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Abstract
Chronic inflammation of the native vessel wall with 
infiltration of lipid-laden foamy macrophages through 
impaired endothelium results in atherosclerosis. Percu-
taneous coronary intervention, including metallic stent 
implantation, is now widely utilized for the treatment 
of atherosclerotic lesions of the coronary artery. Bare-
metal stents and the subsequently developed drug-
eluting stents seal the atherosclerosis and resolve 
lumen stenosis or obstruction of the epicardial coro-
nary artery and myocardial ischemia. After stent 
implantation, neointima proliferates within the stented 
segment. Chronic inflammation caused by a foreign 
body reaction to the implanted stent and subsequent 
neovascularization, which is characterized by the 
continuous recruitment of macrophages into the vessel, 
result in the transformation of the usual neointima 
into an atheromatous neointima. Neointima with 
an atherosclerotic appearance, such as that caused 
by thin-cap fibroatheromas, is now recognized as 
neoatherosclerosis, which can sometimes cause in-stent 
restenosis and acute thrombotic occlusion originating 
from the stent segment following disruption of the 
atheroma. Neoatherosclerosis is emerging as a new 
coronary stent-associated problem that has not yet been 
resolved. In this review article, we will discuss possible 
mechanisms, clinical challenges, and the future outlook 
of neoatherosclerosis. 
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Core tip: Percutaneous coronary intervention, including 
metallic stent implantation, causes chronic inflammation 
of the coronary artery and neovascularization, which 
involves the continuous recruitment of macrophages 
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into the vessel. The phenomenon of stent neointima 
transformation from normal neointima to atherosclerotic 
lesions is now recognized as neoatherosclerosis, 
which causes in-stent restenosis and acute thrombotic 
occlusion. Neoatherosclerosis is now emerging as a 
new atherosclerosis-related problem that has not yet 
been solved. In this review, we will discuss possible 
mechanisms, clinical challenges, and the future outlook 
of neoatherosclerosis.
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INTRODUCTION
Atherosclerosis is caused by chronic inflammation at 
the site of damaged vascular endothelium and lipid-
laden foamy macrophages derived from infiltration 
of monocytes into the arterial wall, and it results in 
coronary stenosis and thrombotic obstruction after 
atherosclerotic plaque disruption[1]. Percutaneous 
coronary intervention (PCI) is now widely accepted 
worldwide for the treatment of coronary artery disease 
due to atherosclerosis. In 1977, PCI by plain old balloon 
angioplasty (POBA) was performed for the first time by 
Gruntzig[2] to treat angina pectoris. In 1986, Sigwart 
et al[3] implanted a self-expandable stainless-steel 
stent to prevent acute occlusion and chronic restenosis 
caused by intimal dissection after balloon dilatation 
and elastic recoil of the coronary artery, respectively. 
In 1994, randomized clinical trials showed that bare-
metal stent (BMS) implantation was superior to POBA 
with regard to short-term procedural success and long-
term arterial patency[4,5]. However, in-stent restenosis 
(ISR) occurred in approximately 20%-30% of cases, 
causing the long-term failure of PCI that was bestowed 
the title of the “Achilles’ heel” of PCI. According to 
pathological investigations, the primary pathogenesis 
of ISR is neointimal hyperplasia due to migration and 
proliferation of vascular smooth muscle cells (VSMCs) 
from the media. In the 2000s, the drug-eluting stent 
(DES) was introduced to prevent inhibition of neointimal 
hyperplasia and ISR of the BMS. Application of the DES 
to coronary artery disease has dramatically reduced the 
incidence of ISR in the clinical setting[6,7]. The so-called 
“first-generation DESs” were composed of a stainless 
steel stent platform and was coated with durable 
polymer-releasing anti-proliferative drugs. Although the 
first-generation DES, the sirolimus-eluting stent (SES) 
and paclitaxel-eluting stent (PES), decreased ISR, they 
are associated with a steady increase in very late stent 
thrombosis (VLST; > 1 year post-stent implantation) 
due to delayed re-endothelialization or a hypersensitivity 

reaction to the stent polymer[8]. Therefore, the next-
generation DES were developed with new technology; 
specifically, the main feature of these DES was the 
inclusion of a biocompatible or biodegradable polymer 
to reduce vessel inflammation and a thin stent strut for 
normalization of rheological flow around the strut to 
diminish thrombogenicity. The second-generation DES, 
namely, zotarolimus-eluting stents, everolimus-eluting 
stents, and biodegradable polymer-coated biolimus-
eluting stents, showed reduced incidences of VLST[9-11]. 
Nevertheless, the placement of second-generation DES 
was found to cause acute coronary syndrome origi-
nating from the stent segment[12]. 

Although metallic coronary stents, BMS, and DES 
resolve the problem of coronary lumen stenosis or 
occlusion in the acute phase after their implantation, 
they potentially cause new problems in the chronic 
phase, such as late ISR and VLST. It is now understood 
that some of these phenomena arise from the new 
pathogenic concept of “neoatherosclerosis”, which is 
defined as the phenomenon of the transformation of 
stent neointima from normal neointima to an athero-
sclerotic lesion. We will review basic and clinical studies 
concerning topical problems of neoatherosclerosis that 
are associated with coronary stenting. 

VASCULAR RESPONSE AFTER PCI
Mechanical injury of the vessel wall cannot be avoided 
by PCI, such as balloon dilatation and stent implantation. 
PCI procedures cause denudation of the coronary artery 
endothelium, resulting in exposure of the myointima, 
fissures in the atheromatous plaque, and overstretching 
of the circumferential vessel layers[13]. The endothelium 
regulates vascular tone, controls inflammation, main-
tains lipid and tissue-fluid homeostasis, and posse-
sses antithrombotic properties[14]. The vascular endo-
thelium protects against thrombus formation and 
blood coagulation through its production of nitric oxide, 
prostacyclin, tissue plasminogen activator, heparin-
like molecules, tissue-factor pathway inhibitor, throm-
bomodulin, and other molecules[14]. Perturbation of 
the normal endothelium function by PCI is related 
to the pathogenesis of atherosclerosis and results in 
accelerated formation of atheromatous lesions[13]. 
Incomplete re-endothelialization in the coronary 
vascular wall induces thrombotic events after stent 
implantation in the early, late (> 1 mo, ≤ 1 year 
post-stenting), or very late phase[15]. Denudation 
of the endothelium after PCI causes VSMCs to be 
exposed to blood flow directly, which modulates the 
proliferation and viability of the VSMCs[16,17]. Although 
BMS implantation is superior to POBA with respect 
to procedural success and long-term target lesion 
patency[4,5], dysfunction of the regenerated endothelium 
is more pronounced after stent implantation than after 
ballooning[18]. Any interventional procedure, even POBA, 
causes denudation of the endothelium and is associated 
with the same risk of very late thrombosis as BMS[19], 
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and the regenerated endothelial cells are not structurally 
and functionally normal[20]. Stent implantation into the 
vessel leads to perturbations in blood flow, and flow 
reversal and disturbed shear stress around the stent 
strut promote vascular inflammation and injury[21,22]. 
The thickness of the stent struts determines the size 
of blood flow recirculation, which is associated with 
thrombogenicity within the stent segment[23]. Compared 
with the BMS, the first-generation DES, namely, SES 
and PES, which incorporated anti-proliferative drugs 
and durable polymers, were associated with dramatic 
reductions in the proliferation of the neointimal hyper-
plasia and ISR[6,7]. However, an increased risk of VLST 
was observed for these first-generation DES compared 
with BMS[24,25]. Autopsy studies showed that a lack 
of re-endothelialization with > 30% of the stent strut 
uncovered per cross-section was a strong predictor of 
late stent thrombosis (LST) and VLST[26]. Moreover, 
the polymer-induced type IV hypersensitivity reaction 
is one of the mechanisms of LST or VLST associated 
with SES. In contrast, excessive fibrin deposition and 
consequent stent mal-apposition (detachment of 
the stent struts from the coronary arterial wall) are 
associated with thromboses in the case of PES[26,27]. 
The new stent technology of second-generation DES 
involved minimization of vessel injury and normalization 
of micro-rheology around the stent strut, thinner 
struts, and the use of a biocompatible or biodegradable 
polymer[28]. The pathophysiology of LST and VLST is 
multifactorial, as mentioned above. However, other 
mechanisms are possibly linked to stent thrombosis. 
LST or VLST after placement of BMS and DES is an 
unresolved problem, and the new pathological concept 
of neoatherosclerosis is another mechanism of stent 
failure. It is understood that the pathophysiology and 
development of neoatherosclerosis differ between BMS 
and DES. 

NEOATHEROSCLEROSIS IN BMS
Neointimal hyperplasia associated with BMS was 
considered to be stable, with peaks at 6 mo and 1 
year after stenting during a 3-year follow-up[29]. How-
ever, extended follow-up of BMS showed that late 
luminal re-narrowing beyond 4 years was common[30]. 
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Moreover, one-third of patients implanted with BMS 
who had restenosis presented with acute myocardial 
infarction or unstable angina 5 years after the index 
procedure that was not clinically benign[31]. Some 
reports have documented the occurrence of ACS due to 
the disruption of neoatherosclerosis after BMS implan-
tation[32]. 

The findings of a histopathological study suggested 
the mechanism of the catastrophic late events after 
BMS implantation[33]. This study, which assessed 
nineteen stented coronary arteries obtained from 19 
patients autopsied after non-cardiac death 2-7 years 
post-BMS implantation, showed that after more than 
4 years of stenting, there was prominent infiltration of 
lipid-laden macrophages with strong collagen-degrading 
matrix metalloproteinase expressing ruptured and 
vulnerable plaque accompanied by thrombi around 
the struts evoked by remarkable foreign-body inflam-
mation[33]. Regenerated endothelium after PCI forms 
poor endothelial cell junctions and expresses reduced 
numbers of antithrombotic molecules and nitric oxide, 
which contributes to neoatherosclerosis[15,18,34]. Neoa-
therosclerosis is now recognized as chronic inflam-
mation in the vessel wall caused by the stent itself 
and subsequent neo-vessel formation, which causes 
continuous recruitment of macrophages and forms 
unstable lesions called thin-cap fibroatheroma (TCFA) 
that contribute to disruption of neointima and thrombus 
formation, leading to VLST[15]. 

Serial angioscopic observation at baseline, 6 to 12 
mo, and ≥ 4 years after BMS implantation revealed 
changes in the smooth white intima characterized by 
atheromatous yellow plaque with vulnerable features, 
such as surface disruption and thrombus formation, 
during the study period (Figure 1)[35]. In addition, the 
atheromatous transformation was correlated with 
ISR[35]. Optical coherence tomography (OCT) is a 
near-infrared light-based imaging modality with high-
resolution that can accurately characterize tissue 
components in vivo[36]. Although there are no data 
regarding the angioscopic findings and histopathologic 
correlation in intimal tissue, an OCT study showed that 
the angioscopic yellow neointima likely corresponds 
to foamy macrophages infiltrating into the fibrous 
cap and underlying lipid accumulation, as well as that 

A B
Figure 1  Coronary angioscopy images of ordinary neoin-
tima and neoatherosclerosis. A: Coronary angioscopy 
reveals ordinary neointima as a white and smooth membranous 
structure; B: The neointima appears as atheromatous and 
yellow, occasionally disrupted with thrombus formation.
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inflammation compared with first-generation DES. 
However, neoatherosclerotic changes were confirmed 
even in second-generation DES, and there was no 
significant difference in neoatherosclerosis between 
first-generation DES and second-generation DES[42]. 
Neoatherosclerosis occurs more rapidly in DES than 
BMS, possibly because the eluted drug prevents 
endothelial cell proliferation, viability, and migration, 
which allows infiltration of lipid-laden foamy macrophage 
into the vessel, thereby accelerating atherosclerotic 
changes[43-46]. 

In first-generation DES, angioscopic follow-up 
of SES at baseline, 6 mo, and 2 years after implan-
tation showed that neointimal growth inside the 
SES progressed heterogeneously, uncovered struts 
persisted in 20% of the patients for up to 2 years, 
and subclinical thrombus formation was not a rare 
phenomenon[47]. Although uncovered stent struts on 
angioscopic images do not correspond to incomplete 
re-endothelialization, uncovered struts may play a role 
in promoting atherosclerosis. An angioscopic follow-
up study demonstrated that the neointima at baseline 
changed into a lipid-rich atherosclerotic and yellow 
neointima at 10 mo, with intramural thrombi being 
more frequently detected on newly formed yellow 
neointima[48]. Serial angioscopic findings up to 2 years 
after SES implantation showed that neointimal coverage 
was completed by 3 to 6 mo in BMS, whereas SES 
demonstrated the presence of thrombi and yellow 
plaques as long as 2 years after implantation[49]. The 
long-term vascular response was evaluated by serial 
angioscopic follow-up at 2 and 5 years after SES 
implantation, and incomplete neointimal stent coverage 
and the prevalence of latent thrombus within the SES 
segments did not decrease from 2 to 5 years[50]. 

In-stent neoatherosclerosis was recognized as an 
important mechanism of DES failure, especially late 
after implantation, regardless of its generation[51]. 
OCT was performed on a total of 50 lesions with angio-
graphic in-stent restenosis (30 stable and 20 unstable 
angina patients, median follow-up time of 32 mo). 
Patients with unstable angina had a thinner fibrous 
cap and a higher incidence of TCFA, including intimal 
rupture and thrombi, than those with stable angina[51]. 
A direct comparison of the characteristics of neointimal 

the intensity of yellow likely signifies the thickness of 
the fibrous cap and amount of necrotic core[37]. OCT 
observation of BMS segments was performed in the 
early phase (< 6 mo) and late phase (≥ 5 years) after 
BMS implantation[38]. The normal neointima proliferated 
homogeneously, and the lipid-laden intima was not 
observed in the early phase. In the late phase, the 
lipid-laden intima was found in 67% of cases (Figure 
2)[38]. Additionally, pathological characteristics, such as 
intimal disruption and thrombus formation, appeared 
(38% and 52% of cases, respectively). There was a 
similar incidence of peri-stent neovascularization in the 
2 phases. However, the location of neovascularization 
was different between the two phases. Intra-intima 
neovascularization was more prevalent in the late phase 
than the early phase (62% and 0%, respectively; P < 
0.01) and in segments with lipid-laden intima compared 
with non-lipidic segments (79% and 29%, respectively; 
P = 0.026)[38]. There are few reports showing that 
neoatherosclerosis of BMS increases ACS, clinically 
diagnosed as VLST. Therefore, further careful follow-up 
of neoatherosclerosis after BMS implantation is needed.

NEOATHEROSCLEROSIS IN DES
Chronic inflammation and insufficient functional endo-
thelialization induce neoatherosclerosis inside both 
BMS and DES, causing ISR and thrombosis in the late 
phase[39]. In intravascular ultrasound (IVUS) analyses of 
VLST, neointimal rupture was observed within the stent 
segment in 43.5% of the DES and all of the BMS[40]. 
OCT also indicated that ruptured atherosclerosis and 
thrombosis in BMS and DES was the most common 
mechanism of definite VLST presenting as myocardial 
infarction with ST-segment elevation[41]. 

Pathological analysis of human coronary arteries 
with stented segments showed that unstable lesions, 
such as TCFA or intimal rupture, were associated with 
shorter implant durations for first-generation DES (1.5 
± 0.4 years) compared with BMS (6.1 ± 1.5 years). 
These results indicate that neoatherosclerosis in first-
generation DES is more frequent and occurs earlier 
than that in BMS[39]. Pathology of second-generation 
everolimus-eluting cobalt chromium stents implanted 
< 3 years showed less uncovered strut area and milder 

A B
Figure 2  Optical coherence tomography images of 
common neointima (A) and neoatherosclerosis (B). 
A: Common neointima is recognized by its high-signal 
intensity and homogeneous region inside stent struts; B: The 
neointima has a diffuse border and marked attenuation.
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70 mg/dL of low-density cholesterol at OCT follow-up 
were independent predictors of neoatherosclerosis[12]. 
Whether interventions addressing these risk factors 
and aggressive lipid-lowering therapy can improve 
neoatherosclerosis should be assessed in prospective 
trials. 

Regarding PCI, OCT observation at 9 mo following 
treatment for DES-ISR using a paclitaxel-coated balloon 
to avoid repeated stenting showed a heterogeneous 
pattern in the neointima with speckled structures 
consistent with macrophage infiltration and a lipid pool 
consistent with neoatherosclerosis, indicating insuffi-
cient treatment of DES-ISR[57]. New stent technologies 
that accelerate endothelial healing through the use of a 
thinner stent strut, biodegradable polymer with contra-
luminal drug coating (Synergy™; Boston Scientific, 
Ultimaster™; Terumo), or luminal surface coating 
with CD34 antibody (COMBO™; Orbusneich Medical 
Technologies) to capture endothelial precursor cells, 
rendering the stents free from neoatherosclerosis, are 
expected in future clinical trials[58]. 

Complete bio-absorption of the vascular scaffold 
[bio-resorbable scaffolds (BRS)] a few years after 
implantation, which potentially reduces late adverse 
events such as VLST provoked by neoatherosclerosis 
in the stent caused by the permanent presence of a 
polymer and metallic artificial implant[59,60], can restore 
endothelial function[61,62]. IVUS analysis of ABSORB BVS 
revealed a significant plaque media reduction without 
a significant change in the vessel wall area (plaque 
regression)[61]. Nevertheless, unresolved problems 
remain regarding BRS. If overstretched, BRS can lose 
their radial strength, leading to stent fracture[63]. BRS 
demonstrated a higher probability of procedural side 
branch occlusion in small side branches compared with 
everolimus-eluting metallic stents[64]. Moreover, most 
of the data on BRS use are derived from relatively 
small and non-randomized studies with short or mid-
term follow-up, and further studies are warranted to 
determine the real-world efficacy and safety of BRS[59]. 
The features of each stent are summarized in Table 1. 

CONCLUSION
Cardiologists have been combatting coronary athero-
sclerosis through stent implantation and preventive 
medicine. Neoatherosclerosis is now emerging as a 
new problem that has not yet been solved. Although 
coronary stenting resolves the problem of atheros-
clerotic lesion-induced myocardial ischemia, it results 
in a new problem of neoatherosclerosis. New stent 
technology or drugs may solve this problem in the 
future. 
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