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INTRODUCTION

Percutaneous coronary intervention (PCI) is an estab-
lished treatment in patients with obstructive coronary 
artery disease [1]. The use of drug-eluting stents (DESs) 

has resulted in a marked reduction in in-stent resteno-
sis compared with bare-metal stents (BMSs) in the treat-
ment of coronary artery disease [2,3]. Despite the bene-
ficial effects of DES on restenosis, coronary endothelial 
dysfunction has been observed in areas adjacent to the 
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Background/Aims: Although drug-eluting stents (DESs) effectively reduce reste-
nosis following percutaneous coronary intervention (PCI), they also delay re-en-
dothelialization and impair microvascular function, resulting in adverse clinical 
outcomes. Endothelial progenitor cell (EPC) capturing stents, by providing a 
functional endothelial layer on the stent, have beneficial effects on microvascu-
lar function. However, data on coronary microvascular function in patients with 
EPC stents versus DESs are lacking.
Methods: Seventy-four patients who previously underwent PCI were enrolled in 
this study. Microvascular function was evaluated 6 months after PCI based on the 
index of microvascular resistance (IMR) and the coronary flow reserve (CFR). IMR 
was calculated as the ratio of the mean distal coronary pressure at maximal hy-
peremia to the inverse of the hyperemic mean transit time (hTmn). The CFR was 
calculated by dividing the hTmn by the baseline mean transit time.
Results: Twenty-one patients (age, 67.2 ± 9.6 years; male:female, 15:6) with an EPC 
stent and 53 patients (age, 61.5 ± 14.7 years; male:female, 40:13) with second-genera-
tion DESs were included in the study. There were no significant differences in the 
baseline clinical and angiographic characteristics of the two groups. Angiography 
performed 6 months postoperatively did not show significant differences in their 
CFR values. However, patients with the EPC stent had a significantly lower IMR 
than patients with second-generation DESs (median, 25.5 [interquartile range, 
12.85 to 28.18] vs. 29.0 [interquartile range, 15.42 to 39.23]; p = 0.043).
Conclusions: Microvascular dysfunction was signif icantly improved after 6 
months in patients with EPC stents compared to those with DESs. The complete 
re-endothelialization achieved with the EPC stent may provide clinical benefits 
over DESs, especially in patients with microvascular dysfunction.
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DES implant site after an average of 6 months following 
PCI, whereas this is not the case with BMSs [4-6].

The improved epicardial endothelial function ob-
tained over the shorter term in patients with an im-
planted stent is well known, but studies on coronary 
microvascular function after PCI are lacking. One recent 
study reported that microcirculatory function was not 
significantly different between patients with DESs and 
those with BMSs [7].

The genous endothelial progenitor cell (EPC) captur-
ing stent (Orbus Neich Medical Technologies, Fort Lau-
derdale, FL, USA) is coated with anti-human CD34 anti-
bodies that bind circulating endothelial progenitor cells 
from the peripheral blood to the stent surface. In an 
animal model, scanning electron microscopy demon-
strated complete re-endothelialization of the stent struts 
and vessel segments within only a few hours following 
Genous stent placement [8]. The captured EPCs are 
thought to rapidly differentiate to form a functional en-
dothelial layer on the stent surface, resulting in better 
results in terms of improved microvascular function 
than obtained with DESs.

The aim of this study was to evaluate coronary mi-
crovascular vascular function in patients receiving EPC 
stents and in those receiving DESs.

METHODS

Study population
From May 2010 to September 2012, patients undergo-
ing stent implantation for the treatment of significant 
de novo stenosis of the coronary artery were evaluated for 
study enrollment. Follow-up coronary angiography was 
performed 6 to 12 months after the initial PCI. Coronary 
microvascular function was assessed only in patients 
who showed no angiographic in-stent restenosis and no 
recurrent typical chest pain during the follow-up peri-
od (Fig. 1). From this group, 74 patients were included 
in the study and then further classified into two groups 
according to the type of stent implanted: the EPC stent 
(n = 21) or a second-generation DES (n = 53).

Exclusion criteria were bypass graft lesion and previ-
ous PCI for the target vessel. Patients in whom in-stent 
restenosis was seen on follow-up angiography or who 
experienced recurrent chest pain during the follow-up 

period were also excluded. The study was approved by 
the Institutional Review Board of our institution and all 
participants provided written informed consent.

Study design
The initial PCI was performed according to standard 
guidelines. The 53 patients in the DES group received the 
zotarolimus-eluting stent (Endeavor stent, Medtronic 
Vascular, Santa Rosa, CA, USA) or the everolimus-elut-
ing stent (Xience stent, Abbott Vascular, Santa Clara, CA, 
USA). The 21 patients in the EPC stent group patients 
received the Genous stent. The optimal medical treat-
ment for all patients was strongly recommended before 
and after the initial PCI. All patients were administered 
100 mg of oral aspirin daily and 75 mg of clopidogrel 
or another antiplatelet agent daily if clinically indicat-
ed. During the follow-up period, the patients also re-
ceived oral β-blockers, angiotensin receptor blockers, 
lipid-lowering therapy, and vasodilators, unless contra-
indicated.

Follow-up coronary angiography was performed 6 
months after the initial PCI. A 6-Fr guiding catheter was 
used to evaluate the coronary arteries of all patients. In 
patients on medications with potential effects on vaso-
motor responses, treatment was discontinued at least 72 
hours prior to the follow-up angiography.

Assessment of coronary microvascular function
The index of microvascular resistance (IMR) and the 
coronary flow reserve (CFR) were used to assess coronary 
microvascular function [9,10] together with the fraction-
al flow reserve (FFR). Intracoronary pressure parameters 
were measured in each patient after PCI using previous-

Figure 1. Study flow chart. 
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ly described methods [11].
Using commercially available software (Radi Med-

ical Systems, Uppslae, Sweden), the shaft of the pres-
sure wire acts as a proximal thermistor, and the sensor 
located near the tip of the wire as a distal thermistor, 
such that pressure and temperature can be measured 
simultaneously. The thermodilution technique was 
used to determine the transit time of room-tempera-
ture saline injected into the coronary arteries [12]. The 
saline solution was injected in 3-mL aliquots into the 
designated coronary artery, and the resting mean transit 
time (baseline mean transit time, bTmn) was measured. 
Steady-state maximal hyperemia was induced by the in-
travenous infusion of adenosine (140 μg/kg/min). The 
hyperemic mean transit time (hTmn) was measured by 
injecting three additional 3-mL aliquots of room-tem-
perature saline into the same coronary artery. Mean 
aortic pressure (Pa, measured by the guiding catheter) 
and mean distal coronary pressure (Pd, measured by the 
pressure wire) were simultaneously measured during 
both the resting state and the maximal hyperemic state.

CFR was calculated by dividing the resting hTmn by 
the bTmn. The IMR was defined as the simultaneously 
measured distal coronary pressure divided by the in-
verse of the hTmn.

Statistical methods
All statistical analyses were performed using SPSS ver-
sion 11.0 (SPSS Inc., Chicago, IL, USA). For continuous 
variables, differences between groups were evaluated us-
ing an unpaired t test or the Mann-Whitney rank-sum 
test. For discrete variables, differences were expressed as 
counts and percentages and analyzed with using the chi-
square test or Fisher exact test between groups as ap-
propriate. Multivariate logistic regression analysis was 
used to assess the independent impact of variables on 
microvascular function. A two-tailed p value of 0.05 was 
considered to indicate statistical significance.

RESULTS

Baseline clinical characteristics
The baseline clinical characteristics of the patients in-
cluded in the study are shown in Table 1. The ages of 
the patients and the prevalence of diabetes mellitus, hy-

pertension, hyperlipidemia, and myocardial infarction 
were similar in the two groups. The two groups did not 
significantly differ with respect to medications, except 
renin-angiotensin-aldosterone system inhibitors, or in 
total cholesterol, triglyceride, and low and high density 
lipoprotein cholesterol levels (Table 2). 

Coronary angiographic characteristics and micro-
vascular function
The angiographic parameters and the results of the 
microvascular function tests are shown in Table 3. The 
mean interval from the initial PCI to follow-up angi-
ography was similar between the two groups: 267 ± 66 
days for the EPC stent group and 256 ± 52 days for the 
DES group (p = 0.465). Their angiographic character-
istics were also comparable, as were the diameters of 
the stents implanted in each patient and the mean to-
tal stent length. However, late loss of lumen diameter 
(measured at baseline and at 6 months) was significantly 
higher in the EPC stent group than in the second-gen-
eration DES group (0.89 ± 0.64 mm vs. 0.35 ± 0.61 mm, 

Table 1. Baseline clinical characteristics of the endothelial 
progenitor cell capturing stent and drug-eluting stent study 
groups

Characteristic
DES 

(n = 53)
EPC stent 

(n = 21)
p value

Sex (male) 40 (75) 15 (71) 0.816

Age, yr 61.52 ± 14.68 67.18 ± 9.55 0.242

Hypertension 35 (66) 10 (48) 0.172

Diabetes 20 (37) 6 (29) 0.489

Dyslipidemia 10 (19) 2 (10) 0.340

Current smoker 26 (49) 9 (43) 0.630

Myocardial infarction 21 (39) 6 (29) 0.403

STEMI 17 3

Non-STEMI 4 3

Medication 

β-Blocker 36 (68) 9 (43) 0.059

ACE inhibitor or ARB 37 (70) 9 (43) 0.032

Nitrate 11 (21) 5 (24) 0.744

Values are presented as number (%) or mean ± SD. 
DES, drug-eluting stent; EPC, endothelial progenitor cell 
capturing; STEMI, ST elevation myocardial infarction; ACE, 
angiotensin-converting enzyme inhibitor; ARB, angioten-
sin receptor blocker.
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p = 0.034). Fig. 2 provides a comparison of the CFR and 
IMR values of the two groups. CFR and FFR were not 
significantly different (median, 2.1 [interquartile range 
(IQR), 1.40 to 3.3] vs. median, 2.2 [IQR, 1.45 to 3.15], p = 
0.923; and median, 0.89 [IQR, 0.83 to 0.95] vs. median, 
0.87 [IQR, 0.83 to 0.92], p = 0.548, respectively). IMR was 
significantly lower in the EPC stent group than in the 

DES group (median, 25.5 [IQR, 12.85 to 28.18] vs. median, 
29.0 [IQR, 15.42 to 39.23], p = 0.043). The range of IMR was 
greater, with higher levels, in the DES group than in the 
EPC stent group.

Predictors of microvascular function after PCI
Multivariate logistic regression analysis was performed 

Table 2. Laboratory findings of the endothelial progenitor cell capturing stent and drug-eluting stent study groups

Variable DES (n = 53) EPC stent (n = 21) p value

Hemoglobin 13.67 ± 7.39 14.03 ± 1.66 0.179

WBC count   6.39 ± 2.14   6.44 ± 1.96 0.593

Creatinine    1.01 ± 0.26  0.85 ± 0.18 0.120

Total cholesterol  186.75 ± 53.60  169.09 ± 41.28 0.518

Triglyceride    135.7 ± 92.63  129.1 ± 99.37 0.129

LDL-C  123.25 ± 41.42 105.00 ± 30.23 0.181

HDL-C   41.78 ± 15.28  39.45 ± 8.97 0.239

Values are presented as mean ± SD. 
DES, drug-eluting stent; EPC, endothelial progenitor cell capturing; WBC, white blood cell; LDL-C, low density lipoprotein 
cholesterol; HDL-C, high density lipoprotein cholesterol.

Table 3. Index and follow-up coronary angiographic and physiologic measurements 

Variable DES (n = 53) EPC stent (n = 21) p value

Follow-up interval, day  267 ± 66  256 ± 52 0.465

Pre- and post-procedure

Pre-procedure MLD, mm  0.48 ± 0.51  0.51 ± 0.48 0.856

Reference diameter, mm   2.93 ± 0.47 2.97 ± 0.50 0.944

Stent diameter  3.02 ± 0.35  3.22 ± 0.26 0.733

Stent length  26.74 ± 13.22 25.09 ± 8.25 0.335

Post-procedure MLD, mm  2.90 ± 0.53  2.91 ± 0.62 0.889

Target vessel 

Left anterior descending  36 (68)  10 (48) 0.088

Left circumflex   5 (10)  1 (5) 0.095

Right coronary artery  12 (23)  10 (47) 0.056

At follow-up

MLD, mm  2.58 ± 0.23  2.12 ±0.58 0.047

Reference diameter  2.96 ± 0. 42  2.95 ± 0.41 0.816

Late loss  0.35 ± 0.61  0.89 ± 0.64 0.034

Fractional flow reserve         0.89 (0.83–0.95)           0.87 (0.83–0.92) 0.548

Coronary flow reserve        2.1 (1.40–3.3)           2.2 (1.45–3.15) 0.923

Index of microvascular resistance, U           29.0 (15.42–39.23)              25.5 (12.85–28.18) 0.043

Values are presented as mean ± SD, number (%), or median (range). 
DES, drug-eluting stent; EPC, endothelial progenitor cell capturing; MLD, minimal luminal diameter.
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to determine the independent predictors of microvas-
cular dysfunction after PCI. As a point of reference, in a 
previous study that included patients with stable coro-
nary disease and no obvious microvascular dysfunction, 
the mean IMR was 22 [13]. Unfortunately, in our patient 
population, there were no independent predictors of an 
IMR after PCI that was < 22. However, the use of a β-block-
er and implantation with an EPC stent showed a trend to-
ward being predictive for this target value (Table 4).

DISCUSSION

To our knowledge, ours is the first study to compare 
coronary microvascular function in patients with a 
second-generation DES versus an EPC stent. Although 
the effect of stents, and DES in particular, on epicardial 
endothelial function has been investigated, changes in 
the downstream microvasculature following stent im-
plantation have yet to be evaluated, despite the fact that 
the coronary microcirculation is crucial for myocardial 
blood flow and myocardial perfusion regulation [14,15]. 
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Figure 2. Comparison (A) index of microvascular resistance and (B) coronary flow reserve between endothelial progenitor cell 
(EPC) capturing stent group and drug-eluting stent (DES) group.

Table 4. Multivariate logistic regression analysis of the predictors of microvascular dysfunction

Variable Adjusted OR 95% CI p value

Hypertension 0.164  0.467–15.534 0.164

Diabetes mellitus  3.025    0.236–38.686 0.395

Dyslipidemia 0.035 0.024–5.519 0.443

ARB or ACE inhibitor  0.780  0.121–5.045 0.794

β-Blocker 0.188 0.032–1.119 0.066

Nitrate 2.347    0.235–23.399 0.467

DES use 6.457    0.825–50.536 0.076

OR, odds ratio; CI, confidence interval; ARB, angiotensin receptor blocker; ACE, angiotensin-converting enzyme; DES, 
drug-eluting stent.
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In a previous study [7], microvascular function did not 
differ between patients who received a DES and those 
who received a BMS.

The difference between the results obtained in a com-
parison of drug-eluting versus BMSs [7] and our own 
findings in patients with DES versus EPC stents can 
be explained as follows. First, the stents used in this 
study were different than those evaluated in a previous 
study [7]. Here we compared the EPC stent with two 
second-generation DESs. The latter are associated with 
excessive inhibition of vascular cell proliferation, which 
may lead to rare but serious complications such as late 
incomplete stent apposition, aneurysm formation, and 
late or very late stent thrombosis due to impaired re-en-
dothelialization [16]. The recruitment of EPCs to the site 
of vascular injury may promote vascular healing and 
has been shown to inhibit neointimal proliferation and 
restenosis associated with PCI [17], which in turn should 
have favorable effects on coronary endothelial and mi-
crovascular functions. Second, there was a difference in 
the measurement of microvascular function, as in this 
study we principally used IMR not CFR. IMR, because 
it is independent of hemodynamic perturbation and of 
the hemodynamic state, provides a more reproducible 
assessment of the microcirculation than CFR [10], which 
is highly sensitive to hemodynamic changes. Further in-
vestigation is needed to clarify the relationship between 
stent type and microvascular function and between the 
EPC stent and DESs.

Unlike in previous studies, in our study there was no 
independent predictor of microvascular dysfunction af-
ter PCI [18-20]. For example, in several reports, IMR was 
shown to be a significant predictor of the recovery of left 
ventricular function after myocardial infarction with ST 
elevation [18-20]. Whether a larger study population or 
restricting the study population to patients with previ-
ous myocardial infarction would have changed our re-
sults is unclear.

This study had several limitations. First, the popu-
lation studied was relatively small. Second, we did not 
measure endothelial and microvascular function simul-
taneously, although endothelium-dependent epicardial 
function may affect microvascular function. However, 
this would have necessitated studies with acetylcho-
line, which in South Korea cannot be legally imported 
for human use. Third, patients with in-stent restenosis 

were excluded. Consistent with the results of other stud-
ies [21,22], late loss of lumen diameter was significantly 
more frequent in our EPC stent group, which in turn 
suggests greater re-vascularization of the target lesion in 
these patients. However, because of the controversy re-
garding the effect of epicardial-artery occlusion during 
measurement of microvascular resistance in the deter-
mination of IMR, patients with in-stent restenosis were 
excluded from our study. Fourth, we did not measure 
microvascular function at index PCI, such that changes 
in microvascular function after PCI could not be evalu-
ated. However, we considered microvascular function to 
be more important during the stable state than during 
the acute state. Fifth, although the distance of the pres-
sure wire along the length of the vessel will impact mea-
surements of hyperemic transit time and the IMR, we 
did not determine the variability of IMR as a function of 
the distance of the wire within the vessel. Lastly, because 
this was an observational study, it was susceptible to re-
sidual bias due to unmeasured confounding factors.
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