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Diadenosine-5�,5�-P1,P4-tetraphosphate (Ap4A) and its analog
P2,P3-monochloromethylene diadenosine-5�,5�-P1,P4-tetraphos-
phate (AppCHClppA) are competitive inhibitors of adenosine
diphosphate-induced platelet aggregation, which plays a central
role in arterial thrombosis and plaque formation. In this study, we
evaluate the imaging capabilities of positron-emission tomogra-
phy (PET) with P2,P3-[18F]monofluoromethylene diadenosine-5�,5�-
P1,P4-tetraphosphate ([18F]AppCHFppA) to detect atherosclerotic
lesions in male New Zealand White rabbits. Three to six months
after balloon injury to the aorta, the rabbits were injected with
[18F]AppCHFppA, and microPET imaging showed rapid accumula-
tion of this radiopharmaceutical in the atherosclerotic abdominal
aorta, with lesions clearly visible 30 min after injection. Computed
tomographic images were coregistered with PET images to im-
prove delineation of aortoiliac tracer activity. Plaque macrophage
density, quantified by immunostaining with RAM11 against rabbit
macrophages, correlated with PET measurements of [18F]AppCHF-
ppA uptake (r � 0.87, P < 0.0001), whereas smooth-muscle cell
density, quantified by immunostaining with 1A4 against smooth
muscle actin, did not. Biodistribution studies of [18F]AppCHFppA in
normal rats indicated typical adenosine dinucleotide behavior with
insignificant myocardial uptake and fast kidney clearance. The
accumulation of [18F]AppCHFppA in macrophage-rich atheroscle-
rotic plaques can be quantified noninvasively with PET. Hence,
[18F]AppCHFppA holds promise for the noninvasive characteriza-
tion of vascular inflammation.

atherosclerosis � vascular damage � plaque imaging

Our previous findings with 99mTc-conjugated diadenosine-
5�,5�-P1,P4-tetraphosphate (Ap4A) and P2,P3-monochlo-

romethylene diadenosine-5�,5�-P1,P4-tetraphosphate (AppCH-
ClppA) in a rabbit model indicated rapid, high accumulation of
both diadenosine tetraphosphate analogs in the atherosclerotic
abdominal aorta and demonstrated up-regulation of purine
receptors in experimental atherosclerotic lesions, suggesting the
potential for using such labeled analogs for noninvasive detec-
tion of plaque formation (1, 2). The atherogenic process involves
sequestration of partially oxidized lipids in the vessel wall (3, 4),
leading to endothelial injury that promotes adherence of mono-
nuclear cells and platelets and contributes to phenotypic trans-
formation of medial smooth muscle cells (SMCs) from adult to
embryonic forms. The transformed muscle cells proliferate and
migrate to the intima in parallel with accumulation of lipids by
monocytes, causing the formation of foam cells. Other processes
of plaque formation, involving T lymphocytes, platelets, cyto-
kine release, and growth factors, enhance migration and prolif-
eration of SMCs (3–7). Vulnerable plaque formation is associ-
ated with increased monocyte�macrophage representation and
arterial wall cap thinning. Plaque disruption is the major event
for inducing thrombosis and acute coronary syndromes (8).

Evidence indicates an important role for adenosine nucleo-
tides in the development of atherosclerotic plaque inflammation.

Extracellular adenosine nucleotides are released from a variety
of cells and regulate many physiologic activities by interaction
with P2 receptors or adenosine nucleotide receptors (9–12). The
development of atherosclerosis is closely associated with up-
regulation of the extracellular purinergic receptor P2Y2R, whose
activation in vascular endothelial cells induces expression of
vascular cell adhesion molecule 1 (VCAM-1) and adherence of
monocytes, as well as the release of proinflammatory chemo-
kines (13).

Molecular imaging probes and techniques based on intravas-
cular MRI, computed tomography (CT), ultrasound, and optical
coherence tomography have been proposed for accurate iden-
tification of atherosclerotic plaque, plaque formation, and vul-
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Fig. 1. Formulae for monochloro- and monofluoro-Ap4A.
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nerable plaque. Most approaches are invasive, and none have
demonstrated the diagnostic accuracy necessary to replace in-
vasive angiography (3, 14–22). A limited number of reports
describe noninvasive visualization of atherosclerotic lesions.
These studies have targeted the thrombotic component overlying
the atherosclerotic lesion (with radiolabeled fibrinogen) (23, 24),

platelet aggregation at regions of turbulent flow (with labeled
platelets or platelet-specific antibodies) (25, 26), and proteins
likely to be incorporated into atherosclerotic lesions (with
radiolabeled autologous lipoproteins). Nonspecific uptake of
human IgG by Fc receptors on macrophages has also formed the
basis of a targeting strategy (27). More recently, the F(ab�)
fragments of monoclonal IgM antibody Z2D3, which was initially
developed with specificity for an antigen expressed by prolifer-
ating SMCs of human atherosclerotic lesions, have demonstrated
rapid accumulation and good localization of lesions in an
experimental atherosclerotic model (28–29). Fluorine-18-
labeled fluorodeoxyglucose has also been used for imaging of
carotid artery plaque (30–31).

We have shown rapid and high accumulation of 99mTc-
conjugated by chelation adenosine nucleotide polyphosphates in
inflamed atherosclerotic plaques (2). In addition, a closely
related analog, P2,P3-mono[18F]fluoromethylene diadenosine-
5�,5�-P1,P4-tetraphosphate ([18F]AppCHFppA), which is an 18F-
labeled molecular probe (9), may be preferable because it is
more securely attached by covalent linkage to the parent com-
pound and accumulates selectively in atherosclerotic lesions,
thereby allowing the noninvasive characterization of plaque
inflammation with positron-emission tomography (PET) imag-
ing. Such a method could be important not only for diagnosis but
also for the development and monitoring of therapies directed at
altering the natural history of these lesions.

Fig. 2. [18F]AppCHFppA rat biodistribution. Note the decrease in concen-
tration of radioactivity with time in kidney and increase with time in bone. If
the concentration in bone represents intact compound, it may prove to be a
useful marker. %DPG, percentage injected dose per gram.

Fig. 3. MicroPET images of the aorta acquired in the experimental atherosclerotic rabbit model (first through third rows) and in the normal control rabbit
(fourth row) 30 min after injection of [18F]AppCHFppA (111 MBq) in an ear vein. Three-dimensional dynamic data were acquired in list mode for 1 h starting from
the injection of the radiolabeled ligand. PET imaging studies were conducted with a microPET P4 system (Concorde Microsystems, Knoxville, TN). First through
third rows, atherosclerotic rabbit model with activity distribution in (A) transverse view, (B) axial view, and (C) sagittal view, showing accumulation of
radiopharmaceutical in injured artery and spine, and (D) time–activity curves indicating that the injured artery (blue) has enhanced accumulation compared with
background (yellow). Fourth row, normal rabbit with activity distribution showing lack of accumulation of radiopharmaceutical in (A) transverse view, (B) axial
view, and (C) sagittal view, and (D) time–activity curve of the radiopharmaceutical in artery (pink) and bone (blue). %id�cc, percentage injected dose per cubic
centimeter.
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Results and Discussion
AppCHClppA was prepared as described previously (32). No-
carrier-added radiofluorination of tetra(tributylammonium) salt
with [18F]fluoride was effected by nucleophilic substitution (Fig.
1) under anhydrous conditions to afford [18F]AppCHFppA with
yields between 20% and 40%.

A biodistribution study of [18F]AppCHFppA in rats indicated
behavior typical of adenine dinucleotides, with minimal myo-
cardial uptake and fast kidney washout (see Fig. 2). The accu-
mulation (percentage of injected dose per gram) in most normal
tissues was low: blood (0.78%, 0.16%, and 0.07%), heart (0.33%,
0.08%, and 0.03%), lung (0.62%, 0.18%, and 0.08%), liver
(0.33%, 0.08%, and 0.03%), and kidney (2.10%, 0.90%, and
0.03%) at 5, 30, and 60 min, respectively. Bone accumulation
(1.04%, 1.51%, and1.83%) may be a result of defluorination
and�or tetraphosphonate bone uptake. Of all the tissues sam-
pled, kidney contained the highest early concentration of tracer
(P � 0.01); liver and lung had higher concentrations than spleen
and muscle (P � 0.05); and spleen accumulation was similar to
that in muscle (P � 0.05).

To assess the ability of [18F]AppCHFppA to target inflamed
atherosclerotic plaques, we acquired microPET images (see
Materials and Methods) in a rabbit model of experimental
atherosclerosis, with aortoiliac endothelial denudation achieved
using a modified Baumgartener technique (33). In Fig. 3, the first
through third rows contain 30-min transverse (A), axial (B), and
sagittal (C) images from three rabbits in which the lesioned aorta
is clearly visualized. The lesions can be seen within 10 min after
radiopharmaceutical injection, and radioactivity is retained for
the 1-h imaging session. Blood clearance of the radiopharma-
ceutical is rapid (Fig. 2). The lesion-to-blood radioactivity ratio
at 1 h is �5:1. Time–activity curves indicate that the injured
artery has enhanced accumulation compared with the back-
ground (Fig. 3D). In control animals (Fig. 3, fourth row), there

is little or no significant accumulation of the radiopharmaceu-
tical in aortic tissues. Because of the three-dimensional, high-
resolution capability of PET, bone accumulation is not a crucial
factor in the use of the proposed probe. CT images obtained by
multimodal standard (rigid) image fusion (REVEAL-MVS
workstation; Mirada Solutions, Oxford, U.K.) using anatomic
landmarks (Fig. 4) confirm these findings. The coregistration
clearly shows the fusion of the lumen border into the plaque
(arrow) in the PET image activity.

In addition, microPET images correlate with ex vivo pathology
data (quantitative histomorphometry performed by a blinded
observer, with digital planimetric determination of intimal and
medial areas on a representative cross-section of each arterial
segment) and with areas of atherosclerosis identified by histol-
ogy [inflammation quantified by using planimetry, and macro-
phage density (percentage macrophage staining) calculated as
reported previously (33)]. For immunohistochemistry studies,
aortic specimens were stained with mAb against rabbit macro-
phage (RAM11; Dako, Carpinteria, CA) (Fig. 5) and smooth
muscle actin (1A4; Dako); [18F]AppCHFppA uptake is associ-
ated with macrophage density (r � 0.87, P � 0.0001; Fig. 5) but
not with SMC number (r � 0.26, P � 0.40). These findings
suggest the feasibility of instant noninvasive imaging of exper-
imentally induced atherosclerotic lesions with radiolabeled
[18F]AppCHFppA.

Adenosine nucleotides are involved in active inhibition of
platelet aggregation and, therefore, exhibit high affinity to
platelets by means of their binding to the platelet P2T receptors
and specific oligonucleotide receptors (10). Adenine nucleotides
are capable of extensive binding to the metabotropic P2Y
receptors and the transmitter-gated ion channel P2X receptors,
which are augmented in atherosclerosis due to the increased
population of macrophages and monocytes. These oligonucleo-
tides are promising, offering more specific receptor sites, and yet
are less studied than purinotropic receptors. Changes in the
receptor sites of oligonucleotides are part of the pathogenesis of
the atherosclerotic lesion process. The role of surface receptors
coupled with intrinsic tyrosine kinase activity has been studied
extensively in SMC proliferation in atheroma, but the role of G
protein-coupled receptors (P2R) has not been described. The
work described here provides in vivo characterization of the
purine and oligonucleotide receptors in the ongoing vascular
inflammation process.

Fig. 4. Coregistration of CT and PET images. CT images (A) and PET images
(B) were coregistered (C) by employing a workstation (REVEAL-MVS) that
enables multimodal standard (rigid) image fusion using anatomic landmarks.
After PET scanning, CT angiography was performed with a Siemens Medical
Solutions SOMATOM Sensation 16-slice CT scanner (Siemens Systems, For-
cheim, Germany). Three-dimensional, multiplanar reconstruction of raw im-
ages was performed, and the CT images were then coregistered with the PET
images. With the CT�PET image as a guide, region-of-interest segments of the
thoracic and abdominal aorta were drawn. Accumulation of radioactivity was
calculated for each region of interest and expressed as percentage injected
dose per milliliter. A value of P � 0.05 was considered significant. Upper row,
sagittal sections; Lower row, transverse sections. Arrows in A indicate lumen
with CT contrast; arrows in B indicate arterial wall plaque; and arrows in C
show the fusion of lumen CT contrast in wall plaque in the PET image.

Fig. 5. Noninvasive (PET) measurements of [18F]AppCHFppA uptake corre-
lated with macrophage density (percentage macrophage staining), assessed
by staining with mAb against rabbit macrophages (RAM11) (r � 0.87, P �
0.0001). %ID�cc, percentage injected dose per cubic centimeter.
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Although the clinical diagnostic method for detecting athero-
sclerotic lesions measures the extent of luminal narrowing, thus
providing a basis for therapeutic intervention, it does not
preclude poor prognostic outcomes in cases of milder degrees of
narrowing. For optimal care of atherosclerotic disease, charac-
terization of plaque constitution is imperative. It will be useful
to predict whether the plaque is likely to rupture or impinge on
the lumen rapidly or to progress slowly with stable surface
characteristics. Quantitative differentiation among the foam
cell-rich lesions, high-proliferating SMC index, and the amount
of overlying thrombotic plaque will affect prognostication. Be-
cause the uptake of [18F]AppCHFppA is rapid, plaque imaging
can be recorded earlier than when using IK17 mAb specific for
an oxidized low-density lipoprotein (2) or Z2D3 mAb specific for
proliferating SMCs (27). Various clinical vasculopathies associ-
ated with rapid proliferation of SMCs include restenotic com-
plications of angioplastic interventions and allograft-related
vasculopathy. Neither diagnostic nor prognostic strategies have
provided sufficient information to permit early intervention in
these cases. It is expected that determination of an independent
index of both purine and oligonucleotide receptor up-regulation
and increased macrophage concentration will provide sensitive
markers for prediction.

Conclusions
These studies demonstrate that quantifying the up-regulation of
purine and specific oligonucleotide receptors in atherosclerotic
lesions by using labeled adenosine oligonucleotides such as
[18F]AppCHFppA is a potential technique for noninvasive in
vivo detection of plaque formation.

Materials and Methods
Synthesis of AppCHClppA (Labeling Precursor). AppCHClppA was
prepared as described previously (32) and converted to the
tributylammonium salt, which has better solubility than the
sodium salt in organic solvents. This conversion was effected
with Dowex 50W X-4 by ion exchange to the pyridinium salt,
followed by treatment with tributylamine to give the tributylam-
monium salt.

Radiofluorination. [18F]AppCHFppA was prepared from the
AppCHClppA tetra(tributylammonium) salt and [18F]fluoride
by nucleophilic substitution (Fig. 1). A Wheaton 5-ml reaction
vial containing fluorine-18 (3.7 GBq, 100 mCi) in 18O-enriched
water (0.5 ml), Kryptofix 222 (8 mg; Aldrich, Milwaukee, WI),
and potassium carbonate (2 mg) was heated at 115°C, and
solvent was evaporated with the aid of nitrogen gas. The
K18F�Kryptofix complex was dried three times by the repetitive
process of the addition of acetonitrile (1 ml) followed by
evaporation of the solvent with a nitrogen flow. A solution of
AppCHClppA (6 mg) in DMSO (400 �l) was added to the vial,
and fluorination was performed at 120°C for 10 min. Once
cooled to room temperature, the mixture was diluted with water
(1 ml), and the solution was loaded onto a series of four C18
Sep-Pak columns (Waters, Milford, MA) connected in series.
The columns were washed first with 20 mM PBS (10 ml, pH 7.2)
to remove unreacted [18F]fluoride and DMSO, and then the
product was eluted using a mixture of acetonitrile: buffer
solution (50:50, vol�vol). Acetonitrile in the fraction containing
[18F]AppCHFppA was removed by vacuum, and the final solu-
tion was filtered (0.22-�m MillexGV; Millipore, Billerica, MA).
The product was obtained in 20–40% yield; radiochemical purity
of the tracer for injection was 98% [specific activity � 185,000
GBq (5,000 Ci)�mmol].

Biodistribution in Rats. Male Sprague–Dawley rats (300–350 g;
Charles River Breeding Laboratories, Preston, CT) were fasted
overnight, and the animals were anesthetized with a mixture of
ketamine (40–80 mg�kg and xylazine (5–10 mg�ml). Thereafter,
[18F]AppCHFppA (185 MBq�kg body weight) was administered,
and the animals were killed with an overdose of sodium pento-
barbital. Samples of blood, heart, lung, liver, spleen, kidney,
adrenal gland, stomach, small intestine, skeletal muscle, and
bone marrow were weighed, and radioactivity was assessed with
a well-type gamma counter (model 1282; LKB, Mt. Waverley,
Australia). Measurements for each specimen were recorded as
cpm and corrected for background and radioactive decay. The
concentration of radioactivity in each organ and fraction is
expressed as percentage of injected dose per gram and percent-
age dose per organ (see Fig. 2). The extent of degradation of the
intact labeled compound should be studied, particularly in
kidney, bone marrow, and blood.

Experimental Atherosclerotic Lesions. Male New Zealand White
rabbits weighing 2.5–3.0 kg (Charles River Breeding Laborato-
ries) were maintained on a 2% cholesterol�6% peanut oil diet
(ICN Biomedicals, Costa Mesa, CA) for 3–6 months. After 1
week of the hyperlipidemic diet, aortoiliac endothelial denuda-
tion was achieved by using a modified Baumgartener technique
(33). Briefly, each animal was anesthetized with 1.5–2.0 ml s.c.
of ketamine (100 mg�ml) and xylazine (100 mg�ml) mixed at 10:1
(vol�vol), and the right femoral artery was isolated. A 4F Fogarty
embolectomy catheter (12–040-4F; Edwards Laboratories,
Santa Ana, CA) was introduced through an arteriotomy and
advanced to the level of the diaphragm. The catheter was
inflated to a pressure of 3 psi above the balloon inflation
pressure and withdrawn five times. The femoral artery was then
ligated and the wound closed. After the rabbits recovered from
anesthesia, they were returned to their cages and given a range
of exposures to a high-cholesterol diet (3–6 months) to achieve
varying degrees of atherosclerosis and inflammation. Untreated
male New Zealand White rabbits fed standard chow served as
controls. The protocol was approved by the Animal Care and
Use Committee of Massachusetts General Hospital and com-
plies with National Institutes of Health approved guidelines.

MicroPET Imaging of Atherosclerotic and Normal Rabbits. Before
imaging, rabbits were anesthetized with ketamine�xylazine as

Fig. 6. Blood clearance evaluated during microPET imaging by sampling the
blood at various times (1–40 min) and calculating the percentage of injected
dose per cubic centimeter.

Elmaleh et al. PNAS � October 24, 2006 � vol. 103 � no. 43 � 15995

M
ED

IC
A

L
SC

IE
N

CE
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 



www.manaraa.com

above. An ear vein was catheterized for administration of the
radiolabeled ligand, and the body was wrapped with an underpad
to maintain temperature. The rabbit was placed ventrally in the
imaging position, and [18F]AppCHFppA (111 MBq) was injected
into the ear vein. During the imaging studies, blood clearance
was evaluated by sampling the blood at various times (1–40 min)
and counting the aliquots in a gamma counter (Fig. 6).

Three-dimensional dynamic data were acquired in list mode
for 1 h beginning with injection of the radiolabeled ligand. PET
imaging studies were conducted with a microPET P4 system
(Concorde Microsystems, Knoxville, TN). The field of view was
8 cm, and the diameter was 22 cm, allowing imaging of the entire
lower body of the rabbit in a single acquisition. The imaging
parameters of this system were in plane with an axial resolution
of 1.2 mm full width of photopeak measured at half maximal
count. Before PET imaging, the animals were fixed to the
imaging table with a custom-fabricated mold.

After PET scanning, CT angiography was performed using a
Siemens Medical Solutions SOMATOM Sensation 16-slice CT
scanner (Siemens Systems, Forcheim, Germany) with 0.75-mm
slices in helical full-scan mode at a pitch of 2.8, tube voltage of
80 kV, and tube amperage of 35 mA. Initially, a scout topogram
was obtained without contrast for purposes of orientation. A CT
angiogram of the abdominal aorta was then acquired with
automated i.v. injection of nonionic iodinated contrast (iodixa-
nol) at a rate of 5 ml�sec. Three-dimensional multiplanar
reconstruction of raw images was then undertaken. Subse-
quently, the CT images were coregistered with the PET images
by employing a workstation (REVEAL-MVS) that enables
multimodal standard (rigid) image fusion using anatomic land-
marks. With the coregistered CT�PET image as a guide, region-
of-interest segments of the thoracic and abdominal aorta were

drawn. The accumulation of radioactivity was calculated for each
region of interest and expressed as percentage of injected dose
per cubic centimeter. Spatial resolution at the center of the
imaging field was 1.8 mm. (The absolute activity values obtained
from arteries and veins may be degraded due to the partial
volume effect.)

Small sections were obtained from both lesional and normal
aortic segments, fixed in buffered formaldehyde, and submitted
for histologic examination.

Histopathology. Aortic and iliac specimens were fixed in phos-
phate-buffered formalin, embedded in paraffin, and stained with
H&E and Masson’s trichrome stains. Immunohistochemistry
was performed using monoclonal antibodies against rabbit mac-
rophages (RAM11) and smooth muscle actin (1A4). Quantita-
tive histomorphometry was performed by a blinded observer,
with digital planimetric determination of intimal and medial
areas on a representative cross-section of each arterial segment.
Inflammation was quantified by using planimetry, and macro-
phage density (percentage macrophage staining) was calculated
as reported previously (34).

Statistical Methods. Data were analyzed using SPSS for Windows
version 10.0 (SPSS, Chicago, IL). Gamma-counter measure-
ments were related to histomorphometry findings for macro-
phage density by using Spearman’s rank correlation method. For
PET, standard uptake value data were correlated with CT image
anatomy, with a value of P � 0.05 considered significant.
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