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We recently showed the high target specificity and favorable imaging

properties of 64Cu and Al18F PET probes for noninvasive imaging of

thrombosis. Here, our aim was to evaluate new derivatives labeled with

either with 68Ga, 111In, or 99mTc as thrombus imaging agents for PET
and SPECT. In this study, the feasibility and potential of these probes

for thrombus imaging was assessed in detail in 2 animal models of arte-

rial thrombosis. The specificity of the probes was further evaluated using
a triple-isotope approach with multimodal SPECT/PET/CT imaging.

Methods: Radiotracers were synthesized using a known fibrin-binding

peptide conjugated to 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic

acid (NODAGA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid monoamide (DOTA-MA), or a diethylenetriamine ligand (DETA-prop-

anoic acid [PA]), followed by labeling with 68Ga (FBP14, 68Ga-NODAGA),
111In (FBP15, 111In-DOTA-MA), or 99mTc (FBP16, 99mTc(CO)3-DETA-PA),

respectively. PET or SPECT imaging, biodistribution, pharmacoki-
netics, and metabolic stability were evaluated in rat models of

mural and occlusive carotid artery thrombosis. In vivo target

specificity was evaluated by comparing the distribution of the SPECT
and PET probes with preformed 125I-labeled thrombi and with a non-

binding control probe using SPECT/PET/CT imaging. Results: All 3
radiotracers showed affinity similar to soluble fibrin fragment DD(E)

(inhibition constant 5 0.53–0.83 μM). After the kidneys, the highest
uptake of 68Ga-FBP14 and 111In-FBP15 was in the thrombus (1.0 ±
0.2 percentage injected dose per gram), with low off-target accumu-

lation. Both radiotracers underwent fast systemic elimination (half-life,

8–15 min) through the kidneys, which led to highly conspicuous
thrombi on PET and SPECT images. 99mTc-FBP16 displayed low target

uptake and distribution consistent with aggregation or degradation. Tri-

ple-isotope imaging experiments showed that both 68Ga-FBP14 and
111In-FBP15, but not the nonbinding derivative 64Cu-D-Cys-FBP8, de-

tected the location of the 125I-labeled thrombus, confirming high target

specificity. Conclusion: 68Ga-FBP14 and 111In-FBP15 have high fibrin

affinity and thrombus specificity and represent useful PET and SPECT
probes for thrombus detection.
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Thrombosis is often the underlying cause of major cardiovas-
cular diseases including stroke, myocardial infarction, deep vein
thrombosis, and pulmonary embolism, which affect millions
worldwide (1). Molecular targeting of coagulation factors (throm-
bin, Factor XIII, fibrinogen, fibrin) and activated platelets has
shown high potential for thrombus imaging (2,3). Particularly,
fibrin is an ideal target for molecular imaging of thrombosis be-
cause of its high specificity (present at high concentration in all
clots but not in circulating blood) and high sensitivity (present in
all thrombi whether arterial or venous, fresh or aged) of detection
(4,5). We previously reported the feasibility of gadolinium-based
fibrin-binding probes for thrombus imaging in both preclinical
research (6–9) and clinical trials (10). On the basis of these results,
we evaluated different peptides labeled with 64Cu-DOTA as po-
tential PET probes for thrombus imaging in animal models of
thrombosis (11,12). Choosing the best peptide from these initial
studies, we then tested the effect of different chelators (CB-TE2A,
1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid [NODAGA],
NOTA-monoamide, and Pycup) and isotopes (64Cu and 18F via
aluminum fluoride complexation) on the in vivo properties of
several probes for thrombus detection (13–15). The derivatives
64Cu-FBP8 and Al18F-FBP11 emerged as probes with high target-
to-background ratios in PET imaging of thrombosis.
This structure–activity relationship suggested that other radio-

metals could be conjugated to the fibrin-specific peptide without
loss of target affinity. 68Ga is an attractive option for PET because
of its short half-life and its availability from a Food and Drug
Administration–approved generator (IDB Holland BV and Eckert
& Ziegler), obviating the need for a cyclotron for isotope pro-
duction (16). Although PEToffers superior resolution and absolute
quantification, SPECT and scintigraphy are much more estab-
lished in clinical practice because of the lower costs and availabil-
ity of many radioisotopes, namely 99mTc and 111In (17,18). Here,
we evaluated 3 new fibrin-binding peptides radiolabeled with 68Ga
(FBP14), 111In (FBP15), and 99mTc (FBP16) for thrombus imag-
ing in 2 animal models. We used a mural thrombosis model to
compare their target uptake, imaging efficacy, pharmacokinetic
properties, and metabolic stability with our leading PET probe
64Cu-FBP8. We also evaluated the radiotracers in a ferric chloride
model of occlusive arterial thrombosis. 64Cu-D-Cys-FBP8, a non-
binding version of 64Cu-FBP8, was used as negative control. To
further demonstrate specificity, we performed triple-isotope
SPECT/PET studies that combined a targeted probe, an untargeted
control probe, and an 125I-labeled thrombus.
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MATERIALS AND METHODS

Additional information is reported in the supplemental materials
(available at http://jnm.snmjournals.org).

Synthesis and Affinity of Fibrin-Binding Probes

The general synthetic route is depicted in Figure 1. The cyclic
disulfide peptides L-Cys-Pep and D-Cys-Pep (Pep 5 FHC*HypY(3-

Cl)DLCHIL-PXD, C* 5 L-Cys in L-Cys-Pep and D-Cys in D-Cys-Pep,
Hyp 5 L-4-hydroxyproline, Y(3-Cl) 5 L-3-chlorotyrosine, PXD 5
para-xylenediamine) were prepared by solid-phase peptide synthesis us-

ing Fmoc chemistry (14). 64Cu-FBP8, 64Cu-D-Cys-FBP8, and 68Ga-
FBP14 were synthesized by conjugation of L-Cys-Pep or D-Cys-Pep to
tBu-NODAGA-NHS, followed by trifluoroacetic acid hydrolysis and la-
beling with 64Cu or 68Ga. 111In-FBP15 was synthesized by conjugation of

the preactivated DOTA chelator to L-Cys-Pep and then by labeling with
111In. 99mTc-FBP16 was obtained by coupling diethylenetriamine prop-

anoic acid (DETA-PA) as the tetrafluorophenol ester to the active cyclic
peptide, followed by hydrolysis of the Boc-protecting groups and labeling

with [99mTc(H2O)3(CO)3]1. Reaction of the intermediates (NODAGA)2-
Pep (Pep 5 L-Cys-Pep and D-Cys-Pep), (DOTA-monoamide)2-L-Cys-

Pep, and (DETA-PA)2-L-Cys-Pep with an excess of natCuSO4, natGa(NO3)3,
natInCl3, and [natRe(CO)3(H2O)3]Br (nat 5 naturally occurring isotope) re-

sulted in the synthesis of the nonradioactive surrogates D-Cys-FBP8 (Cu),
FBP14 (Ga), FBP15 (In), and FBP16 (Re). All intermediates and final com-

pounds were purified by reversed-phase high-performance liquid chromatog-
raphy (HPLC) or using a Sep-Pak cartridge (Waters), and characterized by

liquid chromatography–mass spectrometry (supplemental materials).
Chemical purities were greater than 97%, determined by analytic HPLC

analysis. Fibrin affinity of the nonradioactive surrogates was assessed as
described in the supplemental materials (12).

Animal Models and Probe Administration

All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals

(19) and were approved by the Institutional Animal Care and Use
Committee at Massachusetts General Hospital. Adult male Sprague–

Dawley rats (n5 36; 330–360 g, Charles River) were anesthetized with
isoflurane (4% for induction, 2%–2.5% for maintenance, in medical-

grade air) for all surgical procedures. The right femoral vein and artery
were catheterized for probe injection and blood sampling, respectively.

Mural thrombosis was induced by clamping of the common carotid

artery for 5 min to prompt crush injury (12–15). Occlusive thrombosis

was induced by ferric chloride (25% w/v in sterile saline) application on
the common carotid artery (20). To detect the location of the thrombus

with SPECT imaging, we prepared a prelabeled clot by intracarotid
microinjection of 125I-fibrinogen (1 mL, 0.1–0.2 MBq) concomitant

with the ferric chloride application. Fibrinogen (Calbiochem) was
labeled with Na[125I] (Perkin-Elmer) using Pierce iodination tubes

(ThermoFisher Scientific) (supplemental materials).
Probes were injected 30 min after thrombus formation. Each rat was

injected with 7–11 MBq for the PET probes or 33–37 MBq for the SPECT
probes, in a volume of 0.4 mL followed by saline flush. This relatively high

dose was to ensure that there was measurable radioactivity in the throm-
bosed and contralateral vessel, both of which weighed approximately 5 mg.

SPECT/PET Imaging and Analysis

SPECT/PET/CT scans were obtained with a dedicated small-animal

multimodal scanner (Triumph; TriFoil Imaging). The SPECT camera
was equipped with 4 detector heads and converging 5-pinhole

collimators (pinhole diameter, 2.5 mm). Instrument calibration was
performed each day by scanning a phantom of known radioactivity. To

evaluate the new fibrin-binding probes, rats with carotid crush injury
were imaged for 60 min starting 30 min after the injection of the PET

probes 64Cu-D-cys-FBP8 (n 5 2) and 68Ga-FBP14 (n 5 5) and the
SPECT probes 111In-FBP15 (n 5 4) and 99mTc-FBP16 (n 5 3) (pro-

tocol depicted in Supplemental Fig. 1). An additional cohort of rats
(n5 3) was imaged for 90 min after the injection of 64Cu-D-cys-FBP8

and then for an additional 90 min after injection of 64Cu-FBP8. Target
specificity was evaluated using a multimodal triple-isotope approach

in which rats were first imaged by SPECT for 10 min to image the
125I-labeled thrombus. Animals were then imaged for 30 min starting

30 min after injection of 111In-FBP15, followed by 60 min of PET
imaging after injection of either 68Ga-FBP14 (n 5 3) or 64Cu-D-cys-

FBP8 (n 5 5) (Supplemental Fig. 1). The SPECT/PET field of view
was 80 mm and approximately covered from the head to the base of

the heart. For SPECT, 111In photopeaks were set to 171 and 245 keV
(615%), and scans were acquired for 225 s per projection and 16 pro-

jections per scan or for 100 s per projection and 16 projections per scan.
For 125I (the prelabeled thrombus), the acquisition was 38 s, 16 projec-

tions with an energy peak set to 35.5 keV (615%). After SPECT/PET
acquisition, a CT scan was obtained with a constant infusion of iopamidol

(Bracco, 0.4 mL/min) to increase contrast of the vessels. Images were
acquired over 6 min with 512 projections, with

2 frames per projection (exposure time per
frame, 200 ms; peak tube voltage, 70 kV; tube

current, 177 mA).

SPECT, PET and CT images were recon-
structed using the LabPET and the X-SPECT

softwares (TriFoil Imaging) to a voxel size of
0.5 · 0.5 · 0.6 mm (PET), 1.3 · 1.3 · 0.9 mm

(SPECT), and isotropic 0.3 mm3 (CT). Data
of each frame were reconstructed using a max-

imum-likelihood expectation maximization al-
gorithm with 30 iterations. SPECT images were

reconstructed using an ordered-subset expec-
tation maximization algorithm with 5 iterations

of 4 subsets. All images were corrected for de-
cay, randoms, and dead time; CT data were used

to provide for attenuation correction. Recon-
structed data were quantitatively evaluated using

AMIDE. Volumes of interest were drawn on
fused, coregistered images to localize the hot

spot at the site of the injured common carotid
artery (4.2 mm3) and background tissues in-

cluding muscle (acromiotrapezius, 25 mm3),FIGURE 1. Synthesis of fibrin-binding probes.
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heart (25 mm3), and contralateral artery (4.2 mm3). Results were expressed
as percentage injected dose per cubic centimeter of tissue.

Ex Vivo Analysis

Animals were euthanized at the end of the imaging session, and
tissues were harvested and processed for biodistribution, autoradiogra-

phy, metabolic stability, and functional fibrin-binding assay. Serial blood
samples were collected at 0, 2, 5, 10, 15, 30, 60, 120, and 180 min in

ethylenediaminetetraacetic acid tubes and the radioactivity measured
with a g counter (CobraII Auto-Gamma; Packard) to assess clearance of

total radioactivity. To measure the amount of functional probe, plasma
samples were checked for fibrin binding by incubation with immobi-

lized fibrin (supplemental materials). To evaluate plasma stability, sam-
ples collected at 2, 15, 30, and 60 min after injection were analyzed by

HPLC (supplemental materials). Blood half-lives were calculated from
a biexponential fit to the clearance data of the functional radiotracers.

For the biodistribution studies, animals were euthanized at 120 or
180 min after injection. The tissues were weighed (thrombus, contralat-

eral carotid artery, blood, chest, abdominal organs, brain, rectus femoris
muscle, femur bone), and radioactivity in each tissue was measured to

determine the percentage injected dose per gram of tissue (%ID/g).
Thrombosed and contralateral carotid arteries were further analyzed

by autoradiography using a multipurpose film with a Cyclone Plus

Phosphor system and quantified using OptiQuant 5.0 software (Perkin-
Elmer) to obtain raw values expressed as digital light units/mm2. To

increase the power of the biodistribution study, additional rats with
crush injury were characterized by biodistribution and autoradiography

but not PET: 64Cu-D-cys-FBP8 (n5 5 total), 111In-FBP15 (n5 8 total),
and 99mTc-FBP16 (n 5 6 total).

Statistics

Data were expressed as mean 6 SEM. Differences between groups
were compared using ANOVA followed by Bonferroni post hoc test. A

P value of less than 0.05 was considered significant.

RESULTS

Chemistry, Radiochemistry, and

Affinity of Fibrin-Binding Probes
64Cu-FBP8 and 64Cu-D-Cys-FBP8 were

obtained by reaction of the precursors
(NODAGA)2-L-Cys-Pep and (NODAGA)2-D-
Cys-Pep with 64CuCl2 (30 min at 60�C), in
yields greater than 99% as assessed by radio-
HPLC with specific activities of 13–26 MBq/
nmol. For radiolabeling of 68Ga-FBP14, 68Ga
was eluted with 0.6 M HCl from a 1.85-GBq
68Ge/68Ga generator (iThemba/IDB Holland
BV), buffered with sodium acetate and reacted
with (NODAGA)2-L-Cys-Pep (20 min at 60�C),
obtaining quantitative yield by radio-
HPLC and specific activities of 10–13 MBq/
nmol. Any 68Ge breakthrough was removed
by Sep-Pak C18 purification. 111In-FBP15
was obtained in 90%–95% yield by reacting
111InCl3 with (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid monoamide [DOTA-
MA]2-L-Cys-Pep (45 min at 85�C) to give
specific activities of 7–8 MBq/nmol, after Sep-
Pak purification to remove free 111In. Reaction
of the peptide conjugate (DETA-PA)2-L-Cys-
Pep with the precursor fac-[99mTc(CO)3(H2O)3]1

gave 99mTc-FBP16 (30 min at 100�C), with spe-
cific activities of 4 MBq/nmol. The reaction was
monitored by radio-HPLC and instant thin-layer
chromatography, which showed more than 99%

FIGURE 3. (A) Biodistribution at 120 min (crush model; 68Ga-FBP14, n 5 5; 111In-FBP15, n 5 8;
99mTc-FBP16, n 5 6). (B) Representative autoradiographs of excised injured and contralateral

carotid arteries after injection of 111In-FBP15 and ipsilateral-to-contralateral ratios for each probe

(n5 5–6/probe). (C) Pharmacokinetic data from ex vivo blood analyses (68Ga-FBP14, n5 5; 111In-

FBP15, n 5 8; 99mTc-FBP16, n 5 4). ○ 5 total radioactivity in plasma; ● 5 functional probe. *P ,
0.05. ***P , 0.001. ns 5 not significant.

FIGURE 2. Representative PET and SPECT images (crush model, 30–

90 min after injection) showing persistent thrombus signal (arrow) after

injection of 68Ga-FBP14 (n 5 5) and 111In-FBP15 (n 5 4) but not for
99mTc-FP16 (n 5 3). PET and SPECT quantification revealed high target

radioactivity for 68Ga-FBP14 and 111In-FBP15 compared with back-

ground tissues, resulting in high thrombus-to-background radioactivity

ratios. ***P , 0.001. ns 5 not significant.
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conversion to the radiolabeled peptide, with no need of purification. The
nonradioactive surrogates were obtained by reaction of the intermediate
ligands with an excess of metal ion (natCuSO4, natGa(NO3)3, natInCl3,
and [natRe(H2O)3(CO)3]Br), followed by Sep-Pak or preparative
HPLC purification (purity . 98%). natGa-FBP14, natIn-FBP15,
and natRe-FBP16 displayed similar affinities for the fibrin fragment
DD(E) (0.53–0.83 mM, Supplemental Table 1), and these were compa-
rable to that of the MR probe EP-2104R (0.31–0.35 mM). The non-
binding probe natCu-D-Cys-FBP8 showed no displacement of the
fluorescent probe in this assay, and we estimated fibrin affinity to
be greater than 1,000 mM.

In Vivo Evaluation of 68Ga-FBP14, 111In-FBP15,

and 99mTc-FBP16

The radiolabeled peptides were evaluated by SPECT and PET
imaging according to the scheme depicted in Figure 2. Both

68Ga-FBP14 and 111In-FBP15, but not 99mTc-FBP16, revealed
the thrombus as a region of high radioactivity in PET and SPECT,
respectively. Quantification showed a significantly higher radioac-
tivity in the thrombus than the background tissues. In particular,
there was a greater than 4-fold difference between the thrombus
and contralateral carotid artery.
These findings were confirmed by ex vivo g counting of the

harvested tissues (Fig. 3). 68Ga-FBP14 and 111In-FBP15 accumu-
lated 3–4 times more in the thrombosed carotid than in the con-
tralateral vessel (Supplemental Table 2; Supplemental Fig. 2). The
thrombus was the tissue with the second highest uptake (1 %ID/g)
after the kidneys (2–4 %ID/g), whereas little radioactivity was
detected in the liver (0.2–0.3 %ID/g). 99mTc-FBP16, however,
showed a low thrombus–to–contralateral vessel ratio but high liver
(3.2 %ID/g), lung (1.5 %ID/g), and spleen (1.9 %ID/g) accumu-
lation, suggestive of aggregation in vivo. Autoradiographs of the
excised carotids showed increased tracer accumulation at the
thrombus site for rats injected with 68Ga-FBP14 and 111In-
FBP15 but not with 99mTc-FBP16 (Fig. 3B). Serial blood draws
taken from 0 to 120 min after injection indicated that the radio-
activity cleared quickly for 68Ga-FBP14 and 111In-FBP15 but not
for 99mTc-FBP16, which showed residual radioactivity persisting
in the blood even after 120 min (Fig. 3C). The estimated blood
half-life derived from biexponential fitting of the intact radio-
tracers was 8.0 6 3.1, 14.6 6 5.6, and 5.9 6 16.2 min for 68Ga-
FBP14, 111In-FBP15, and 99mTc-FBP16, respectively.
HPLC analysis of blood plasma sampled at different time points

after injection of 68Ga-FBP14 and 111In-FBP15 indicated that at
1 h after injection approximately 60% of the plasma radioactivity
was intact probe (Supplemental Fig. 3). The remaining approxi-
mately 40% were traced to transmetalation of 68Ga and 111In from
the probes to plasma proteins.

In Vivo Target Specificity of 68Ga-FBP14 and 111In-FBP15

We aimed to demonstrate in vivo that our thrombus imaging
agents actually target fibrin and that the specificity of the probes
strictly depends on the fibrin-targeting properties of the peptide.
To confirm specificity for fibrin, we first injected the nonbinding
probe 64Cu-D-Cys-FBP8 in rats after mural carotid thrombosis.
This probe is identical to 64Cu-FBP8 except that 1 of the cysteines
has its chirality inverted, which abrogates fibrin binding (21). PET
imaging showed no uptake in the thrombus (Fig. 4A). Similarly,
PET quantification and autoradiography did not show significant
differences in uptake between thrombosed and contralateral ca-
rotid arteries (Fig. 4B). Ex vivo biodistribution (Supplemental Fig.
4) confirmed the imaging results. We performed an additional
validation by continuously imaging rats injected first with 64Cu-
D-Cys-FBP8 and then with 64Cu-FBP8. PET imaging did not show
uptake of 64Cu-D-Cys-FBP8 in the thrombosed carotid artery, but after
64Cu-FBP8 administration a hot spot was clearly visible (Fig. 4C).
Time–radioactivity curves showed comparable uptake between ipsilat-
eral and contralateral vessels after injection of 64Cu-DCys-FBP8 but
a significant difference after injection of 64Cu-FBP8. Analysis of
blood samples collected over the course of the study confirmed
that 64Cu-D-Cys-FBP8 does not bind to fibrin whereas 64Cu-FBP8
has high target binding (Fig. 4D).
Having validated the inactive probe, we designed a multimodal,

multiisotope imaging experiment to further confirm the high target
specificity of the probes to fibrin (Fig. 5). We first formed a radio-
active thrombus by injecting 125I-fibrinogen into an isolated sec-
tion of the common carotid artery followed by application of ferric

FIGURE 4. (A) CT, PET, and fused images from animal injected with
64Cu-D-Cys-FBP8 after carotid crush injury (n5 2). Contrast-enhanced CT

angiography was used to detect common carotid artery (thin arrow).

Thrombus location could not be detected by PET. (B) Time–radioactivity

curves obtained from PET imaging, mean radioactivity values (30–90 min

after injection), and representative photograph and autoradiograph of ip-

silateral (ipsi) and contralateral (contra) carotid arteries showing compa-

rable radioactivity levels between thrombus and background. (C) PET/CT

imaging (n5 3) after sequential injection of 64Cu-D-Cys-FBP8, followed by

injection of its active analog 64Cu-FBP8. Thrombus uptake was detected

only after injection of 64Cu-FBP8 (blue arrow). (D) Statistically significant

difference in thrombus versus contralateral artery uptake for 64Cu-FBP8

but not 64Cu-D-Cys-FBP8. In vitro binding studies of blood plasma incu-

bated with immobilized fibrin showed significantly lower binding for 64Cu-

D-Cys-FBP8 than 64Cu-FBP8 (n 5 2). **P , 0.01. ***P , 0.001.
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chloride to initiate thrombosis. 125I-fibrinogen was radiolabeled using
the IODO-GEN (Pierce) technique (yield, 94.3%6 3.8%) and showed

clotting activity more than 90% (supplemental materials). SPECT im-

aging of 125I-lableled thrombus–bearing rats revealed the presence of

a hot spot localized to the thrombosed carotid artery (Supplemental

Fig. 5). Rats bearing 125I-labeled thrombi were then systemically in-

jected with 111In-FBP15 and finally with 68Ga-FBP14 (Fig. 5A). The

presence of an isolated region of high uptake was detected with both

SPECT and PET on the thrombosed common carotid artery, with

colocalization of 125I, 111In, and 68Ga radioactivities. To rule out
SPECT/PET radioactivity spillover, one 125I-labeled thrombus–bearing

rat underwent PET imaging after the injection of 111In-FBP15 but

before 68Ga-FBP14 administration (Supplemental Fig. 6). In a second

study, rats bearing 125I-labeled thrombi were injected with 111In-FBP15

and then with 64Cu-D-Cys-FBP8. SPECT imaging showed colocaliza-

tion between 125I and 111In radioactivities, but PET imaging did not

reveal significant uptake at the target site (Fig. 5B).
Ex vivo biodistribution confirmed the high uptake of 111In-FBP15

in the thrombus (Supplemental Fig. 7). At 180 min after injection, the

thrombus had the highest uptake (0.94 %ID/g) just after the kidneys

(2.0 %ID/g), with high thrombus-to-background ratios.

DISCUSSION

We recently screened several fibrin-targeted probes comprising
a fibrin-specific peptide conjugated to a chelator labeled with either

64Cu or Al18F for thrombus imaging (12–15).
In the present work, we extend our findings
to other clinically useful isotopes, 68Ga,
111In, and 99mTc, for both PET and SPECT
to facilitate bench-to-bedside translation.
68Ga has significant commercial potential
and is a convenient alternative to the cyclo-
tron-produced PET isotopes 68Cu and 18F
because it can be eluted from a 68Ge/68Ga
generator on site. SPECT still has a larger
installed base of cameras and lower cost
than PET and widespread availability of
generator-produced 99mTc as well as 111In
(17,18). NODAGA for 64Cu and 68Ga, DOTA-
MA for 111In, and the diethylenetriamine
for 99mTc(CO)3 were chosen as chelators
because they form highly stable complexes
with these metal ions (22,23). Imaging
studies showed that the thrombus target
was clearly visualized by 68Ga-FBP14 and
111In-FBP15 in 2 different animal models,
with high thrombus-to-background ratios,
but that 99mTc-FBP16 was ineffective. Ex
vivo studies of biodistribution confirmed
that 68Ga-FBP14 and 111In-FBP15 exhibited
low uptake in most nontarget tissues. Only
the kidneys retained more radioactivity than
the thrombosed artery. Finally, biodistribu-
tion studies demonstrated that 99mTc-FBP16
is not effective for the detection of thrombus
due to high liver, lung, and spleen accumu-
lation, consistent with colloidal aggregation
in vivo.
Recently it was reported that 111In-labeled

the fibrin-binding peptide EPep, containing
the same peptide used in EP-2104R and closely related to the peptide
used here, was evaluated in a rat model of thrombosis. Both 111In-
EPep and 111In-FBP15 have high thrombus uptake (0.74 %ID/g at
4 h after injection vs. 1.04 %ID/g at 3 h after injection, respectively)
and comparable accumulation in nontarget organs, including the liver
(111In-EPep, ;0.1 %ID/g at 4 h after injection vs. 0.23 %ID/g for
111In-FBP15 at 3 h after injection) and kidneys (111In-EPep,;1.6
%ID/g at 4 h after injection vs. 2.0 %ID/g for 111In-FBP15 at 3 h
after injection). The similar distribution profile of both probes may be
expected because both are derivatives of EP-2104R (12,24).
The rapid blood clearance and low retention in most organs

suggest translational potential for 68Ga-FBP14 and 111In-FBP15 as
thrombus imaging agents. Compared with our previous fibrin-binding
probes, 68Ga-FBP14 and 111In-FBP15 are less stable in vivo (;60%
of probe intact at 1 h after injection compared with .95% intact for
64Cu-FBP8), which resulted in higher radioactivity in the blood and
contralateral carotid. Nevertheless, the relatively high clot uptake and
the lower kidney retention suggest that these probes are still prom-
ising for clinical applications. 64Cu-FBP8 was recently reported to
have favorable dosimetry properties for human translation (25), and
this should be true of 68Ga-FBP14 as well because of the shorter half-
life of 68Ga than 64Cu.
Binding specificity is frequently evaluated in vivo by showing

that coinjection of a large molar excess of free ligand blocks the
binding of the probe to its target. Fibrin is derived from circulating
fibrinogen present at 2–4 g/L (6–12 mM) in plasma, and on clotting

FIGURE 5. Triple-isotope SPECT/PET/CT studies in 125I-labeled thrombus–bearing rats. (A, left

to right) A 35-keV SPECT image showing 125I-labeled thrombus; 171- to 245-keV SPECT image

after 111In-FBP15 injection showing high uptake in region of thrombus; PET image after 68Ga-

FBP14 injection showing focal signal intensity in region of carotid artery; fused SPECT/PET/CT

images showing that 111In-FBP15 and 68Ga-FBP14 colocalize to 125I-labeled thrombus. (B, left to

right) A 35-keV SPECT image showing 125I-labeled thrombus; 171- to 245-keV SPECT image after
111In-FBP15 injection showing high uptake in region of thrombus; PET image after 64Cu-D-Cys-

FBP8 injection showing low signal intensity in field of view; fused SPECT/PET/CT images showing

that fibrin-targeted 111In-FBP15 but not nonspecific 64Cu-D-Cys-FBP8 colocalizes to 125I-labeled

thrombus.
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the concentration of polymerized monomer is tens to hundreds of
micromoles per liter. Therefore, blocking studies are limited by
the excessive amount of unlabeled peptide needed to inhibit binding.
Instead, we used a multimodal triple-isotope imaging approach.
Using an 125I-labeled thrombus and the nontargeted derivative
64Cu-D-Cys-FBP8, we proved by SPECT/PET imaging that
68Ga-FBP14 and 111In-FBP15 detect a thrombus by directly tar-
geting fibrin. First, we performed a negative control experiment
with 64Cu-D-Cys-FBP8, which shares all the features of the parent
probe 64Cu-FBP8 except the chirality of 1 of the cysteines. In
vitro assays with the soluble fibrin fragment DD(E) revealed that
the active compounds have similar submicromolar affinity for
fibrin (inhibition constant 5 0.53–0.83 mM) as opposed to 64Cu-D-
Cys-FBP8 (inhibition constant . 1,000 mM). Moreover, PET
imaging in crush-injured rats showed that 64Cu-D-Cys-FBP8
could not distinguish the injured carotid from the surrounding
tissues; conversely after sequential administration of 64Cu-FBP8
a clear hot spot was detected at the level of the thrombosed
carotid. We then showed that systemically administered 111In-
FBP15 colocalized with a preformed 125I-labeled thrombus,
whereas the untargeted 64Cu-D-Cys-FBP8 did not. We further
showed that both 68Ga-FBP14 and 111In-FBP15 colocalize
with the 125I-labeled clot.
Optical imaging/microscopy routinely makes use of multiple

fluorophores to localize a probe to a specific cell type or organelle.
Multielement SPECT or combined SPECT/PET offers the poten-
tial for analogous in vivo validation. To date, a limited number of
studies have shown the utility of multiisotope imaging in the
design and validation of new molecular imaging tracers (26–28).
A challenge in multielement SPECT is overlap in the emission
spectra of the 2 respective radionuclides and crosstalk contamina-
tion resulting in the need for complex software algorithms to com-
pensate for these effects. Acquisition of SPECT and PET scans
with multiple radionuclides is also limited by SPECT contamina-
tion from down-scattered 511-keV photons and attenuation of the
PET coincident photons by the SPECT collimators (26). However,
with a careful choice of the radionuclides and using a sequential
imaging protocol, dual SPECT/PET studies hold great potential
for radiopharmaceutical development by allowing the acquisition
of additional/complementary information about an in vivo target
using multiple tracers in the same animal.

CONCLUSION

We identified 2 PET and SPECT probes for the detection of
thrombosis with high fibrin affinity and favorable imaging proper-
ties in 2 rat models of arterial thrombosis. The rapid blood clearance
and low off-target retention suggest translational potential for 68Ga-
FBP14 and 111In-FBP15 as thrombus imaging agents.
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