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A B S T R A C T

Small vessel coronary artery disease (CAD) is present in 30% to 67% of patients undergoing percutaneous coronary intervention according to different series, rep-
resenting an unmet clinical need in light of an increased risk of technical failure, restenosis, and need for repeated revascularization. The definition of small vessel is
inconsistent across trials, and no definite cutoff value has yet been determined. The lack of consensus on the definition of small vessel CAD has contributed to the high
degree of heterogeneity in the safety and efficacy of the various revascularization options. Therefore, the aim of this article is to provide a critical appraisal of existing
reports and to propose a reference vessel diameter of <2.5 mm definition of small vessel CAD to guide future clinical trials and clinical decision-making.
Introduction

Coronary artery disease (CAD) is the foremost cause of mortality and
morbidity worldwide. Myocardial revascularization by percutaneous
coronary intervention (PCI) should be considered in patients presenting
with acute coronary syndromes and in patients with chronic coronary
syndromes for whom medical therapy fails. Of note, small vessel CAD is
present in 30% to 67% of patients undergoing PCI according to different
series,1,2 especially in female patients, in patients with diabetes mellitus
or chronic renal failure,3,4 and in specific anatomic subsets, such as distal
vessel segments and bifurcation lesions, in which commonly the distal
main and side branches fall within this small vessel category. All these
patient and lesion characteristics are a recipe for an increased risk of
device failure, restenosis, and need for repeated revascularization.5-7 In
addition, the European Society of Cardiology guidelines for myocardial
revascularization recommend that complete revascularization may not
be required for stenoses located in the small vessels with a small
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subtended myocardial area (ie, when at least 75% of the length of the
segment distal to the lesion has a vessel diameter of <2 mm).8 For these
reasons, it is crucial to carefully evaluate the vessel size before thera-
peutic decision-making.

The definition of small vessel is inconsistent across trials, and no
definite cutoff value has yet been determined. The lack of consensus on
the definition of small vessel CAD has certainly contributed to the high
degree of heterogeneity in the safety and efficacy of the various revas-
cularization options. Notably, to classify small target vessels, dedicated
“small vessel studies” have used different thresholds of maximum lumen
size that ranged from 2.25 to 3.0 mm. Consequently, there was sub-
stantial overlap with vessel sizes treated in “large vessel trials,” of which
some used a threshold of 2.75 mm as the minimum vessel size and
yielded contradictory results.9 This discrepancy might have an important
impact, contributing to differences in treatment effects. Therefore, the
aim of this article is to provide a critical appraisal of existing reports, to
find a threshold on the definition of small vessel CAD that maximizes the
CB, drug-coated balloon; DES, drug-eluting stent; MI, myocardial infarction; PCI,
ascularization.
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difference in the risk of adverse clinical outcomes, and to propose a
standardized definition of small vessel CAD to guide future clinical trials
and clinical decision-making.
Clinical impact of small vessel CAD

Despite the high prevalence of small vessel disease among patients
undergoing coronary angiography and subsequent PCI or coronary
artery bypass grafting (CABG),3 a number of factors complicate the
proper estimation of the prognostic impact of obstructive CAD in
small vessels compared with large vessels. First and more importantly,
there is a lack of a standardized definition of small vessel.10-12 Sec-
ond, only up to 30% of patients with lesions in proximal coronary
arteries show concomitant lesions in distal small vessels, whereas in
patients with small CAD, proximal segments are virtually always
involved.13 Third, the amount of myocardium tributary of the affected
vessel is directly related to the vessel diameter and its length.14

Fourth, the true vessel diameter of an artery, defined as small by
coronary angiography, is often underestimated.15 In this setting,
intravascular imaging, which is able to define both lumen and vessel
dimension, reveals nonprotruding lesions and has been shown to
recognize the real lumen shape and size of atherosclerotic vessels
Table 1. Studies evaluating second-generation DESs for the treatment of patients w

Study Year Study design Sample
size

Follow-up
(mo)

DES

�3.0 mm
BASKET-
SMALL17

2016 RCT 191 12 Endeav

BIOSCIENCE18 2019 RCT 1234 60 Orsiro
Xience

�2.75 mm
BIOFLOW19 2020 RCT 1347 12 Orsiro

Xience
LEADERS20 2009 RCT 863 12 Biomat
Parikh et al21 2016 Pooled

analysis
1304 36 Resolut

Onyx
Oliveira et al22 2013 RCT 24 12 Sparrow

�2.5 mm
BIO-
RESORT23

2019 RCT 1506 36 Orsiro
Synerg
Resolut
Integrit

BIONYX24 2020 RCT 898 36 Resolut
Onyx
Orsiro

Caputo et al25 2014 Pooled
analysis

1956 24 Resolut

CENTURY II26 2016 RCT 525 12 Ultima
Xience

Guedeney
et al27

2018 Pooled
analysis

1607 12 Promus

Hermiller
et al28

2013 Single-arm
prospective

838 12 Xience

SPIRIT29 2011 Single-arm
prospective

150 12 Xience

TWENTE II30 2016 RCT 798 24 Resolut
Promus

ZEUS31 2013 Single-arm
retrospective

142 12 Resolut
Integrit

�2.25 mm
CENTURY
JSV32

2016 Single-arm
prospective

70 24 Ultima

Parikh et al21 2016 Pooled
analysis

837 36 Resolut
Onyx

Price et al33 2017 Single-arm
prospective

101 12 Resolut
Onyx

CAD, coronary artery disease; DES, drug-eluting stent; MI, myocardial infarction; QCA,
lesion failure; TLR, target lesion revascularization; TVR, target vessel revascularizatio
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better than coronary angiography.16 Indeed, the angiographic lumen
area is particularly misleading in the small vessels where positive and
negative remodeling phenomena are very common, and these can only
be unraveled by “tomographic” imaging techniques.
Recommendations for standardized definitions of small vessel
CAD

A systematic review, in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines
(Supplemental Table S3), was performed to summarize the available
evidence for the treatment of patients with small vessel CAD. We
restricted our consideration to randomized clinical trials and prospective
single-arm studies evaluating percutaneous treatment with newer-
generation drug-eluting stents (DESs) and drug-coated balloons (DCBs)
in small vessel CAD. Trials with at least 1 treatment arm that satisfied the
inclusion criteria were kept in the analysis after having discarded the
arms that did not satisfy the inclusion criteria. Cypher sirolimus-eluting
stent (Cordis), the Taxus paclitaxel-eluting stents (Taxus and Taxus
Element; Boston Scientific), and the Endeavor zotarolimus-eluting stent
(Medtronic) were considered “early-generation” DESs for the purpose of
this study; therefore, data obtained with one of these DESs were not
ith small vessel CAD.

Vessel size
inclusion
criteria
(mm)

Vessel size
assessment

Mean
VD
(mm)

Outcomes

TLR TVR TLF MI

or <3 - - - 6.6% - 1.1%

�3 Stent
diameter

2.76
2.75

13.6% 15.3% 22.3% 10.1%
10.9% 13.8% 18.3% 11.9%

�2.75 Angiographic - 3.8% - 8.0% 4.2%
4.6% - 12.4% 7.6%

rix �2.75 Angiographic 2.21 9.6% 10.7% - 5.6%
e >2.25

and �2.75
Angiographic 2.6 4.5% 7.6% 9.3% 3.6%

<2.75 QCA 2.46 0% 0% 0% 0%

y
e
y

<2.5 QCA 2.11
2.12
2.11

2.9% 4.9% 6.7% 3.8%
3.3% 5% 7.5% 3.8%
3.8% 6.1% 8.3% 4.1%

e <2.5 QCA - 4.7% 6.9% 7.2% 4.5%
4.6% 6.2% 7.5% 4.5%

e �2.5 Visual
estimation

2.4 5.3% 7.7% 10.1% 3.9%

ster �2.5 QCA 2.3
2.31

4.0% 6.5% 6.9% 3.3%
5.7% 8.5% 7.7% 3.6%

�2.5 Angiographic 2.5 - 5.7% - 5.2%

�2.5 Visual
estimation

2.55 3.8% 6.2% 5.7% 3.8%

<2.5 Angiographic 2.13 5.1% 8.8% 8.1% 1.5%

e/ �2.5 QCA - 4.8% - 9.5% 3.1%

e
y

�2.5 QCA 2.15 - 4.2% - 1.4%

ster �2.25 Angiographic 1.95 4.3% 7.1% 5.7% 4.3%

e �2.25 Angiographic 2.2 6.9% 11.2% 12.4% 4.4%

e <2.25 Visual
estimation

1.91 2.0% 2.0% 5.0% 3.0%

quantitative coronary angiography; RCT, randomized controlled trial; TLF, target
n; VD, vessel diameter.
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considered for inclusion in the present analysis. A summary of the search
strategy and detailed results are shown in the Supplemental Figure S1.

In brief, 1240 studies were screened and 25 were finally included; 18
studies included patients treated with DESs and 7 studies assessed pa-
tients treated with DCBs. The high degree of heterogeneity among trials
precluded performing a pooled comparison of clinical outcome according
to the vessel size. In addition to important differences in both patients’
baseline characteristics and treatment strategies, the inclusion of few
studies with a threshold of vessel diameter of �2.25 or �3.0 mm to
define small vessels rendered a comparison of the clinical outcome be-
tween different vessel sizes hypothesis-generating only. Yet, the different
thresholds for defining a small vessel size was not the only source of
heterogeneity among the included studies: (1) the reference vessel
diameter was assessed in different ways that ranged from visual assess-
ment to quantitative coronary angiographic analysis, (2) the classifica-
tion of target vessels as small was performed not only based on reference
vessel diameter but also according to the nominal diameter of the
implanted stent, and (3) the follow-up duration varied substantially
among studies, ranging from 12 to 60 months. Tables 1 and 2 report the
clinical outcomes according to treatment strategy (ie, DES or DCB) and
reference vessel diameter. In addition, Figures 1 and 2 show the median
event rates for target lesion revascularization (TLR), target vessel
revascularization, target lesion failure (TLF), and myocardial infarction
(MI) in patients treated for small vessel CAD with DESs and DCBs,
respectively.

Studies defining small vessels based on a reference vessel diameter of
�2.25, �2.5, �2.75, and �3.0 mm showed substantial dissimilarities in
adverse event rates across vessel sizes, confirming that most studies that
aimed at evaluating the optimal threshold to define small vessels in pa-
tients undergoing PCI provided conflicting and spurious results to date.
Nevertheless, despite the fact that 2.5 mm was the most often used
threshold to define small vessel CAD, this diameter referred to highly
dissimilar parameters, that is, the angiography-based reference vessel
diameter or the smallest nominal diameter of the implanted stents.

Of note, none of these studies used intracoronary imaging to deter-
mine vessel size before study inclusion, which might have contributed to
the important observed differences between the vessel size–based in-
clusion criteria and actual reference vessel diameters (Tables 117-33 and
210-12,34-37).

The DUTCH PEERS (DUrable polymer-based sTent CHallenge of
Promus ElemEnt versus ReSolute integrity) trial, a DES study in all-
Table 2. Studies evaluating DCBs for the treatment of patients with small vessel CA

Study Year Study
design

Sample
size

Follow-
up
(mo)

DCB

�3.0 mm
BASKET-
SMALL 210

2018 RCT 758 36 SeQ
Plea

BELLO34 2017 RCT 182 12 IN.P

Unverdorben
et al35

2010 Single-arm
prospective

118 12 SeQ
Plea

�2.75 mm
PICCOLETO I12 2010 RCT 57 9 Dior
PICCOLETO II11 2020 RCT 232 12 Elut

RESTORE SVD
China36

2018 RCT 230 12 Rest

�2.5 mm
Vaquerizo
et al37

2015 Single-arm
prospective

104 12 Dior

CAD, coronary artery disease; DCB, drug-coated balloon; MI, myocardial infarction; RC
failure; TLR, target lesion revascularization; TVR, target vessel revascularization.
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comers that compared the Resolute Integrity cobalt-chromium durable
polymer–coated zotarolimus-eluting stent (Medtronic) and the Promus
Element platinum-chromium durable polymer–coated everolimus-
eluting stent (Boston Scientific), is one of the few studies that evalu-
ated the outcomes of patients treated for lesions in at least 1 small
coronary vessel (<2.50 mm) vs patients with target lesions in larger
sized vessels (�2.50 mm). At the 2-year follow-up, the rates of TLF
(9.5% vs 5.4%, P ¼ .001) and 2 of its individual components—target
vessel MI (3.1% vs 1.3%, P ¼ .006) and TLR (4.8% vs 2.8%; P ¼ .02)—
were higher among patients treated in at least 1 small vessel. Of note,
patients with a target vessel diameter of<2.25 mmhad TLF rates similar
to those with a target vessel diameter of 2.25 to <2.50 mm; however,
patients with vessel diameters>2.50 to<3.00 mm and those with vessel
diameters of �3.00 mm who underwent treatment had lower TLF rates
(9.3%, 9.8%, 5.0%, 5.8%, respectively; Plogrank¼ .009). These findings
suggest a target vessel diameter of <2.50 mm to be the threshold asso-
ciated with increased adverse event risk. However, some limitations of
the aforementioned post hoc analysis should be taken into account. First,
the definition of the subgroup of small vessel size did not exclude pa-
tients with lesions treated in larger vessels. Second, some differences in
the baseline and lesion characteristics among groups (ie, diabetes mel-
litus, previousMI, multivessel intervention, the presence of chronic total
occlusion, bifurcation and stented length) might have contributed to the
less favorable outcomes in patients presenting with small vessel CAD.

Accurate assessment of the vessel size depends on achieving a state of
adequate vasodilation, and in this regard, intracoronary nitroglycerin
should always be administered before evaluating the vessel size. Despite
the fact that visual estimation is the most widespread technique to esti-
mate the reference vessel diameter, the use of intracoronary imaging (eg,
intracoronary ultrasound and optical coherence tomography) is highly
encouraged in future studies to quantitatively assess the true vessel size
and to reduce both between-operator variability and potential operator
bias in identifying small target vessels. Coronary computed tomography
angiography plays the potential role to accurately evaluate vessel size
and guide PCI. However, its clinical benefit still needs demonstration in
large-scale clinical trials.38

Therefore, we suggest that with current DES and DCB technology, a
reference vessel diameter of <2.50 mm measured with intracoronary
imaging should be used as the cutoff value for classifying small coronary
vessels (Central Illustration). Notwithstanding, other modalities, such as
visual estimation or quantitative coronary angiography might be used if
D.

Vessel size
inclusion
criteria
(mm)

Vessel size
assessment

Mean
RVD
(mm)

Outcomes

TLR TVR TLF MI

uent
se

<3 Angiographic - - 9% - 6%

ACT <2.8 Visual
estimation

2.41 6.7% 10.1% - 1.1%

uent
se

>2.25
and <2.8

Visual
estimation

2.35 4.9% - - 1.3%

�2.75 Angiographic 2.45 32.1% 32.1% - 3.6%
ax >2.0 and

�2.75
Visual
estimation

2.23 5.6% - - 1.9%

ore �2.25
and �2.75

Visual
estimation

2.42 4.4% 5.3% 4.4% 0.9%

�2.5 Angiographic 1.95 2.9% - - 1.0%

T, randomized controlled trial; RVD, reference vessel diameter; TLF, target lesion



Figure. 1. Median event rates for TLR, TVR, TLF, and MI in patients treated for small vessel coronary artery disease with drug-eluting stent. Only trials with
follow-ups at 9 to 12 months were included. MI, myocardial infarction; TLF, target lesion failure; TLR, target lesion revascularization; TVR, target vessel
revascularization.
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intracoronary imaging is not available. The threshold is supposed to
guide future clinical trials and clinical decision-making.
Therapeutic strategies in patients with small vessel CAD

In daily clinical practice, the management of patients with small
vessel CAD represents a great challenge because of an increased rate of
technical failure during CABG and an increased risk of restenosis and
repeat revascularization after PCI.
DESs

Contemporary second-generation DESs showed an outstanding per-
formance in patients with small vessel CAD, assessed in a great number of
dedicated studies and subgroup analysis of large randomized clinical
trials (Table 1). New-generation DESs reduced both late lumen loss and
(clinical) restenosis. This was seen even in small vessels that tolerate
Figure. 2. Median event rates for TLR, TVR, and MI in patients treated for sma
infarction, TLR, target lesion revascularization; TVR, target vessel revascularization.
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lumen loss less well than large vessels, which proves the efficacy of new-
generation DESs in this challenging setting. In addition, the rates of
death, MI, and stent thrombosis were low, which underline the safety of
these devices.39

Impact of strut thickness. One of the main features that differentiates
early- and new-generation DESs is related to a reduction in strut thickness
that is likely to play a role in improving the outcome of patientswith small
vessel CAD, as reduced strut thickness has been associated with a lower
rate of both angiographic restenosis and clinically driven revasculariza-
tion.40 Indeed, thick struts induce intense alterations in blood flow and
shear stress that result in delayed or limited strut endothelialization and,
subsequently, in a higher risk of stent thrombosis.41 Nevertheless, evi-
dence in favor of DESs with particularly thin struts in the setting of small
vessel CAD is conflicting and mainly limited to subgroup analyses from
randomized studies that evaluated an ultrathin-strut biodegradable pol-
ymer–coated sirolimus-eluting stent (Orsiro, Biotronik).

In a pooled analysis of patients enrolled in the BIOFLOW (ultrathin,
bioresorbable polymer sirolimus-eluting stents versus thin, durable
ll vessel coronary artery disease with drug-coated balloon. MI, myocardial



Central Illustration. Imaging techniques to evaluate small-vessel coronary artery disease. A reference vessel diameter <2.50 mm by intracoronary imaging is
proposed as the cutoff value for classifying small coronary vessels. An overview of the different imaging techniques to evaluate small vessel coronary artery disease is
depicted. IVUS, intravascular ultrasound; OCT, optical coherence tomography; QCA, quantitative coronary angiography.
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polymer everolimus-eluting stents in patients undergoing coronary
revascularisation) RCTs, which compared the Orsiro biodegradable
polymer sirolimus-eluting stent with the Xience durable polymer ever-
olimus-eluting stent (Abbott Vascular), a reduced TLF rate was observed
with the former DES in patients treated for small vessel lesions, defined as
reference vessel diameter <2.5 mm, mainly driven by reduced risk of
target-vessel MI42 Nevertheless, this finding was not confirmed in the
BIO-RESORT (very thin strut biodegradable polymer everolimus-eluting
and sirolimus-eluting stents versus durable polymer zotarolimus-eluting
stents in allcomers with coronary artery disease) trial, which reported
only a numerically lower TLF rate after PCI with the Orsiro stent vs a thin
strut durable polymer zotarolimus-eluting stent (Resolute Integrity) at
the 3-year follow-up, yet there was a significant difference in the TLR in
favor of the ultrathin-strut Orsiro stent.23 Conversely, even a numerically
higher 5-year TLF rate was observed with the ultrathin-strut Orsiro stent
vs the thin strut Xience stent in the BIOSCIENCE trial.18 Therefore,
further data confirming the potential benefits of the ultrathin-strut DESs
in patients with small vessel CAD—probably extended to other ultrathin
stent platforms43—are necessary before definitely supporting its
preferred use in this setting.

Diabetes mellitus. Among patients with small vessel disease, patients
with diabetes represent a very high-risk subset. Recently reported sub-
studies of large randomized stent trials showed reasonable event rates
after PCI with several contemporary DESs in diabetic all-comers,44,45 but
dedicated studies to compare the performance of different DESs in this
specific setting are limited. However, a number of studies suggest that
patients with diabetes with small vessel disease could benefit the most
from the use of DCBs instead of DESs,34,46 reinforcing the hypothesis that
in this setting the permanent presence of an implanted metal stent in-
creases the risk of target vessel MI and restenosis.
DCBs

DCBs have emerged as an alternative to DESs for the treatment of
patients with small vessel CAD. This approach provides a fast and high-
dose delivery of antiproliferative drugs to the vessel wall and carries
several anticipated benefits over DES, such as the lack of permanent
scaffold—extremely relevant in small coronary vessels—and the need for
only a short prescription of dual antiplatelet therapy. Actually, the use of
DCBs in de novo lesions, which are not appealing for the implantation of
stents (including small vessels with diffuse disease), represents a growing
indication for these devices, as it follows a strategy of “leaving nothing
5

behind.” In fact, the use of DCBs in anatomic settings adverse for treat-
ment with DESs was not only shown to be similarly efficacious but also
safer, as shown by the reduced risk of vessel thrombosis with DCBs than
with DESs in patients with small vessel CAD.47,48

Two early randomized clinical trials have reported conflicting results
about the effects of DCBs compared with early-generation DESs on
angiographic outcomes in patients with native small vessel CAD.12,49

More recently, larger randomized trials with the use of second-generation
DESs and novel DCBdevices provided new evidence about the clinical and
angiographic effects of these treatments.10,11,36 Differences in study re-
sults might not only be explained by variations in DCB technology and
lesion preparation but also by discrepancies in the definition of a small
vessel size, which varied from <3 mm10 and <2.8 mm49 to even �2.75
mm.11,12,36 A recent meta-analysis has shown that the use of
paclitaxel-releasing DCB is associated with risks of target vessel revascu-
larization and restenosis that are similar to DES (odds ratio [OR], 0.97;
95% CI, 0.56-1.68; P ¼ .92 and OR, 1.12; 95% CI, 0.69-1.84; P ¼ .64,
respectively), whereas DCB yielded to a significant reduction in the risk of
vessel thrombosis (OR, 0.12; 95% CI, 0.01-0.94; P ¼ .04) and DES im-
plantation resulted in slightly better angiographic surrogate end points at
the mid-term follow-up.47

However, a recent observational study that included a nationwide
cohort of 14,788 patients who underwent PCI with DCBs or DESs for
small vessel CAD (defined as �2.5 mm, but inferred by the size of the
implanted device) showed that treatment with DCBs compared with
DESs was associatedwith a significantly higher risk for restenosis (hazard
ratio, 2.02; 95% CI, 1.54-2.67; P< .001) and a similar risk of target lesion
thrombosis, MI, and all-cause death.50
Surgery

The presence of diffuse disease with the involvement of small coro-
nary arteries was consistently shown to be a very detrimental factor that
lead to poor outcome after PCI.51 Consequently, surgical myocardial
revascularization is usually recommended in patients who would require
extensive and small vessel stenting.8 However, diffuse and small vessel
CAD also pose relevant challenges to surgical treatment with CABG.
Although the definition of a small vessel is different in the context of
CABG (commonly a vessel diameter of <1.25 mm),14 the detrimental
impact of small vessel disease is as relevant in CABG as in PCI.52 In pa-
tients undergoing CABG, small vessel disease is an independent predictor
of several adverse events, such as a reduced graft patency and both short-
and long-term mortality.52-54 Similarly, a small vessel diameter is a poor
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prognostic factor in both female and male sexes and in both venous and
arterial bypass grafts, although its detrimental impact is higher in female
sex and venous grafts.55 Proposed explanations of the impact of vessel
diameter on prognosis among patients undergoing CABG were an
increased risk of poor anastomosis quality with higher turbulence and
wall shear stress,56 a graft-vessel mismatch (ie, oversized graft-host
diameter ratio) that could induce adverse rheologic conditions and
might impair graft patency,57 and a poor run-off.58
Conclusions

Over the past 3 decades, research on small vessel CAD has been
exhaustive and inconclusive. Indeed, patients with small vessel CAD still
represent an unmet clinical need, and there is an urgent need for a def-
inite cutoff value that defines a small vessel size. Based on previous
research, we propose that a reference vessel diameter of<2.5 mm should
be considered a cutoff for defining a small vessel both in future clinical
trials and in clinical decision-making. Iterations in DES and DCB tech-
nologies will hopefully help to further improve the results of PCI in these
complex coronary lesions. This will require future trials that should use
the recommended definition of small vessels to permit a reliable com-
parison of clinical outcomes between the studies.
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