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Abstract: Novel polymer-free drug-eluting stents have been developed to reduce polymer-related adverse events. 
However, neointimal coverage after polymer-free DES implantation is unclear and validation between optical co-
herence tomography (OCT) and histology is required. Sixteen polymer-free sirolimus-eluting stents were randomly 
implanted into coronary arteries of 8 normal swine. OCT and histological measurement were conducted at 3 or 6 
months after stent placement. For quantitative measures, lumen area, stent area, neointimal area and neointimal 
thickness were validated in every single OCT and histology matched cross-section. Moreover, for qualitative analy-
sis, OCT signal patterns of neointimal tissue were classified as homogeneous, layered and heterogeneous patterns 
based on optical intensity and backscatter pattern and peri-strut inflammation was also determined by histology. In 
total, 70 OCT and histology matched cross-sections were analyzed. At quantitative analysis, good correlations and 
agreements were found in the measurement of lumen area (ICC = 0.67, P<0.001), neointimal area (ICC = 0.89, 
P<0.001) and neointimal thickness (ICC = 0.94, P<0.001) except for stent area (ICC 0.19, P = 0.13) between OCT 
and histology. At qualitative analysis, lymphocyte infiltrations of peri-strut were more frequently seen in heteroge-
neous sections than in homogeneous sections (10/14 sections, 71.4% vs. 12/50 sections, 24%; P = 0.003). In 
conclusion, OCT has proper correlation and agreement with histology in assessment of neointimal formation and 
heterogeneous neointima assessed by OCT may also be associated with peri-strut inflammation detected in histol-
ogy after polymer-free sirolimus-eluting stents implantation, supporting the use of OCT to evaluate neointimal cover-
age after polymer-free stent implantation in clinical practice.
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Introduction

Although drug-eluting stent (DES) is deemed to 
be the effective interventional strategy for coro-
nary artery disease, in-stent thrombotic event 
has become a critical concern with the increas-
ing clinical use of DES [1-3]. In order to solve 
the issue, several polymer-free DESs have been 
developed and also proved to be a feasible 
method to decrease polymer-related adverse 
events [4-6]. Optical coherence tomography 
(OCT) is an ideal intravascular imaging tool to 
quantitatively evaluate neointimal coverage 
and stent healing after stent implantation 
owing to its high resolution, which is 10 times 
higher than intravascular ultrasound [7-10]. Re- 

cently, second-generation frequency domain 
OCT (FD-OCT) is widely used with a substantial-
ly increased speed of image acquisition com-
pared with first-generation time-domain OCT 
[11]. Although previous studies showed that 
OCT imaging had high correlation with histology 
for assessment of in-stent restenosis and neo-
intimal formation [7, 12, 13], a histological vali-
dation of FD-OCT for the evaluation of in-stent 
neointimal coverage after polymer-free DES 
implantation has not been fully investigated. 
Hence, we carried out an animal study to inves-
tigate the validation between FD-OCT and his-
tology measurements in quantification of neo-
intima formation of polymer-free DES.
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Materials and methods

Nano polymer-free sirolimus-eluting stent

Nano (Lepu Medical Technology, Beijing, China) 
polymer-free sirolimus-eluting stents (SES) are 
made of stainless steel and the sirolimus con-
centration is 1.2 μg/mm2. There are a large 
number of pores with a diameter of 100 nm×1 
μm on the stent struts and sirolimus is released 
slowly via the nano-porous surface of the stent 
platform.

Animal study design

A total of 8 juvenile Chinese swine with a body 
weight of 20 to 30 kg were used in this study. 
Sixteen nano polymer-free SES were random-
ized to implantation into the right coronary 
artery (RCA), left anterior descending (LAD) or 
left circumflex (LCX) coronary artery with two 
stents in each swine model (one stent per ves-
sel). Three days before coronary procedure, ani-
mals were given 300 mg of aspirin and 75 mg 
of clopidogrel. Thereafter, antiplatelet therapy 
of 75 mg clopidogrel and 100 mg of aspirin was 
administered daily throughout the study in all 
animals. Coronary catheterization was per-
formed after the administration of intravenous 
heparin (5000 u). Baseline angiography was 
acquired and all stents were implanted with a 
vessel overstretch of 10-20% compared with 
the reference vessel diameter to induce a mod-
erate vessel injury and promote neointimal for-
mation. Stents of 14, 15 or 18 mm length and 
diameters of 2.5, 2.75 or 3.0 mm were implant-
ed according to the coronary artery size. 
FD-OCT follow-up study was performed at 3 
and 6 months after stent implantation (eight 
stents/four pigs each time point). The study 
protocol was approved by the institutional ani-
mal care and use committee at Beijing Tiantan 
Hospital.

FD-OCT acquisition and analysis

FD-OCT imaging was performed using the 
C7-XR OCT intravascular imaging system (Li- 
ghtlab Imaging, Inc., St Jude Medical, USA). 
During FD-OCT image acquisition, a continuous 
non-occlusive contrast-saline mixture as a flush 
was administrated to replace coronary blood 
flow and automatic pullbacks were performed 
at a rate of 20 mm/s and 100 frames/s. Off-
line OCT analysis was performed with Light Lab 
Imaging software.

For quantitative analysis, cross-sectional OCT 
images were analyzed at 1-mm longitudinal 
steps throughout the pullback from distal stent 
edge to proximal stent edge. OCT images were 
excluded from the analysis if stent struts were 
not visible on the screen, bifurcation cross-sec-
tions with side branches, or residual blood was 
mistaken for neointimal tissue. The lumen and 
stent were manually traced and stent struts 
were positioned manually in the center of the 
stent strut which showed a bright “blooming” 
appearance [14]. The following parameters 
were measured: lumen area (defined as the 
delimiting contours of the lumen), stent area 
(identified by circumferential area limited by the 
contours of the struts), neointimal area (stent 
area-lumen area), neointimal burden (mean 
neointimal area/mean stent area ×100%). To 
analyze a neoinitimal thickness, the distance 
from the center of each stent strut to the lumi-
nal border was measured in the direction of the 
center of gravity. Quantitative analyses of all 
OCT images were performed by two indepen-
dent investigators (F.Q. and T.Z.) who were 
masked to the angiographic data and clinical 
presentations. Inter-observer agreement was 
determined by calculating values for differenc-
es in measurements of neoinitimal area and 
neoinitimal thickness analyzed by 50 cross-
sectional images without artifacts.

For qualitative analysis, the OCT signal patterns 
of neointimal tissue were categorized into three 
patterns based on Gonzalo’s classification: 
homogeneous, layered and heterogeneous pat-
terns [15]. The homogeneous pattern is defined 
as neointimal tissue with uniform optical prop-
erties without focal variation in the backscat-
tering pattern. The heterogeneous pattern is 
defined as neointimal tissue with focally chang-
ing optical properties and various backscatter-
ing patterns, and the layered pattern has con-
centric layers with different optical properties.

Table 1. Comparison of the quantitative param-
eters between FD-OCT and histological measure-
ments

FD-OCT Histology
Lumen area mm2 2.4±0.7 2.0±0.5
Stent area mm2 3.9±0.5 3.6±0.5
Neointimal area mm2 1.5±0.5 1.7±0.6
Neointimal burden % 37.8±13.1 44.8±14.6
Neointimal thickness μm 261.2±109.5 269.8±107.2
Data are reported as mean ± SD. FD-OCT frequency domain 
optical coherence tomography.
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Histological analysis

All animals were euthanized after follow-up  
coronary angiography and OCT imaging. Im- 
mediately after euthanasia, the hearts were 
excised and the stented coronary artery seg-
ments were then harvested from the heart by 
careful dissection and fixed by immersion in 
10% formalin, dehydrated in a graded series of 
ethanol, and embedded in methyl methacrylat-
eresin. After polymerization, sections measur-
ing approximately 1.3 mm were sawed from 
each stent, beginning at the distal stent edge. 
The artery-stent specimens were cut on a rota-
ry microtome at 100 μm from the proximal 
through the distal margin of the stent and 
stained with hematoxylin and eosin as well as 
elastic Van Gieson stains. There were no histo-
logical sections lost due to processing, and all 
sections were of excellent quality.

The cross-sectional areas including external 
elastic lamina representing stent area, internal 
elastic lamina and lumen area of each section 
were measured. Neoinitimal thickness was de- 
termined as the distance between the inner 

surface of each stent strut and the luminal bor-
der in the direction of the center of gravity. 
Morphometric analysis was performed by Im- 
agePro Plus 6.0 software (Media Cybernetics, 
Inc. USA).

For qualitative assessment, all sections were 
analyzed by light microscopy. Stent-associated 
inflammation and neovascularization identified 
by microvessels in the neointima were investi-
gated. All histomorphologic analysis was com-
pleted by a single independent investigator 
(L.L.) blinded to the present study.

Statistical analysis

Data are reported as means and standard devi-
ations for normally distributed continuous data 
or medians with interquartile ranges for non-
normally distributed data. Student’s t-test (two-
sided) was used for comparison of normally 
distributed continuous data, and Mann-Whitney 
U-test (two-sided) was used for the statistical 
comparison of non-normally distributed contin-
uous data. The association between FD-OCT 
and histological analysis was calculated using 

Figure 1. Representative images of FD-OCT and histomorphologic sections (HE stain ×4) at 3 and 6 months after 
nano polymer-free sirolimus-eluting stent implantation. A. Slight neointimal formation at 3 months; B. Neointimal 
proliferation (heterogeneous) and strut-associated inflammatory cell infiltration detected by histology at 3 months; 
C. Significant neointimal proliferation (homogeneous) at 6 months. FD-OCT, frequency domain optical coherence 
tomography; HE, hematoxylin and eosin.
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intra-class correlation coefficient (ICC). The 
agreement between FD-OCT and histological 
analysis was determined by Bland-Altman plots 
[16]. Additionally, inter-observer variability for 
the quantitative OCT assessment was investi-
gated using a kappa analysis. Differences we- 
re considered statistically significant at P<0.05. 
Statistical analyses were performed using 
SPSS 20.0 software (IBM Corporation, Armonk, 
NY, USA).

Results

A total of 70 OCT and histology matched cross-
sections were analyzed in the present study. 
The quantitative parameters between FD-OCT 
and histological measurements are shown in 
Table 1. The lumen and stent areas measured 
by FD-OCT were slightly larger, on average, than 
those measured by histology. Conversely, 
FD-OCT measurements have smaller neointi-
mal area, neointimal burden and neointimal 
thickness compared with histological measure-

ments. Representative images of FD-OCT and 
histomorphologic sections after Nano polymer-
free SES implantation are shown in Figure 1.

Inter-observer variability for the quantitative 
FD-OCT assessment showed good concorda- 
nce: k = 0.91 for neointimal area, k = 0.81 for 
neointimal thickness.

Figure 2 showed correlations of quantitative 
parameters between FD-OCT and histological 
measurement. Adequate correlations were fo- 
und in the measurement of lumen area (ICC 
0.67, P<0.001), neointimal area (ICC 0.89, 
P<0.001) and neointimal thickness (ICC 0.94, 
P<0.001) except for stent area (ICC 0.19, P = 
0.13). Similarly, the Bland-Altman analysis is 
shown in Figure 3, suggesting that there are 
good agreements between FD-OCT and histo-
logical measurements in terms of lumen area, 
neointimal area and neointimal thickness ex- 
cept for stent area.

Figure 2. Relation of measurements of lumen area, stent area, neointimal area and neointimal thickness between 
FD-OCT and histomorphology. FD-OCT, frequency domain optical coherence tomography.
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As for tissue characteristics of neointima 
assessed by FD-OCT, 70 OCT and histology 
matched cross-sections were classified to 50 
homogeneous sections (71.4%), 14 heteroge-
neous sections (20%) and 6 layered sections 
(8.6%).

Additionally, in histological analysis, lympho-
cyte infiltrations of peri-strut were observed in 
22 OCT and histology matched sections and 
more frequently seen in heterogeneous sec-
tions than in homogeneous sections (10/14 
sections, 71.4% vs. 12/50 sections, 24%; P = 
0.003).

Discussion

The present study demonstrates good agree-
ments between FD-OCT and histological quan-
titative analysis for the evaluation of neointi- 
mal formation after novel nano polymer-free 
drug-eluting stent in a pig model. Moreover, at 
qualitative analysis, heterogeneous neointima 
assessed by FD-OCT may also be associated 

with peri-strut inflammation detected in his- 
tology.

Recently, FD-OCT has emerged as a novel, high-
ly rapid coronary imaging method for assess- 
ing neointimal coverage after coronary stent 
implantation [17]. Furthermore, according to 
our previous investigation, OCT can detect dif-
ferent signal intensity and attenuation in differ-
ent period of in-stent restenosis [18]. However, 
the accuracy of this imaging method needs to 
be further evaluated, especially validate with 
histology. In addition, polymer-free stent has 
begun to apply increasingly in clinical practice 
but morphological characteristics of in-stent 
neointimal tissue assessed by OCT are not still 
fully investigated.

With respect to quantitative measures, lumen 
area, neointimal area and neointimal thickness 
as detected by FD-OCT correlated closely with 
these parameters as measured by histology, 
demonstrating an excellent agreement in the 
present study. However, no significant relation 

Figure 3. Bland-Altman plot (Dash lines = limit of agreements) are shown demonstrating the agreement between 
lumen area (A), stent area (B), neointimal area (C) and neointimal thickness (D) measurements obtained by FD-OCT 
and histomorphology analysis. FD-OCT, frequency domain optical coherence tomography.
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of measurement of stent area between FD-OCT 
and histology was found. Moreover, the OCT 
measurements of lumen and stent area were 
greater than the same histological measure-
ments in the study, and similar result was also 
reported by Murata A et al [7]. The differences 
may be mainly attributed to different method of 
measurement. In general, histomorphological 
analysis used as the gold standard defines in-
stent neointima as the interval encompassed 
by the internal elastic lamina and the lumen 
boundaries in vessel cross-sections, whereas 
in OCT imaging, the internal elastic lamina can-
not be identified and the stent outline is used 
as a substitute for the calculation of neointimal 
parameters [19]. Thus, the technical issue may 
result in differences of some of the measure-
ments between OCT and histomorphology. In 
addition, vascular tissue shrinkage during his-
tological procedure could be involved [20]. 
Nevertheless, in the present study, we showed 
that the quantitative assessment of in-stent 
neointimal proliferation using OCT is correlated 
with the measurements from histomorphologi-
cal analysis, suggesting that OCT can provide 
precise measurement like histomorphology for 
in-stent neointimal proliferation due to its high 
resolution.

On the other hand, FD-OCT measurements 
seem to be related to histomorphological 
results in the qualitative analysis. In histomor-
phological analysis, obvious lymphocyte infiltra-
tion of peri-strut was found and more prevalent 
in heterogeneous structure assessed by OCT, 
suggesting that heterogeneous neointima may 
be associated with peri-strut inflammation. 
Likewise, Tearney GJ et al [21] also investigated 
the use of OCT for assessing macrophages deg-
radation, demonstrating that the high resolu-
tion of OCT may be well suited for identifying 
macrophages within fibrous caps. However, 
FD-OCT was still difficult to identified lympho-
cyte infiltration around stent strut. A possible 
explanation for the finding is that light attenua-
tion within arterial tissue and strut blooming 
resulted in a lack of peri-strut tissue detection 
[7].

Overall, our findings demonstrate that neointi-
mal parameters including neointimal area and 
neointimal thickness measured by FD-OCT may 
be substituted for the measurements of histo-
pathology. Moreover, OCT heterogeneous neo-

intima may be associated with peri-strut inflam-
mation detected in histology.

Study limitation 

The main limitation of this study was that stents 
were placed in health pigs without atheroscle-
rotic disease and thus several complex profiles 
of arterial healing and neointimal formation in 
human could not be detected. Furthermore, the 
sample size of animals is small.

Conclusion

Proper correlation and agreement were found 
in assessment of neointimal formation between 
FD-OCT and histology as well as OCT heteroge-
neous neointima might be associated with peri-
strut inflammation detected in histology, sup-
porting the use of FD-OCT to evaluate neointimal 
coverage after polymer-free stent implantation 
in clinical practice.
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