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Background: Impaired bioavailability of endothelium-derived nitric oxide (NO) and endothelial dysfunction may
play a pivotal role in the pathogenesis of in-stent restenosis (ISR) after coronary stenting. We aimed to investi-
gate the relation between asymmetric dimethylarginine (ADMA), an endogenous NO synthase inhibitor, and
the ISR lesions tissue characteristics assessed by optical coherence tomography (OCT).

Methods and results: Forty-five patients with symptomatic ISR lesions (17 bare metal stents, 28 drug-eluting
stents, medium implantation duration: 58.0 months) were evaluated by OCT for in-stent tissue characteristics
and calcification. We defined neoatherosclerosis as the presence of lipid or calcified neointima in ISR lesions,
and 12 (26.7%), 33 (73.3%) ISR lesions were classified as with homogenous neointima and neoatherosclerosis re-
spectively. The patients with neoatherosclerosis have significantly higher plasma ADMA levels compared to
those of patients with homogenous neointima (1.12 £ 0.21 pmol/l versus 0.83 + 0.08 umol/l, p < 0.001). Further-
more, the plasma ADMA level of ISR lesions with intra-stent calcification (n = 24, 53.3%) was also significantly
higher than those of ISR lesions without (n = 21, 46.7%; p < 0.001). There was a highly significant association be-
tween plasma ADMA level and intra-stent relative calcium index (mean calcium arc x calcium length)/(360 x an-
alyzed length) (p <0.001, r = 0.702). In multivariate analyses adjusted for age, sex, diabetes, eGFR, plasma ADMA
level remained the only significant predictor for the presence of neoatherosclerosis (p = 0.008) and intra-stent
calcification (p < 0.001). In contrast, plasma ADMA level correlated with intra-stent relative lipid core index
(mean lipid core arc x lipid core length)/(360 x analyzed length) only in subgroup without intra-stent calcifica-
tion (p = 0.004, r = 0.596, multivariate-adjusted p = 0.022).

Conclusions: Increased plasma ADMA levels were associated with the development of in-stent neoatherosclerosis
and calcification.
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1. Introduction

In-stent restenosis (ISR) is a common complication after coronary
stenting. Although the introduction of new-generation drug-eluting
stent (DES) has greatly reduced the neointimal proliferation and
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risk of ISR, late stent failure still raises some concern after the placement
of stent. Recent pathology studies have suggested that in-stent
neoatherosclerosis may be a potential contributing factor of late ISR
and late/very late stent thrombosis [1,2]. The development of in-stent
neoatherosclerosis seems to occur early in months to years after the im-
plantation of stent, especially DES; and have been reported to be caused
by poor re-endothelialization and incompetent endothelium after
coronary stenting [3]. Impaired bioavailability of endothelium-derived ni-
tric oxide (NO) and endothelial dysfunction may play a pivotal role in the
pathogenesis of restenosis after percutaneous coronary intervention (PCI)
[4]. As a well-characterized endogenous NO synthase inhibitor that can
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impair NO bioavailability and increase oxidative stress, asymmetric
dimethylarginine (ADMA) has been suggested to be involved in the
pathogenesis of atherosclerosis and endothelial dysfunction [5,6]. In-
deed, previous studies have suggested that ADMA might independently
predict the risk of subsequent ISR and major adverse cardiovascular
events after PCI [7-9], suggested that ADMA might be involved in the
pathogenesis of ISR.

Currently optical coherence tomography (OCT) with high resolution
(10-20 pm) has been suggested to be a preferred imaging modality for
the detailed in vivo assessment of ISR tissue characteristics, and may
provide information helpful in elucidating the mechanisms of stent
restenosis [10,11]. In this study, we aimed to evaluate the relation
between the ISR lesions tissue morphologic and compositional charac-
teristics evaluated by OCT and the plasma ADMA levels in patients
developing ISR after coronary stenting.

2. Methods
2.1. Study design and objectives

We prospectively enrolled 45 consecutive patients with symptomatic angiographic-
ally documented ISR lesions (defined as diameter stenosis >50% by visual estimation in
the vessel segment within the stent). Clinical exclusion criteria were acute decompen-
sated congestive heart failure, acute and chronic infections, autoimmune diseases,
malignancy with expected life span <1 year, and unstable hemodynamic status. Moreover,
patients with left main ISR disease and in-stent total occlusion were also excluded. Our pop-
ulation included patients with stable angina (n = 36), unstable angina (n = 5) and non-ST
segment elevation myocardial infarction (n = 4). All patients were screened for the proto-
col inclusion and exclusion criteria before enrolment. Thorough medical histories of all pa-
tients were recorded. All medications, cigarette smoking and beverages containing alcohol
or caffeine were withdrawn for at least 12 h before blood sampling. Blood samples were
collected before diagnostic coronary angiography, which was then performed by standard
procedure. The study protocol was approved by the Institutional Review Board at Taipei-
Veterans General Hospital, and all participants provided written informed consent.

2.2. Angiographic analysis

Coronary angiography was performed via the trans-radial or trans-femoral approach
using 6 or 7 Fr. sheaths and catheter. The following angiographic parameters were
obtained, including minimal lumen diameter (MLD, mm), reference vessel diameter
(RVD, mm), and percentage diameter stenosis (%DS). We divided restenotic lesion type
by angiography, using ISR classification by Mehran et al. [12], in “focal” and “diffuse”.

2.3. Procedural details and OCT image acquisition and analysis

OCT pullback was performed using the ILUMIEN OPTIS™ system and Dragonfly™
(Abbott Vascular, Santa Clara, CA, USA) after an intracoronary injection of 400 pg of nitro-
glycerin. Automatic/manual pullbacks using contrast injection at a rate of 3 to 5 ml/s were
performed with a motorized pullback speed of up to 36 mm/s, 180 frames per second, and
a scan length of 54 mm. OCT images were analyzed by 2 independent investigators and
OCT image analysis was performed offline using the ORW software (Abbott Vascular,
Santa Clara, CA, USA) and OCT imaging was assessed at 1 mm intervals. We selected the
frame with the most severe ISR, the following quantitative parameters were measured:
MLD and minimal luminal area (MLA), stent area (mm?), neo-intimal area ((stent area)
- (MLA), mm?) and stent length assessed by OCT imaging.

We measured the restenotic tissue in the region of MLA between the luminal contour
and stent contour as intra-stent neointima. According to the OCT signal patterns, homog-
enous neointima was identified as signal-rich regions with low attenuation. Intra-stent
calcified neointima was identified as a heterogeneous area with low signal attenuation
and a sharply demarcated border. Intra-stent lipid neointima was defined as a homoge-
neous area with high signal attenuation and a diffuse border. As we found that there is
nearly no ISR lesions without any minimal lipid or calcium in the whole stent, we defined
neoatherosclerosis as ISR tissue with the presence of intra-stent lipid or calcified neoin-
tima with maximum lipid/calcium arc >90° [13]. Thin-cap fibroatheroma (TCFA) neoin-
tima was defined as lipid neointima with a fibrous cap thickness <65 pum at the thinnest
part [14]. Quantitative analysis for the intra-stent calcium and lipid was performed
using cross-sectional OCT images at 1-mm intervals, and calcium deposits were analyzed
individually by measured calcium arc and length. We measured the intra-stent relative
calcium index (RCI = (mean calcium arc x calcium length)/(360 x analyzed length))
and intra-stent relative lipid core index (RLCI = (mean lipid core arc x lipid core
length)/(360 x analyzed length)) as the relative volumetric indices of in-stent calcium
and lipid core content. A calcified nodule was defined as an accumulation of multiple
small protruding nodular calcifications with superficial thrombus or fibrin [15,16].
Micro-vessel was defined as the well-delineated low backscattering structures <200 um
in diameter [10]. The Peri-strut Low Intensity Area (PLIA) was defined as a region around
stent struts with homogeneous lower intensity than surrounding tissue, without signal at-
tenuation [17]. Inter-observer and intra-observer variability were assessed by evaluating

20 randomly selected images for ISR angiographic classification (focal, diffuse). In-stent
neointima characteristics (homogenous neointima, lipid neointima and calcified
neointima), PLIA, RCI and RLCI by 2 independent expert readers (W—C H. and H—Y C.)
and comparison by the same reader 2 weeks after the initial evaluation. Inter-observer
and intra-observer reproducibility of image analyses were assessed by Kappa statistics for
categorical variable or intraclass correlation coefficients (ICC) for continuous variable.
There was good inter-observer and intra-observer agreement for the assessment of ISR
angiographic classification (Kappa: 0.86, 0.91), in-stent neointima characteristics (Kappa:
0.81, 0.86), PLIA (Kappa: 0.86, 0.92), RCI (ICC: 0.91, 0.93) and RLCI (ICC: 0.89, 0.91).

2.4. Laboratory measurements

The blood samples were collected and were centrifuged at 3000 rpm for 10 min at 4 °C
immediately. Plasma samples were kept frozen at —80 °C until analysis. Serum
hypersensitivity-C-reactive protein (hs-CRP) was measured by an ultrasensitive nephelo-
metric assay (DuoSet ELISA development kit; R&D Systems, Minneapolis, MN), with
a lower detection limit of 0.2 mg/L. ADMA levels was measured by a competitive
ELISA kits (DLD Diagnostika GmbH, Hamburg, Germany) with a standard range from 0.1
to 5.0 umol/l. The detection limit is 0.05 pmol/l. Estimated glomerular filtration rate
(eGFR) was calculated according to the MDRD formula [18]. Chronic kidney disease
(CKD) was defined as eGFR <60 ml/min per 1.73 m?.

2.5, Statistical analysis

All continuous data were presented as mean =+ standard deviation or with 95%
confidence interval (CI). The differences of continuous data between two groups were
compared by two-sample t-test; the differences among three or more groups by analysis
of variance (ANOVA). Post-Hoc comparisons were performed by Bonferroni test. Categor-
ical data between two groups were compared by means of Chi-square test or Fisher's exact
test. Pearson's correlation coefficients were calculated to examine possible correlations
between continuous variables. Multivariate logistic/linear regression analyses were used
to examine the association of plasma ADMA levels with ISR tissue characteristics assessed
by OCT. A p value of <0.05 was considered to be statistically significant. All statistical
analyses were performed using SPSS statistical software (IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY: IBM Corp.).

3. Results
3.1. Baseline characteristics of the study population

Forty-five ISR lesions were evaluated by OCT in 45 patients, in-
cluding 36 cases with stable angina, 5 with unstable angina, and 4
with non-ST elevation myocardial infarction. The mean age of was
69.5 + 12.3 years, and most of the patients were male (38, 84.4%).
ISR occurred in 17 BMSs, 12 1st-generation DESs (6 sirolimus-
eluting cypher stent, 6 paclitaxel-eluting stent), and 16 2nd-genera-
tion DESs (limus-eluting stent). ISR occurred at a median period of
58.0 months after index stenting procedure (inter-quartile range:
14.5-97.0 months). The baseline clinical and angiographic charac-
teristics are shown in Table 1.

The mean plasma ADMA level was 1.05 + 0.22 umol/l. Significant
correlations were observed between plasma ADMA level and age (r =
0.37, p = 0.012), and eGFR (r = —0.36, p = 0.015), respectively. In
addition, the plasma ADMA levels in patients with Mehran's classifica-
tion diffuse type ISR (n = 30) were significantly higher than those of pa-
tients with focal type ISR (n = 15) (1.10 4 0.22 umol/l versus 0.95 +
0.20 umol/l, p = 0.005).

3.2. OCT features and plasma ADMA levels

The OCT data was summarized in Table 2. According to the findings
of OCT, 12 (26.7%) and 33 (73.3%) ISR lesions were classified as with
homogenous neointima and with neoatherosclerosis respectively. The
patients with ISR lesions with neoatherosclerosis were older and had
significantly worse renal function (Table 2). Notably, the patients with
ISR neoatherosclerosis have significantly higher plasma ADMA levels
compared to those of patients with homogenous neointima (1.12 +
0.21 pmol/I versus 0.83 + 0.08 umol/l, p < 0.001, Fig. 1A). Moreover,
patients with irregular ISR lumen shape had significantly higher
plasma ADMA levels compared to patients with regular round ISR
lumen (1.15 4+ 0.24 pmol/l versus 0.98 + 0.18 pmol/l, p = 0.011).
PLIA was observed in 17 patients (37.8%), whose plasma ADMA levels
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Table 1
Baseline characteristics.
Variables Overall Neoatherosclerosis Neoatherosclerosis p In-stent calcification In-stent calcification p value
patients (=) (+) value (—) (+)
N =145 N=12 N=33 N=21 N=24

Baseline characteristics

Age, (year) 69.5 + 12.3 61.5 + 10.1 724+ 119 0.007 63.7 + 10.8 745 £ 114 0.002

Male 38 (84.4%) 11 (91.7%) 27 (81.8%) 0.420 19 (90.5%) 19 (57.6%) 0.296

Hypertension 39 (86.7%) 11 (91.7%) 28 (84.8%) 0.552 17 (81.0%) 22 (91.7%) 0.292

Diabetes 25 (55.6%) 7 (58.3%) 18 (54.5%) 0.821 13 (61.9%) 12 (50.0%) 0.423

Atrial fibrillation 6 (13.3%) 0 (0%) 6 (18.2%) 0.113 1(4.8%) 5(20.8%) 0.114

Hypercholesterolemia 26 (57.8%) 6 (50%) 20 (60.6%) 0.524 10 (47.6%) 16 (66.7%) 0.197

CKD 13 (28.9%) 0 (0%) 13 (39.4%) 0.010 3(14.3%) 10 (41.7%) 0.043

Current smoker 3(6.7%) 0 (0%) 3(9.1%) 0.522 4 (19.0%) 5(20.8%) 0.158

Ex-smoker 9 (20.0%) 3 (25.0%) 6 (18.2%) 0.688 3(14.3%) 0 (0%) 0.112

History of old MI 8 (17.8%) 2 (16.7%) 6 (18.2%) 0.906 3(14.3%) 5(20.8%) 0.567

CHF 11 (24.4%) 4 (33.3%) 7 (21.1%) 0.403 6 (28.6%) 5(20.8%) 0.547

Previous CABG 1(2.2%) 0 (0%) 1(3.1%) 0.542 0 (0%) 1(4.2%) 0.344

PAOD 4 (8.8%) 1(8.3%) 3(9.1%) 0.937 2 (9.5%) 2 (8.4%) 0.889

Old stroke 1(2.2%) 0 (0%) 1(3.1%) 0.542 1(4.8%) 0 (0%) 0.280

Clinical presentation 0.931 0.448
Stable angina 36 (80.0%) 10 (83.3%) 26 (78.8%) 18 (85.7%) 18 (75%)

Unstable angina 5 (11.1%) 1(8.3%) 4(12.1%) 1(4.8%) 4 (16.7%)
NSTEMI 4 (8.9%) 1(8.3%) 3(9.1%) 2 (9.6%) 2 (8.3%)
Medications, n (%)
Aspirin 34 (75.6%) 10 (83.3%) 24 (72.7%) 0.464 17 (80.9%) 17 (70.8%) 0.431
Clopidogrel 14 (31.1%) 4(33.3%) 12 (36.4%) 0.851 8 (38.1%) 8(33.3%) 0.739
Beta-blocker 21 (46.7%) 7 (58.3%) 14 (42.4%) 0.388 8 (38.1%) 13 (54.2%) 0323
ACEI/ARB 27 (60.0%) 7 (58.3%) 20 (60.6%) 0.372 12 (57.1%) 15 (62.5%) 0.546
Statins 20 (44.4%) 7 (58.3%) 13 (39.4%) 0.258 10 (47.6%) 10 (41.7%) 0.688
DAPT 10 (22.2%) 4 (33.3%) 6 (18.2%) 0.553 4(19.1%) 5(20.8%) 0.832

Laboratory measurements
Total cholesterol (mg/dl) 156.6 4+ 35.3 160.6 + 40.2 155.2 + 339 0.682 160.4 + 38.2 153.2 £ 329 0.507
LDL-C (mg/dl) 89.5 £ 35.1 96.7 + 37.1 87.2 £ 292 0.410 98.1 +33.1 83.5 + 282 0.141
Creatinine (mg/dl) 2.04 £ 2.54 1.08 4 0.20 2.39 £ 2.90 0.015 1.85 +2.31 2.19 £ 2.77 0.655
eGFR 614 + 276 762 £ 154 56.1 £ 29.3 0.005 66.4 + 254 57.1 + 29.1 0.259
White blood cell (10%/L) 6375 + 1550 6708 + 1875 6524 + 1428 0.391 6566 + 1704 6208 + 1417 0.446
Left ventricular ejection fraction (%)  53.0 4+ 11.1 56.3 +10.3 516 +£11.3 0.946 52.7 £ 10.9 531+ 114 0.908

Biomarkers
ADMA (umol/1) 1.05 + 0.22 0.83 £ 0.08 1.12 £ 0.21 0.000 0.88 £ 0.11 1.19 £ 0.19 0.000
Hs-CRP (ng/mL) 3717 + 8837 998.5 + 1099 4700 + 10,158 0.047 3155 + 5880 4201 4 10,899 0.697

Angiographic characteristics

Stent type 0.086 0.203
BMS 17 (37.8%) 7 (58.3%) 10 (30.3%) 10 (47.6%) 7 (29.2%)

DES 28 (62.2%) 5 (41.7%) 23 (69.7%) 11 (52.4%) 17 (70.8%)

DES type 0.175 0.434
1ST-generation DES 12 (26.7%) 3 (25%) 9 (27.3%) 5(23.8%) 7 (29.2%)
2ND-generation DES 16 (35.6%) 2 (16.7%) 14 (42.4%) 6 (28.5%) 20 (83.3%)

Duration of stent implantation 58.0 63.5 4+ 64 66 + 52.8 0.894 64.0 + 55.8 66.7 + 56.0 0.872
(months) (14.5-97.0)

Diseased vessel number 0.308 0.764
SVD 17 (37.8%) 5 (41.7%) 12 (36.4%) 9 (42.9%) 8 (33.3%)

DVD 13 (28.9%) 5 (41.7%) 8 (24.2%) 6 (28.6%) 7 (29.2%)
TVD 15 (33.3%) 2 (16.7%) 13 (39.4%) 6 (28.6%) 9 (37.5%)

ISR angiographic classification 0.032 0.011
Focal 15 (33.3%) 7 (58.3%) 8 (24.2%) 11 (52.4%) 4 (16.7%)

Diffuse 30 (66.7%) 5 (41.7%) 25 (75.8%) 10 (47.6%) 20(83.3%)

QCA measurements
MLD (mm) 1.41 + 0.50 143 £ 0.36 1.39 + 0.36 0.862 1.38 £ 0.22 1.44 £+ 031 0.783
RVD (mm) 2.62 £+ 0.51 2.58 + 0.48 2.64 £+ 0.31 0.831 2.60 + 0.49 2.64 £+ 0.56 0.854
DS (%) 78.6 + 16.2 763 £17.1 82.1+ 186 0.844 75.6 + 18.6 813 + 152 0.864

ADMA: asymmetric dimethylarginine; ACEI: angiotensin converting enzyme inhibitor; ARB: angiotensin-II receptor blocker; BMS: bare metal stents; CABG: coronary bypass grafting
surgery; CHF: congestive heart failure; CKD: chronic kidney disease; DAPT: dual anti-platelet therapy; DES: drug-eluting stents; DS: diameter stenosis; DVD: double vessel disease;
eGFR: estimated glomerular filtration rate; Hs-CRP: hypersensitivity C-reactive protein; ISR: in-stent restenosis; LDL-C: low density lipoprotein; MI: myocardial infarction; MLD: minimal
lumen diameter; NSTEMI: non-ST segment elevation myocardial infarction; PAOD: peripheral artery occlusive disease; QCA: qualitative comparative analysis; RVD: reference vessel
diameter; SVD: single vessel disease; TVD: triple vessel disease.

were significantly higher than those without (1.16 + 0.25 umol/l versus In multivariate analysis adjusted for age, sex, diabetes, eGFR,
0.98 4+ 0.17 umol/l, p = 0.005). Taken together, these evidences sug- plasma ADMA level remained the only significant predictor for
gested that elevated ADMA levels might be involved in the development the ISR lesions with neoatherosclerosis (p = 0.008, Table 3). Further-
of neoatherosclerosis. In contrast, there was no significant association more, the association of plasma ADMA level and ISR lesions with
between plasma ADMA level and intra-stent neovascularization (p = neoatherosclerosis remained significant after multi-variables adjust-
0.302). ment either in BMS/DES group (p = 0.041, 0.052, respectively) or in
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Table 2
Optical coherence tomography characteristics.
Variables Overall patients N = 45  Neoatherosclerosis ~ Neoatherosclerosis ~ p value  In-stent In-stent p value
(=) (=) Calcification (—)  Calcification (+)
N=12 N=33 N =21 N =24

Quantitative parameters
MLD (mm) 1.21 +£ 037 1.19 £ 040 122+ 036 0.851 1.19 + 0.40 1224033 0.755
MLA (mm?) 2.47 + 436 2414422 2.62 4+ 442 0.140 2.46 4+ 422 251 4+ 442 0371
Neo-intimal area (mm?) 3.69 £+ 0.96 3.12 £ 0.64 3.90 4+ 0.97 0.013 3.46 4+ 0.86 3.89 + 1.00 0.131
Mean calcium arc (degree) 1154 + 34.1 202 +£2.25 1214 £ 363 0.001 29.2 4+ 285 145.5 + 32.4 0.001
Mean calcium length (mm) 132+ 4.12 7.81 £2.23 14.7 £ 342 0.000 7.92 £233 16.7 + 3.12 0.000
Mean calcium thickness (mm) 0.46 4 0.14 0.18 £+ 0.04 0.58 4 0.18 0.000 0.23 £+ 0.11 0.69 4 0.26 0.000
Mean lipid core arc (degree) 94.3 + 54.9 29.6 + 19.6 86.1 + 38.1 0.000 76.6 &+ 29.6 68.1 &+ 18.1 0.452
RCI 0.14 £ 0.08. 0.07 £+ 0.03 0.17 &+ 0.07 0.000 0.09 £ 0.04 0.19 £+ 0.07 0.000
RLCI 0.13 4 0.08 0.05 + 0.02 0.15 4 0.08 0.000 0.13 £+ 0.12 0.11 4 0.02 0.407
Calcium nodule 9 (20.0%) 0 (0%) 9 (27.3%) 0.043 1(4.8%) 8(33.3%) 0.017
Lumen shape 0.215 0.038

Regular 27 (60.0%) 9 (75%) 18 (54.5%) 16 (76.2%) 11(45.8%)

Irregular 18 (40.0%) 3(25%) 15 (45.5%) 5(23.8%) 13 (54.2%)
Peri-strut low intensity area 17 (37.8%) 1(8.3%) 16 (48.5%) 0.014 4(19.0%) 11 (45.8%) 0.015
Total micro-vessels (Superficial, Deep) 0.667 0.889

Superficial 3(6.7%) 1(8.3%) 2(6.1%) 1(4.8%) 2(9.6%)

Deep 2 (4.4%) 1(8.3%) 1(3.1%) 1(4.8%) 1(4.8%)

MLA: minimal lumen area; MLD: minimal lumen diameter; RCI: relative calcium index; RLCI: relative lipid core index.

lesions with ISR duration >36 months or <36 months, (n = 26/19,
both p < 0.01, respectively).

3.3. ISR calciumy/lipid and plasma ADMA levels

We also measured the intra-stent calcification parameters in OCT
image. Extensive intra-stent calcification (calcium arc >90°) was
presented in 24 lesions (53.3%, maximal calcium thickness: 0.71 +
0.24 mm, mean calcium thickness: 0.46 £+ 0.14 mm, mean calcium
length: 13.2 + 4.1 (mm), and mean calcification arc: 115.4 + 34.1°),
and patients with ISR lesions and calcified neointima were older and
had worse renal function (Table 1). Calcium nodule was presented in 9
ISR lesions (20.0%). The presence of extensive intra-stent calcification
was more common in patients with CKD (p = 0.043), but was not associ-
ated with ISR duration or stent type. In contrast, the plasma ADMA level of
ISR lesions with extensive intra-stent calcification was significantly higher
than those of ISR lesions without intra-stent calcification (1.19 + 0.19
umol/l versus 0.88 + 0.11 pmol/l, p < 0.001, Fig. 1B). Likewise, the plasma
ADMA level of ISR lesions with calcium nodule was also higher than those
without (1.27 £ 0.17 umol/l versus 0.99 + 0.19 umol/l, p <0.001). In mul-
tivariate regression analysis, the plasma ADMA level significantly predicts
the presence of intra-stent calcification as well as calcium nodule in ISR le-
sions (p = 0.002, p = 0.019, respectively). Furthermore, there was a
highly significant association between plasma ADMA level and intra-
stent RCI (p < 0.001, r = 0.702, Fig. 1C; multivariate-adjusted p < 0.001,
Table 3). The association of plasma ADMA level and intra-stent RCI
remained significant after multivariable adjustment either in BMS/DES
group (both p < 0.001, respectively) or in lesions with ISR duration
>36 months or <36 months (n = 26/19, both p < 0.001, respectively).

The plasma ADMA level was not correlated with RLCI in the whole
population (correlation p = 0.519, r = 0.10). However, there was a
highly significant association between plasma ADMA level and intra-
stent RLCI in subgroup of patients without intra-stent calcification (p =
0.004, r = 0.596, multivariate adjusted p = 0.022, Fig. 1E). In contrast,
there were no significant associations among plasma hs-CRP level/stent
type/ISR duration and various ISR OCT parameters.

4. Discussion
4.1. Main findings

In this study, we find that the elevated plasma ADMA levels were as-
sociated with the presence of neoatherosclerosis in in-stent restenotic

lesions. Moreover, plasma ADMA levels closely correlated with intra-
stent calcification. Our findings provide the first evidence that ADMA
might be involved in the development of ISR neoatherosclerosis and
calcification.

4.2. ISR tissue pattern/composition characteristics and ADMA

Several studies have showed that ADMA might be associated with the
risk of ISR after PCI [7-9], and the administration of L-arginine to antag-
onize the NO inhibitory effect by ADMA has been suggested to be bene-
ficial in the prevention of ISR [19], though some studies showed negative
results [20,21]. With high axial resolution (10-20 pm), OCT has been
demonstrated to be able to detect different patterns of restenotic tissue
after coronary stenting [10,22]. In-stent neoatherosclerosis is character-
ized by the lipid-laden neointima and/or calcification within the neoin-
tima by OCT imaging, and in this study we found that the plasma
ADMA level was significant higher in ISR lesions with in-stent
neoatherosclerosis compared to those of ISR lesions without. Although
several clinical features, including longer duration of stent implantation,
usage of DES and chronic kidney disease have been shown to be associ-
ated with the OCT-detected neoatherosclerosis [23], our study for the
first time showed the relation between plasma ADMA level and in-
stent neoatherosclerosis detected by OCT, and our findings were in line
with previous small studies that showed the increased plasma ADMA
levels might predict the risk of restenosis and adverse cardiovascular
events after PCI [7-9]. On the other hand, PLIA has been reported to be
correlated with the presence of fibrinoid and proteoglycans, and associ-
ated with neointimal proliferation after stenting [24]. Moreover, the
presence of PLIA on OCT image might be associated with ISR and revas-
cularization after everolimus-eluting stent implantation [25]. Therefore,
it is interesting to find that ISR lesions with PLIA were associated with
significantly higher plasma ADMA levels in this study. Nevertheless,
the relation between ADMA and ISR tissue structure characteristics
need to be confirmed in larger cohorts.

4.3. ADMA and ISR neoatherosclerosis — possible pathophysiologic
mechanisms

Stent implantation causes severe injury of vascular endothelium,
which is intrinsically repaired within several weeks to months.
However, the process of re-endothelialization is often incomplete or
dysfunctional, especially in DES, with poorly formed cell junctions,
reduced expression of antithrombotic molecules and decreased NO
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Fig. 1. A: Plasma ADMA levels according to the presence of neoatherosclerosis or not assessed by OCT. p values by Student's t-test are shown. B: Plasma ADMA levels according to the
presence of intra-stent calcification or not assessed by OCT. p values by Student's t-test are shown. C-E: Correlations between plasma ADMA level and in-stent relative calcium index
(RCI) in whole population (1C); and correlation between plasma ADMA level and in-stent relative lipid core index (RLCI) in patients with (1D) and without intra-stent calcification

(1E). p values calculated by Pearson's correlation are shown.

production, and may lead to the development of very late in-stent
thrombosis, neoatherosclerosis and restenosis [3]. Indeed, endothelial
dysfunction, characterized by impaired NO bioavailability, is present in
the initial stage of atherosclerosis and has been reported to predict the
occurrence of ISR in patients undergoing PCI [26,27]. As an endogenous
NO synthase inhibitor, ADMA was reported to be associated with
endothelial dysfunction [5,6], probably via its effects on reducing NO
bioavailability and/or increasing oxidative stress. Transgenic mice
over-expressing dimethylarginine dimethylaminohydrolase 1 (DDAH1,
the enzyme responsible for the degradation of ADMA in human) had
lower plasma ADMA level, and was associated with accelerated endothe-
lial regeneration and reduced neointimal hyperplasia after endothelial
denudation and vascular injury [28]. ADMA was also independently

associated with glycoprotein IIb/Illa activation after stenting [29]. These
evidences altogether suggested that ADMA might increase vascular
superoxide formation, might be an endogenous atherogenic molecule,
and might be involved in platelet activation, impaired vascular repair,
formation of neoatherosclerosis and restenosis after coronary artery
stenting.

4.4. Intra-stent calcification and ADMA

Coronary artery calcification has been regarded as a surrogate for
total atherosclerotic plaque burden and may predict future adverse
cardiovascular events [30]. Atherosclerotic plaque evolution, inflamma-
tion, and apoptosis of inflammatory cells may contribute to the initiation

Table 3

Multi-variable regression analyses for ISR lesions with neoatherosclerosis and in-stent calcification.
Variables Neoatherosclerosis In-stent RCI

0Odds ratio (95% CI) p value 0Odds ratio (95% CI) p value

Age 1.098 (0.973-1.239) 0.128 0.001 (0.000-0.003) 0.148
Sex 0.787 (0.029-21.288) 0.887 0.014 (—0.036-0.064) 0.578
Diabetes 0.458 (0.044-4.790) 0.514 —0.031 (—0.069-0.007) 0.111
ADMA 25.218 (2.344-271.346) 0.008 0.048 (0.028-0.068) <0.001
(1 SD increase of ADMA)
eGFR 0.424 (0.088-2.051) 0.286 —0.004 (—0.024-0.068) 0.660

(1 SD increase of eGFR)

eGFR: estimated glomerular infiltration rate; RCI: relative calcium index.
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and progression of coronary artery calcification [31], and ADMA may be
involved in these processes, as ADMA has been reported to accelerate
foam cell formation [32], and might induce apoptosis of endothelial cell
by increasing intracellular oxidant production [33]. In the CARDIAC
study, an independent relationship was found between plasma ADMA
levels and the degree of coronary calcification detected by computer to-
mography [34]. Krzanowski M et al. recently reported that increased
ADMA concentrations were related to medial arterial calcification and
bone turnover parameters in patients with chronic kidney disease, sug-
gested that ADMA might be involved in the development of advanced
atherosclerosis and calcific atherosclerotic plaque [35]. In contrast, the
incidence, characteristics and clinical implication of intra-stent neointi-
mal calcification after stent implantation has rarely been addressed. An
IVUS study has found that the neointimal calcification was presented
only in 9.4% ISR lesions and was associated with impaired renal function
and longer duration after stenting [36]. Recently, a OCT study showed
that calcified neoatherosclerosis was the predominant pattern of ISR in
16% of ISR lesions, and was associated with older age, longer stent im-
plantation period, less use of statins and angiotensin-converting enzyme
inhibitors/angiotensin receptor blockers [37]. In contrast, we detected
more intra-stent calcification in our ISR lesions (53.3%), which was
associated with older age and worse renal function, but not with stent
implantation duration or medication. These different findings might be
related to the longer stent implantation duration and different demo-
graphic characteristics in our patients. Intriguingly, we found that there
was a significant association between plasma ADMA levels and intra-
stent RCI, independent on renal function, type of stent and duration of
stent implantation. So far, few studies address the relation between
ADMA and ISR calcification, and again, our results need to be confirmed
in larger studies.

4.5. Limitations

There were several limitations in our study. First, the sample size of
this study is relatively small, and including patients with stable angina
and acute coronary syndrome, as well as patients undergoing PCI with
implantation of BMS, 1st DES and 2nd DES. Moreover, there were large
variations in the duration of ISR after index stenting procedure (median
period of 58.0 months, inter-quartile range: 14.5-97.0 months). All these
heterogeneities may lead to potential bias to this study, and our results
may not be generalizable to other population, such as patients with left
main ISR lesions, total occluded and bioresorbable scaffold (BVS) ISR le-
sions. In addition, the incidence of in-stent neoatherosclerosis of our
study appeared to be higher than human autopsy study (DES: 23/38,
82%/BMS: 7/17, 59% in our study versus Nakazawa et al. DES 31%/BMS
16%) [1]. Longer implantation duration in our study might be a possible
explanation, as the in-stent neoatherosclerosis would be more common
as the stent was implanted for a longer duration. However, due to limited
histopathological correlation studies with some tissue composition
of the ISR lesions assessed by OCT remaining speculative, potential
over-diagnosis of neoatherosclerosis by OCT could not be ruled out
completely, and the limitations of tissue characterization with this tech-
nology should always need to be taken into consideration [38]. Finally,
Khalifa et al. reported that ADMA levels might increase up to 30%
4 months following coronary stenting [39], suggesting that the temporal
change of plasma ADMA levels may also be informative, but we did not
measure the initial baseline plasma ADMA levels at the index PCI as
well as after follow-up angiography to assess its predictive power for
the follow-up OCT ISR tissue characteristics and the variation of plasma
ADMA levels.

5. Conclusions

Increased plasma ADMA levels were associated with the develop-
ment of ISR neoatherosclerosis and calcification. The role of ADMA in

the pathogenesis of ISR after coronary stenting may warrant further
studies.
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