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ABSTRACT

Chronic inflammation within the coronary arteries with infiltration of macrophages into the endothelium results in atherosclerosis. Percutaneous coronary intervention
(PCI) remains the standard of care for the treatment of most cases of atherosclerotic coronary artery disease (CAD). Intracoronary stents, either bare metal (BMS) or drug
eluting (DES), can successfully treat luminal stenoses within the coronary arteries. Following successful PCI however, neointimal proliferation can develop within the
deployed stent. Similar to the pathophysiology of native vessel atherosclerosis there is chronic inflammation within the neointima with infiltration of macrophages, a
process called neoatherosclerosis, and can result in in-stent restenosis (ISR) and even acute thrombotic, coronary arterial occlusion following disruption of the
neoatheroma. Neoatherosclerosis is a heterogeneous, pathobiological complication of PCI that can present more with angina recurrence or in its most extreme form with
an acute coronary syndrome (ACS) In this review article, we will discuss possible mechanisms, clinical challenges, and the future therapies of neoatherosclerosis.

1. Introduction

Percutaneous coronary intervention (PCI) is considered to be the
most common procedure in the field of cardiology [1]. In 1977 Andres
Gruntzig performed the first case of balloon angioplasty; since then
there has been a continuous evolution and improvement in the design
and performance of catheters, balloons and stents. The first bare metal
stents (BMS) were limited by an increased risk of stent thrombosis (ST)
and target lesion revascularization (TLR) and were gradually replace-
ment by the drug eluting stent (DES) with thinner struts and anti-pro-
liferative drug coatings, which has reduced the occurrence of neoin-
timal proliferation and the rates of TLR. Furthermore they have
significantly reduced the incidence of ISR (20-30% in BMS to < 10% in
DES) [2]. Recent concerns regarding late ST (30-60 days) and very late
ST (> 1year) have emerged in both BMS and DES. The cause of ST in
either stent is thought to result from either strut mal-apposition,
neoatherosclerosis, uncovered struts or stent under-expansion [3].
Adriaenssens et al. [4] reviewed more the 200 patients presenting with
ST and concluded that both uncovered struts and under-expanded
stents were the most common finding in acute or subacute ST, while
uncovered struts and neoatherosclerosis were common in late and very
late ST. Lastly, as opposed to native vessel atherosclerosis, which can
take several decades to develop, tissue histology obtained from post

mortem and DES studies indicate that additional cholesterol deposition
may occur within a few months, and neoatherosclerosis may be present
in the majority of restenotic lesions within DES. The aim of this paper is
to review the current literature regarding the mechanism, pathophy-
siology and diagnosis of neoatherosclerosis, which remains poorly un-
derstood by many cardiologists and physicians, despite having been
described in the literature for several years (Table 1).

2. Definition

Neoatherosclerosis is defined as the transformation within a stent
from the normal intimal layer to an atherogenic neointima. The process
is mediated by the accumulation of lipid-laden macrophages with or
without calcification [5]. The development of a neointima ranges from
months to years after stent deployment (depending on the stent type) in
contrast to atherosclerosis within native coronary arteries, which re-
quires a considerably longer time frame (decades) to develop [6]
(Table 2).

3. Pathophysiology

Early pathological reports of neoatherosclerosis documented the
accumulation of foamy macrophages adjacent to the luminal surface of
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Table 1
Atherosclerosis vs. neo-atherosclerosis.

Atherosclerosis Neo-atherosclerosis
Time Decades Months to a few years
Fatty streaks Non-progressive Progressive
Intimal thickening Progressive Rare
Necrotic core localization Deep Superficial with or without TCFA

Table 2
Neoatherosclerosis according to stent type.

Stent BMS 1st generation 2nd generation
DES DES
Thickness of strut Thick Thick Thin
Polymer None Durable Durable
Drug released None Paclitaxel or Rapamycin
rapamycin derivates
derivates
Onset of + 900 days SES *= 70days CoCr
neoatherosclerosis PES + 120 days EES + 270 days
Neoatherosclerosis Foreign-body Accelerated atherosclerosis
process inflammation
Necrotic core formation =+ 900 days + 300 days
Calcification -/+ SES + CoCr EES +
PES + + +
TCFA and in-stent 5year < 2year 4 years

plaque rapture

the stent and without communication with the original atherosclerosis
tissue [7]. Thereafter, macrophage cells subsequently form a fi-
broatheromatous plaque, which can evolve to thin-cap fibrous
atheroma (TCFA) with the risk of plaque rupture leading to myocardial
infarction [8] (Fig. 1). Occasionally calcification can be seen in long-
standing BMS and DES. The calcification process, which is commonly
seen within the paclitaxel-eluting stent, is associated with persistent
fibrin deposition within stent struts [7]. In general, the process of in-
stent neoatherosclerosis presents as macrophage infiltration and apop-
tosis and results in the formation of a necrotic core [9].

The exact cause of this accelerated process is unknown, although
several mechanisms have been proposed, including incomplete en-
dothelial coverage resulting in endothelial dysfunction [9]. This in-
ability to maintain a fully functional, competent endothelium is de-
picted by poorly formed cell junctions, reduced expression of
antithrombotic molecules, and decreased production of nitric oxide,
mainly after DES implantation [6]. This ineffective barrier permits the
penetration of high levels of lipoprotein and proteoglycans into the
subendothelial space, the initial stage of the neoatherosclerosis process
[10].

Nakazawa et al. [11] described the early manifestations of neoa-
therosclerosis in different DES and BMS (209 vs 197 lesions respec-
tively). The early sign of foamy macrophages cells was observed at 70
to 120 days in differing types of DES (sirolimus-eluting and paclitaxel-
eluting stents), while in BMS it was noted at a later time point at ap-
proximately 900 days.

Furthermore, the necrotic core was observed between 270 and
360 days within DES as compared with 900 days in BMS. TCFA and in-
stent plaque rapture (signs of unstable neoatherosclerosis) were ob-
served less than two years after implantation of DES (first generation)
compared to five years in BMS.

4. Clinical epidemiology

Early report by Chen et al. [12] stated the significant burden of
in-stent restenosis after BMS implantation and speculated that the
cause was neointimal proliferation. The majority of these patients
presented with unstable or exertional angina (90%), as opposed to

13

Thrombosis Research 178 (2019) 12-16

acute myocardial infraction (AMI). Takano et al. [13] used optical
coherence tomography (OCT) to describe the neointima in patients
after BMS implantation (Fig. 2). OCT was performed in twenty pa-
tients within six months after BMS implantation and after five years
in 21 patients after BMS intervention. The appearance of intra-in-
tima neovascularization in the latter group was significantly more
prominent compared with the former group (62% vs. 0%, respec-
tively; p < 0.01). Furthermore, patients with lipid-laden cells at the
intima had higher incidence of in-stent restenosis, requiring a higher
incidence of TLR. Ali et al. [14] have used both OCT and in-
travascular ultrasound (with infrared spectrometry) to assess the
neointimal components of ISR in both DES and BMS. A total 65
patients (BMS, 14; DES 51) with anginal symptoms and signs of in-
stent restenosis, as demonstrated by coronary angiography were
included. Signs of neoatherosclerosis were observed in 36% of BMS
implanted patients compere with 68% of DES implanted patients
(p = 0.02) [14].

Nakazawa et al. [11], compared 142 patients with BMS to 157 with
DES. They found that the incidence of neoatherosclerosis was greater
in the DES group compared with the BMS group (31% vs 16%,
p < 0.001 respectively). The median time of any neoatherosclerosis
signs in BMS was 2160 days (IQR: 1800-2880) while signs of neoa-
therosclerosis in the DES groups were observed at a median time of
420 days (IQR: 361-683). Almost the same results were seen in an
additional study [14], where neoatherosclerosis developed at a
median time point of 111 days in the DES group as compared with
295 days in the BMS group. A different mechanism was postulated to
cause neoatherosclerosis between the different stent types. Autopsies
from patients who underwent PCI with BMS [15] demonstrated a
prominent infiltration of lipid-laden macrophages with dense col-
lagen-degrading matrix metalloproteinase activity expressed WITHIN
ruptured and vulnerable plaques. This process occurs more rapidly in
patients treated with DES, mainly due to the prevention of endothelial
cell proliferation, viability, and migration, which allows infiltration of
lipid-laden foamy macrophage into the vessel, thereby accelerating
atherosclerosis [16-19].

A Recent OCT based report by Joner et al. [20] has shown that in
patients presenting with very-late ST, neoatherosclerosis was the most
common cause for very late ST with a prevalence of 58/134 (43.3%).
The median time from the initial event to the onset of the very late ST
was 5.95 years (IQR: 2.99 to 8.65 years), with a median time of ST for
DES and BMS ranging from 4.52years (IQR: 2.1 to 6.5years) and
8.24 years (IQR: 5.0to 11.49years) respectively, (p < 0.0001). Fur-
thermore, while examining OCT images, macrophage infiltration was
more frequent in patients with plaque rupture compared with those
without (50.2% vs. 22.2%; p < 0.0001), whereas calcification was
more often observed in frames without plaque rupture (17.2% vs. 4%;
p < 0.0001). As in previous studies, DES was also associated with an
increased risk of neoatherosclerosis (HR 2.2 95% CI. 1.15-4.3,
p = 0.02).

5. Diagnosis and clinical relevance

The diagnosis of neoatherosclerosis can be made at autopsy or
through advanced coronary artery imaging. Earlier reports were able to
measure the luminal diameter by angiography and then speculate the
cause of late ISR [21]. This was thought to be the result of neointimal
hyperplasia. The average rate of restenosis was reported to be ap-
proximately 30% at three-year follow-up with associated mortality and
MACE rates of 9.2% and 25.4% respectively. Subsequent four year data
was published in 2002, in which a total 405 patients with 424 lesions
underwent PCI with Palmaz-Schatz BMS [22]. Restenosis rates were
also 30% > 4-year after BMS implantation and the majority had a re-
duction in luminal diameter by > 50%. Nevertheless, only 11% of the
lesions required PCI due to late ISR (> 70% reduction in lumen dia-
meter). Inoue et al. [15] performed 19 autopsy studies following a
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Fig. 1. Process in atherosclerosis and neoatherosclerosis, and in DES vs. BMS (DES- Drug eluting stent; BMS-Bare metal stent).

Asterisks — neoatherosclerosis; Arrows — Stent struts

Fig. 2. Optical coherence tomography showing neoatherosclerosis.

diagnosis of non-cardiac death occurring between two to seven years 6. Coronary imaging

post PCI with Palmaz-Schatz BMS. Their results confirmed that stain-

less steel stents evoked a peri-strut persistent, inflammatory response, Current guidelines recommend intravascular ultrasound (IVUS) or
with subsequent new indolent atherosclerotic changes and consequent optical coherence tomography (OCT) to assess the mechanisms of stent

increased plaque vulnerability as previously discussed. failure [23,24]. However, the resolution of OCT (10-20 um) compared
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to that of IVUS (80-120 um), makes it the preferred intracoronary
imaging modality to evaluate neointimal tissue within the stented
segment. OCT can provide detailed information regarding the compo-
sition of restenosic tissue (tissue structure, backscatter and micro ves-
sels) [3,13,25,26].

Takano et al. [13], assessed 21 lesions in patients who underwent
PCI with BMS stents. Five years post PCI, the majority (67%) of stents
showed lipid-laden intimal macrophages and 38% of them had evi-
dence of thrombus formation. The mean TCFA diameter was between
80 + 59 um, and was related to an increase in the incidence of ACS.
Kang et al. [27] have acquired information by using OCT and IVUS
(virtual histology) from 50 patients who were diagnosed with in-stent
restenosis (defined as diameter stenosis > 50% by visual estimation at
follow-up angiography). Twenty patients presented with unstable an-
gina and thirty with stable angina. Fifty percent of the lesions were
treated with Cypher® DES, 20% with Taxus®, 6% with Endeavor®, 4%
with Xience® with remaining lesions treated with other types of stents.
The median follow-up time was 32.2 months (IQR 9.2 to 52.3). Of a
total 50 lesions, 19 lesions had two overlapping DES and four lesions
had three overlapping DES. Lipid neointima was diagnosed in 90% (45
lesions) by OCT, while the rest showed evidence of calcification.
Compared with stable patients, unstable patients had thinner TCFA (55
vs 100 um, p = 0.006) and an increased incidence of thrombi (80% vs
43%, p = 0.01). Overall, 26 lesions (52%) had at least one site of in-
stent TCFA-containing neointima; and 29 (58%) had at least one site of
in-stent neointimal rupture. Compared with OCT, IVUS imaging de-
monstrated only ten (34%) cases of IVUS-defined neointimal rupture.
Hence, many believe that OCT is the current gold standard imaging
modality to best define neointimal rupture.

Another study compared the use of OCT in 151 patients with
(n = 77) and without (n = 74) evidence of neoatherosclerosis. Within
the former group, the time taken to develop neoatherosclerosis after
stent implantation was on average 69 months in BMS-treated patients as
compared to 26 months treated with DES [28]. Furthermore, the fre-
quency of lipid-laden neointima was significantly higher in the DES
group compared with the BMS group (56.6% versus 32.9%, p = 0.002,
respectively). Multivariate analysis for the prediction of neoathero-
sclerosis concluded that stent age > 48 months, all subtypes of DES,
current smoking, chronic kidney disease (CKD) and the use of angio-
tensin converting enzyme inhibitors or angiotensin receptor blockers,
were independent predictors for the development of neoatherosclerosis.

An additional multicenter analysis reported that in first and second
generation DES, the prevalence of neoatherosclerosis using OCT in-
tracoronary imaging was 27.4% (58/212) [29]. First generation DES
compared to second-generation stents showed higher rate of neoa-
therosclerosis (45.5% vs 10.8%, p < 0.001). There was no difference
between the different types of stents. Furthermore, patients with
neoatherosclerosis were at higher risk for ACS (19.0% vs. 3.9%,
p = 0.001). A multivariable analysis for the predication of neoathero-
sclerosis found that CKD, low-density lipoprotein (LDL) level of > 70
mg/dl and stent age were independent predictors for neoathero-
sclerosis.

Recently, Kuroda et al. [30] published their long-term follow-up of
175 patients who underwent coronary angiography with OCT imaging
during 2005 to 2013. The presence of neoatherosclerosis was in-
dependently associated with an increased risk of cardiac death, TLR and
very late stent thrombosis. Kim et al. [31] have reinforced this phe-
nomena that neoatherosclerosis is associated with higher rates of TLR
(9% vs 55%, respectively; p < 0.001) while patients tend to be more
symptomatic (13% vs 57%, p < 0.001) as compared to those without
signs of neoatherosclerosis.

Joner et al. [20] have published the recent European experience
(PRESTIGE Consortium) in patients presenting with VLST. OCT was
performed within a total of 134 lesions in 134 patients, of which 58
were diagnosed with neoatherosclerosis. All patients with neoathero-
sclerosis had presented with an ACS (77% secondary to STEMI). In
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patients with neoatherosclerosis, the main cause of thrombosis, occur-
ring in 69% of cases, was in-stent plaque rupture. In a subsequent
multivariate analysis DES, as opposed to BMS, was found to be a pre-
dicator of neoatherosclerosis. In addition, previous MI was associated
with an increased risk of plaque rapture in patients presenting with
neoatherosclerosis (HR 4.87 95% CI: 1.73-13.73, p = 0.003), other risk
factors such as DES, diabetes, smoking or bifurcation lesions showed no
associated increased risk. Nevertheless, given that intra-coronary ima-
ging is not routinely performed and that many cardiologists are un-
familiar with the entity of neoathrosclerosis, some physicians might
confuse late stent thrombosis from neoatherosclerosis with inadequate
struts coverage or inadequate anti—platelet therapy or ISR.

7. Summary

Neoatherosclerosis is now recognized as a common complication of
PCI with DES. Increasing use of intracoronary imaging, specifically
OCT, will inevitably result in increased awareness and understanding.
Neoatherosclerosis is not a benign process and can result in late and
very late ST. The basic pathological mechanism involves the formation
of do novo lipid-laden macrophages within the neointimal region. The
appearance of neoatherosclerosis is a risk factor for higher rates of ACS,
TLR and anginal symptoms. Several risk factors had been identified
regarding an increased risk in the development of neoatherosclerosis
namely, type of stent implanted, chronic renal failure, smoking and LDL
levels. These factors may become the focus for future studies in order to
reduce this phenomenon. Prospective cohort studies, advanced cor-
onary imaging and maybe prolonged treatment with dual anti-platelet
therapy, will be fundamental to further understand and treat this
phenomena [32].
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