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Abstract

Coronary artery stenting following balloon angioplasty represents the gold standard

in revascularization of coronary artery stenoses. However, stent deployment as well

as percutaneous transluminal coronary angioplasty (PTCA) alone causes severe

injury of vascular endothelium. The damaged endothelium is intrinsically repaired by

locally derived endothelial cells and by circulating endothelial progenitor cells from

the blood, leading to re‐population of the denuded regions within several weeks to

months. However, the process of re‐endothelialization is often incomplete or dys-

functional, promoting in‐stent thrombosis and restenosis. The molecular and biome-

chanical mechanisms that influence the process of re‐endothelialization in stented

segments are incompletely understood. Once the endothelium is restored, endothe-

lial function might still be impaired. Several strategies have been followed to

improve endothelial function after coronary stenting. In this review, the effects of

stenting on coronary endothelium are outlined and current and future strategies to

improve endothelial function after stent deployment are discussed.
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1 | WHAT HAPPENS TO VASCULAR
ENDOTHELIUM DURING ANGIOPLASTY /
STENT DEPLOYMENT?

Catheter‐based interventional strategies such as percutaneous translu-

minal coronary angioplasty (PTCA) and coronary stent implantation

(referred to by “percutaneous coronary intervention” – PCI) represent

the gold standard in revascularization of coronary artery stenoses.

However, both balloon angioplasty and stent implantation inevitably

lead to near complete damage and loss of endothelial cells.1-3 The loss

of a continuous endothelial monolayer facilitates potentially lethal con-

sequences such as thrombus formation and restenosis.

The vascular endothelium acts as a barrier between the vessel

wall and the blood flow. It regulates a variety of vessel functions,

including the vascular tone and the passage of macromolecules such

as lipoproteins.4,5 Cell junctions maintain the integrity of the

endothelial monolayer. Tight, adherens and gap junctions establish

the connection of endothelial cells to each other whereas integrins

form a link to the extracellular matrix proteins (eg, fibronectin and

vitronectin).4,6

The healthy endothelium controls the tone and the proliferative

state of the underlying vascular smooth muscle cells (VSMCs) by the

production and release of bioactive substances as a response to

changes in its physical, chemical, and humoral environment. Nitric

oxide (NO) is known to be one of the most potent vasorelaxant and

platelet‐inhibitory molecules and is produced by endothelial nitric

oxide synthase (eNOS) from L‐arginine.7 The release of NO by the

endothelium initiates cyclic GMP (cGMP)‐mediated relaxation of the
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underlying smooth muscle cells, resulting in increased blood flow

and inhibition of the coagulation cascade. Nitric oxide also inhibits

platelet adhesion and aggregation by inhibiting the thromboxane A2

receptor.8 In addition to these vasorelaxant and antithrombotic

effects, endothelium‐derived NO contributes to the inhibitory effect

of endothelial cells on VSMCs. An incubation of co‐cultures of

VSMCs and endothelial cells with L‐arginine, the substrate of NO‐
synthesis, led to a decrease of VSMC growth while this effect was

decreased when cells were incubated with the L‐arginine analogue

nitro‐L‐arginine, thus blocking the NO synthase.9 Studies performed

in rabbit models of atherosclerosis10 and of balloon injury11 evi-

denced an inhibition of neointima formation after long‐term oral

administration of L‐arginine.
In concert with NO, the significant role of the endothelium in

maintaining the balance between vasoconstriction and vasodilatation

is carried out by the production and secretion of vasoconstrictive

substances such as endothelin, reactive oxygen species, endothe-

lium‐derived cyclo‐oxygenase‐dependent vasoconstricting factor,

prostaglandin H2, thromboxan A2, and angiotensin II.12,13

Thus, the functional vascular endothelium has a striking role in

keeping the balance between blood coagulation and fibrinolysis and

the vascular tone.14 Beneath its non‐thrombogenic properties that

maintain the fluidity of the blood exerted by NO and other mole-

cules such as thrombomodulin, heparin‐like molecules, and prostacy-

clin, prothrombotic endothelial molecules including von Willebrand

factor and plasminogen activator inhibitor‐1 act as counterparts.15,16

Endothelial cell‐derived Prostaglandin I2 inhibits platelet activation17

and therefore acts synergistically to NO that inhibits platelet adhe-

sion and aggregation as mentioned above.18

Taken together, the initiation and progression of atherosclerosis

is characterized by disturbances of normal endothelial functions.19

The endothelial dysfunction leads to an impaired vascular homeosta-

sis, notably an impaired endothelium‐dependent vasodilation and

endothelial activation, associated with a pro‐inflammatory and proco-

agulant environment.20 Particularly the bioavailability of NO is

reduced, caused by enhanced degradation of NO and decreased

eNOS expression.21 Besides the resulting impairment of vasodilation

the reduced bioavailability of NO leads to apoptosis of endothelial

cells, additionally triggered by local inflammatory processes.19 The

endothelial cell turnover is accelerated, however the regenerated

cells may be senescent, lack endothelial barrier integrity and may be

unable to produce sufficient NO, which results in increased oxidation

of LDL and further progression of atherosclerosis.22

Intravascular processes such as balloon angioplasty and stent

implantation inevitably cause severe vascular injury as well.23 It has

been demonstrated that balloon injury induces splitting of the

atheromatous plaque and stretching of the vessel wall, notably of

media and adventitia, and lysis of some of the cells, mainly VSMCs.

These effects have been described both in animal models1,24 and in

human postmortem arteries3,25 and are accompanied by important

alterations in the mechanical environment of the vessel wall.26

On a macroscopic point of view the angioplasty immediately

induces a change in the external size of the artery at the injured

site, but the geometry of the vessel segment returns approxi-

mately to the 3‐D shape it had before the plaque intruded into

the lumen.27 Initially, the effect of elastic recoil occurring seconds

to hours after PTCA could be observed in 5%‐10% patients

undergoing angioplasty.28 Additionally, local arterial injury provokes

an increased local release of vasoconstrictive agents such as sero-

tonin and thromboxane, possibly resulting in vasospasms.29,30

Angioplasty produces endothelial denudation, resulting in a distur-

bance of the integrity of structures inside the diseased arterial

wall2,24 and followed by rapid platelet deposition and attraction of

leukocytes.31,32 VSMC proliferation and deposition of extracellular

matrix proteins contributes to an intimal thickening, neointimal

hyperplasia, and finally the development of a restenosis following

PCI.33 The release of chemotactic factors and mitogens for

VSMCs by the platelets, such as platelet‐derived growth factor

(PDGF), together with the mechanical forces to the VSMCs lead

to their activation, resulting in proliferation, migration and shift

from a contractile to a synthetic phenotype.34 Only some 15 years

ago, Indolfi et al demonstrated that the extent of balloon injury is

directly proportional to VSMCs proliferation.35 After inserting a

Fogarty catheter into the lumen of a rat common carotid artery,

different inflation pressures of 0, 0.5, 1.0, 1.5, and 2.0 ATM were

applied. Remarkably it was evidenced for the first time that the

proliferative response of VSMCs was proportional to the degree

of vascular injury, confirmed by histopathologic findings as well as

by the extraction of RNA at 30 minutes after balloon injury,

demonstrating that an increase of pressure resulted in higher c-fos

expression and drives neointimal formation and proliferation.

Another long‐term process has been identified as one major

determinant of restenosis after balloon angioplasty in humans,

known as constrictive vascular remodelling.36 Arterial remodelling in

general represents an adaptive or compensatory response of blood

vessels to hemodynamic stress, arterial injury, and cellular prolifera-

tion and can either be constrictive or dilative.37 Constrictive vascular

remodelling may be the consequence of vessel constriction due to a

retractile scar. Compensatory dilation on the other hand delays the

development of focal stenosis in native atherosclerotic arteries

despite significant plaque accumulation as the outer vessel diameter

increases.37 In stented segments a compensatory dilation by increase

of the outer vessel wall is limited in parts due to the stiffness of the

device.

The potential role of the endothelium in vascular remodelling

after balloon injury has been discussed.38 Langille and O′Donnel

demonstrated that a structural reduction in vessel size induced by

a long‐term decrease in blood flow is dependent on an intact

endothelium.39 On the other hand endothelium‐derived relaxing

factor NO (EDRF‐NO) is involved in the adaptive enlargement of

the vessel in response to increased blood flow.40 Measurements of

EDRF‐NO levels following balloon injury in porcine coronary

arteries demonstrated a decreased production of EDRF‐NO.41 As

EDRF‐NO is a potent inhibitor of VSMC growth, the PCI‐induced
damage of the endothelium is suggested to influence neointimal

hyperplasia as well as the development of restenosis.
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2 | THE PROCESS OF RE ‐
ENDOTHELIALIZATION AFTER PTCA /STENT
DEPLOYMENT

Arterial healing after denudation involves regrowth of the endothe-

lium from remaining endothelial cells within the treated segment,

from proximal and distal to the lesion as well as from side‐branch
ostia.42 Circulating endothelial progenitor cells (EPCs) might also

contribute to re‐endothelialization.43 The process begins within the

first 24 hours after arterial denudation.44 A breakpoint of re‐
endothelialization was observed at 6‐10 weeks in several animal

models.44 In humans however there is limited information on the

time‐course of re‐endothelialization following PCI.23

Delayed endothelial recovery has been identified as one of the

major contributing factors of late stent thrombosis at autopsy.45,46

The risk of thrombosis is substantially increased in stents with >30%

uncovered struts compared to stents with complete coverage.46

Even beyond 1 year after implantation uncovered stent struts were

identified in first‐generation sirolimus‐ and paclitaxel‐eluting stents,

especially under high‐risk implantation conditions like acute myocar-

dial infarction, bifurcation and ostial lesions, lesions in bypass grafts,

lesions of the left main artery, chronic total occlusions (CTO), long

lesions (>30 mm), and in‐stent restenosis.47,48 Delayed arterial heal-

ing has also been observed in stents penetrating into the necrotic

cores of atherosclerotic plaques and overlapping stents.49,50

The biological factors controlling the re‐endothelialization pro-

cess have not been completely elucidated. Both vascular endothelial

growth factor (VEGF) and fibroblast growth factor (FGF) represent

growth factors for endothelial cells whereas FGF also has trophic

effects on VSMCs. Balloon injury induces a release of FGF and an

increased expression of FGF mRNA in endothelial cells and

VSMCs.51 Similarly, an increased expression of VEGF mRNA in rats

could be observed.52 Studies performed by Lam et al in humans

undergoing PTCA showed increased levels of circulating FGF, VEGF,

and tumor growth factor b1 (TGF‐b1), suggesting an operative role

of these factors in re‐endothelialization in humans.53

3 | THE IMPACT OF STENT DESIGN ON
ENDOTHELIAL REGROWTH

Today, a broad variety of stents is available. There have been signifi-

cant developments concerning the design of stent platforms as well

as the stent coatings including novel polymers, polymer‐free stents

and bioresorbable stents. The endothelial recovery after stent

implantation is influenced significantly by the stent design. The pro-

trusion of stent struts leads to perturbations in the local flow pat-

terns notably to the development of small regions with disturbed

shear stress between the stent struts.54 Alterations in shear stress

and blood flow dynamics are known to impact endothelial growth.55

In an experimental setting with flow and shear conditions similar to

human arteries, the endothelial cell coverage area and migration was

found to depend on object thickness and significantly decreased in

objects with 75 μm thickness or greater.56 Relating to coronary

stents, improved re‐endothelialization was demonstrated in newer

generation stents with lower strut thicknesses.57 In line with that,

re‐endothelialization was delayed in novel but comparably thick‐strut
bioabsorbable stents as compared with thin‐strut everolimus‐eluting
stents in a study of Koppara et al who performed stent implantation

into iliofemoral arteries in a healthy rabbit model with contemporary

stents used in clinical practice.58 Clinical significance was proven in

the randomized multicentre Strut Thickness Effect on Restenosis

Outcome” (ISAR‐STEREO)‐Trial demonstrating a significant reduction

of angiographic and clinical restenosis after coronary artery stenting

with thinner‐strut devices.59,60

In addition to the strut thickness also the shape of the struts

influences re‐endothelialization process by changes in local vascular

flow conditions. Non‐streamlined stent struts promote flow separa-

tion in the regions proximal and distal to the stent strut. High shear

at the edges of the struts can activate platelets through the release

of thromboxane A2, whereas areas of low shear rates adjacent to

non‐streamlined struts are associated with inhibition of re‐endothe-
lialization, potentially enabling procoagulant and pro‐inflammatory

elements to accumulate which contribute to thrombus formation.54

In contrast, streamlined strut geometry reduces flow separation and

high shear peak, resulting in rapid re‐endothelialization and inhibition

of platelet activation. Furthermore the areas affected by low shear

stress are smaller adjacent to streamlined struts, contributing to a

rapid re‐endothelialization.54

4 | THE IMPACT OF STENTS ON
ENDOTHELIAL FUNCTION

Angioplasty and stent implantation cause denudation of the

endothelium. The regeneration and regrowth of the denuded

endothelium originates from the remaining endothelial cells and

uninjured segments at the stent edges and from side‐branch ostia.

However, vessels that need to undergo an interventional revascular-

ization process usually are affected by atherosclerosis. The endothe-

lium of atherosclerotic vessels is dysfunctional a priori, characterized

by the impairment of vasomotion, disruption of the hemostatic bal-

ance, and a pro‐inflammatory milieu.20 Thus, the regenerated

endothelium after stent placement is found to be inadequate in

terms of both barrier integrity and functionality with impaired

endothelium‐dependent vasodilation and increased permeability.61

Concerning the vasomotor functions the rigid stent prevents relax-

ation and constriction of the artery. The production and release of

bioactive substances in stented vessel segments are affected, result-

ing in limited ability to respond sufficiently to changes in the physi-

cal, chemical, and humoral environment.

Notably both the barrier integrity and the extent of dysfunction-

ality depend on the presence or absence of antiproliferative stent

coverage. The majority of the currently available drug‐eluting stents

release the mammalian target of rapamycin (mTOR) inhibitor siroli-

mus or one of its analogues (everolimus, zotarolimus, or biolimus).
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The mTOR pathway has an important role in modulating cell division

in response to mitogenic stimuli by the control of protein synthesis

mediated through formation of the TORC 1 and 2 complexes. Thera-

peutically the inhibition of mTOR and its target TORC inhibits the

proliferation of smooth muscle cells (SMCs) in order to prevent

restenosis. However, particularly in endothelial cells, TORC 1 and 2

components contribute to processes required for endothelial

regrowth, function, and survival. TORC 1 influences the translation

and activity of hypoxia‐inducible factor α, the most potent upregula-

tor of VEGF, which is closely linked to the vascular healing pro-

cess.52 TORC 2 regulates endothelial proliferation, migration and

survival, and activation of eNOS, resulting in increased NO‐levels, so
the simultaneous inhibition of TORC 1 and 2 is likely to have conse-

quences to the regeneration process of the endothelium.62,63 On this

note, preclinical studies in rabbit models of atherosclerosis suggested

that not only endothelial regrowth but also endothelial competence

is more impaired within drug‐eluting stents than within bare‐metal

stents.45 With regard to the synthetic functions of endothelial cells,

the expression of the antithrombotic cofactor thrombomodulin was

absent, or reduced in endothelia after implantation of DES compared

to BMS.58 Thrombomodulin levels generally were lower in stented

regions when compared to unstented regions.

The competence of the regenerated endothelium however seems

to be better with newer‐generation than with first‐generation drug‐
eluting stents. A comparison of the expression of eNOS following

implantation of sirolimus‐, everolimus‐ and zotarolimus‐eluting stents

in a rabbit model of atherosclerosis demonstrated a less‐delayed
healing and greater expression of eNOS after deposition of a zotaro-

limus‐eluting stent.64

Intercellular junctions maintain the barrier integrity. Transmission

electron microscopy of rabbit iliac arteries after implantation of DES

demonstrated poor cell‐to‐cell contact and monocyte attachment.65

Koppara et al performed the implantation of comparator polymer‐
based drug‐eluting stents in rabbit iliac arteries.58 Despite apparent

endothelial recovery in scanning electron micrographs 28 days after

placement of first‐generation sirolimus and paclitaxel‐eluting stents a

reduction of the transmembrane protein platelet/endothelial cell

adhesion molecule 1 (PECAM‐1, also known as CD 31) at endothelial

cell borders could be observed. This observation indicates a delay in

maturation or increased turnover of endothelial cells.

5 | STRATEGIES TO PROMOTE RE ‐
ENDOTHELIALIZATION AFTER STENT
IMPLANTATION

Incomplete re‐endothelialization has been demonstrated particularly

after the implantation of drug‐eluting stents due to the unselective

antiproliferative effect of the drugs on both VSMCs and endothelial

cells. It has been suggested that DES should ideally have a selective

antiproliferative effect on VSMCs but be inert towards EC or better

still promote their proliferation. The latter might be achieved by tar-

geting factors influencing VSMC and EC growth. In this regard the

impact of the administration of growth factors as well as the capture

of EPCs have been investigated. In an effort to promote and acceler-

ate the process of re‐endothelialization after stent implantation,

novel stent designs have been developed, summarized as pro‐healing
stents.

Van Belle et al demonstrated a promotion of re‐endothelializa-
tion after stent implantation by local administration of VEGF in a

rabbit iliac model.66 Seven days after stent implantation, a near com-

plete re‐endothelialization of the stented vessel was detected

whereas the endothelial coverage of the stented arterial segment

without VEGF was only 30%.67 Based on these findings, growth‐fac-
tor delivering stents have been developed, however they failed to

promote re‐endothelialization in vivo and increased neointimal prolif-

eration instead.68

Another strategy to improve re‐endothelialization is followed by

capturing EPCs from the blood flow. EPC capture has been

attempted by coating stents with antibodies that target EPC markers

such as anti‐CD133, anti‐VE‐cadherin (anti‐CD 144), and anti‐
CD34.69 Coating of stents with anti‐CD133 antibodies did not influ-

ence re‐endothelialization or neointimal thickening in a porcine

model.70 VE‐cadherin is an adhesion molecule participating in the

formation and maintenance of endothelial cell‐cell communication. It

is specifically expressed in vascular endothelial cells. Coating of

stents with anti‐VE‐cadherin antibodies could accelerate re‐endothe-
lialization and reduce neointimal formation in a rabbit model.71

Among EPC subsets, outgrowth endothelial cells (OECs) preferen-

tially express VE‐cadherin, and exhibit greater vasculogenic activity

with more rapid proliferation and more active migration.72 Therefore

capturing OECs more selectively with anti‐VE‐cadherin antibody

could be responsible for a more efficient re‐endothelialization and

anti‐thrombogenicity of anti‐VE‐cadherin antibody‐coated stents in

animal models.73

The Genous® (OrbusNeich) stent, coated with anti‐CD34 anti-

bodies to capture EPCs, was the first device of its kind to be evalu-

ated in humans. In preclinical porcine studies the early re‐
endothelialization process was enhanced without affecting neointi-

mal proliferation.69 Likewise, in humans neointimal thickness was not

reduced as confirmed by angiographic and intravascular ultrasound

follow‐up.74 Compared to first‐generation paclitaxel‐eluting stents,

the TRIAS trial showed no significant difference in mortality, myocar-

dial infarction, and target vessel revascularization at 2 years.75 As

CD34 antibodies are not specific to EPCs, an attraction of other

hematopoetic stem cells such as smooth muscle progenitor cells as

well as inflammatory cells might cause an increase in neointimal pro-

liferation. To overcome this issue, the Combo® (OrbusNeich) stent

combines CD34 antibody‐mediated EPC capturing on the luminal

surface and a sirolimus‐eluting biodegradable polymer on abluminal

surface. Reduced neointimal proliferation and accelerated re‐
endothelialization were demonstrated in a porcine model.76 The

first‐in‐men REMEDEE (Randomized Evaluation of an Abluminal siro-

limus coated Bio‐Engineered Stent) study revealed safety and non‐
inferiority to everolimus‐eluting Xience V stent.77 However, in the

prevention of in‐stent restenosis in complex lesions the dual
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endothelial capturing stent technology is less effective compared

with drug‐eluting stents78; further data is to be expected.

A combination of the administration of growth factors and the

concept of EPC capture is followed by Song et al who performed

in vitro studies with stainless metallic steel coated with VEGF and

anti‐CD34 antibody.79 With co‐coating of VEGF and anti‐CD34 the

differentiation of EPCs in vitro was enhanced compared to single

VEGF coating and bare metal, so simultaneously coating stents with

VEGF and anti‐CD34 antibody might be a novel research direction

for facilitating re‐endothelialization in order to reduce restenosis

after stent implantation.

Cyclic‐RGD (Arg‐Gly‐Asp)‐peptide has been identified as a recog-

nition sequence for integrins and thus represents a binding motif

specifically attracting endothelial progenitor cells.80 The use of RGD‐
containing peptides on surfaces is known to enhance the adhesion,

growth, and spreading of endothelial cells.81 A novel stent coated

with cRGD was investigated earlier by our group.82 The cRGD coat-

ing clearly supported the outgrowth, recruitment, and migration of

EPCs in vitro. Scanning electron microscopy indicated enhanced

endothelial coverage on cRGD‐loaded stents at 4 weeks in a porcine

model that might contribute to a reduction of restenosis seen at

12 weeks. To achieve a specific attraction of OECs, a combinational

stent coating with certain signalling molecules has been investi-

gated.83 Bio‐functionalization with RGD/CXCL1 effectively supported

the adhesion and proliferation of OECs in vitro. After implantation

of RGD/CXCL1‐coated stents in carotid arteries of apoliproprotein

E−/− mice an accelerated re‐endothelialization by supporting the

adhesion and proliferation of EPCs, especially OECs, was detected,

so RGD/CXCL1 coating of stents may help to diminish the risks of

stent thrombosis and restenosis.

However, patients with cardiovascular diseases often have poor

or dysfunctional EPCs. The treatment with statins has been associ-

ated with an increased number and survival of EPCs in patients with

cardiovascular diseases.74

6 | STRATEGIES TO IMPROVE
ENDOTHELIAL FUNCTION IN STENTED
CORONARY ARTERY SEGMENTS

Strategies enhancing the process of re‐endothelialization in stented

coronary arteries do not necessarily result in reconstitution of all

endothelial functions. To overcome the issue of incomplete and dys-

functional re‐endothelialization even immediately after denudation,

Andukuri et al developed a bioinspired multifunctional nanomatrix

mimicking the endothelial surface characteristics by containing cell‐
adhesion ligands and NO‐donors.84 The recruitment and differentia-

tion of EPCs towards an endothelial lineage was improved, however

the device has not been tested in preclinical models.

ACE inhibitors have been described as beneficial on intimal

hyperplasia following balloon angioplasty.85 Besides the inhibition of

conversion of angiotensin I to the vasoconstrictive agent angiotensin

II, ACE inhibitors are known to inhibit kinin hydrolysis with

stimulation of NO release.86 The administration of ACE inhibitors

has demonstrated an inhibition of neointimal hyperplasia in different

animal models of balloon denudation.85 Simultaneously, van Belle et

al have demonstrated an enhancement of endothelial regrowth as

well as an improved endothelial function in a rabbit model of balloon

injury.87 Interestingly, scanning electron microscopy analysis showed

a morphological change towards recovery of a spindle shape of the

endothelial cells, which has been associated with functional recovery

of endothelial cells. However with regard to the progression of

restenosis after stent implantation in humans, the administration of

ACE inhibitors neither improved the ischemic threshold nor reduced

the need for new revascularization procedures.88 Studies that evalu-

ated a possible anti‐atherosclerotic effect of ACE inhibitors (including

large randomized trials) have generally been negative.88

Exercise training is one of the key factors in primary and sec-

ondary prevention of cardiovascular diseases. Indolfi et al demon-

strated that exercise training increases eNOS expression and activity

resulting in an increased bioavailability of nitric oxide in the vascular

wall of rats.89 Histological assessment after balloon angioplasty and

stent implantation in rats undergoing a daily training program

demonstrated a complete re‐endothelialization of injured vessels

with increased eNOS activity, and reduced platelet aggregation.89

However, the implantation of conventional metallic stents is associ-

ated with an impairment of vasomotion that in parts results from

the caging foreign material, thus the vasodilative effect of NO in

stented artery segments is limited.

A promising strategy towards restoration of a normal vessel func-

tion is the development of fully bioresorbable scaffolds providing

mechanical stability for a finite period after PCI and then being gradu-

ally resorbed leaving the vessel free of any foreign material. Today,

there are several bioresorbable scaffolds at various stages of develop-

ment, based on either metallic alloys or polymers. However, all biore-

sorbable scaffolds are characterized by thick stent struts when

compared to second generation DES.28 Considering the negative

impact of strut thickness to re‐endothelialization and thrombogenicity,

Koppara et al demonstrated a delayed re‐endothelialization and an

increased acute thrombogenicity after implantation of fully bioab-

sorbable stents compared to thin strut second generation DES and

BMS in the rabbit iliofemoral artery model.58 Absorb® bioresorbable

vascular scaffold (BVS) achieved a CE mark in 2011 as the first drug

eluting fully bioresorbable scaffold. Imaging studies in porcine coro-

nary arteries supported a restoration of cyclic pulsatility at the device

site at 6 months after implantation.90 Fully restored vasomotion was

observed at 12 months, and progressive lumen gain with plaque

regression was documented between 2 and 5 years both in porcine

coronary arteries and in humans.91,92 The pathophysiology underlying

the observed lumen gain and plaque regression is as yet unknown and

remains an area of research interest. Remarkably, subsequent to the

loss of scaffolding physiological fluid dynamics could be restored,

including a return of a more normalized arterial flow, shear stress, and

cyclic forces. As these forces influence the anatomy and function of

endothelial and smooth muscle cells and regulate vascular remodelling,

the effects of lumen gain and restoration of pulsatility following
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BVS‐Implantation might be based on more physiological flow condi-

tions.26 Since its commercial launch the BVS has been studied in reg-

istries93,94 and randomized trials, but long‐term follow‐up is

required.95 Within 1 year there was no significant difference between

the BVS and a thin strut second generation DES (Xience) in rates of

cardiac death, target‐vessel revascularization or target‐vessel myocar-

dial infarction.95 However, stent thrombosis occurred more frequently

following implantation of BVS within 1 year, but it has to be pointed

out that the studies were underpowered to this event. Nevertheless

the finding of an increased rate of stent thrombosis might be related

to an incomplete re‐endothelialization process, as previous animal

studies suggested.58,95 Improvements in stent design notably in terms

of strut thickness might be an area for future research.

7 | CONCLUSION AND FUTURE
PERSPECTIVES

Catheter‐based interventional coronary revascularization procedures

cause vascular injury including endothelial denudation. Compared to

bare metal stents, drug‐eluting stents have achieved dramatically

reduced restenosis rates. However, the antiproliferative drugs lack

selectivity with respect to the targeted cell types. So not only the

proliferation of VSMCs, underlying neointimal formation, is inhib-

ited, but also the endothelial repair is compromised. Incomplete re‐
endothelialization after implantation of stents has been identified

as the primary cause of an increased risk of late and very late

stent thrombosis. The regenerated endothelium in stented regions

however is inadequate with regard to barrier, antithrombotic, and

vasodilative functions, represented by poorly formed cell‐to‐cell
junctions and reduced expression of antithrombotic molecules and

eNOS. Additionally, stent‐induced disturbances of blood flow con-

tribute to complex alterations in shear stress, resulting in increased

thrombogenicity around the stent struts and impairment of re‐
endothelialization. A complete regeneration of vascular endothelium

prohibits neointimal thickening and hyperplasia and finally prevents

restenosis. The long‐term health of the vessel wall depends on a

successful restoration of a competent endothelium. Efforts have

been made to promote re-endothelialization and to improve

endothelial functions after stent implantation by changes in stent

design and coating. Future studies must address the long‐term
safety of both new generations of DES and fully bioresorbable

scaffolds aiming at the maintenance of a competent and functional

endothelium in order to reduce stent thrombosis and restenosis

rates.

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

ORCID

Anne Cornelissen http://orcid.org/0000-0002-5452-4657

REFERENCES

1. Block PC, Baughman KL, Pasternak RC, Fallon JT. Transluminal

angioplasty: correlation of morphologic and angiographic findings in

an experimental model. Circulation. 1980;61:778‐785.
2. Pasternak RC, Baughman KL, Fallon JT, Block PC. Scanning electron

microscopy after coronary transluminal angioplasty of normal canine

coronary arteries. Am J Cardiol. 1980;45:591‐598.
3. Block PC, Myler RK, Stertzer S, Fallon JT. Morphology after translu-

minal angioplasty in human beings. N Engl J Med. 1981;305:382‐385.
4. Mehta D, Malik AB. Signaling mechanisms regulating endothelial per-

meability. Physiol Rev. 2006;86:279‐367.
5. Frank PG, Pavlides S, Lisanti MP. Caveolae and transcytosis in

endothelial cells: role in atherosclerosis. Cell Tissue Res. 2009;335:41‐
47.

6. Dejana E, Tournier-Lasserve E, Weinstein BM. The control of vascu-

lar integrity by endothelial cell junctions: molecular basis and patho-

logical implications. Dev Cell. 2009;16:209‐221.
7. Palmer RMJ, Ferrige AG, Moncada S. Nitric oxide release accounts

for the biological activity of endothelial‐derived relaxing factor. Nat-

ure. 1987;327:524‐526.
8. Wang GR, Zhu Y, Halushka PV, et al. Mechanism of platelet inhibi-

tion by nitric oxide: in vivo phosphorylation of thromboxane receptor

by cyclic GMP‐dependent protein kinase. Proc Natl Acad Sci USA.

1998;95:4888‐4893.
9. Scott-Burden T, Vanhoutte PM. The endothelium as a regulator of

vascular smooth muscle proliferation. Circulation. 1993;87:V51‐V55.
10. Wang B, Singer A, Tsao P, et al. Dietary arginine prevents

atherosclerosis in the coronary artery of the hypercholesterolemic

rabbit. J Am Coll Cardiol. 1994;23:452‐458.
11. Hamon M, Vallet B, Bauters C, et al. Long‐term oral administration

of L‐arginine reduces intimal thickening and enhances neoendothe-

lium‐dependent acetylcholine‐induced relaxation after arterial injury.

Circulation. 1994;90:77‐84.
12. Levin ER. Endothelins. N Engl J Med. 1995;333:356‐363.
13. Kifor I, Dzau VJ. Endothelial renin‐angiotensin pathway: evidence for

intracellular synthesis and secretion of angiotensin. Circ Res.

1987;60:422‐428.
14. Vane JR, Anggard EE, Botting RM. Regulatory functions of the vas-

cular endothelium. N Engl J Med. 1990;323:27‐36.
15. Nawroth P, Kisiel W, Stern D. The role of endothelium in the home-

ostatic balance of haemostasis. Clin Haematol. 1985;14:531‐546.
16. Wu KK, Thiagarajan P. Role of endothelium in thrombosis and

hemostasis. Annu Rev Med. 1996;47:315‐331.
17. Moncada S, Vane JR. Pharmacology and endogenuous roles of pros-

taglandin endoperoxides, thromboxane A2 and prostacyclin. Pharma-

col Rev. 1979;79:293‐331.
18. Macdonald PS, Read MA, Dusting GJ. Synergistic inhibition of plate-

let aggregation by endothelium‐derived relaxing factor and prostacy-

clin. Thromb Res. 1988;49:437‐449.
19. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med.

1999;340:115‐126.
20. Brunner H, Cockcroft JR, Deanfield J, et al. Endothelial function and

dysfunction. Part II: association with cardiovascular risk factors and

diseases. A statement by the working group on endothelins and

endothelial factors of the European Society of Hypertension. J

Hypertens. 2005;23:233‐246.
21. Stabler T, Kenjale A, Ham K, et al. Potential mechanisms for reduced

delivery of nitric oxide to peripheral tissues in diabetes mellitus. Ann

NY Acad Sci. 2010;1203:101‐106.
22. Vanhoutte PM, Shimokawa H, Tang EH, Feletou M. Endothelial dys-

function and vascular disease. Acta Physiol. 2009;196:193‐222.
23. Gravanis MB, Roubin GS. Histopathologic phenomena at the site of

percutaneous transluminal angioplasty: the problem of restenosis.

Hum Pathol. 1989;20:477‐485.

44 | CORNELISSEN AND VOGT

http://orcid.org/0000-0002-5452-4657
http://orcid.org/0000-0002-5452-4657
http://orcid.org/0000-0002-5452-4657


24. Faxon DP, Weber VJ, Haudenschild C, et al. Acute effects of translu-

minal angioplasty in three experimental models of atherosclerosis.

Arteriosclerosis. 1982;2:125‐133.
25. Lee G, Ikeda RM, Joye JA, et al. Evaluation of transluminal angio-

plasty of chronic coronary artery stenosis: value and limitations

assessed in fresh cadaver hearts. Circulation. 1980;61:77‐83.
26. Davies PF. Hemodynamic shear stress and the endothelium in car-

diovascular pathology. Nat Clin Pract Cardiovasc Med. 2009;6:16‐
26.

27. Van der Heiden K, Gijsen FJH, Narracott A, et al. The effects of

stenting on shear stress: relevance to endothelial injury and repair.

Cardiovasc Res. 2013;99:269‐275.
28. Iqbal J, Gunn J, Serruys P. Coronary stents: historical development,

current status and future directions. Br Med Bull. 2013;106:193‐211.
29. Cragg A, Einzig S, Castaneda-Zuniga W, et al. Vessel wall ararchido-

nate metabolism after angioplasty: possible mediators of postangio-

plasty vasospasm. Am J Cardiol. 1983;51:1441‐1445.
30. Lam JYT, Chesebro JH, Steele PM, et al. Is vasospasm related to pla-

telet deposition? relationship in a porcine preparation of arterial

injury in vivo. Circulation. 1987;75:243‐248.
31. Wilentz JR, Sanborn TA, Faxon DP, et al. Platelet accumulation in

experimental angioplasty: time course and relation to vascular injury.

Circulation. 1987;75:636‐642.
32. Liu MW, Roubin GS, King SB. III. Restenosis after coronary angio-

plasty. Potential biologic determinants and role of intimal hyper-

plasia. Circulation. 1989;79:1374‐1387.
33. Austin GE, Norman NB, Hollmann J, et al. Intimal proliferation of

smooth muscle cells as an explanation for recurrent coronary artery

stenosis after percutaneous transluminal coronary angioplasty. J Am

Coll Cardiol. 1985;6:369‐375.
34. Thyberg J, Hedin U, Sjölund M. Regulation of differentiated proper-

ties and proliferation of arterial smooth muscle cells. Arteriosclerosis.

1990;10:966‐990.
35. Indolfi C, Esposito G, Stabile E, et al. A new rat model of small ves-

sel stenting. Basic Res Cardiol. 2000;95:179‐185.
36. Mintz GS, Popma JJ, Pichard AD, et al. Arterial remodeling after

coronary angioplasty. A serial intravascular ultrasound study. Circula-

tion. 1996;94:35‐43.
37. Schoenhagen P, Ziada KM, Vince DG, et al. Arterial remodeling and

coronary artery disease: the concept of „dilated” versus „obstruc-
tive” coronary atherosclerosis. J Am Coll Cardiol. 2001;38:297‐306.

38. Gibbons GH, Dzau VJ. The emerging concept of vascular remodeling.

N Engl J Med. 1994;330:1431‐1438.
39. Langille BL. O′Donnell F. Reductions in arterial diameter produced

by chronic decreases in blood flow are endothelium‐dependent.
Science. 1986;231:405‐407.

40. Tronc F, Wassed M, Eposito B, et al. Role of NO in flow‐induced
remodeling of the rabbit common carotid artery. Arterioscler Thromb

Vasc Biol. 1996;16:1256‐1262.
41. Shimokawa H, Flavahan NA, Vanhoutte PM. Natural course of the

impairment of endothelium‐dependent relaxations after balloon

endothelium removal in porcine coronary arteries. Possible dysfunc-

tion of a pertussis toxin‐sensitive G protein. Circ Res. 1989;65:740‐
753.

42. Lindner V, Majack RA, Reidy MA. Basic fibroblast growth factor

stimulates endothelial regrowth and proliferation in denuded arter-

ies. J Clin Invest. 1990;85:2004‐2008.
43. Asahara T, Masuda H, Takahashi T, et al. Bone marrow origin of

endothelial progenitor cells responsible for postnatal vasculogenesis

in physiological and pathological neovascularization. Circ Res.

1999;85:221‐228.
44. Reidy MA, Clowes AW, Schwartz SM. Endothelial regeneration. V.

Inhibition of endothelial regrowth in arteries of rat and rabbit. Lab

Invest. 1983;49:569‐575.

45. Joner M, Finn AV, Farb A, et al. Pathology of drug‐eluting stents in

humans: delayed healing and late thrombotic risk. J Am Coll Cardiol.

2006;48:193‐202.
46. Finn AV, Joner M, Nakazawa G, et al. Pathological correlates of late

drug‐eluting stent thrombosis: strut coverage as a marker of

endothelialization. Circulation. 2007;115:2435‐2441.
47. Nakazawa G, Finn AV, Vorpahl M, et al. Coronary responses and dif-

ferential mechanisms of late stent thrombosis attributed to first‐gen-
eration sirolimus‐ and paclitaxel‐eluting stents. J Am Coll Cardiol.

2011;57:390‐398.
48. Nakazawa G, Yazdani SK, Finn AV, et al. Pathological findings at

bifurcation lesions: the impact of flow distribution on atherosclerosis

and arterial healing after stent implantation. J Am Coll Cardiol.

2010;55:1679‐1687.
49. Nakazawa G, Finn AV, Joner M, et al. Delayed arterial healing and

increased late stent thrombosis at culprit sites after drug‐eluting
stent placement for acute myocardial infarction patients: an autopsy

study. Circulation. 2008;118:1138‐1145.
50. Finn AV, Kolodgie FD, Harnek J, et al. Differential response of

delayed healing and persistent inflammation at sites of overlapping

sirolimus‐ or paclitaxel‐eluting stents. Circulation. 2005;112:270‐278.
51. Lindner V, Reidy MA. Proliferation of smooth muscle cells after vas-

cular injury is inhibited by an antibody against basic fibroblast

growth factor. Proc Natl Acad Sci USA. 1991;88:3739‐3743.
52. Tsurumi Y, Murohara T, Krasinski K, et al. Reciprocal relationship

between VEGF and NO in the regulation of endothelial integrity.

Nat Med. 1997;3:879‐886.
53. Lam MH, Bouchart M, Martel R, et al. Circulating serum levels of

bFGF, VEGF and TGF‐b1 in patients undergoing PTCA. J Am Coll

Cardiol. 1996;27:363 A.

54. Jimenez JM, Davies PF. Hemodynamically driven stent strut design.

Ann Biomed Eng. 2009;37:1483‐1494.
55. LaDisa JF Jr, Olson LE, Douglas HA, et al. Alterations in regional vas-

cular geometry produced by theroretical stent implantation influence

distributions of wall shear stress: analysis of a curved coronary

artery using 3D computational fluid dynamics modeling. Biomed Eng

Online. 2006;5:40.

56. Simon C, Palmaz JC, Sprague EA. Influence of topography on

endothelialization of stents: clues for new designs. J Long Term Eff

Med Implants. 2000;10:143‐151.
57. Joner M, Nakazawa G, Finn AV, et al. Endothelial cell recovery

between comparator polymer‐based drug‐eluting stents. J Am Coll

Cardiol. 2008;52:333‐342.
58. Koppara T, Cheng Q, Yahagi K, et al. Thrombogenicity and early vas-

cular healing response in metallic biodegradable polymer‐based an

fully bioabsorbable drug‐eluting stents. Circ Cardiovasc Interv.

2015;8:e002427.

59. Kastrati A, Mehili J, Dirschinger J, et al. Intracoronary stenting and

angiographic results: strut thickness effect on restenosis outcome

(ISAR‐STEREO) trial. Circulation. 2001;103:2816‐2821.
60. Pache J, Kastrati A, Mehili J, et al. Intracoronary stenting and angio-

graphic results: strut thickness effect on restenosis outcome (ISAR‐
STEREO‐2) trial. J Am Coll Cardiol. 2003;41:1283‐1288.

61. van Beusekom HM, Wheland DM, Hofma SH, et al. Long‐term
endothelial dysfunction is more pronounced after stenting than after

balloon angioplasty in porcine coronary arteries. J Am Coll Cardiol.

1998;32:1109‐1117.
62. Morales-Ruiz M, Fulton D, Sowa G, et al. Vascular endothelial

growth factor‐stimulated actin reorganization and migration of

endothelial cells is regulated via the serine/threonine kinase AKT.

Circ Res. 2000;86:892‐896.
63. Fulton D, Gratton JP, McCabe TJ, et al. Regulation of endothelium‐

derived nitric oxide production by the protin kinase AKT. Nature.

1999;399:597‐601.

CORNELISSEN AND VOGT | 45



64. Nakazawa G, Nakano M, Otsuka F, et al. Evaluation of polymer‐
based comparator drug‐eluting stents using a rabbit model of iliac

artery atherosclerosis. Circ Cardiovasc Interv. 2011;4:38‐46.
65. Otsuka F, Finn AV, Yazdani SK, et al. The importance of the

endothelium in atherothrombosis and coronary stenting. Nat Rev

Cardiol. 2012;9:439‐453.
66. van Belle E, Maillard L, Tio FO, Isner JM. Accelerated endothelializa-

tion by local delivery of recombinant human vascular endothelial

growth factor reduces in‐stent intimal formation. Biochem Biophys

Res Comm. 1997;235:311‐316.
67. van Belle E, Tio FO, Couffinhal T, et al. Stent endothelialization: time

course, impact of catheter delivery, deasibility of recombinant pro-

tein administration, and response to cytokine expedition. Circulation.

1997;94:438‐448.
68. Swanson N, Hogrefe K, Jarved Q, et al. Vascular endothelial growth

factor (VEG‐F)‐eluting stents: in vivo effects on thrombosis, endothe-

lialization and intimal hyperplasia. J Invasive Cardiol. 2003;15:688‐
692.

69. van Beusekom HM, Ertas G, Sorop O, et al. The genous™ endothelial

progenitor cell capture stent accelerates stent re‐endothelialization
but does not affect intimal hyperplasia in porcine coronary arteries.

Catheter Cardiovasc Interv. 2012;79:231‐242.
70. Sedaghat A, Sinning JM, Paul K, et al. First in vitro and in vivo

results of an anti‐human CD133‐antibody coated coronary stent in

the porcine model. Clin Res Cardiol. 2013;102:413‐425.
71. Lee JM, Choe W, Kim BK, et al. Comparison of endothelialization

and neointimal formation with stents coated with antibodies against

CD 34 and vascular endothelial‐cadherin. Biomaterials.

2012;33:8917‐8927.
72. Hur J, Yoon CH, Kim HS, et al. Characterization of two types of

endothelial progenitor cells and their different contributions to neo-

vasculogenesis. Arterioscler Thromb Vasc Biol. 2004;24:288‐293.
73. Tang H, Wang Q, Wang X, et al. Effect of a novel stent on re‐

endothelialization, platelet adhesion and neointimal formation. J

Atheroscler Thromb. 2016;23:67‐80.
74. Duckers HJ, Silber S, de Winter R, et al. Circulating endothelial pro-

genitor cells predict angiographic and intravascular ultraspund out-

come following percutaneous coronary interventions in the

HEALING‐II trial: evaluation of an endothelial progenitor cell captur-

ing stent. EuroIntervention. 2007;3:67‐75.
75. Beijk MA, Klomp M, Verouden NJ, et al. Genous endothelial progeni-

tor cell capturing stent vs. the taxus liberté stent in patients with de

novo coronary lesions with a high risk of coronary restenosis: a ran-

domized, single‐centre pilot study. Eur Heart J. 2010;31:1055‐1064.
76. Granada JF, Inami S, Aboodi MS, et al. Development of a novel pro-

healing stent designed to deliver sirolimus from a biodegradable

abluminal matrix. Circ Cardiovasc Intervent. 2010;3:257‐266.
77. Landmesser U, Wijns W, Barbato E, et al. Tct‐282 the remedee oct

study: a prospective randomized study of the early vascular healing

of a novel dual therapy stent in comparison with an everolimus elut-

ing stent. J Am Coll Cardiol. 2012;60:(17_s).

78. Woudstra P, de Winter RJ, Beijk MA. Next generation DES: the

COMBO dual therapy stent with Genous endothelial progenitor cap-

turing technology and an abluminal sirolimus matrix. Expert Rev Med

Devices. 2014;11:121‐135.
79. Song CL, Li Q, Zhang JC, et al. Study of a novel coating strategy for

coronary stents: evaluation of stainless metallic steel coated with

VEGF and anti‐CD34 antibody in vitro. Eur Rev Med Pharmacol Sci.

2016;20:311‐316.
80. Ruoslahti E. RGD and other recognition sequences for integrins.

Annu Rev Cell Dev Biol. 1996;12:697‐715.
81. Xiao Y, Truskey GA. Effect on receptor‐ligand affinity on the

strength of endothelial cell adhesion. Biophys J. 1996;71:2869‐2884.

82. Blindt R, Vogt F, Astafieva I, et al. A novel drug‐eluting stent coated

with an integrin‐binding cyclic Arg‐Gly‐Asp peptide inhibits neointi-

mal hyperplasia by recruiting endothelial progenitor cells. J Am Coll

Cardiol. 2006;47:1786‐1795.
83. Simsekyilmaz S, Liehn EA, Weinandy S, et al. Targeting in‐stent‐ste-

nosis with RGD‐ and CXCL1‐coated mini‐stents in mice. PLoS ONE.

2016;11:1‐8.
84. Andukuri A, Sohn YD, Anakwenze CP, et al. Enhanced human

endothelial progenitor cell adhesion and differentiation by a bioin-

spired multifunctional nanomatrix. Tissue Eng Part C Methods.

2013;19:375‐385.
85. Powell JS, Müller RKM, Kuhn H, et al. Inhibitors of angiotensin‐con-

verting enzyme prevent myointimal proliferation after vascular injury.

Science. 1989;245:186‐188.
86. Fahry RD, Carretero OA, Ho KL, Scicli G. Role of kinins and nitric

oxide in the effects of angiotensin converting enzyme inhibitors on

neointima formation. Circ Res. 1993;72:1202‐1210.
87. van Belle E, Vallet B, Auffray JL, et al. NO synthesis is involved in

structural and functional effects of ACE inhibitors in injured arteries.

Am J Physiol. 1996;270:H298‐H305.

88. Ribichini F, Ferrero V, Rognoni A, et al. Angiotensin antagonism in

coronary artery disease: results after coronary revascularization.

Drugs. 2005;65:1073‐1096.
89. Indolfi C, Torella D, Coppola C, et al. Physical training increases

eNOS vascular expression and activity and reduces restenosis after

balloon angioplasty or arterial stenting in rats. Circ Res.

2002;91:1190‐1197.
90. Lane JP, Perkins LEL, Aj Sheehy, et al. Lumen gain and restoration of

pulsatility after implantation of a bioresorbable vascular scaffold in

porcine coronary arteries. JACC Cardiovasc Interv. 2014;7:688‐695.
91. Serruys PW, Garcia-Garcia HM, Onuma Y. From metallic cages to

transient bioresorbable scaffolds: change in paradigm of coronary

revascularization in the upcoming decade? Eur Heart J. 2012;33:16‐
25b.

92. Serruys PW, Chevalier B, Dudek D, et al. A bioresorbable everoli-

mus‐eluting scaffold versus a metallic everolimus‐eluting stent for

ischaemic heart disease caused by de‐novo native coronary artery

lesions (ABSORB II): an interim 1‐year analysis of clinical and proce-

dural secondary outcomes from a randomised controlled trial. Lancet.

2015;385:43‐54.
93. Serruys PW, Onuma Y, Garcia-Garcia HM, et al. Dynamics of vessel

wall changes following the implantation of the absorb everolimus‐
eluting bioresorbable vascular scaffold: a multi‐imaging modality

study at 6, 12, 24 and 36 months. EuroIntervention. 2014;9:1271‐
1284.

94. Capodanno D, Gori T, Nef H, et al. Percutaneous coronary interven-

tion with everolimus‐eluting bioresorbable vascular scaffolds in rou-

tine clinical practice: early and midterm outcomes from the

European multicentre GHOST‐EU registry. EuroIntervention.

2015;10:1144‐1153.
95. Ellis SG, Kereiakes DJ, Metzger C, et al. Everolimus‐eluting biore-

sorbable scaffolds for coronary artery disease. N Engl J Med.

2015;373:1905‐1915.

How to cite this article: Cornelissen A, Vogt FJ. The effects

of stenting on coronary endothelium from a molecular

biological view: Time for improvement?. J Cell Mol Med.

2019;23:39–46. https://doi.org/10.1111/jcmm.13936

46 | CORNELISSEN AND VOGT

https://doi.org/10.1111/jcmm.13936

