribution (VND).
Total VT is defined in Equation 2 (26).

TABLE 1
Patient Characteristics and PET Quantifications

Patient no. Age (y) Diagnosis Modality

1 73 Adenomatous carcinoma in lung right lobe, low-graded PET/CT immunohistology
2 64 Squamous carcinoma in lung left lobe, stage II PET/CT immunohistology

3 79 Squamous carcinoma in lung right lobe center of large

area, stage III, with blocking inflammation

PET/CT

4 71 Squamous carcinoma in lung right lobe stage II-III, with
lymph node and bone metastasis

PET/CT immunohistology

5 57 Squamous carcinoma in lung left lobe, low-graded, with

lymph node metastasis

PET/CT

6 67 Squamous carcinoma in lung right lobe, low-graded PET/CT immunohistology

7 69 Squamous carcinoma in lung left lobe stage III-IV PET/CT

8 62 Squamous carcinoma in lung right lobe, low-graded,

with lymph node metastasis

PET/CT immunohistology

9 48 Squamous carcinoma in lung left lobe stage, low-graded PET/CT immunohistology

10 26 Whole-body lymph node tuberculosis PET/CT
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VT 5 VS 1 VND 5
K1

k2

�
1 1

k3
k4

�
: (Eq. 2)

In the original Logan plot estimation, an arterial blood input
function is required. Unfortunately, blood sampling faces techni-
cal challenges and brings radiation exposure to researchers. A
reformulation of the Logan analysis, which uses a reference
region, provides the possibility to estimate the kinetic parameters
without arterial blood sampling (27). We selected muscle as the
reference tissue because of its negligible integrin expression.
The relationship between muscle and plasma is expressed in Equa-
tion 3.

RT
0

ref ðtÞdt
ref ðTÞ 5 DVref

RT
0

CpðtÞdt
ref ðTÞ 1

1

kref2

: (Eq. 3)

DVref and kref2 are the parameters volume of distribution and k2
of reference tissue.

Thus, the normalized integral of activity in the tumor versus the
normalized integral of activity in the muscle becomes linear
according to Equation 4:

RT
0

ROIðtÞdt
ROIðTÞ 5 DVR

0
BBB@
RT
0

ref ðtÞdt 1 ref ðtÞ=kref2

ROIðTÞ

1
CCCA1 Int0: (Eq. 4)

The ratio of integrated tumor uptake and tumor uptake was set
as the y-axis. The ratio of integrated reference tissue uptake and
tumor uptake was set as the x-axis in the Logan plot. The slope of
the linear portion of the Logan plot is distribution volume ratio
(DVR). Binding potential (BpND 5 k3/k4), a macroparameter
reflecting the binding affinity in vivo, could be derived from
DVR (BpND 5 DVR 2 1).

Tissue Samples and
Immunohistochemistry Collection

For immunohistochemistry, sampled specimens were snap-
frozen in liquid nitrogen and stored at 270�C until staining was
performed. Tissue samples were taken within 1 wk after scanning
from the tumor regions with the maximum tracer uptake and,
when possible, from regions with low tracer uptake. Frozen tumor
tissues were sectioned and stained using the biotinylated mono-
clonal anti-avb3 antibody. Sections were processed by peroxidase
staining. Light microscopic evaluation of the density of avb3-
positive tissue was performed. Briefly, areas with the highest
density of avb3-positive tissue were identified using scanning
magnification. Subsequently, avb3-positive areas were counted in
5 adjacent microscopic fields using a ·40 objective lens and a ·10
ocular lens, corresponding to an area of 0.588 mm2. Microvessel
density and staining intensity were determined by a senior pa-
thologist, who was masked to the results of the corresponding
SUV.

Statistical Analysis
SUV and quantitative kinetic parameters determined from

PET data were expressed as mean 6 SD.

RESULTS

Kit Optimization

The kit consists of NOTA-PRGD2 and AlCl3, and the
amounts were optimized. We found that the reaction was
most efficient at an amount of 16 nmol for NOTA-PRGD2.
Using the kit prepared with the optimal amounts of NOTA-
PRGD2 peptide and AlCl3, we conducted additional studies
to assess the necessary reaction temperature, pH of buffer
solution, and timing for the labeling procedure and how the
18F activity would affect labeling yields (shown in the sup-
plemental data; supplemental materials are available online
only at http://jnm.snmjournals.org). These studies showed
that labeling yield was improved as the temperature in-
creased, with maximum yields peaking at 100�C or more.
The optimal pH value for labeling ranges from 2 to 4.
Heating for 10 min provided high yields, with longer time
possibly enhancing the yields slightly but not enough to
warrant the loss in isotopic decay that would otherwise
occur. Naturally, the labeling yield stayed consistent when
the amount of 18F was 740–2,590 MBq (20–70 mCi). The
labeling yield was significantly decreased when more 18F
activity was added. Under the optimal condition, the whole
radiosynthesis, including purification was accomplished
within 20 min, with a decay-corrected yield of 42.1% 6
2.0% and radiochemical purity of more than 95%. The
specific activity of 18F-alfatide was calculated to be at least
37 GBq (1,000 mCi)/mmol.

Biodistribution

Figure 2 shows the distribution of 18F-alfatide at 1 h after
intravenous administration in a representative lung cancer
patient. Major organs with relatively high uptake were la-
beled in a maximum-intensity-projection PET image (Fig.
2A). The corresponding coronal PET/CT fusion image
showed the tracer distribution in the main area of body
including tumor (Fig. 2B). The transaxial PET/CT and
CT images focusing on tumors are also shown in Figure
2C. The tumor area with tracer uptake showed intense
staining of integrin in the neovasculature (Fig. 2D). The
results of the SUV measurements for tumors and other main
organs are summarized in Table 2. The mean SUVs were
2.90 6 0.10 for tumor, 1.07 6 0.07 for blood, and 0.49 6
0.04 for muscle at 1 h after injection. The 1-h tumor-
to-blood and tumor-to-muscle ratios were calculated to be
2.71 6 0.92 and 5.87 6 2.02, respectively. Integrin avb3

expression could be confirmed by immunohistochemistry in
all primary tumor specimens. The highest activity accumu-
lation was found in the kidneys and bladder, demonstrating
renal clearance. The liver, spleen, and intestines also
showed moderate uptake. Minimal radiotracer accumula-
tion was found in the brain ventricles and thyroid gland.

Patient Study

All tumors could be clearly identified by 18F-alfatide.
18F-alfatide PET identified 2 patients’ lymph node meta-
static lesions, which were confirmed by corresponding
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18F-FDG scans (Fig. 3). Some small metastatic lesions in
the bone could also be detected in 18F-alfatide imaging
(tumor-to-bone ratio, ;1.7) (Fig. 4). A 26-y-old female
patient underwent both 18F-FDG and 18F-alfatide static
PET/CT scans within 3 d. Despite obvious 18F-FDG uptake
in the mesenteric lymph nodes, 18F-alfatide appeared to be
negative in this scrofula patient (Fig. 5). Although 18F-FDG
PET remains superior for tumor detection and staging in
lung cancer, 18F-alfatide PET imaging may provide addi-
tional information for screening tumor-induced inflamma-
tion and scrofula lesions.

Immunohistochemistry

As shown in Figure 6, immunohistochemistry results
confirmed integrin avb3 expression in primary tumors.
Integrin avb3 expression in addition to staining of the neo-
vasculature could be seen on the tumor cells. Rarely, inte-
grin avb3 could be observed in normal tissue. Unfortunately,
no sample was collected from the 2 patients with lymph
node metastasis. The integrin expression level and micro-
vessel density were quantified and summarized in Figure
6B. In Figure 6B, according to the RGD uptake, the sam-
ples were grouped as high and moderate, and the corre-
sponding integrated optical densities were 30,459.36 6
2,298.71 (n 5 4) and 26,748.64 6 2,226.64 (n 5 3). As
a control, the normal tissue showed a minimal integrated
optical density of 567.75 6 88.63 (n 5 5).

Time–Activity Curves and Kinetic Quantification

In all dynamic scans, tumors showed rapid tracer
accumulation during the first 10 min and reached a plateau
with only a minimal decrease of uptake though the entire
60-min time course (Fig. 7A). Other normal organs such as
the liver and heart showed a peak at early time points
(,1 min) because of blood perfusion with high concentra-
tion of radioactivity. The uptake in these regions dropped
rapidly afterward, which is consistent with a previous report

(28). The arterial blood input function was estimated by
drawing a VOI in the region of the left ventricle on recon-
structed PET/CT images at 0.5 min (the second frame of the
dynamic PET image series). The method permits the extraction
of the input function from the left ventricle while keeping the
peak of tracer concentration in blood with good accuracy. A
region of muscle was selected as the reference tissue (the
region with almost the same blood input function but with-
out specific binding). The corresponding time courses were
shown in Figure 7A. Kinetic parameters were summarized
in Figure 7B. The binding potential in the tumor was
3.63 6 1.28; VTs were 1.55 6 0.07 for the tumor and
0.356 0.15, 1.526 0.28, and 0.276 0.05, respectively, for
healthy lung, liver, and muscle. Compared with the other

FIGURE 2. (A) Representative coronal

maximum-intensity-projection PET image
shows distribution of 18F-alfatide (SUV) at

1 h after injection in lung cancer patient (pa-

tient 6 in Table 1). Major organs and regions
are labeled with arrows brain ventricles (1),

salivary–oropharyngeal cavity (2), thyroid

gland (3), lungs (4), spleen (5), tumor (6), liver

(7), kidneys (8), intestine (9), bladder (10),
and heart (11). (B) Corresponding PET/CT

fusion image at certain coronal slice further

shows uptake of tumor and other organs.

(C) Corresponding transaxial PET/CT fusion
image (upper) and CT image (middle). (D)

Intense staining of neovasculature without

staining of tumor cell.

TABLE 2
SUVs Normalized to Weight for Various Organs

Hours after administration

of 18F-alfatide

Organ 0.5 1

Tumor 2.91 6 0.73 2.90 6 0.10

Liver 3.02 6 0.54 2.74 6 0.58
Thyroid gland 1.69 6 0.44 2.04 6 0.35

Spleen 4.00 6 0.60 3.70 6 0.60

Kidneys 7.14 6 0.96 5.55 6 0.75

Muscle 0.55 6 0.15 0.49 6 0.04
Heart 1.57 6 0.27 1.07 6 0.07

Lung 0.45 6 0.11 0.26 6 0.06

Bone 1.73 6 0.45 1.67 6 0.68
Intestine — 2.15 6 0.28

Bladder — 69.32 6 58.28

Brain — 0.09 6 0.04

Brain ventricles — 1.69 6 0.04
Tumor-to-muscle ratio 5.70 6 2.24 5.87 6 2.02

Tumor-to-blood ratio 1.87 6 0.49 2.71 6 0.92
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normal tissue, the VTs in the tumor represent specific accu-
mulation in this region.

DISCUSSION

Noninvasive PET imaging of integrin avb3 has become
an important tool for tumor diagnosis and treatment mon-
itoring in both preclinical and clinical studies (4,29–31).
Currently, several 18F-labeled RGD peptides have been
evaluated in clinical trials, and a more widespread use of
PET imaging of integrin expression is expected in the near
future. 18F-FPPRGD2 is one of the promising radiolabeled
RGD peptides, with desirable pharmacokinetic properties
for clinical noninvasive PET imaging of avb3 expression. It
shows high binding affinity to integrins and favorable phar-
macokinetics, with quick renal clearance in the body. How-
ever, the time-consuming multiple-step synthetic procedure
required for 18F-FPPRGD2 preparation may hinder the
widespread use of this 18F-labeled RGD tracer. The rather
complex synthesis of other RGD peptides being tested in
the clinic, for example, 18F-galacto-RGD, also hampers its
broad use in large clinical studies (4). We developed a sim-
ple lyophilized kit for 18F labeling with RGD peptide,
which would provide a useful platform for commercial
development.
The kit and formulation were optimized with regard to

reaction temperature, pH value of the buffer, reaction time,
and 18F activity (supplemental data). These studies con-
firmed the excellent labeling yield under the optimal condi-
tions, which was higher than previously reported (5%–25%)
(21). Our experience showed that the alfatide-labeling
method is reliable, giving similar labeling yields from day
to day. And after more than 100 kit labels, we haven’t en-
countered even a single failure. By formulating peptides into
kits, uncertainties about obtaining a successful labeled prod-
uct can be avoided. Because of the simplicity of the method,
an advantage is that additional studies can be easily performed

in a single day. Radiochemical stabilities of radiopharma-
ceuticals stored over extended periods, including self-
radiolysis, are critical to their safe, effective use in the
diagnosis and treatment of disease. Only minor changes
were observed in the radiochemical composition of up to
4 h (with 1.8% radiochemical decomposition). This rate of
change was acceptable for clinical 18F-labeling prepara-
tions over this period and suitable for in vivo use for at
least 4 h after the preparation.

In this study, we successfully showed the feasibility of
PET imaging of avb3 expression in lung squamous carci-
noma and adenomatous carcinoma patients with good con-
trast using 18F-AlF-NOTA-PRGD2 (18F-alfatide). To the
best of our knowledge, this is the first time that this 1-step
synthesized 18F-labeled RGD peptide was applied to the
clinic for noninvasive determination of avb3 expression.
No adverse events were found in the first human subject
during the pilot study. The biodistribution showed low

FIGURE 3. 18F-FDG (A) and 18F-alfatide
(B) maximum-intensity-projection imaging

of patient (patient 8 in Table 1) with primary

squamous carcinoma (white arrow) and

lymph node metastasis (yellow arrow). (C)
Transaxial PET image with administration

of 18F-FDG (upper) and 18F-alfatide (lower)

and corresponding CT image (middle)

covering carcinoma and lymph node
metastasis.

FIGURE 4. 18F-alfatide PET and corresponding PET/CT image of

lung cancer patient with bone metastasis (patient 4 in Table 1). (Left)
Maximum-intensity-projection whole-body PET image. (Right)

Transaxial PET/CT image covering bone metastatic lesion, 1 h after

injection of 18F-alfatide. Arrows point to bone metastatic lesion.
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tracer uptake in background (lung) and muscle, with high
tumor-to-background ratios, resulting in desirable image
contrast and clear identification of most primary tumors
and metastatic lesions. The tumor-to-blood and tumor-to-
muscle ratios of 18F-alfatide in lung cancer were consistent
with the corresponding value of 18F-galacto-RGD (32) in
head and neck tumors and higher than the corresponding
value of 99mTc-3PRGD2 (33) in lung cancers. The rela-
tively low background in specific tissues and organs such
as the lungs and breast may allow clear diagnosis and eval-
uation of tumors present in these areas. Clear background in

the brain will also fulfill brain tumor or metastatic lesion
detection because the existence of tumors will result in
broken blood–brain barrier (31).

Dynamic PET scans and kinetic modeling were per-
formed to further analyze the pharmacokinetics of 18F-alfa-
tide, which shows favorable pharmacokinetic parameters
with high binding potential, demonstrating desirable bind-
ing affinity to integrin expression in vivo. The VTs for tumor
were substantially higher than those of muscle and other
background, suggesting specific binding of the tracer. Im-
munohistochemistry results confirmed the avb3 expression
in tumor cells and neovasculature in squamous carcinoma
patients. All these encouraging results indicate that PET
with 18F-alfatide prepared from a lyophilized kit can be
applied to study avb3 expression during tumor progress
and angiogenesis.

CONCLUSION

18F-alfatide can be produced with excellent radiochemi-
cal yield and purity via a simple, 1-step lyophilized kit that
can be ready for patient injection within 30 min. 18F-alfa-
tide PET allows specific imaging of avb3 expression in lung
cancers with good contrast. This technique can be used for
the assessment of angiogenesis and for planning and re-
sponse evaluation of therapies that affect angiogenesis.
More pilot studies of 18F-alfatide in patients are required
to further demonstrate the feasibility of antiangiogenic ther-
apies combined with chemotherapy or radiotherapy in the
future.
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FIGURE 7. (A) Representative time–activity curves derived from
60-min dynamic PET scans. (B) Kinetic parameter quantifications

BpND and VT for tumor and main organs. BpND 5 binding potential;

VT 5 volume of distribution.
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