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the mobilisation of cellular precursors such as bone mar-
row-derived progenitor cells (BM-PC),3 whose presence in 
the neointimal tissue generated after vascular damage has 
been documented.4 Several clinical studies have shown a 
relationship between levels of circulating progenitor cells 
(CPC) and ISR occurrence following the implantation of 
bare metal stents (BMS),5–8 an effect that might be explained 
by the ability of CPC to differentiate not only as endothe-
lial cells, but also as smooth muscle cells (SMC) with syn-
thetic phenotype.9 From the perspective of these findings, 
CPC levels can be considered risk biomarkers for ISR 
development following BMS implantation. In addition, 

T he incidence of in-stent restenosis and stent throm-
bosis – the main causes of stent failure following 
percutaneous coronary intervention (PCI) – has 

been reduced with the development of and treatment with 
second-generation drug-eluting stents (DES).1 Neverthe-
less, a percentage of patients still experience these compli-
cations, which may have clinically relevant consequences.

In the DES era, the biochemical and cellular mechanisms 
involved in ISR are largely unknown. Previous pathology 
reports have demonstrated a direct correlation between 
vascular damage during stent implantation and the repara-
tive response of the vascular wall;2 an inadequate response 
may lead to significant luminal obstruction. Vascular heal-
ing after stenting results from the combined effect of local 
and systemic responses to vessel damage. The latter includes 
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Background: The role of circulating progenitor cells (CPC) in vascular repair following everolimus-eluting stent (EES) implantation 
is largely unknown. The aim of the study was to investigate the relationship between temporal variation in CPC levels following EES 
implantation and the degree of peri-procedural vascular damage, and stent healing, as measured by optical coherence tomography (OCT).

Methods and Results: CPC populations (CD133+/KDR+/CD45low) included patients with stable coronary artery disease undergo-
ing stent implantation, and were evaluated using a flow cytometry technique both at baseline and at 1 week. OCT evaluation was 
performed immediately post-implantation to quantify the stent-related injury and at a 9-month follow up to assess the mid-term 
vascular response. Twenty patients (mean age 66±9 years; 80% male) with EES-treated stenoses (n=24) were included in this study. 
Vascular injury score was associated with the 1-week increase of CD133+/KDR+/CD45low (β 0.28 [95% CI 0.15; 0.41]; P<0.001) and 
with maximum neointimal thickness at a 9-month follow up (β 0.008 [95% CI 0.0004; 0.002]; P=0.04). Inverse relationships between 
numbers of uncoated and apposed struts for the 9-month and the 1-week delta values of CD133+/KDR+/CD45low (β −12.53 [95% 
CI −22.17; −2.90]; P=0.011), were also found.

Conclusions: The extent of vessel wall injury influences early changes in the levels of CPC and had an effect on mid-term vascular 
healing after EES implantation. Early CPC mobilisation was associated with mid-term strut coverage.

Key Words: Circulating progenitor cells; Drug-eluting stent; Optical coherence tomography; Restenosis; Stent thrombosis

ORIGINAL ARTICLE



Circulation Journal Vol.86, June 2022

967Vascular Injury After Stenting

and placed into EDTA-anticoagulant tubes. Samples were 
obtained before stent implantation and at 7 days. A total of 
100 μL whole blood was labelled with fluorescein isothio-
cyanate (FITC)-CD45 antibody (Miltenyi Biotec, Germany), 
Alexa Fluor 700 KDR (R&D Systems Minneapolis, MN, 
USA), Phycoerytrin-Cyanine-7 (PC7)–CD34 (Beckman 
Coulter, Miami, FL, USA), or phycoerythrin (PE)-CD133 
antibody (Miltenyi Biotec) for 20 min on ice, then a lysis of 
erythrocytes was performed with VersaLyse (Beckman 
Coulter, CA, USA). Appropriate fluorescence isotype anti-
bodies were used as controls. To determine absolute values, 
100 μL of flow-count beads (Beckman Coulter) were added 
to each sample, and samples were immediately analysed 
using a Gallios flow cytometer (Beckman Coulter). At least 
250,000 events were acquired in leukocyte gates. Cells were 
analysed using gating strategies according to the Modified 
ISHAGE Protocol.11 Gate R1 corresponds to CD45+ events 
(including both CD45low and CD45bright events) and was 
displayed on CD45-FITC vs. a side scatter (SSC) dot plot. 
The events in gate R1 were displayed on CD133 vs. a SSC 
dot plot to identify CD133+ cells (R2 gate) according to 
labelling strategies. The third plot corresponds to cells with 
characteristic low CD45 fluorescence and a SSC dot plot 
(R3) that was plotted with R1 and R2 criteria. A forward 
scatter FSC and SSC dot plot was displayed to confirm 
that selected cells corresponded to the lymphocyte region 
(R4). Finally, the events fulfilling all criteria gates (R1, R2, 
R3 and R4) were displayed on a quadrant plot to define 
CD133+ and KDR+ cells. Data were analysed using Kaluza 
software (Beckman Coulter). The results were expressed as 
absolute numbers of cells per µL. Intraobserver variability 
was assessed by analysing in duplicate, and by using the 
same observer; the kappa-value obtained was 0.92.

A colony forming unit assay was performed to isolate 
mononuclear cells; 30 mL of EDTA-treated peripheral blood 
was diluted with the same volume of sterile saline solution. 
The diluted blood was centrifuged in Ficoll Density gradi-
ent (LSM 1077) at 1,200 rpm for 20 min at 20°C. Buffy coat 
(mononuclear fraction of cells) was collected and washed 
twice with physiological saline by centrifuging at 1,500 rpm 
for 15 min. The sediment was resuspended in MV2 endo-
thelial cell culture (Promocell) with 50 µg/mL of gentamicin 
to obtain isolated mononuclear cell cultures, which were 
then seeded in plates coated with 10 µg/mL of human fibro-
nectin. The plates were incubated at 37°C and 5% de CO2 

for the analysis of colony-forming units (CFU), a cluster-
ing of spindle cells distributed around a nucleus of rounded 
cells. On the following day, the supernatant of the culture 
plates with non-adherent cells was carefully collected and 
passed to new plates coated with fibronectin; these were 
kept under the same culture conditions for 1 week. At 7 
days, the CFU were counted with an inverted optical micro-
scope. The analysis of CFU was performed at baseline.

Quantitative Angiographic Analysis (QCA)
QCA analyses were performed to calculate the stent/artery 
ratio. The analysis was undertaken following a previously 
described methodology12 using an automatic edge detec-
tion system (Medis Medical Imaging Systems BV Leiden, 
The Netherlands), by an investigator blinded to the clinical 
and laboratory data.

OCT Assessment
During PCI, OCT imaging was performed only after stent 
implantation and was used to guide stenting and to ensure 

the percentage of BM-PC in histological sections of neo-
intima varies according to the type of vascular damage, 
leading to a hypothesis that the magnitude of the systemic 
response and the recruitment of BM-PC in the stented 
coronary segment might be modulated by the extent of 
vascular injury.10

The aim of our study was to investigate the association 
between the systemic response measured by temporal vari-
ation in CPC levels to the degree of acute vessel wall injury 
caused by everolimus-eluting stent (EES) implantation, as 
measured by optical coherence tomography (OCT). In 
addition, we also studied the relationship between CPC 
levels and mid-term vascular repair mechanisms:  strut 
coverage and neointimal hyperplasia.

Methods
Study Population and Endpoints
This prospective, single-centre, observational, longitudinal 
study collected individual data from an opportunistic sam-
ple of patients with coronary artery disease treated by EES 
implantation and fulfilled the following inclusion criteria: 
clinical presentation with stable angina, silent ischemia or 
unstable angina (with no elevation of markers of myocar-
dial damage); presence of at least 1 severe coronary steno-
sis (>70% diameter stenosis by visual analysis) amenable 
to percutaneous treatment with DES implantation and 
OCT interrogation; and chronic treatment with statins for 
at least 2 months prior to study inclusion. Exclusion criteria 
were: age <18 years; pregnant, or of childbearing potential; 
recent (<3-month) ST-segment or non ST-segment elevation 
myocardial infarction; additional DES or BMS implanted 
during the same procedure; percutaneous treatment of 
restenotic lesions or total chronic occlusions; use of abla-
tion techniques (rotational atherectomy); chronic renal 
insufficiency with serum creatinine ≥2.5 mg/dL; coronary 
revascularisation in the previous 3 months; severe ven-
tricular dysfunction (LVEF <25%); major trauma or sur-
gery in the previous 3 months; organ transplant recipient; 
active neoplastic process or inflammatory disease; treat-
ment with immunosuppressants; contraindication or 
allergy to thienopyridines; and <1-year life expectancy. All 
patients were treated with dual anti-platelet therapy up to 
1 year.

The local ethics committee approved the study protocol, 
and all patients provided written informed consent to undergo 
the procedure and to be included in the study.

As we study different vascular healing processes both 
acute (vascular injury) and in the longer term (strut coverage 
and neointimal hyperplasia) following DES implantation, 
we studied CD133+/KDR/CD45low, which are immature 
cells (CD133+) and are committed to the endothelial lin-
eage, as expressed by the KDR+ marker.10

The primary endpoint of the study was to identify any 
association between CPC mobilization after EES implan-
tation and its relationship with the extent of vascular injury 
after stenting, as measured by OCT. Secondary endpoints 
aimed to assess the mobilization of progenitor cells and the 
degree of strut coverage at 9-month follow up; the associa-
tion between the degree of vascular injury and neointimal 
hyperplasia at 9 months was also assessed.

Flow Cytometry Analysis and Colony-Forming Unit Assay
All flow cytometry analysis was performed, as previously 
described.5 Briefly, peripheral blood samples were taken 
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percentage area of neointimal tissue.14 Neointimal volume 
was calculated as: neointimal area×stent length.

Assessment of Vessel Injury
In the post-implantation OCT images, acute vessel injury 
was evaluated, as previously described.15 Tissue prolapse 
was defined as a convex-shaped protrusion of tissue 
between adjacent stent struts towards the lumen, without 
disruption of the continuity of the luminal vessel surface 
(Figure 1D). Protrusion of tissue between struts was con-
sidered as tissue prolapse only if the distance from the arc 
connecting adjacent stent struts to the greatest extent of 
protrusion was ≥50μm. The inter- and intra-observer vari-
ability of the data had a k-value of 0.965 and 0.983, respec-
tively. Intra-stent dissection was defined as a disruption of 
the luminal vessel surface in the stent segment. It can 
appear in 2 forms: (1) dissection: the vessel surface is dis-
rupted, and a dissection flap is visible; and (2) cavity: the 
vessel surface is disrupted, and an empty cavity can be seen 
(Figure 1C). The inter- and intra-observer variability of the 
data had a k-value of 0.943 and 0.981, respectively. Edge 
dissection was defined as a disruption of the luminal vessel 
surface in the edge segments (within 5 mm proximal and 
distal to the stent, no struts are visible; Figure 1F). The 
inter- and intra-observer variability of the data had a 
k-value of 0.9572 and 0.989, respectively. Thrombus was 
defined as an irregular mass with dorsal shadowing pro-
truding in the lumen (mural thrombus) or a luminal mass 
with dorsal shadowing (Figure 1E). The inter and intra-
observer variability of the data had a k-value of 0.965 and 
0.987, respectively. In order to categorise the degree of 
vascular injury, we have used 2 definitions: (1) Injury score: 
this was calculated as previously described16,17 for each 

adequate expansion and apposition of the implanted EES. 
Once PCI was completed, a set of OCT images was obtained 
for the purpose of the study. At 9 months follow up, the 
same coronary segment was again interrogated with OCT. 
The images were analysed offline at an independent core-
lab (Barcicore Lab, Barcelona, Spain) by 2 independent 
observers blinded to blood analysis results using a work-
station with dedicated OCT analysis software (LightLab 
Imaging Inc). The inter- and intra-observer variability of 
the data was excellent, with a k-value of 0.956 and 0.986, 
respectively. The region of interest comprised both the 
stented region and the stent margins (vessel segment 5 mm 
proximal and distal to the newly implanted stent after final 
post-dilatation). The procedural strategy adopted by oper-
ators to treat incomplete stent apposition (ISA) immedi-
ately after implantation was used to post-dilate in cases of 
large ISA distance (>350–400 µm).13

Assessment of Strut Coverage and Apposition
The OCT images obtained at follow up were analysed to 
determine whether stent struts were covered and apposed 
to the vessel wall. Struts were classified as uncovered and 
malapposed, as previously described.14 In every 5th frame 
(1 mm), we evaluated each stent strut condition for classi-
fication into 1 of 6 categories: (1) well-apposed to the vessel 
wall with tissue coverage overlaying the strut; (2) well-
apposed to the vessel wall without tissue coverage; (3) 
malapposed to the vessel wall with tissue coverage; (4) 
malapposed to the vessel wall without tissue coverage; (5) 
orifice branch site with tissue; and (6) orifice branch site 
without tissue. To normalize by stent length, we calculated 
the percentage of uncovered struts per mm of stent. Quan-
titative measurements included the neointimal area and the 

Figure 1.  An example of optical coherence tomography (OCT) analyses of neointimal hyperplasia (A,B) and vascular damage 
(C–F). (A) OCT findings with mild neointimal hyperplasia at 9 months. (B) Computerized off-line analysis of the amount of neointi-
mal hyperplasia. OCT analysis of the vascular damage after stent implantation: (C) intrastent dissections (arrow). (D) Plaque 
prolapse (arrow). (E) Thrombus (arrow). (F) Edge dissection (arrow). *Wire artifact.
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number of dissections, the number of quadrants with dissec-
tions; the length of edge dissections; and the number of 
dissections at the borders were significantly associated with 
the absolute number and delta value at 1 week number of 
CD133+/KDR+/CD45low (Table 4, Figure 2B).

Injury score was closely related to the maximal neointi-
mal thickness at 9 months follow up (β 0.0008 [0.00004; 
0.002]; P=0.04). and percentage maximal in-stent volume 
obstruction (β 0.0003 [0.00005; 0.006]; P=0.02) (Figure 2D). 
A trend was noted between the number of dissections at 
the borders and the maximal in-stent volume obstruction, 
and number of in-stent dissections and maximal neointi-

quadrant of each image (total injury score by frame from 
0 to 8: 0=absence of dissection, 1=minor dissection [<300 μm 
in depth] and 2=major dissection [≥300 μm in depth]). Sub-
sequently, stent-level injury score was calculated as a mean 
of the injury score of individual frames (also from 0 to 8), 
and vascular damage score was defined as the sum (1–4) of 
the presence of 4 individual variables: tissue prolapse, 
intra-stent dissections, dissection at the edges of the stent, 
and thrombi. Both scores were calculated at 1-mm inter-
vals along the total stent length, and vascular damage also 
included both edges (5 mm).

Statistical Analysis
Continuous variables were presented as mean and standard 
deviation, or median and interquartile range in case of 
asymmetry, and categorical variables as percentages. After 
checking for normal distribution (Kolmogorov-Smirnov 
normality test), continuous variables were compared using 
a paired Student’s t-test (comparison between baseline and 
follow up). To take into account intraindividual variability 
(repeated assessments), all comparisons were adjusted in a 
generalised estimating equations (GEE) model, stratifying 
per patient and per lesion. The slope of relationship β 
between the studied variables was calculated.

Statistical analysis was performed using STATA soft-
ware (version 12.0) and reported P values were 2-sided. We 
assumed significance at the 5% level (P<0.05). An interme-
diate analysis of available data from the first 9 patients was 
used to calculate the final sample size; the correlation 
between the degree of neointimal hyperplasia measured by 
OCT and the change in CPC levels at 1 week was 0.548. 
With an alpha error of 0.05 and a beta error of 0.20, the 
calculated sample size was 19 patients treated with EES.

Results
Baseline and Procedural Characteristics
From 2012 to 2014, the study enrolled an opportunistic 
sample of 20 patients (24 lesions). Baseline characteristics 
are shown in Table 1. Mean age was 66±9 years and 80% 
were male. Seventy-six percent of the lesions were predi-
lated and 60% were post-dilated. With the exception of 5 
patients, the post-dilatation was performed prior to OCT 
evaluation, based on the angiographic and the Stent Boost 
imaging; therefore, these patients had 1 OCT run performed. 
In the remaining 5 lesions, post-dilatation was performed 
due to significant stent malapposition and a second OCT 
run was performed following this.

OCT Analysis
All 24 lesions underwent a vascular damage analysis, and 
paired analysis was possible for 21 lesions; follow-up OCT 
images were unavailable for 3 lesions. At 9 months follow 
up, significant reductions were observed in mean luminal 
area, due to a significant increase in neointimal hyperplasia 
(Table 2). A total of 5,511 struts were evaluated by OCT 
(Table 3). At 9 months, only 0.30% showed malapposition 
without neointimal coverage.

Vascular Damage and CPC Levels
At 1 week, vascular damage and injury score were associ-
ated with the increase in the number of CD133+/KDR+/
CD45low and also with the absolute number (Table 4, 
Figure 2A,C). Analysis of the different vascular damage 
components showed several significant associations: the 

Table 1. Baseline Patient,  Angiographic and Procedural 
Characteristics

Clinical characteristics (n=20)

Age (years) 66±9　　
Female sex – No (%) 4 (20)

Risk Factors – No (%) 

  Diabetes mellitus 6 (30)

    Insulin-dependent diabetes 3 (15)

  Hyperlipidemia 15 (75)　　
  Hypertension 15 (75)　　
  Ever smoked 11 (55)　　
Clinical status – No (%) 

  Stable angina 12 (60)　　
  Silent ischemia 8 (40)

  Previous myocardial infarction 4 (20)

  Previous CABG 0 (0)　　
  Previous revascularization 4 (20)

  Previous stroke, n (%) 4 (20)

  Peripheral vasculopathy, n (%) 3 (15)

  Renal insufficiency, n (%) 3 (15)

  Ejection fraction (%) 57±9　　
  Number of diseased vessels, mean ± SD 1.9±0.8

  Multivessel PCI, n (%) 4 (20)

Treatment

  Statins, n (%) 20 (100)

  ACEi/ARBs 20 (100)

Lesion characteristics (No. lesions=24)

  Treated artery, n (%)

    Left anterior descending 11 (44)　　
    Left circumflex 4 (16)

    Right coronary 10 (40)　　
  Lesion length, mm 17.6±7　　　　　
  Moderate-severe calcification, n (%) 9 (36)

  B2/ C class lesion, n (%) 11 (44)　　
Procedural characteristics

  Predilatation, n (%) 19 (76)　　
  Postdilatation, n (%) 15 (60)　　
  Stent length (mm) 21±8　　
  Stent diameter (mm) 3.0±0.5

  Maximal pressure (atm) 18±3　　
  Inflation time (s) (+) 37±25

  Maximal balloon diameter (mm) 3.33±0.6　　
  Angiographic success, n (%) 25 (100)

Data are presented as n (%) or mean ± SD unless otherwise 
stated. ACEi/ARBs, angiotensin-converting enzyme inhibitors/
angiotensin II receptor blockers; CABG, coronary artery bypass 
graft; PCI, percutaneous coronary intervention.
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Table 2. Optical Coherence Tomography Parameters

Post-procedure  
(N=24)

9-month follow up  
(N=21) P value

Mean LA, mm2 7.56±1.94 7.07±2.2　　 0.015

Minimal LA, mm2 5.93±1.82 5.33±2.0　　 0.015

Mean stent area, mm2 7.68±2.12 7.90±2.3　　 0.064

Minimal stent area, mm2 6.23±2.04 6.35±2.2　　 0.39　　
Mean ISA area, mm2 0.41±0.24 0.19±0.5　　 0.024

LA in proximal segment 8.55±2.74 8.90±4.2　　 0.74　　
LA in distal segment 6.19±2.89 6.03±2.7　　 0.62　　
Mean intima area , mm2 0.84±0.5　　
In-stent / stent area obstruction, % 10.91±5.4　　　　
Maximal in-stent area obstruction, % 28.67±13.3　　
Mean neointimal thickness, μm 101±49　　
Maximal neointimal thickness, μm 426±189

Mean neointimal volume, mm3 18.17±13.76

Percentage mean in-stent volume obstruction 243.52±161.48

Percentage maximum in-stent volume obstruction 651.94±447.16

Data are presented as mean ± SD.  ISA, incomplete stent apposition; LA, luminal area.

Table 3. Classification of Stent Strut Condition at 9 Months Follow up

Everolimus-eluting stent  
(no. of struts) Percentage

Well-apposed to the vessel wall with neointimal coverage 5,205 94.44

Well-apposed to the vessel wall without neointimal coverage    214   3.88

Malapposed to the vessel wall with neointimal coverage        6   0.10

Malapposed to the vessel wall without neointimal coverage      17   0.30

Orifice branch site with neointimal coverage      52   0.94

Orifice branch site without neointimal coverage      17   0.30

Table 4. Association Between CD133+/KDR+/CD45low Cells and Parameters of Vascular Damage After Stent Implantation Measured 
by OCT at 9 Months Follow up

OCT parameters of vessel injury CD133+/KDR+/CD45low cells/μL at 1-week  
Number of CPC vs. OCT parameters

CD133+/KDR+/CD45low cells/μL  
Delta (1 week baseline)  

Number of CPC vs. OCT parameters 

Thrombosis 0.29±0.63 vs. 0.033±0.08*  
β 0.0014 (−0.038; 0.04 ); P=0.946

0.144±0.72 vs. 0.033±0.08*  
β 0.006 (−0.032; 0.45); P=0.751

Number of prolapses 0.29±0.63 vs. 0.24±0.19*  
β 0.31 (0.16; 0.46); P<0.0001

0.144±0.72 vs. 0.24±0.19*  
β 0.05 (−0.10; 0.21); P=0.499

Number of cuandrants  with prolapse 0.29±0.63 vs. 0.21±0.15*  
β −0.013 (0.07; 0.04); P=0.630

0.144±0.72 vs. 0.21±0.15*  
β 0.13 (0.084; 0.17); P<0.0001

Number of in-stent dissections 0.29±0.63 vs. 0.62±0.28*  
β 0.19 (0.09; 0.3); P<0.0001

0.144±0.72 vs. 0.62±0.28*  
β 0.17 (0.079; 0.27); P<0.0001

Number of cuandrants with in-stent dissections 0.29±0.63 vs. 0.60±0.27*  
β 0.19 (0.1; 0.29); P<0.0001

0.144±0.72 vs. 0.60±0.27*  
β 0.17 (0.091; 0.27); P<0.0001

Dissection length at the border 0.29±0.63 vs. 0.17±0.49*  
β 0.72 (0.53; 0.9); P<0.0001

0.144±0.72 vs. 0.17±0.49*  
β 0.64 (0.4; 0.9); P<0.0001

Number of FLAPs  at the border 0.29±0.63 vs. 0.23±0.48*  
β 0.60 (0.36; 0.81); P<0.0001

0.144±0.72 vs. 0.23±0.48*  
β 0.53 (0.25; 0.81); P<0.0001

Vascular damage 0.29±0.63 vs. 1.28±0.76*  
β 0.84 (0.65; 1.03); P<0.0001

0.144±0.72 vs. 1.28±0.76*  
β 0.72 (0.43; 1.02); P<0.0001

Injury score 0.29±0.63 vs. 0.95±0.49*  
β 0.31 (0.16; 0.46); P<0.0001

0.144±0.72 vs. 0.95±0.49*  
β 0.28 (0.15; 0.41); P<0.0001

Data are presented as mean ± SD. All comparisons were adjusted in a generalized estimating equations (GEE) model. OCT, optical coherence 
tomography.
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the delta value (1-week–baseline) of CD133+/KDR+/
CD45low (β −12.53 [−22.17; −2.90]; P=0.011).

Discussion
The main findings of this pilot study provide new in vivo 
observations on the reparative vascular process taking 
place in coronary arteries treated with second-generation 
drug-eluting stents. Our research findings point toward a 
dynamic process; (1) we found a systemic response at 1 
week proportional to the degree of vessel wall injury; (2) 
vessel wall injury degree measured by OCT and QCA yield 
a statistically significant association with in-stent neointi-
mal growth at 9 months; (3) an impairment in CPC func-
tionality was associated with the degree of neointimal 
hyperplasia; and (4) the lack of increase in CPC levels 
correlate with the degree of stent healing failure measured 
by strut coverage at 9 months.

The design of our study allowed for the identification of 
a relationship between vascular injury and CPC response, 
providing new clues on the activation of local and systemic 
mechanisms of vascular healing after EES implantation. 

mal thickness, but this did not reach statistical significance 
[β 0.0002 [−0.00006; 0.006]; P=0.10), (β 0.0003 [−0.0004; 
0.0008]; P=0.08), respectively. In contrast, no significant 
association between injury score and mean neointimal area 
was observed (β −0.03 [−0.38–0.32]; P=0.856).

Moreover, an association between stent-to-vessel diam-
eter ratio and injury and vascular damage score was statis-
tically significant (β 1.07 [95% CI 0.31; 1.83]; P=0.006; β 1.2 
[95% CI 0.29; 2.1]; P=0.01). In addition, a trend toward an 
association between CD133+/KDR+/CD45low and stent-
to-vessel diameter ratio was also observed (β 0.05 [95% CI 
−0.02–0.13; 1.83]; P=0.1).

An inverse significant association between CPC func-
tionality and OCT parameters of neointimal hyperplasia 
were observed. Baseline CFU were related to mean intima 
area (β −0.03 [−0.064; 0.004]; P=0.083), percentage of in-
stent area obstruction (β −0.59 [−0.86; −0.32]; P<0.0001), 
percentage of maximal in-stent area obstruction (β −1.32 
[−1.89; −0.075]; P<0.0001), and mean neointima thickness 
(mm; β −3.73 [−6.6; −0.82]; P=0.012).

An inverse relationship was also observed between the 
number of uncovered and apposed struts at 9 months and 

Figure 2.  Scatterplot that shows the relationship between delta value at 1 week of CD133+/KDR+/CD45low and vascular damage 
(A), number of dissections (B) and injury sore (C). (D) Relationship between percentage maximal in-stent volume obstruction and 
injury score at 9 months.
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ies.10,29 However, neointima formation is a consequence of 
excessive or a pathological healing process in response to 
vascular injury that may result in severe stenosis or even 
vessel occlusion (occlusive restenosis) with important clin-
ical consequences.30 Previous studies have shown that bone 
marrow-derived cells contributed to neointimal hyperpla-
sia after endovascular injury; however, as yet, the multi-
tude of mechanisms involved in the development of normal 
vascular repair, or a pathological vascular repair and their 
interactions, are not fully elucidated. This study shows, for 
the first time, the relationship between vessel injury follow-
ing EES implantation and CPC response. We sincerely 
believe that this is relevant as it may shed light on the 
reparative process. CPC are known to mainly exert a para-
crine effect and contribute to vascular repair, especially 
through the release of paracrine factors such as vascular 
endothelial growth factor (VEGF) or hepatocyte growth 
factor (HGF),31 which may activate both resident endothe-
lial cells and fibroblasts causing the development of neo-
intimal hyperplasia. However, not only does the number 
of circulating cells influence neointimal formation, but 
there are also other known systemic factors associated with 
an increase in the risk of restenosis such as ageing,32,33 dia-
betes mellitus, and renal impairment that may also affect 
the functionality of CPCs and therefore, may influence 
neointima formation. In fact, in the present study, we 
evaluated the number of CFUs, which is a way to evaluate 
the functionality of the CPC, and this showed a significant, 
but inverse, association with the amount of neointimal 
hyperplasia.

In the long term, the percentage of covered struts is lower 
in EES, compared with BMS,34 which may be explained by 
2 mechanisms: the local inhibiting effect of everolimus on 
endothelial cell proliferation and differentiation; and a 
systemic effect secondary to the drug release from the 
stented segment to the bloodstream,35 with a potential direct 
effect on bone marrow.36 The latter mechanism also explains 
our finding of an inverse relationship between the number 
of uncoated and apposed struts at 9 months and the increase 
at 1 week in CPCs levels of endothelial lineage (CD133+/
KDR+/CD45low). Other factors that affect the regenera-
tive capacity of the bone marrow may also affect the 
BM-PC response to a vascular injury.32,33,37

Study Limitations
The major limitation of this pilot study is its sample size 
and in the fact that only 20 patients (24 lesions) entered the 
study over a 2-year period. This is due to the fact that we 
have limited time to use flow cytometry analysis for research. 
The present study included a small sample and therefore 
the results must be considered hypothesis-generating and 
interpreted with caution. Based on the results of the first 9 
patients included in the study, we calculated a sample size 
of 19 patients. For this reason and given that the protocol 
required a second routine catheterisation for study pur-
poses only, we did not include additional patients. The 
characterisation of CPCs is still under debate and there is 
no consensus on the best definition of endothelial progeni-
tor cell subsets due to variations in isolation strategies and 
inconsistencies in the use of lineage markers. The present 
study applied the widely used method based on analysis of 
a surface marker for progenitor cells. The relationship 
between CPC levels and neointimal growth shown in the 
study is only based on the circulating CPC; we did not 
measure CPC levels locally at the level of the coronary 

We found that both the injury score and the vascular dam-
age score were associated with the increase at 1 week in the 
number of CD133+/KDR+/CD45low. One of the underly-
ing mechanisms explaining a systemic response after acute 
vascular injury is the modification of local shear stress after 
stent implantation. Low local shear stress increases the 
permeability of the endothelium to circulating molecules, 
increases the expression of cell adhesion molecules and 
growth factors contributing to mobilisation of CPC, vessel 
inflammation, and smooth muscle cells proliferation. Both 
injury and vascular damage scores are based on multiple 
aspects of stent-related vessel damage (tissue prolapse, dis-
sections located within the stented segment or at the edges 
of the stent, intraluminal thrombi) that have in common 
the disruption of laminar flow and the modification of 
shear stress at a stented segment.18 Previous research has 
demonstrated that shear stress plays a key role in the endo-
thelial PC differentiation,19,20 and that signalling of that 
process occurs via the PI3k/Akt-SIRT1-Ac-H3 pathway.20

An interesting aspect in the study of neointimal forma-
tion following stent implantation is the qualitative assess-
ment of neointimal tissue with OCT using normalised 
optical density. Previous studies have shown that it is pos-
sible to assess the maturity of the neointimal tissue with 
OCT and this correlated with histological findings.21 In this 
regard, Nishino et al22 found a significant correlation 
between mean neointimal area and mean neointimal thick-
ness and neointimal maturity. Furthermore, when the neo-
intimal maturity after BMS, ZES and EES was compared, 
the normalised optical density was lower in the EES group 
compared to the other types of stents. In this study, the 
maturity of neointimal tissue did not correlate with per-
centage changes in circulating endothelial progenitor cells 
(CD34+CD133+CD45 low cells) measured at follow up. 
We can speculate that one of the reasons for this may be 
the time point used to evaluate this biological response. 
The mobilisation of CPC levels occurs within the acute 
phase following stent deployment,5 which is the time-point 
at which the repair mechanisms are most activated.

The clinical relevance of this study is based on the 
hypothesis that modification of vascular injury and repair 
processes is a key area in the development of novel thera-
pies for atherosclerosis and the optimisation of endovascu-
lar interventions.23 Recently published studies comparing 
2 stents with different strut thicknesses have reinforced the 
importance of stent design in clinical outcomes.24,25

Two mechanisms for the positive results of these studies 
have been postulated; one of them is the stent design 
itself,26 and the other is the degree of vascular injury-
induced post stent implantation. Our study shows a cor-
relation between the degree of vascular injury measured by 
OCT and QCA (balloon/artery ratio) and neointimal for-
mation. This finding agrees with pivotal studies performed 
in the BMS era, reporting a proportional response between 
the degree of arterial injury and the severity of neointimal 
thickening in a porcine coronary model,27 and in clinical 
studies using luminal gain as a surrogate of vascular injury 
during PCI.28 The existence of such a relationship, together 
with the effects of systemic pathways of vessel healing, may 
explain the individual variability response secondary to 
EES implantation observed in the clinical setting.

Deep vessel wall injury stimulates local and systemic 
reparative mechanisms and bone marrow-derived cells 
might be an additional source of vascular cells that con-
tribute to vascular repair, as suggested by numerous stud-
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Int J Cardiol 2015; 178: 213 – 220.

18. Ng J, Bourantas CV, Torii R, Ang HY, Tenekecioglu E, Serruys 
PW, et al. Local hemodynamic forces after stenting: Implications 
on restenosis and thrombosis. Arterioscler Thromb Vasc Biol 2017; 
37: 2231 – 2242.

19. Wang H, Riha GM, Yan S, Li M, Chai H, Yang H, et al. Shear 
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onic mesenchymal progenitor cell line. Arterioscler Thromb Vasc 
Biol 2005; 25: 1817 – 1823.
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3663 – 3671.
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Dimova I, et al. Coronary optical frequency domain imaging 
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Toyoda S, et al. Neointimal tissue characterization after implan-
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stent, so therefore origin of the intimal cells and the contri-
bution of CPC to neointimal hyperplasia are unknown. 
Eventually, labelling CPC in experimental animal models 
could be helpful in this regard. Severely calcified lesions 
that required the use of ablation techniques (i.e., rotational 
atherectomy) were excluded from the study. Thus, the 
association observed between vessel injury and CPCs can-
not be extrapolated to this specific type of lesions. All 
patients included were on chronic treatment with statins 
and ACEi/ARBs. Although the protocol recommended 
avoiding the introduction of additional drugs that can 
influence the mobilisation of CPCs, such as anti-anginal 
treatment at least in the first month following PCI, this was 
left to the attending physician’s discretion.

Conclusions
In conclusion, this study found a systemic response propor-
tional to the degree of vessel wall injury and a link between 
vessel injury and the development of neointimal hyperplasia 
following EES implantation. In addition, impairment in 
CPC functionality was associated with the degree of neo-
intimal hyperplasia. Finally, a lack of an early increase in 
CPCs, and the degree of strut coverage at 9 months follow-
ing EES implantation, has been documented. However, 
this is a study with a small sample size and therefore more 
studies are required to confirm these promising results. 
Thus, decreasing the rate of DES failure will require focused 
efforts to decrease vascular damage caused during stent 
implantation by improving stent designs (i.e., struts thick-
ness, polymer coating) and optimising stent deployment. 
In addition, enhanced vascular systemic regenerative capac-
ity includes improving CPC and endothelial function by 
controlling cardiovascular risk factors.
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