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Abstract Incomplete stent endothelialization is associ-

ated with late and very late stent thrombosis. In a post hoc

analysis of the BASE-ACS trial, we sought to assess neo-

intimal coverage and coronary flow reserve (CFR)

9 months after implantation of titanium-nitride-oxide-

coated bioactive stents (BAS) versus everolimus-eluting

stents (EES) in patients with acute coronary syndrome

(ACS). In the BASE-ACS trial, 827 patients with ACS

were randomized to receive either BAS or EES. In the

current study, we examined neointimal growth and strut

coverage by optical coherence tomography and CFR by

trans-thoracic echocardiography in 28 consecutive non-

diabetic patients with the culprit lesion in the left anterior

descending coronary artery. The primary endpoints were

binary stent strut coverage and CFR at 9-month follow-up.

A total of 13 patients were included in the BAS group

(2,033 struts); 15 in the EES group (2,898 struts). Binary

stent strut coverage was higher and malapposed struts

lower with BAS versus EES (99.4 vs 89.2, and 0.2 vs

4.6 %, respectively, p \ 0.001 for both). Neointimal

hyperplasia thickness was greater with BAS versus EES

(274.2 vs 100.1 lm, respectively, p \ 0.001). CFR was

lower with EES versus BAS (2.2 ± 0.8 vs 3.0 ± 0.5,

respectively, p = 0.001). Abnormal CFR (\2.5) were

detected in 10 patients in the EES group versus one in the

BAS group (p = 0.002). The current study demonstrated

that in patients with ACS, BAS resulted in improved ne-

ointimal stent strut coverage and better coronary vasodi-

lator function as compared with EES at 9-month follow-up.
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Introduction

The introduction of drug-eluting stents (DES) has revolu-

tionized the field of interventional cardiology, since it has

reduced the incidence of in-stent restenosis by 50–70 % [1].

However, worrisome data from registries and meta-analyses

emphasized higher rates of late and very stent thrombosis

associated with DES [2]. Although the underlying mecha-

nisms are poorly understood, incomplete neointimal cov-

erage over stent struts is a recognized pathologic substrate

for late and very late stent thrombosis [3, 4]. Angiography

and intravascular ultrasound lack the needed resolution to

assess thin layers of neointimal coverage of struts, whereas

optical coherence tomography (OCT) has 10 times greater

resolution than intravascular ultrasound [5]. Neointimal

thickness can be accurately measured with OCT, which

appears to be the imaging modality of choice for assessment

of neointimal coverage over stent struts.

As a sign of endothelial dysfunction, abnormal response

to intracoronary acetylcholine, i.e. coronary vasoconstric-

tion, has also been reported after DES implantation in

small non-randomized series [6–8]. However, no studies

combined the anatomical OCT findings with coronary

vasodilator function assessment following percutaneous

coronary intervention in acute coronary syndrome (ACS).

Coronary flow reserve (CFR) is the ratio of maximal cor-

onary flow velocity during adenosine-induced hyperemia to

coronary flow velocity at rest. It is influenced by both

coronary flow through the epicardial coronary arteries and

the microcirculation.
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In the multi-center randomized controlled BASE-ACS

trial, bioactive stents (BAS) proved non-inferior to ever-

olimus-eluting stents (EES) regarding clinical outcome in

patients presenting with ACS at 12-month follow-up [9].

The purpose of the current study is to compare OCT-

derived neointimal strut coverage, strut malapposition, and

trans-thoracic echocardiography-derived CFR between

BAS and EES at 9-month follow-up.

Methods

Study population

The design of the original trial has been previously

reported [9]. Briefly, the BASE-ACS (randomized com-

parison of titanium-nitride-oxide-coated BAS with EES in

ACS) trial is a prospective multi-center single-blinded

randomized controlled clinical trial, with the chief aim to

evaluate non-inferiority in clinical outcome of Titan2�

(Hexacath, Paris, France) BAS as compared with Xience V

(Abbott Vascular, Santa Clara, CA, USA) EES in patients

presenting with the whole spectrum of ACS. The study

enrolled a total of 827 patients above 18 years, presenting

with ACS, with at least 1 significant de novo lesion

(defined as at least 50 % diameter stenosis by visual esti-

mation) in a native coronary artery or coronary bypass

graft. Main exclusion criteria were limited to unprotected

left main disease or aorto-ostial lesions, intolerance to the

study medications, planned surgery within 12 months of

the index procedure, and life expectancy \12 months.

Enrolled patients were randomly assigned in a 1:1 fashion

to receive either BAS or EES.

The current substudy was conducted at 2 of the 14

BASE-ACS sites. All consecutive patients who had lesion

treated in the left anterior descending coronary artery

during the index procedure, and who agreed on undergoing

follow-up angiography were eligible for the study (we

enrolled 28 out of 36 eligible patients). Exclusion criteria

included diabetes mellitus and a new de novo stenosis

[50 % in the stented vessel. Quantitative coronary anal-

ysis was performed before and immediately after the index

procedure, and at follow-up using the same angiographic

projection.

The study was conducted according to the ethical

guidelines of the American Physiological Society, and

was approved by all participating hospitals’ ethics com-

mittees, and all patients enrolled in the study provided

written informed consent for participation. The BASE-

ACS trial is registered with ClinicalTrials.gov, number

NCT00819923; BASE-OCT substudy with number

NCT01080859; and BASE-CFR substudy with number

NCT01080872.

OCT examination and analysis

Optical coherence tomography images were obtained at

9 months after the index stenting procedure, immediately

after follow-up angiography, with the C7Xr frequency-

domain system (LightLab Imaging Inc., Westford, MA,

USA) employing the non-occlusive technique via radial or

femoral approach. A 0.014-inch guide-wire was introduced

into the vessel using 6 F guiding catheter. An imaging

catheter (Dragonfly, LightLab Imaging, Westford, MA,

USA) was positioned distal to the stent and automated

motorized pullback was performed at 20 mm/s during flush

of 4–6 mL/s of iso-osmolar contrast to replace blood flow

and permit visualization of the stented segment. During

image acquisition, a segment length of 54 mm was visu-

alized and continuous images were stored digitally for

subsequent analysis.

Offline OCT analysis was performed independently by 2

investigators who were blinded to patient characteristics as

well as the type of the stent used. Proprietary software

(LightLab Imaging, Westford, MA, USA) was used to

analyse continuous cross-sections at 1 mm longitudinal

intervals (every 5 frames) within the stented segment. In

each cross-section, the number of stent struts was counted.

Struts were classified as uncovered if any part of the strut

was visibly exposed to the lumen, or covered if a layer of

tissue was visible all over the reflecting surfaces (Fig. 1).

Binary stent strut coverage was calculated as the number of

covered struts as a percentage of all analyzed struts. In

covered struts, the neointimal hyperplasia (NIH) thickness

was measured from the strut marker to the endoluminal

edge of the tissue coverage, following a straight line con-

necting the strut marker with the centre of gravity of the

vessel. Stent cross-sectional area (CSA) and lumen CSA

were traced semi-automatically. NIH area was calculated by

subtracting lumen CSA from stent CSA. Percent NIH area

was calculated by dividing the NIH area by the stent CSA

multiplied by 100. A metallic strut typically appears as a

bright signal-intense structure with dorsal shadowing.

Apposition was assessed strut by strut, by measuring the

distance between the strut marker and the lumen contour.

The marker of each strut was placed at the endoluminal

leading edge, at the mid-point of its long axis, and the

distance was measured following a straight line connecting

this marker with the center of gravity of the vessel (Fig. 1).

Struts with distance to lumen contour greater than the sum

of strut thickness ? polymer thickness ? 18 lm were

considered as malapposed. A margin of 18 lm was added

as a correction for half of the blooming. Given a coated strut

thickness of 91 lm, we adopted a malapposition threshold

of 110 lm for the Titan2� stent (91 ? 0 ? 18 = 109 lm).

Similarly, given a strut thickness of 79 lm and a polymer

thickness of 16 lm, we adopted the same malapposition
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threshold (110 lm) for the Xience V stent

(79 ? 16 ? 18 = 113 lm). Struts located at the ostium of

side branches, with no vessel wall behind, were labelled as

non-apposed side branch struts and excluded from the

analysis. To evaluate the distribution of uncovered and

malapposed struts as well as NIH thickness, all stents were

divided in 3 sections with similar length; distal, middle and

proximal part of stent. In-stent thrombus was defined as an

irregular high- or low-backscattering (red or white throm-

bus) mass protruding into the vessel lumen discontinuous

from the surface of the stent struts [10]. Inter-observer

variability was assessed by evaluating 50 random cross-

sectional images by 2 independent investigators.

Coronary flow reserve

Subjects were instructed to avoid large meals, caffeine,

alcohol and tobacco for 12 h before the study. Trans-

thoracic echocardiography including coronary flow

velocity measurements was carried out with an Acuson

Sequoia C 512 mainframe (Acuson Inc., Mountain View,

CA, USA) using a 4.0 MHz transducer. Echocardio-

graphic dimensions, wall motion abnormalities and valves

were assessed using standard methods. All the coronary

flow velocity measurements were carried out before cor-

onary angiography and analyzed blinded to the clinical

data. B-mode and color-Doppler mapping were used to

Fig. 1 Apposition and coverage of stent struts—apposition and coverage of struts: A apposed and covered, B apposed and uncovered,

C malapposed and covered, D malapposed and uncovered
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identify the distal left anterior descending coronary artery

as previously described [11, 12]. Baseline flow velocity

was measured with pulsed-wave Doppler as an average of

at least 3 cardiac cycles. Hyperemia was induced by

infusion of adenosine (Adenosin Item, Item Development

AB, Sweden) at a rate of 0.14 mg/kg/min. Flow velocity

profiles were recorded using pulsed-wave Doppler at rest

and monitored throughout the adenosine infusion to con-

firm that highest flow velocity response during infusion

was recorded. In offline analysis, the mean diastolic

velocity was measured at baseline and during adenosine

infusion. CFR was calculated as the hyperemia-to-base-

line mean diastolic velocity ratio. Intra- and inter-observer

variability of CFR measurements (coefficient of variation)

in our laboratory were 2.6 ± 4.0 and 8.6 ± 9.8 %,

respectively [11, 12].

Statistical analysis

The primary endpoints of the study were binary stent strut

coverage and CFR. For OCT data, it was assumed that an

average number of 150 struts per patient will be analyzed,

and therefore we estimated that inclusion of 12 patients in

each study group will show 5 % difference in binary stent

strut coverage between BAS and EES (power 80 %, 2-sided

type I error of 0.5). For CFR data, a sample size of 17

subjects was calculated for each group with a known SD of

0.7 for CFR and an assumed difference of 0.7 between the

interventions (a = 0.05, b = 0.80). Co-primary endpoints

were the mean NIH thickness and stent strut malapposition.

Continuous variables were reported as the mean ± standard

deviation, as well as median and range. Fisher exact test,

Mann–Whitney test and Spearman’s test were used for

univariate analyses. Continuous variables such as stent

CSA, lumen CSA, NIH area, and NIH thickness were

estimated as medians and the latter used for analysis. This

was done because the number of measurements of stent area

and lumen area for each stent was rather small (mean

17 ± 6, median 17, range 4–29). Percentages of malap-

posed stent struts and binary stent strut coverage were also

analyzed at stent-level and comparison between BAS and

EES was performed with Mann–Whitney U test, since the

variables were not normally distributed. Results of stent-

level analyses were presented as median and interquartile

range. Pooled analysis of NIH thickness measurements was

performed using Meta-analyst Beta 3.13 software (http://

tuftscaes.org/meta_analyst/) in order to get a better esti-

mation of NIH thickness as derived by a large number of

measurements obtained by OCT. The results of pooled

analysis were expressed as pooled proportions (%) with

95 % confidence interval (95 % CI). Because heterogeneity

was anticipated among the observational studies, it was

assessed a priori by a random effects model (DerSimonian–

Laird). Meta-regression analysis was used to estimate the

difference between the study groups. Statistical analysis

was performed using SPSS statistical software (SPSS v.

16.0.1, SPSS Inc., Chicago, Ill., USA).

Results

Baseline clinical and angiographic characteristics

In the BASE-ACS study, the rate of major adverse cardiac

events were comparable between BAS and EES (9.6 vs

9.0 %, p = 0.81) at 12-month follow-up [9]. Baseline

clinical characteristics of the 28 patients included in the

OCT substudy (13 with BAS and 15 with EES) are pre-

sented in Table 1. Characteristics were similar in both

study groups, except that patients in the EES group were

older. Similarly, lesion and procedural characteristics were

comparable between the 2 study groups (Table 2). Control

angiography was performed at 10.1 ± 2.2 months in the

Table 1 Baseline clinical characteristics in the two individual study

groups

BAS

(N = 13)

EES

(N = 15)

p value

Age (years) 61 ± 9 69 ± 6 0.01

Male gender 10 (76.9) 13 (86.7) 0.51

Risk Factors

Hypertension 4 (30.1) 6 (40.0) 0.62

Hypercholesterolemia 7 (53.8) 6 (40.0) 0.47

Current smoking 3 (23.1) 2 (13.3) 0.51

Medical history

Myocardial infarction 0 0

PCI/CABG 0 0

Medications at discharge

Aspirin 13 (100) 15 (100) 1.0

Clopidogrel 13 (100) 15 (100) 1.0

ACE-inhibitors/AT-antagonists 7 (53.8) 4 (26.7) 0.15

Beta-blockers 13 (100) 15 (100) 1.0

Nitrates 1 (7.7) 1 (6.7) 0.92

Statins 12 (92.3) 15 (100) 0.28

Indication for PCI

Unstable angina 0 2 (13.3) 0.18

NSTEMI 8 (61.5) 9 (60.0) 0.94

STEMI 5 (38.5) 4 (26.7) 0.51

Continuous variables are presented as mean ± SD, while categorical

variables are presented as frequency (percentage)

BAS bioactive stent, EES everolimus-eluting stent, PCI percutaneous

coronary intervention, CABG coronary artery bypass grafting, ACE

angiotensin converting enzyme, AT angiotensin II receptor, NSTEMI

non-ST-elevation myocardial infarction, STEMI ST-elevation myo-

cardial infarction
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BAS group and 9.8 ± 2.0 months in the EES group

(p = 0.69). Duration of clopidogrel treatment was similar

in the 2 study groups (6.9 ± 2.3 vs 7.6 ± 2.8 months,

p = 0.49, respectively). At follow-up angiography, more

late loss was observed in the BAS group with a subsequent

mean diameter stenosis (%) of 17.4 ± 14.2 for BAS and

6.6 ± 8.5 for EES (Table 2). On the other hand, no de

novo lesions were observed in the stented vessels in either

study group.

Optical coherence tomography data

Optical coherence tomography image acquisition was suc-

cessful in all patients and no OCT procedure-related com-

plications. The primary endpoint of binary stent strut

coverage was significantly higher in the BAS as compared

with the EES group (99.4 vs 89.2 %, p \ 0.001, respec-

tively) (Table 3). In stent-level analysis, the median

(interquartile range) strut coverage was 99.4 %

(98.6–100 %) for BAS and 94.1 % (83.8–97.3 %) for EES

(p \ 0.001). Stent strut malapposition was less common in

the BAS group (0.2 % for BAS vs 4.6 % for EES,

p \ 0.001) and this difference remained significant in stent-

level analysis [0.0 % (0.0–0.2 %) vs 1.5 % (0.0–6.4 %)

respectively, p = 0.003]. The mean NIH thickness was

274.2 lm (median 250, range 10–950 lm) in the BAS

group and 100.1 lm (median 70, range 10–110) in the EES

group (p \ 0.001). Pooled analyses showed that the mean

NIH thickness was 277 lm (95 % CI 228–326) in the BAS

group and 94 lm (95 % CI 78–111) in the EES group (mean

difference at meta-regression: 161 lm) (Fig. 2). None of

the clinical and procedural variables were associated with

strut coverage or NIH thickness. Small intra-stent thrombus

was seen in 1 patient in EES group during the OCT. Fig-

ure 3 presents the distribution of strut-lumen distance in the

study groups across all visible struts. A higher rate of neg-

ative measurements was observed with EES as a sign of

stent strut malapposition. When the stent was divided into

distal, middle and proximal parts, the mean NIH thickness

was 261, 302, and 271 lm in the BAS group; and 109, 103,

and 82 lm in the EES group, respectively. In the EES

group, 13.9 % of struts were uncovered in the proximal end

of the stent (distal end 9.1 %, p \ 0.001), whereas a similar

proportion of malapposed struts were observed in the mid-

dle and proximal part of EES (Fig. 4). Inter-observer vari-

ability for the same cross-sectional measurements of NIH

thickness was 6 ± 9 lm (r = 0.954). In addition, inter- and

intra-observer analysis of stent strut apposition and cover-

age were highly reproducible with virtually perfect agree-

ment (j = 0.867 and 0.894, respectively).

Coronary flow reserve data

Average CFR was significantly lower in the EES group as

compared with the BAS group (2.2 ± 0.8 vs 3.0 ± 0.5,

p = 0.001). CFR values below 2.5 were detected in 10

(66.7 %) patients with EES, but only in 1 (7.7 %) patient

with BAS (p = 0.002, Fig. 5). The ejection fraction was

comparable in patients with low CFR (\2.5) and those with

normal CFR (69 ± 10 vs 66 ± 11, p = 0.38). None of the

patients had anterior wall akinesia (as a sign of transmural

scar) in either group, and even local hypokinesia was rare

(EES n = 1, BAS n = 2).

Table 2 Lesion and procedural characteristics in the two individual

study groups

BAS

(N = 13)

EES

(N = 15)

p

value

AHA/ACC lesion type

A 1 (7.7) 2 (13.3)

B1/B2 9 (69.2) 11 (73.3)

C 3 (23.1) 2 (13.3)

Bifurcation lesion 7 (53.8) 6 (40.0) 0.47

Calcified lesion 8 (61.5) 6 (40.0) 0.26

Thrombus 8 (61.5) 6 (40.0) 0.26

Stent diameter (mm) 3.10 ± 0.38 3.12 ± 0.35 0.88

Stent length (mm) 15.8 ± 5.1 18.7 ± 5.9 0.18

Post-TIMI flow grade 3 13 (100) 15 (100) 1.0

Radial access 10 (76.9) 9 (60.0) 0.35

Thrombus aspiration 4 (30.8) 4 (26.7) 0.81

Pre-dilatation 7 (63.6) 11 (73.3) 0.29

Post-dilatation 4 (30.8) 7 (46.7) 0.40

Pre-Intervention

Reference vessel

diameter (mm)

3.00 ± 0.37 3.04 ± 0.35 0.79

Lesion length (mm) 12.4 ± 5.2 13.9 ± 4.6 0.41

Minimal lumen

diameter (mm)

0.11 ± 0.07 0.21 ± 0.16 0.08

Diameter stenosis (%) 96.2 ± 4.5 92.9 ± 8.3 0.22

Post-Intervention

Minimal lumen

diameter (mm)

2.90 ± 0.31 2.93 ± 0.32 0.81

Diameter stenosis (%) 3.4 ± 5.3 3.6 ± 5.6 0.76

Acute gain (mm) 2.79 ± 0.39 2.73 ± 0.42 0.42

Follow-up, months 10.1 ± 2.2 9.8 ± 2.0 0.69

Duration of clopidogrel

treatment (months)

6.9 ± 2.3 7.6 ± 2.8 0.49

Minimal lumen

diameter (mm)

2.41 ± 0.38 2.74 ± 0.44 0.06

Diameter stenosis (%) 17.4 ± 14.2 6.6 ± 8.5 0.003

Late loss (mm) 0.49 ± 0.34 0.19 ± 0.24 0.001

Continuous variables are presented as mean ± SD, while categorical

variables are presented as frequency (percentage)

BAS bioactive stent, EES everolimus-eluting stent, TIMI thrombolysis

in myocardial infarction
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Discussion

Major findings

The BASE-ACS study was the first prospective random-

ized trial to compare BAS with EES in patients with ACS

and it demonstrated a similar clinical outcome with BAS

and EES at 12-month follow-up [9]. In the current sub-

study, the frequency of uncovered stent struts was signifi-

cantly higher with EES than BAS at 9-month follow-up,

and coronary vasodilator capacity was often blunted with

EES at 9-month follow-up, whereas it was within normal

range in most patients with BAS. These findings suggest

better vascular functional healing with BAS as compared

with EES at 9-month follow-up. The more pronounced

NIH over BAS was a logical price to pay for the better

tissue coverage.

Neointimal stent strut coverage

DES effectively prevent in-stent restenosis but have been

associated with increased risk of late stent thrombosis.

Potential substrates of late stent thrombosis include poor

endothelialisation and delayed vascular healing, which

contrasts with nearly complete stent endothelialisation

associated with bare-metal stents [3, 4]. In addition, toxicity

of the drug and polymer along with subsequent incomplete

strut neointimal coverage have been associated with path-

ological vascular response with DES [3, 4]. Previous OCT

studies demonstrated considerable rates of uncovered struts

with sirolimus-eluting stents (2.1–14.2 %) as well as with

paclitaxel-eluting stents (4.9–12.9 %) at 6–9-months fol-

low-up [13–22]. In the current study, the percentage of

uncovered struts associated with EES (10.8 %) was in line

with earlier studies of first-generation DES. An OCT sub-

study of the RESOLUTE All-Comers trial demonstrated

that the rate of uncovered struts associated with EES at

13-month follow-up was 5.8 % [23]. Recently, a rate of

0.3–0.9 % of uncovered struts was observed with OCT in

patients who received zotarolimus-eluting stents [14, 16,

20, 21, 24]. These numbers are comparable with that

observed in the current study with BAS (0.6 %).

Neointimal hyperplasia thickness

As expected, the mean NIH thickness was significantly

lower in the EES group, since EES is essentially designed

to reduce in-stent restenosis. Previous studies have shown a

mean NIH thickness of 31–88 lm with sirolimus-eluting

stents which is comparable to the measures we observed

with EES [13–20]. On the other hand, NIH thickness ten-

ded to be greater with paclitaxel-eluting stents

(90–200 lm) and zotarolimus-eluting stents (210–333 lm)

in previous observational studies when compared to present

findings with EES [13, 14, 16, 17, 20–24]. Furthermore,

late loss measured by angiography correlated with OCT

measurements, and therefore patients with larger late loss

potentially had thicker NIH compared with those with

smaller late loss. In the current study, NIH thickness in

BAS group was comparable to zotarolimus-eluting stents in

previous studies. Of note, angiographic late loss is esti-

mated to be 0.5–0.6 with BAS and zotarolimus-eluting

stents, alike, according to previous studies [25–27].

Stent strut malapposition

The percentage of malapposed struts was considerable in the

EES group at 9-month follow-up. According to previous

data, the rate of malapposed struts was 0.4–2.6 % with si-

rolimus-eluting stents, *1.5 % with paclitaxel-eluting

stents and 0.2–0.8 % with zotarolimus-eluting stents at 6–9-

Table 3 Optical coherence tomography measurements in the two

individual study groups

BAS

(N = 13)

EES

(N = 15)

p value

Cross sections analysed 214 284

Total number of struts

analysed

2,033 2,898

Struts per cross-section 9.5 ± 2.8 10.2 ± 3.1 0.83

NIH thickness (lm) 274.2 ± 168.3 100.1 ± 101.0 \0.001

Stent CSA (mm2) 6.7 ± 2.0 6.8 ± 2.3 0.92

Lumen CSA (mm2) 4.7 ± 1.6 6.2 ± 2.5 \0.001

NIH area (mm2) 2.0 ± 1.1 0.6 ± 0.8 \0.001

% NIH area 29.7 ± 12.3 10.8 ± 16.2 \0.001

Strut analysis

Binary stent strut

coverage (%)

99.4 89.2 \0.001

Apposed and

uncovered

10 (0.5) 213 (7.3) \0.001

Malapposed and

covered

1 (0.05) 31 (1.1) \0.001

Malapposed and

uncovered

3 (0.1) 101 (3.5) \0.001

Strut over a side branch 56 (2.8) 76 (2.6) 0.66

Uncovered stent struts 13 (0.6) 314 (10.8) \0.001

Cross-sections with

uncovered struts

10 (4.7) 105 (37.0) \0.001

Malapposed stent struts 4 (0.2) 132 (4.6) \0.001

Cross-sections with

malapposed struts

3 (1.4) 37 (13.0) \0.001

Presence of thrombus 0 (0) 1 (6.7) 0.67

Continuous variables are presented as mean ± SD, while categorical

variables are presented as frequency (percentage)

BAS indicates bioactive stent, EES everolimus-eluting stent, NIH

neointimal hyperplasia; CSA cross-sectional area
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Patient Struts

1 102 

2 125 

3 141 

4 142 

5 143 

6 146 

7 147 

8 161 

9 166 

10 191 

11 204 

12 244 

13 68 

Overall

NIH thickness Uncovered Struts

271 (245-297)    0 

289 (262-316) 2.3%

287 (263-311)    0 

404 (377-431)    0 

246 (226-266) 0.7%

176 (156-196) 1.4%

232 (211-253) 0.7%

128 (117-139) 0.6%

198 (181-215)    0 

364 (337-391)    0 

323 (301-345)    0 

284 (262-306) 1.6%

416 (368-464) 1.4%

277 (228-326) 

Patient Struts

1 128 

2 132 

3 134 

4 142 

5 154 

6 156 

7 159 

8 170 

9 187 

10 191 

11 223 

12 229 

13 314 

14 62 

15 97 

Overall

NIH thickness Uncovered Struts

50 (43-57) 29.3%  

114 (103-125)   0.8%

332 (292-372) 14.6%

94 (83-105)   2.7%

66 (60-72)   7.8%

47 (41-53) 16.2%

100 (90-110)   5.9%

56 (50-62) 32.0%

77 (70-84)   4.6%

115 (105-125)   1.0%

98 (88-108)   5.9%

78 (68-88) 10.5%

120 (112-128)     0 

32 (27-37) 41.0%

99 (86-112)   4.9%

94 (78-111)
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Fig. 2 Neointimal hyperplasia

thickness and percentage of

uncovered struts—distribution

of neointimal hyperplasia

thickness and percentage of

uncovered struts 9 months after

stent implantation in the BAS

(A) and EES (B) groups, mean

difference at meta-regression

(C). BAS indicates bioactive

stents, EES everolimus-eluting

stents, MD mean difference,

NIH neointimal hyperplasia

Int J Cardiovasc Imaging (2013) 29:1693–1703 1699

123



month follow-up [14–24]. In the current study, the frequency

of malapposed struts at 9-month follow-up was higher with

EES compared with BAS. Intra-vascular ultrasound studies

showed that late stent malapposition occurred in 12.1 % of

first-generation DES at 6 months, mostly due to positive

vessel remodelling [28]. A recent meta-analysis demon-

strated that the rates of late stent malapposition were sig-

nificantly higher with DES versus bare-metal stents [29].

Similarly, in patients with ST-elevation myocardial infarc-

tion who underwent primary angioplasty, the incidence of

late stent malapposition was more common with paclitaxel-

eluting stents versus bare-metal stents [30]. However, late

stent malapposition in these reports was not associated with

adverse clinical events. In the current study, the mean per-

centage of malapposed struts per patient was higher in the

EES group (4.6 % for EES vs 0.2 % for BAS) indicating

substantial strut malapposition with EES. Comparably, the

rate of malapposed struts associated with EES in the OCT

substudy of the RESOLUTE All-Comers trial was 1.4 % at

13-month follow-up [23].

Coronary flow reserve

The functional healing was assessed using CFR measure-

ment, which was previously shown to predict adverse

events and prognosis when added to standard evaluation in
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Fig. 3 Strut-lumen distance—

frequency distribution of strut-
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Fig. 4 Distribution of uncovered and malapposed struts—distribu-

tion of uncovered (A) and malapposed (B) struts in the distal, middle,

and proximal parts of the stent in the bioactive and everolimus-eluting

stent groups. White bars indicate bioactive stents, black bars

everolimus-eluting stents

Fig. 5 Coronary flow reserve values—individual coronary flow

reserve values in the bioactive and everolimus-eluting stent groups.

BAS indicate bioactive stents, EES everolimus-eluting stents
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large unselected patient populations, as well as in high risk

patients with ACS [31–33]. In a mechanistic sense, CFR

reflects global atherosclerotic burden, endothelial dys-

function, and microvascular damage, more than just mir-

roring focal coronary disease [33]. Our study protocol

attempted to minimize the effects of the major confounding

factors in CFR assessment. Hemodynamically significant

epicardial stenosis, or in the absence of stenosis, coronary

microvascular dysfunction can decrease CFR [11]. Reste-

nosis and de novo stenosis were ruled out by angiography.

Diabetics, who are prone to coronary microvascular dys-

function, were excluded from the study and none of the

patients had transmural infarcts in either group. Older age

is known to attenuate CFR response by increasing baseline

flow. It is likely that the difference in age could explain, at

least in part, the CFR difference between the 2 groups [34].

To the best of the authors’ knowledge, the current study

was the first to use trans-thoracic echocardiography-derived

CFR in combination with OCT in the assessment of long-

term vessel healing after coronary stenting. Previously,

impaired vasomotor function was detected at long-term

follow-up after sirolimus-eluting stent implantation using

rapid atrial pacing, intracoronary acetylcholine infusion, or

dynamic exercise to induce vasodilation [35–37]. These

invasive procedures involve a potential, albeit little, risk for

complications. The rationale for choosing trans-thoracic

echocardiography-derived CFR measurement was the

safety and repeatability of this non-invasive method.

Although we have no certain information regarding the

mechanisms responsible for lower CFR in patients with

EES, earlier research provides helpful clues. Functional

endothelial re-growth is important because, besides pro-

viding essential antithrombotic factors, more intact endo-

thelium may better preserve vasodilator function.

Previously, paclitaxel and sirolimus have been shown to

increase tissue factor mRNA and protein expression in

endothelial cells in vitro [38, 39], and these agents are

known to increase local production of plasminogen acti-

vator inhibitor PAI-1 in cultured endothelial cells [40],

which in turn may promote prothrombotic activity. Another

potential explanation is that atherosclerosis and other pla-

que-related factors such as thrombus may affect the arterial

responses to DES [41]. All patients had ACS during the

index procedure. Taken together, in the case of incomplete

stent strut coverage, there may be lack of functional

endothelium, which would provide essential antithrombotic

and vasodilator substances such as nitric oxide, and thus

maintain structural integrity of the vessel wall.

Limitations of the study

The current study included a relatively limited sample size

and therefore the results should be interpreted cautiously.

Second, the current OCT technology cannot detect tissue

coverage \10 lm, and thus cannot differentiate ultra-thin

layers of neointima. Moreover, OCT data before and

immediately after the index procedure were not available.

Additionally, our findings apply to a highly selected cohort

of patients with ACS who are non-diabetic and had lesions

treated in the left anterior descending coronary artery

during the index procedure. And although the cohort

included nearly 50 % bifurcation lesions, non-apposed side

branch struts were excluded from analysis. This might

introduce selection bias. Furthermore, it should be noted

that some OCT studies performed OCT cross-sectional

analysis at 0.6 mm intervals, in contrast to the analysis at

1 mm intervals adopted in our study [22, 24]. These non-

direct comparisons should be interpreted with caution, as

different methodologies of OCT analysis can lead to dif-

ferent results. Finally, this study is underpowered to cor-

relate clinical endpoints with OCT findings. Therefore,

larger studies are needed to address the clinical implica-

tions of these results.

Conclusion

The current substudy demonstrated that in patients pre-

senting with ACS, BAS with a titanium-nitride-oxide

coating results in improved strut neointimal coverage as

compared with EES at 9-month follow-up. Additionally,

EES was associated with reduced coronary vasodilator

function.
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