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Vascular Healing Early After Titanium-Nitride-Oxide-Coated Stent 
Implantation Assessed by Optical Coherence Tomography
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Abstract: Background. The efficacy and safety of titanium-
nitride-oxide-coated bioactive stents (BASs) were demonstrated in pri-
or studies. In a prospective registry, we sought to explore the extent of 
neointimal coverage of stent struts by optical coherence tomography 
(OCT) at 30 days following the implantation of BASs in an unselected 
non-diabetic population. Methods. We enrolled 20 consecutive non-
diabetic patients who underwent BAS implantation. OCT images 
were obtained at 30-day follow-up. Binary stent strut coverage was 
defined as the number of covered struts as a percentage of all analyzed 
struts. Results. Patients underwent OCT examination at an average of 
30.5 ± 5.7 days following stent implantation. In these, 411 cross-sec-
tions were analyzed, including 3780 struts. Binary stent strut coverage 
was 97.2%, and the prevalence of malapposed struts was 3.2%. Mean 
neointimal thickness was 109.7 ± 83.6 µm. Conclusions. In the cur-
rent evaluation by OCT at 30-day follow-up after BAS implantation 
in an unselected non-diabetic cohort, binary stent strut coverage was 
satisfactory and the prevalence of malapposed struts was low.
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Recently, the safety of titanium-nitride-oxide-coated bio-
active stents (BASs) has been established in several reports 
from real-life unselected populations.1,2 Interestingly, some 
reports demonstrated a better outcome with BASs as com-
pared with paclitaxel-eluting stents in high-risk patients with 
complex lesions,3 and in patients presenting with acute myo-
cardial infarction.4 

Neointimal healing response following stent implantation 
largely depicts long-term clinical and angiographic outcomes. 
In this respect, recent concerns have focused on incomplete 
neointimal coverage of stent struts, which may ultimately por-
tend the risk of stent thrombosis (ST).5,6 Neointimal healing 
response can be evaluated in vivo by means of invasive imaging 
techniques. The cutting-edge technology of optical coherence 

tomography (OCT) ensures an axial resolution of 10-15 µm 
which enables a highly accurate assessment of stent strut cover-
age. Evidence supports that stent strut coverage measured by 
OCT correlates well with histological neointimal healing after 
stenting in animal models.7,8 Reasonably, OCT has become the 
state-of-the-art modality for evaluation of neointimal coverage 
in studies comparing different stent types.9,10 

In a prospective registry, we sought to explore the extent of 
neointimal coverage of stent struts by OCT at 30 days after 
implantation of a titanium-nitride-oxide-coated BAS in an un-
selected non-diabetic population.

Methods
Patient selection and study design. Prospectively, we en-

rolled 20 consecutive patients with symptomatic coronary ar-
tery disease amenable for percutaneous coronary intervention 
(PCI), who received the Titan2 titanium-nitride-oxide-coated 
BAS (Hexacath). We considered patients eligible for enrollment 
if they were older than 18 years, with at least one significant 
coronary lesion (defined as at least 50% diameter stenosis by 
visual estimation) in a native coronary artery. The main exclu-
sion criteria included diabetes mellitus, unprotected left main or 
aorto-ostial lesions, in-stent restenosis, required stent length >28 
mm, and contraindication to aspirin, clopidogrel, or heparin. All 
patients underwent follow-up coronary angiography with OCT 
examination of the index vessel at an average of 1 month. Treat-
ment of more than 1 vessel was permissible. Before inclusion, an 
informed written consent was obtained from each patient after 
full explanation of the study protocol. The study protocol was 
reviewed and approved by our Institutional Human Research 
Committee and conforms to the ethical guidelines of the 1964 
Declaration of Helsinki, as revised in 2002.

Optical coherence tomography image acquisition. OCT 
images were obtained with the C7-XR frequency-domain sys-
tem (LightLab Imaging, Inc) employing the non-occlusive 
technique as described elsewhere.11 OCT images were analyzed 
offline in a core laboratory independently by two experienced 
investigators blinded to patient baseline, angiographic, and 
procedural data, employing the proprietary software (OCT sys-
tem software B.0.1; LightLab Imaging, Inc)

Optical coherence tomography image analysis. Stent 
strut coverage, strut apposition, neointimal hyperplasia (NIH), 
and possible thrombosis were evaluated at 1 mm intervals (ev-
ery fifth frame) in cross-sectional images. All cross-sectional 
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images were initially screened for quality assessment, and if the 
image quality was insufficient to allow reliable measurements, 
a subsequent (or preceding) cross-section with adequate quality 
was evaluated.

The apposition status and tissue coverage of each analyzed 
strut was classified on a binary scale, thus creating four catego-
ries of struts: (a) apposed and covered; (b) apposed and un-
covered; (c) malapposed and covered; and (d) malapposed and 
uncovered. Struts overlying an ostium of a side branch were 

labeled as non-apposed side-branch struts and excluded from 
the analysis. Struts were classified as uncovered if any part of 
the strut was exposed to the lumen with no visible tissue cover-
age, or covered if a layer of tissue was visible over the reflecting 
surfaces. For covered struts, the NIH thickness was measured. 
Binary stent strut coverage was defined as the percentage of 
covered struts of all analyzed struts. Incomplete stent apposi-
tion (ISA) distance was measured for protruding struts as previ-
ously described.11 We adopted ISA distance of 110 µm to define 
malapposition, by adding a margin of 18 µm as a correction for 
half of the blooming effect12 to the 91 µm strut thickness of 
BAS. The sum was rounded up to a full 10 microns regarding 
the axial resolution of frequency-domain OCT.

Lumen and stent contours were traced manually or semi-
automatically and the NIH area was calculated by subtracting 
the lumen cross-sectional area (CSA) from the stent CSA. The 
percent NIH area was calculated by dividing the NIH area by 
the stent CSA multiplied by 100. If the lumen or stent CSAs 
were not measurable, they were omitted.

Statistical analysis. Continuous variables were presented 
as mean ± standard deviation, while categorical variables were 
described with absolute and relative (percentage) frequencies. 
Continuous variables such as stent area, lumen area, NIH area 
and NIH thickness were estimated as medians which were used 
for analysis. This has been done because the number of mea-
surements of stent area and lumen area for each stent was rather 
small (mean, 17 ± 6; median, 17; range, 4 to 29). Pooled analysis 
of measurements was performed using Meta-analyst Beta 3.13 
software (http://tuftscaes.org/meta_analyst/) in order to account 
for clustering in view of the large number of measurements ob-
tained by OCT, and hence to get a better estimation of binary 
stent strut coverage, the frequency of malapposed struts, and 
NIH thickness. The results of pooled analysis were expressed as 
pooled proportions (%). Because heterogeneity was anticipated 
in observational studies, it was assessed a priori by a random ef-
fects model (DerSimonian-Laird). Inter-observer variability was 
assessed by evaluating 50 random cross-sectional images by two 
independent investigators. Statistical analysis was performed us-
ing SPSS statistical software (SPSS version 16.0.1; SPSS, Inc).

Results
A total of 20 patients underwent OCT examination at an 

average of 30.5 ± 5.7 days following BAS implantation (Table 
1). In these, a total of 411 cross-sections were analyzed, includ-
ing 3780 struts, an average of 9.2 ± 3.1 struts per cross-section 
(Table 2). The mean age was 65 ± 13 years, and 85% were 
male. No clinical events were observed during the period from 
stent implantation to the time of follow-up.

Binary stent strut coverage was 97.2%, and the frequency 
of malapposed struts was 3.2%. No thrombi were detected by 
OCT at this stage. On average, NIH thickness was 109.7 ± 
83.6 µm; NIH area, 0.86 ± 0.46 mm2; percent NIH area, 14.2 
± 8.2%. Pooled analyses showed that the mean NIH thickness 
was 103 µm (95% confidence interval [CI], 85-125). Inter-
observer variability of the same cross-section measurements of 
NIH thickness was 6 ± 9 µm. In addition, analysis of stent strut 
apposition and coverage was highly reproducible.

Table 1. Baseline clinical, angiographic, and procedural data.

Variable (N = 20)

Age (years) 65 ± 13

Male gender 17 (85%)

Risk factors

     Diabetes 0 (0%)

     Family history of CAD 13 (65%)

     Hypertension 14 (70%)

     Hypercholesterolemia 14 (70%)

     Current smoking 5 (25%)

Medical history

     Myocardial infarction 2 (10%)

     PCI 3 (15%)

     CABG 2 (10%)

Indication for PCI

     Unstable angina 7 (35%)

     NSTEMI 8 (40%)

     STEMI 1 (5%)

Index procedure

     Left anterior descending 12 (60%)

     Left circumflex artery 3 (15%)

     Right coronary artery 5 (25%)

     B or C type lesion 20 (100%)

     Bifurcation lesion 11 (55%)

     Calcified lesion 14 (70%)

     Thrombus present 3 (15%)

     RVD (mm) 3.05 ± 0.38

     Lesion length (mm) 12.5 ± 6.0

     Thrombectomy 2 (10%)

     Stent diameter (mm) 3.13 ± 0.38

     Stent length (mm) 18.2 ± 8.5

     Stents per lesion (n) 1.2 ± 0.4

     Postdilatation 12 (60%)

Continuous variables are presented as mean ± standard deviation, while 
categorical variables are presented as frequency (percentage). 
CAD = coronary artery disease; PCI = percutaneous coronary intervention; 
CABG = coronary artery bypass grafting; NSTEMI = non-ST elevation 
myocardial infarction; STEMI = ST-elevation myocardial infarction; RVD = 
reference vessel diameter.
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Discussion
In the current short-term follow-up by OCT to evaluate 

neointimal stent strut coverage at 30 days following BAS im-
plantation in an unselected sample of 20 non-diabetic patients, 
binary stent strut coverage was satisfactory (97.2%), and the 
prevalence of malapposed struts was quite low (3.2%).

Accumulating evidence supports the prime role of vascular 
neointimal healing in the prevention of ST following PCI, a fa-
tal complication of real-life clinical practice. Stent struts directly 
exposed to the blood stream provide a favorable substrate for the 
occurrence of ST, a fact supported by pathological studies that 
unveiled deficient tissue healing in cases of late ST associated 
with drug-eluting stents (DESs).5,6 Additionally, exposed struts, 
particularly malapposed ones, may probably result in flow dis-
turbance that would, in turn, create a prothrombotic milieu.13 
An issue of immense clinical interest is the occurrence of late 
and very late (after 1 year) ST, well beyond the time covered by 
dual-antiplatelet therapy as recommended by the most recent 
guideline updates.14 In this context, a meta-analysis performed 
by Stone et al pooled data from 9 randomized trials (5261 pa-
tients) comparing DES versus bare-metal stents (BMSs). They 
reported an incidence of ST almost identical between the two 
stent types during the first year of follow-up (0.6%). Neverthe-
less, between 1 and 4 years, that incidence was much higher 
with DES than BMS (0.5% vs 0.1% per year, respectively).15

In previous studies, the binary stent strut coverage has 
ranged between 84%-99% for DESs at 3-13 months of follow-
up,9,10,16-22 and from 98%-99% for BMS at 6-13 months of fol-
low-up.10,21 Long-term OCT follow-up showed excellent binary 
stent strut coverage for BASs when compared to paclitaxel-elut-
ing stents (99.6 vs 89.2%; P<.001) in patients treated for acute 
myocardial infarction.23 However, there are few data on very 
early stent healing. We have previously observed a binary stent 
strut coverage of 95% after 30 days from implantation of the 

endothelial progenitor cell (EPC) capturing stent, which is de-
signed to promote endothelialization with antibody-coating.11 
Thus, the endothelial coverage of the BAS appears to be more 
complete when compared to the EPC-capturing stent at this 
stage. Based on the limited data available, the binary stent strut 
coverage of BASs as early as 30 days following the implantation 
would seem far superior than that demonstrated with DESs, 
and quite comparable with that of BMSs. Yet, the frequency 
of malapposed struts (3.2%) was somewhat higher than that 
reported for various DESs (0.2%-1.8%) at 9-13 month follow-
up in post hoc analysis of two large randomized controlled tri-
als9,22 or when compared to EPC-capturing stent at 30 days 
(2.4%).11 This apparent divergence of findings might better be 
viewed in light of the exceptionally high frequency of patients 
presenting with acute coronary syndrome (80%) in this rather 
small-sized cohort in contrast to the lower frequency in the two 
all-comer randomized trials (40%-55%).9,22 Several mecha-
nisms have been put forth to explain the mysterious occurrence 
of incomplete stent apposition following DES implantation.5,24 

Among these, dissolution of plaque and thrombus behind the 
stent, leaving a gap between the stent and the vessel wall, espe-
cially following PCI for acute ST-segment elevation myocardial 
infarction. In addition, positive arterial remodelling with an in-
crease in total lumen area might occur, so that the vessel tends 
to pull away from the stent. On the background of this rather 
high frequency of malapposed struts, a possible confounding 
effect on binary stent strut coverage cannot adequately be ruled 
out in the current registry.

Clinical implications. In view of the recent unsettling re-
ports of ST,25-28 contemporary stent technologies are competi-
tively geared toward negating the root causes of deficient neo-
intimal coverage, the most powerful surrogate of such a grave 
event. Attempts to quantify ST, a rare-by-nature event, would 
intuitively require enrolling thousands of patients and protract-
ing the length of follow-up for many years, in order to demon-
strate a statistically perceptible difference in clinical outcome. 
In this realm, surrogate endpoints may be particularly indis-
pensable. The high early binary stent strut coverage demon-
strated in the current registry would be an attractive hallmark 
of BAS, and warrants further emphasis in future research, as 
well as in real-world practice. Interestingly, some comparative 
trials showed a better cumulative incidence of major events (and 
similar restenosis rates) for BASs as compared with paclitaxel-
eluting stents in high-risk patients with complex lesions,3 and 
in patients presenting with acute myocardial infarction.4 In an 
OCT substudy of the latter trial, the BAS was superior to the 
paclitaxel-eluting stent with regard to binary stent strut coverage 
(99.6 vs 89.2%; P<.001) and number of malapposed struts (0.2 
vs 13.8%; P<.001).23 In addition to this, small thrombi attached 
to uncovered struts were seen on 2 patients in the PES but not 
in the BAS group.23 Achievement of the goal of reducing reste-
nosis rates following stent implantation without taking the risk 
to suffer a life-threatening “hard” endpoint would be a promis-
ing strategy to combat in-stent restenosis. Furthermore, unlike 
DESs, which need maintenance dual-antiplatelet therapy for at 
least 12 months (sometimes even for more extended periods), 
this therapy is required for no more than 1 month with BAS. 

Table 2. Optical coherence tomography measurements.

Variable Measurement

Cross-sections analyzed (n) 411

Total number of struts analyzed (n) 3780

Duration of follow-up (days) 30.5 ± 5.7

Struts per cross section (n) 9.2 ± 3.1

NIH thickness (µm) 109.7 ± 83.6

Stent cross-sectional area (mm2) 7.15 ± 1.83

Lumen cross-sectional area (mm2) 6.28 ± 1.99

NIH area (mm2) 0.86 ± 0.46

Percent NIH area (%) 14.2 ± 8.2

Binary stent strut coverage 3674 (97.2%)

Uncovered stent struts 106 (2.8%)

Malapposed stent struts 129 (3.2%)

Presence of thrombi 0 (0%)

Data given as n (percentage) or mean ± standard deviation.
NIH = neointimal hyperplasia; CSA = cross-sectional area.
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Study limitations. Our findings were based on a single-
center registry with a relatively small sample size of the cohort, 
thus the conclusions based on these findings should be taken 
with caution. Further studies with long-term follow-up are re-
quired to evaluate the correlation of early stent endothelializa-
tion and clinical events. Despite the high resolution of OCT 
technique allowing adequate visualization of tissue surrounding 
the stent struts, the composition of such tissue, however, is far 
from clearly discernible, particularly around malapposed struts. 
In this regard, the presence of fibrin and/or thrombotic tissue 
overlying the struts might be mistaken for neointimal cover-
age, reducing the specificity of the technique. Alternatively, a 
thin rim of neointima covering the struts may fall beyond the 
resolution of the currently commercially available OCT imag-
ing catheters (10-20 µm), and is therefore easily overlooked, 
compromising the sensitivity.

Finally, images were evaluated at 1 mm longitudinal in-
tervals. Although this methodology has been experimentally 
validated for the assessment of neointimal strut coverage and 
showed an excellent reproducibility, it might have a lower 
sensitivity to detect uncovered struts than shorter-interval 
protocols.

Conclusion
In the current evaluation by OCT at 30-day follow-up after 

BAS implantation in an unselected non-diabetic cohort, bi-
nary stent strut coverage was satisfactory and the prevalence of 
malapposed struts was low.
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