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Intravascular fibrin molecular imaging improves
the detection of unhealed stents assessed by
optical coherence tomography in vivo
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Aims Fibrin deposition and absent endothelium characterize unhealed stents that are at heightened risk of stent
thrombosis. Optical coherence tomography (OCT) is increasingly used for assessing stent tissue coverage as a
measure of healed stents, but cannot precisely identify whether overlying tissue represents physiological neointima.
Here we assessed and compared fibrin deposition and persistence on bare metal stent (BMS) and drug-eluting stent
(DES) using near-infrared fluorescence (NIRF) molecular imaging in vivo, in combination with simultaneous OCT
stent coverage.

Methods
and results

Rabbits underwent implantation of one BMS and one DES without overlap in the infrarenal aorta (N ¼ 20
3.5 × 12 mm). At Days 7 and/or 28, intravascular NIRF-OCT was performed following the injection of fibrin-targeted
NIRF molecular imaging agent FTP11-CyAm7. Intravascular NIRF-OCT enabled high-resolution imaging of fibrin
overlying stent struts in vivo, as validated by histopathology. Compared with BMS, DES showed greater fibrin deposition
and fibrin persistence at Days 7 and 28 (P , 0.01 vs. BMS). Notably, for edge stent struts identified as covered by OCT
on Day 7, 92.8+ 9.5% of DES and 55.8+ 23.6% of BMS struts were NIRF fibrin positive (P , 0.001). At Day 28,
18.6+ 10.6% (DES) and 5.1+ 8.7% (BMS) of OCT-covered struts remained fibrin positive (P , 0.001).

Conclusion Intravascular NIRF fibrin molecular imaging improves the detection of unhealed stents, using clinically translatable tech-
nology that complements OCT. A sizeable percentage of struts deemed covered by OCT are actually covered by fibrin,
particularly in DES, and therefore such stents might remain prothrombotic. These findings have implications for the
specificity of standalone clinical OCT assessments of stent healing.
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Translational perspective
Optical coherence tomography (OCT) is increasingly used to understand coronary stent coverage and healing, and inform mechanisms and risks
regarding stent thrombosis. Here we demonstrate, via in vivo NIRF fibrin molecular imaging agent and catheter technology, that stent coverage by
OCT may actually reflect coverage by fibrin, a pro-thrombotic material, particularly at the edges of drug-eluting stents. Translationally, an MRI
version of the NIRF fibrin-imaging agent has already been tested in Phase II trials, and near-infrared fluorophores such as indocyanine green are
clinically approved. From a catheter standpoint, clinical intracoronary testing of a NIRF-OCT catheter is underway. Therefore, NIRF-OCT fibrin
imaging has translational potential and could help assess the healing of implanted coronary stents in preclinical and clinical use.

Introduction
Stent thrombosis is a life-threatening complication of coronary
artery stents that occurs when a blood clot forms acutely within a
stent. Patients remain at risk of stent thrombosis from both bare
metal stents (BMS) and drug-eluting stents (DES), despite dual anti-
platelet therapy (DAPT).1 Seminal pathology studies have revealed
that stents with delayed healing, characterized by incomplete
endothelialization and pro-thrombotic fibrin deposition, are at
heightened risk of stent thrombosis.2,3 Furthermore, a recent land-
mark clinical study shows that the risk of stent thrombosis persists
for years, and is reduced, but not eliminated, by prolonged DAPT.4

Therefore, the questions of which subjects remain at risk for stent
thrombosis, and which subjects can safely stop DAPT, remain of
paramount importance.

Assessment of stent endothelialization and fibrin deposition has
historically been performed at autopsy.2,3 Recently however, inves-
tigators have applied high-resolution optical coherence tomography
(OCT) to assess tissue overlying stent struts, termed ‘OCT strut
coverage’, as a surrogate for coronary stent healing, and to poten-
tially inform the risk of stent thrombosis. However, limitations of
OCT including insufficient resolution and a lack of fibrin-specific tis-
sue contrast5,6 might limit the ability of OCT to accurately identify
healed stents and to predict clinical stent thrombosis. These limita-
tions might underlie the unclear association between measures of
OCT strut coverage and subsequent clinical events. Therefore, a
strategy to rapidly, comprehensively, and quantitatively assess fibrin
deposition on coronary stents in vivo, in combination with simultan-
eous tissue coverage assessment by OCT, could significantly
advance our knowledge regarding stent healing, and potentially
improve the prediction of stent thrombosis.

Molecular imaging offers the potential to detect fibrin at high
resolution using intravascular near-infrared fluorescence (NIRF)-
OCT imaging in vivo. This concept was recently introduced in a single
timepoint study that imaged stents that were soaked ex vivo with
high concentrations of NIR fluorescent plasma, and then implanted
in rabbit arteries and immediately imaged.7 This preliminary concept
however was not informative for clinically translatable imaging, as it
(i) did not demonstrate that an intravenously injectable fibrin-
targeted agent could stably bind implanted stents under conditions
of arterial blood flow; (ii) did not assess whether physiological levels
of fibrin following stent implantation could be detected in vivo, espe-
cially in subacutely placed stents with lower fibrin levels; and (iii) uti-
lized a nanomaterial imaging agent with limited translatability.8

In this translational study, we harnessed intravascular NIRF-OCT
fibrin molecular-structural imaging to identify the healing status of
implanted DES and BMS, compared with standalone OCT-tissue

coverage assessment, and further utilized serial NIRF-OCT to assess
fibrin persistence over time in single stents in vivo.

Methods
The Institutional Animal Use and Care Committee at Massachusetts
General Hospital approved all animal studies (#2004P001401). Dis-
carded human blood products were obtained using a Partners institu-
tional review board-approved protocol (#2013N000015). Full details
are described in Supplementary material online.

Coronary stent implantation in rabbits
Coronary BMS (ML VISION, 3.5 × 12 mm, Abbott Vascular) or
everolimus-eluting DES (XIENCE V, 3.5 × 12 mm, Abbott Vascular)
was implanted into the infra-renal aorta in New Zealand white rabbits,
which is the same calibre as a human coronary artery. The orientation of
BMS and DES (proximal or distal segments of the abdominal aorta) was
chosen randomly.

Intravascular near-infrared
fluorescence-optical coherence tomography
molecular-structural imaging in vivo
The intravascular NIRF-OCT imaging system and catheter have been pre-
viously described.7 See Supplementary material online, Figures S1–S2 for
details on the imaging system, catheter, NIRF, and OCT image analysis,
and distance-correction of the fluorescence signal to permit quantitative
NIRF comparison of stents at different time points and among animals.9

Statistical analysis
Results are expressed as mean+ SD. A value of P , 0.05 was consid-
ered statistically significant for two and multiple groups comparison.
Two-sided P-values are reported. For multiple testing, adjusted P-values
are reported.

Results

Synthesis, binding, and blood half-life
of the fibrin-targeted near-infrared
fluorescence agent FTP11-CyAm7
We recently developed a fibrin-targeted NIRF imaging agent
(FTP11-Cy7) and validated it in murine thrombosis.10 For the scale-
up synthesis to image fibrin in rabbit, we conjugated an in-house NIR
fluorophore (CyAm7, ex/em 744/769 nm) to a validated fibrin-
binding peptide10,11 (Supplementary material online, Figure S3A).
In vitro, FTP11-CyAm7 enhanced fibrin-rich clots from both rabbit
and human plasma, significantly above free CyAm7 control [tar-
get-to-background ratio (TBR) ¼ 20.5+3.5 vs. 3.4+1.4 for rabbit
clots, 25.1+ 5.2 vs. 2.1+ 0.2 for human clots, P , 0.0001,
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respectively, Supplementary material online, Figure S3B]. The blood
half-life of FTP11-CyAm7 was 8.1 min in rabbits (95% CI, 6.5–10.9,
Supplementary material online, Figure S3C).

In vivo near-infrared fluorescence-optical
coherence tomography of fibrin
deposition on coronary stent struts
A total of 20 stents (n ¼ 13 BMS, n ¼ 7 DES) were implanted and 28
NIRF-OCT imaging pullbacks of coronary stents (17 BMS, 11 DES)
including serial imaging were analysed (Supplementary material on-
line, Figure S1). Intravascular NIRF-OCT imaging was performed
prior to and then 2 h after intravenous injection of FTP11-CyAm7.
Minimal background NIRF signal was observed prior to FTP11-CyAm7
injection (data not shown), consistent with low autofluorescence in
the NIR window.12 In contrast, the post-injection images revealed
elevated NIRF signal surrounding stent struts (Figure 1). Higher NIRF
fibrin signal was evident at stent edges. Axial NIRF-OCT fusion
images demonstrated fibrin deposition on and around stent struts
(Figure 1A and B).

Fluorescence microscopy of longitudinally opened stents con-
firmed similar localization of NIRF-fibrin signal within the stent
(Figure 1A). Histological evaluation demonstrated that the FTP11-
CyAm7 signal colocalized with fibrin deposition identified by

Carstairs’ stain and fibrin immunostaining (Figure 1C and D). Near-
infrared fluorescence fibrin signal localized specifically near stent
struts, extending prior findings of fibrin deposition patterns in a
flow loop model13 and histopathological studies.2,3,14,15 These re-
sults indicate that NIRF-OCT fibrin molecular imaging can accurate-
ly assess fibrin deposition in stents in vivo.

Optical coherence tomography
assessment of tissue coverage on coronary
stent struts in vivo
The OCT per strut analyses of coverage and malapposition are sum-
marized and shown in Table 1. Optical coherence tomography
revealed that DES exhibited greater rates of uncovered stent
struts compared with BMS at both Day 7 (P , 0.001) and Day 28
(P , 0.05), consistent with prior studies.2,3,14– 16

Bare metal stent fibrin dissipates from
Days 7 to 28, as assessed by near-infrared
fluorescence-optical coherence
tomography molecular-structural imaging
To assess the temporal dynamics of fibrin deposition on BMS in vivo,
we next imaged BMS of two different healing stages (Days 7 and 28)

Figure 1 Intravascular near-infrared fluorescence-optical coherence tomography imaging of fibrin deposition on stents. Rabbits underwent im-
plantation of a 3.5 mm diameter bare metal stent in the aorta. At Day 7, the fibrin molecular imaging agent FTP11-CyAm7 was i.v. injected, fol-
lowed by near-infrared fluorescence-optical coherence tomography. (A) In vivo 2D near-infrared fluorescence map of stent (upper two rows) and
corresponding ex vivo imaging after longitudinally opened (lower two rows). (B) Representative cross-sectional near-infrared fluorescence-optical
coherence tomography images at the stent distal edge (i), middle (ii), and proximal edge (iii). (C and D) Histological sections of the proximal stent
edge (dotted line in A (i) are shown. Near-infrared fluorescence signal of FTP11-CyAm7 (red) co-localized with fibrin (bright red in Carstairs’
staining) and fibrin immunostaining. All scale bars ¼ 1 mm.
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implanted in the infrarenal aorta of rabbits (N ¼ 3). We selected the
Days 7 and 28 time points in rabbits to correspond to human time-
points for stent healing at 1 month (subacute) and 6 months (late),

respectively.16,17 In vivo NIRF-OCT molecular imaging of fibrin in
Day 7 BMS showed elevated NIRF signal, primarily at the stent
edges. In contrast, little NIRF fibrin signal was observed in Day 28
BMS (P , 0.0001, Supplementary material online, Figure S4).

Greater fibrin deposition is evident in
drug-eluting stent compared with bare
metal stent at Day 7 in vivo
It remains unclear whether there are differences in the subacute
stent thrombosis rates between BMS and DES. We compared the
fibrin deposition between BMS and DES 7 days after implantation
(n ¼ 7 BMS, n ¼ 7 DES), where Day 7 in the rabbit corresponds
to 1 month in humans.16 We observed significantly greater NIRF
fibrin signal in DES than BMS at Day 7 after stent implantation
(P , 0.0001, Figure 2). Drug-eluting stent at Day 7 also demon-
strated an edge-enhanced NIRF distribution pattern similar to
BMS, but greater in magnitude. In addition, we also observed rela-
tively higher NIRF fibrin signal throughout the mid stent segment
in DES compared with BMS (Figure 2I).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 1 Optical coherence tomography stent whole
struts analyses

BMS DES P-value

Day 7 N ¼ 10 N ¼ 7

Total struts analysed 3675 2369

% covered struts 33.3+1.79 8.39+1.32 *0.0006

% malapposed struts 1.34+0.578 4.07+1.77 0.06

Day 28 N ¼ 4 N ¼ 4

Total struts analysed 2539 1375

% covered struts 92.8+2.98 85.8+2.79 *0.04

% malapposed struts 0.138+0.102 0.350+0.260 0.42

BMS, bare metal stent; DES, drug-eluting stent.
*P , 0.05 indicates significant differences between stent groups.

Figure 2 Drug-eluting stent exhibit greater fibrin deposition than bare metal stent at Day 7 in vivo. Rabbits were implanted with a nonoverlap-
ping bare metal stent and drug-eluting stent, and then imaged with near-infrared fluorescence-optical coherence tomography after FTP11-CyAm7
fibrin agent injection on Day 7. (A) In vivo 2D near-infrared fluorescence map with bare metal stent (left) and drug-eluting stent (right), correspond-
ing (B) fluorescence microscopy after longitudinally opening stents, (C) fluorescence reflectance imaging and (D) fluorescence microscopy from
the outside. Representative in vivo axial near-infrared fluorescence-optical coherence tomography images of (E) Day 7 bare metal stent and (F )
Day 7 drug-eluting stent at the distal edge (arrowhead in A). Carstairs’ stain (G and H ) demonstrates that some areas of bare metal stent tissue
coverage are fibrin-negative, but almost all areas of drug-eluting stent tissue coverage are fibrin-positive. (I ) In vivo near-infrared fluorescence-fibrin
signal from the proximal to distal stent edge of bare metal stent and drug-eluting stent (n ¼ 7 BMS, n ¼ 7 drug-eluting stent). FRI, fluorescence
reflectance imaging; FITC, fluorescein isothiocyanate autofluorescence. Scale bars ¼ 1 mm.
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Comparison of fibrin dissipation rates
in bare metal stent and drug-eluting
stent in vivo
The rate of fibrin dissipation in coronary stents in vivo is unknown.
To assess temporal changes in fibrin deposition in individual BMS
and DES in vivo, a subset of rabbits (N ¼ 4) underwent serial
NIRF-OCT fibrin imaging at Day 7 and then again at Day 28
post-stent implantation. We first confirmed that at Day 28, minimal
residual NIRF signal was remnant from the initial Day 7 FTP11-
CyAm7 injection (Supplementary material online, Figure S5).
Co-registration of serially obtained Days 7 and 28 NIRF-OCT data-
sets revealed that both BMS and DES showed reductions in fibrin-
NIRF signal (Figure 3A and B). Day 28 DES exhibited quantitatively
greater fibrin deposition at all zones of the stent (edges, mid-
section) compared with matched Day 28 BMS (P , 0.0001,
Figure 3C). En face whole mount fluorescence microscopy corrobo-
rated higher fibrin-NIRF signal in Day 28 DES (Supplementary
material online, Figure S6). Furthermore, en face microscopy of
DAPI-stained tissue revealed less cellularity in Day 28 DES vs. Day
28 BMS. Carstairs’ fibrin staining also confirmed sustained peri-strut

fibrin deposition (Supplementary material online, Figure S6C and D),
as previously reported.14

A portion of optical coherence
tomography-covered edge stent struts is
near-infrared fluorescence-fibrin positive,
particularly in drug-eluting stent
While OCT-determined stent strut coverage is presumed to indi-
cate a healed stent strut, ex vivo studies reveal that OCT tissue
coverage can in fact represent coverage by fibrin or inflammatory
cells, rather than physiological tissue, leading to an uncertainty
regarding the healing state of stents.6 Although strut coverage was
highest at the stent edges as previously reported,14 the NIRF fibrin
signal was also highest at the stent edges (outer 2 mm). Therefore,
we analysed the extent of fibrin-rich neointima at Days 7 and 28 at
the stent edges (n ¼ 8 for Day 7 stents, n ¼ 8 for Day 28 stents).
Interestingly, most OCT-covered tissue on Day 7 DES struts
was fibrin-rich (92.8+ 9.5% of edge struts), and significantly
higher than Day 7 BMS (fibrin-positive struts 55.8+ 23.6%,
P ¼ 0.0017).

Figure 3 Fibrin deposition and persistence is higher in drug-eluting stent than bare metal stent. Rabbits underwent serial near-infrared
fluorescence-optical coherence tomography fibrin imaging at Days 7 and 28 (n ¼ 4 rabbits). (A) Representative 2D near-infrared fluorescence
images at Day 7 (top row) and Day 28 (middle row). The lower graph shows the corresponding near-infrared fluorescence TBR signal across
each stent. (B) Representative cross-sectional near-infrared fluorescence-optical coherence tomography images of a Day 28 healed drug-eluting
stent (upper row) and a Day 28 unhealed drug-eluting stent (lower row). In the Day 28 unhealed case, struts are optical coherence tomography-
covered but remain near-infrared fluorescence fibrin positive (e.g. 6–12 o’clock, yellow arrows). Co-registration was facilitated using side
branches (white arrows). (C) The near-infrared fluorescence fibrin signal decreased from Days 7 to 28 in both bare metal stent and drug-eluting
stent (P , 0.001), however, fibrin persistence remained higher in drug-eluting stent (P , 0.001). Scale bars ¼ 1 mm.
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At Day 28, fibrin on DES edge struts was three-fold more
prevalent than on BMS (18.6+ 10.6% of DES vs. 5.1+ 8.7% of
BMS, P ¼ 0.0156, Figure 4A). These findings were supported by
histological analyses (Figure 4D). The functional endothelial cell
marker endothelial nitric oxide synthase was well expressed in areas
of BMS neointima, in contrast to DES neointima, consistent with
prior studies.15

Optical coherence tomography grayscale
signal intensity and near-infrared
fluorescence-fibrin relationships
While differences in OCT grayscale signal intensity (GSI) of stent
strut tissue coverage might distinguish fibrin,18 we found that the
OCT GSI was similar between Day 7 BMS and DES (BMS 0.50+
0.11 vs. DES 0.51+ 0.08, P . 0.99), and between Day 28 BMS
and DES (0.59+ 0.07 vs. 0.58+ 0.07, P . 0.99, Figure 4C), des-
pite higher NIRF-fibrin in DES . BMS at each time point. Signifi-
cantly higher GSI was observed in Day 28 mature neointima
compared with Day 7 immature neointima (P , 0.0001 for

BMS and P ¼ 0.0011 for DES, Figure 4C), consistent with prior
studies.17,18

Quantitative assessment of near-infrared
fluorescence-fibrin and optical coherence
tomography coverage relationships in
bare metal stent and drug-eluting stent
healing
Near-infrared fluorescence-fibrin and OCT-coverage stent strut
data of Days 7 and 28 BMS and DES at edges were analysed and
further classified into one of four groups: NIRF-fibrin negative
and OCT-covered, identifying healed stent struts; or NIRF-fibrin
positive, OCT-uncovered; NIRF-fibrin positive, OCT-covered; or
NIRF-fibrin negative, OCT-uncovered; these latter three groups
identifying unhealed stent struts. The data presented in Figure 5
demonstrates that in subacute and late timepoints after stent
implantation, a significant percentage of OCT-covered stent
struts is NIRF fibrin positive and thus can be considered to
be unhealed (Figure 5, yellow groups). In addition, the proportion

Figure 4 Near-infrared fluorescence molecular imaging identifies optical coherence tomography-covered, but unhealed fibrin-rich struts in vivo.
(A) The percentage of fibrin-rich neointimal tissue at stent edges was assessed by near-infrared fluorescence-optical coherence tomography.
Drug-eluting stent showed significantly higher rate of fibrin-rich covering tissue than bare metal stent. (B) Near-infrared fluorescence-optical co-
herence tomography images of bare metal stent and drug-eluting stent at Day 7 revealed a diversity of fibrin-rich (yellow arrows) and fibrin-
negative (white arrows) struts, even within a single cross-section. (C ) Grayscale optical coherence tomography intensity was similar between
bare metal stent and drug-eluting stent at both Days 7 and 28 timepoints (n ¼ 4 stents in each group), despite higher fibrin signal in DES . BMS
at both Days 7 and 28 at the stent edges. (D) Fibrin immunostaining and endothelial nitric oxide synthase immunostaining (magnified images at
bottom) are shown. Most Day 7 drug-eluting stent edge tissue coverage is fibrin-rich and lacks endothelial nitric oxide synthase expression, in
contradistinction to Day 7 bare metal stent. #P , 0.05 vs. respective Day 7.
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of unhealed stent struts remained significantly higher in
DES compared with BMS at both Day 7 (P , 0.001) and Day 28
(P , 0.05).

Discussion
A key finding of this study is that a significant portion of OCT-
covered stent struts may be actually covered by fibrin and are
therefore unhealed, particularly earlier on after stenting. Specifically,
over 90% of OCT-covered edge DES struts at Day 7, corresponding
to the 1 month timepoint in humans, were positive for fibrin, a pro-
thrombotic interface that mediates stent thrombosis.1– 3 At Day 28,
corresponding to the 6–12 months timepoint in humans, combined
NIRF-OCT determined that 23% of DES edge stents struts were
unhealed—four times the percentage identified by standalone
OCT (Figure 5A). The overall results demonstrate that intravascular
NIRF fibrin molecular imaging can improve the identification of
unhealed clinical coronary stents by clarifying whether OCT tissue
coverage represents fibrin in vivo.

Optical coherence tomography is a promising approach to iden-
tify unhealed stents lacking tissue coverage, however, standalone
OCT does not accurately distinguish between stent coverage by
endothelium/smooth muscle cells (physiological stent healing)
from coverage by prothrombotic fibrin, which indicates an unhealed
stent.6 We observed a substantial proportion of OCT-covered
stent struts are actually covered by fibrin (Figure 5). Therefore, a

subset of OCT-covered stent struts is actually unhealed, rather
than healed. These in vivo findings extend the ex vivo study by
Nakano et al. that demonstrated standalone OCT misclassification
of healed stents occurs due to coverage by fibrin and inflammatory
cells.6 Moreover, the observed mismatches between OCT and
NIRF fibrin imaging fundamentally changes the perspective on
whether such an OCT-covered stent could be prone to stent
thrombosis. This finding is of substantial importance for ongoing
clinical standalone OCT-based trials—which are predicated on
the concept that tissue coverage of a stent means that a stent is
healed and carries a low risk of stent thrombosis. The NIRF findings
herein demonstrate that caution may be needed in interpreting the
healing state of stents by standalone OCT, particularly in the
subacute post-implantation period where unhealed stents are
more prevalent.

While OCT grayscale intensity differences might identify fibrin,18

grayscale intensity was similar between DES and BMS in our study,
despite DES having significantly higher fibrin content than BMS, fur-
ther strengthening the value of NIRF molecular imaging to identify
fibrin-rich unhealed stent struts. In addition, OCT stent strut cover-
age analysis is highly time-consuming (hours per individual stent),
limiting its application in point-of-care analysis.19 In contrast, 2D
NIRF fibrin maps (e.g. Figure 1A) readily display fibrin-rich areas on
stents. By specifically and rapidly assessing fibrin deposition on
stents in vivo, NIRF molecular imaging powerfully complements
standalone OCT structural imaging.

Figure 5 Fibrin molecular near-infrared fluorescence-optical coherence tomography imaging assessment of the healing status of edge stent
struts, by stent age (Day 7 or 28), and by stent type (bare metal stent or drug-eluting stent). At both Days 7 and 28, drug-eluting stent shows
a higher percentage of unhealed stent struts compared with bare metal stent. At Day 7, 59.8% of bare metal stent struts and 40.7% of drug-eluting
stent struts were classified as optical coherence tomography-covered (green + yellow groups) at stent edges, however, drug-eluting stent dis-
played only a small percentage of stent struts (3.7%) that were truly healed (near-infrared fluorescence-fibrin negative, optical coherence
tomography-covered, green group), in contrast to bare metal stent demonstrating 28.1% of struts as healed. At Day 28, both bare metal stent
and drug-eluting stent demonstrated substantially improved stent strut healing compared with their respective Day 7 timepoints, however 22.6%
of Day 28 drug-eluting stent struts still remained unhealed. (B) Representative near-infrared fluorescence-optical coherence tomography and
matched Carstairs’ microscopy for the four groups. Arrow indicates thin fibrin layer over the strut.
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Pathophysiologically, NIRF-OCT fibrin-structural imaging pro-
vided new insights into differences in DES and BMS healing.
Serial NIRF-OCT at subacute timepoints demonstrated that DES
exhibited higher fibrin persistence than BMS out to Day 28 in rab-
bits, consistent with prior histopathological data.15 These findings
need to be taken into context with studies of acute thrombus
formation. We and others have shown, using these very same
stents, that the coatings associated with DES are not inherently
thrombogenic when evaluated in the acute setting associated with
implantation and before drug release.13 This still remains the case.
What we now show is that as DES elute their drug, there is a signal
of increased subacute fibrin deposition that diminishes over time.
Collectively, these data reinforce three timeperiods where
implanted stents may be susceptible to thrombosis: an acute
period related to surface effects and strut dimensions; a subacute
period related to concentration of drug in local vicinities; and a
third period related to a stunted or incomplete vascular healing
response.

Although extrapolating healing rates from rabbits to humans is
approximate, prior reports demonstrate that vascular healing in rab-
bits occurs 5–6 times faster than humans, and propose that Days 7
and 28 in rabbits correspond to 1 month and 6–12 months in
humans, respectively.16 While current clinical guidelines indicate
that 6–12 months of DAPT may be sufficient for prevention of
DES thrombosis,20 the recent DAPT study suggests that extended
anti-platelet therapy of 30 months is beneficial.4 Therefore, the op-
timal duration of DAPT for coronary stents still remains unknown.
Accordingly, the accurate identification of unhealed coronary stents
could offer substantial value in guiding the duration of DAPT.

Clinical translation
The current study significantly advances the potential for intracor-
onary molecular imaging of fibrin deposition on stents. While an
earlier study described the feasibility of imaging fluorescently coated
clots placed on stents ex vivo,7 the present study provides the first
demonstration that stent fibrin deposition can be imaged in vivo
using an injectable NIRF molecular imaging agent, FTP11-CyAm7.
As an MRI version of FTP11-CyAm7 has already been tested in
Phase II trials,11 and NIR fluorophores such as indocyanine green
are clinically approved, the fibrin NIRF molecular imaging agent
has substantial translational potential. From a catheter standpoint,
clinical intracoronary testing of an NIRF-OCT catheter has already
been initiated.21 These encouraging developments suggest that clin-
ical NIRF molecular imaging of fibrin deposition on stents may be
feasible in the near future.

Stent thrombosis remains a highly morbid, persistent complica-
tion of BMS and DES, and while despite long-term DAPT reduces
stent thrombosis, thrombosis risk remains, and moreover appears
to increase quickly after cessation of DAPT.1,4 The ability to image
fibrin deposition on stents could therefore have several important
applications. First, identifying fibrin-bearing stents might better pre-
dict the risk of stent thrombosis, motivating a re-review of optimal
DAPT choices and duration, and selection for novel stent healing
approaches. Second, fibrin imaging might prove to be a valuable
surrogate endpoint for clinical trials evaluating new pro-healing
stents and pharmacotherapies designed to reduce stent thrombosis.

Study limitations
As with other studies of rabbit stent healing,15 coronary stents were
implanted into the normal aorta in rabbits without atherosclerotic
plaque or curvature, as opposed to human coronary arteries. Iliac
arteries, generally used in preclinical stent healing studies,15 were
not stented due to limited repeated vascular access from femoral
arteries, and to allow direct comparison between two stents within
one pullback. While determining the precise mechanisms underlying
enhanced fibrin deposition at the stent edges is beyond the scope
of this manuscript, future studies will utilize computational fluid
dynamic models22 to explore this issue. As light cannot penetrate
through metallic stent struts, NIR fluorophores beneath metallic
stent struts will not be detected by intravascular fluorescence
reflectance imaging. Finally, delayed healing is only one feature
underlying stent thrombosis, and other factors such as blood
thrombogenicity and neoatherosclerosis will need to be integrated
with NIRF-OCT fibrin imaging.

Conclusions
Intravascular NIRF fibrin molecular imaging improves the de-
tection of unhealed stents by specifically determining whether
OCT tissue coverage reflects fibrin deposition. Compared with
NIRF-OCT, standalone OCT over-classifies stents as healed,
even at subacute timepoints after stent implantation. Intravascular
fibrin NIRF-OCT may ultimately help better identify stents at risk
for stent thrombosis.

Supplementary material
Supplementary Material is available at European Heart Journal online.
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