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ABSTRACT

Coronary revascularization for multivessel dis-
ease remains a common and costly source of
hospitalizations in the United States. Surgical
techniques influence outcomes for coronary
bypass and also affect the need for percutaneous
coronary intervention in the future. As more
radial access has been used for coronary
angiography, consideration for use of the radial
artery as a surgical conduit remains unclear.
Saphenous vein grafts are commonly used for
coronary bypass, however long-term patency
remains suboptimal, and is also associated with
a higher risk of adverse events with percuta-
neous coronary intervention. Thus, under-
standing the interplay between coronary bypass
techniques and percutaneous coronary inter-
vention has become increasingly important.
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Key Summary Points

Coronary revascularization procedures via
surgical revascularization are common
and costly.

Understanding surgical techniques for
coronary artery bypass is important for
long-term outcomes after bypass.

Despite consideration for increased use of
arterial grafts, saphenous vein grafts
remain the most commonly used conduits
in practice.

The need for percutaneous intervention to
bypass grafts is common and
consideration for native vessel versus graft
intervention is multi-faceted.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
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INTRODUCTION

Cardiovascular disease continues to be the
leading cause of death in the United States and
worldwide [1]. Coronary revascularization
through either percutaneous coronary inter-
vention (PCI) or coronary artery bypass grafting
(CABG) remains one of the most frequently
performed and costly procedures in the United
States, with costs exceeding $6.7 billion annu-
ally in Medicare inpatient payments [2]. CABG
remains the standard of revascularization for
patients with multi-vessel disease, left main
disease, and systolic dysfunction. Procedural
volumes in the United States alone are around
200,000 CABG cases and 500,000 PCIs are per-
formed annually [3, 4]. Given the frequency of
both procedures, as well as the inherent inter-
play between coronary angiography, bypass
surgery, and subsequent graft failure leading to
need for PCI, a discussion of relevant factors
from both an interventional cardiology as well
as surgical perspective is warranted. The fol-
lowing review highlights overlapping topics
relevant to both surgical revascularization and
PCI including selection of graft conduits, sub-
clavian stenosis, saphenous vein graft (SVG)
patency, and use of anastomotic markers. Con-
siderations for appropriate graft selection and
factors affecting long-term outcomes are
described in Fig. 1.

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

SELECTION OF BYPASS CONDUIT

Choosing appropriate bypass conduits is
important in consideration of long-term out-
comes after surgical revascularization. There has
been renewed interest in arterial revasculariza-
tion including the use of bilateral internal tho-
racic arteries or radial arteries as conduits;
however, these still comprise only a small

subset of procedures [4.9% and 6.5% of sec-
ondary graft choice following the internal
mammary artery (IMA)]. Graft selection is a
complex decision that involves consideration of
the affected vessels, degree of stenosis, surgeon
preference and experience, and patient factors
such as age, comorbidities, body habitus,
tobacco use, and prior manipulation of poten-
tial grafts as access vessels during coronary
angiography. Other considerations include size
match between graft and target coronary to be
bypassed, conduit length, and luminal diameter
[5].

Internal Mammary Arteries

The use of the left internal mammary artery
(LIMA) to graft the left anterior descending
(LAD) territory has become standard practice.
Both the right and left IMAs are significantly
more resistant to the development of
atherosclerosis compared to SVGs for several
reasons, including the presence of a non-fenes-
trated endothelial layer, lower intercellular
junction permeability, higher concentration of
antithrombotic molecules, and endogenous
endothelial nitric oxide production [6]. Multi-
ple large long-term follow-up studies have
demonstrated decreased CABG mortality that
corresponds to increased LIMA utilization, with
highest IMA graft patency seen when used to
graft the left coronary system [7–9].

The long-term patency and significant sur-
vival benefit of LIMA usage in CABG has
prompted substantial interest in the use of
additional arterial conduits, or multi-arterial
grafting (MAG) in CABG. The most commonly
used conduits for a second arterial graft are the
radial artery and the right internal mammary
artery (RIMA). While the role of a single IMA as
the first and most important graft in CABG has
been established, there is ongoing controversy
regarding the true value of the use of bilateral
IMAs (BIMA) due to uncertainty of the incre-
mental additional survival benefit of a second
IMA graft and concerns about the increased risk
of sternal wound complications and medias-
tinitis associated with BIMA harvesting [9].
Currently there is * 4% BIMA usage in CABG
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in the United States and * 12% in Europe [10].
The use of a skeletonized (vs. pedicled) harvest
technique for RIMA harvest has been proposed
as a means to decrease deep sternal wound
infections, but concerns about the effect on
graft patency have limited adoption of this
technique as well [10].

Meta-analysis of 29 retrospective studies
including 89,399 patients by Buttar et al. in [10]
demonstrated a substantial benefit to overall
survival with the use of BIMA compared to
LIMA alone along with improved cardiac-event-
free, infarct-free, and angina-free survival with
BIMA use with effect sizes that continued to
increase at extended ([ 5 year) follow-up [10].
The Arterial Revascularization Trial (ART) was
the first major prospective RCT examining the
effect of BIMA vs. SIMA use on long-term out-
comes [11]. The 10-year follow-up results of ART
were reported by Taggart et al. [12]. The primary
endpoint of all-cause mortality did not
demonstrate a significant difference in survival
between patients undergoing BIMA vs. SIMA
grafting, which is inconsistent with prior ret-
rospective data on the subject. In subgroup
analysis, there was a survival benefit to the use
of MAG (BIMA or SIMA ? radial graft). It is
anticipated that benefit of MAG will be more

completely addressed by the prospective multi-
center Randomized comparison of clinical
Outcome of single vs. Multiple Arterial grafts
(ROMA) trial examining mid- and long-term
outcomes of the use of single vs. multiple arte-
rial grafting in CABG. Enrollment in this trial
began in January 2018 with an intended cohort
of 4300 patients [13]. In our institution, MAG
has been reserved for patients under the age of
70 years. The most common conduit selection is
in situ LIMA pedicle, skeletonized RIMA as an
in situ pedicle or free graft and the non-domi-
nant radial artery. The LIMA is placed on the
LAD, RIMA to the distal RCA, posterior
descending artery or an obtuse marginal branch
(with C 70% stenosis) and radial artery as a free
sequential bypass graft usually to an obtuse
marginal branch, a diagonal or ramus inter-
medius (with C 70% stenosis). Target vessels
with high-grade stenosis and minimal compet-
itive flow are chosen to increase the likely that
an arterial bypass conduit will mature.

Radial Artery

SVGs are widely used, despite occlusion rates as
high as 25% at 1 year and 75% at 10 years [14].

Fig. 1 Considerations for graft selection and factors influencing long-term patency
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The radial artery is an attractive vessel for use in
coronary bypass surgery as its length allows it to
be used for almost any coronary target or even
for multiple sequential anastomoses [15]. The
diameter of the radial artery is comparable to
most coronary arteries, and observational data
show similar 10-year patency rates to that of
IMA grafts [16]. With an increase in use, there
was concern that poor patency rates at follow-
up angiography were secondary to spasm and
intimal hyperplasia, but refined harvesting
techniques and pharmacologic protocols have
demonstrated that rates of radial artery patency
have improved over time [16, 17]. At 10-year
follow-up, radial artery grafts showed patency of
91.6% and perfect patency (no luminal irregu-
larities) of 88% compared with 97.5% and
96.3% for IMA grafts in a recent study by
Gianfederico et al. [18]. This is in contrast with
SVG patency rates in the same group of 67.1%
and 53.4%. However, radial artery conduits are
susceptible to spasm when grafted to native
vessels with lesser degrees of stenosis. When
grafted to coronary arteries with non-occlusive
disease, this conduit is more likely to be found
occluded or have radial artery graft stenosis in
follow-up angiography [18, 19].

Transradial Catheterization
and Subsequent Radial Graft Patency

Recently there has been a shift in the overall
utilization of radial access due to multiple fac-
tors. Radial access for coronary angiography has
been associated with decreased bleeding com-
plications as well as a reduction in mortality in
patients with acute coronary syndromes
[20, 21]. Given shifting preference for radial
artery access as primary access site, there is
concern that the use of the radial artery for
access during coronary procedures may impact
use as a bypass conduit. Histological evaluation
of the distal section of radial arteries harvested
for use following transradial (TRA) catheteriza-
tion, compared to those without, showed sig-
nificant increase in intimal hyperplasia,
observed in 68% of specimens that had prior
TRA catheterization and in 39% of patients not
having TRA. In this study, patients underwent

follow-up angiography at 1 month following
bypass, and patients with prior TRA catheteri-
zation had radial artery graft patency of 77%
compared with 98% in those that did not have
prior TRA catheterization [22].

In addition to intimal hyperplasia, in a series
utilizing optical coherence tomography, imag-
ing of the radial artery immediately following
transradial catheterization revealed intimal
tears in 67% of patients and medial dissections
in 35.6%. Although more frequent in the distal
end of the vessel, damage was also observed in
the proximal vessel. Furthermore, patients with
repeat transradial procedures showed higher
rates of radial artery damage than with first-
time procedures [23]. Transradial catheteriza-
tion also appeared to have adverse effects on
radial artery size [23]. Although there is varia-
tion in the observed severity of decreased
luminal diameter, overall persistence in diame-
ter reduction appears to be related to changes in
the structure of the artery rather than simply
vasospasm [24].

Vasomotor function also appears to be
adversely affected by transradial catheteriza-
tions. Multiple studies indicate that both flow-
mediated dilation and nitroglycerin-mediated
dilation are significantly impaired immediately
following transradial catheterization. The dura-
tion of impaired vasomotor function is less
clear, with some studies indicating partial
recovery at 3–12 months, but additional reports
show that full recovery fails to occur [25]. These
concerns have led to hesitancy in using radial
arteries that have been previously used for car-
diac catheterization. Although typically the left
radial artery is preferred for harvest for bypass
while the right radial artery is used for cardiac
catheterization, use of the left radial artery is
not uncommon. Thus, further work is needed to
determine the true clinical impact of radial
artery instrumentation on bypass outcomes.
The use of multi-arterial bypass grafts is reserved
for younger CABG patients because of the per-
ceived long-term benefits associate with
improved patency rates and durability. It has
been our practice to avoid the previously
instrumented radial artery as a bypass conduit
as the long-term patency of these vessels is
uncertain.
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ON-PUMP VS. OFF-PUMP
CORONARY ARTERY BYPASS
GRAFTING

The role of cardiopulmonary bypass (CPB) in
the performance of CABG has been examined in
detail. The distal anastomoses of coronary
bypass grafts are most commonly performed
with the use of the CPB to create a bloodless,
motionless field (‘‘on-pump’’, ONCAB) but this
can also be performed on a beating heart with-
out CPB using specialized stabilizing devices
and other techniques (‘‘off-pump’’, OPCAB). It
was initially believed that patients who were
older and with greater burden of comorbidities
would benefit from an off-pump approach by
sparing them exposure to the deleterious effects
of aortic clamping and other manipulation and
the systemic inflammatory response induced by
CPB, which can include renal dysfunction,
stroke, coagulopathy, and myocardial injury
[26]. However, concerns existed about the
effects of the off-pump technique on the com-
pleteness of revascularization and long-term
graft patency [27]. Numerous high-profile RCTs
have been conducted to address the role of off-
pump CABG.

The Randomized On/Off Bypass (ROOBY)
trial was a prospective randomized controlled
trial conducted by the Veterans Administration
comparing a composite endpoint of death and
major complications at 30 days and 1 year in
patients undergoing ONCAB (n = 1099) vs.
OPCAB (n = 1104) CABG [27]. Study surgeons
were required to document prior experience of
at least 20 OPCAB procedures. Trainees served
as the ‘‘primary’’ surgeon in 64% of the ONCAB
cases vs. 55.4% of the OPCAB cases (p\0.001).
There was no difference in the combined end-
point at 30 days between the OPCAB and
ONCAB groups, but the rate of the primary
endpoint was greater in the off-pump cohort at
1 year (9.9 vs. 7.4%, p = 0.04). These patients
also had slightly higher rates of death from
cardiac causes at 1 year compared to on-pump
patients (2.7 vs. 1.3%, p = 0.03). Significantly
fewer grafts were performed in the OPCAB
group compared to ONCAB (2.9 ± 0.9 vs.
3.0 ± 1.0, p = 0.002). At 5 years, the trends in

higher rates of death (15.2 vs. 11.9%, p = 0.02)
and the composite endpoint (31.0 vs. 27.1%,
p = 0.046) in the OPCAB cohort continued.
OPCAB patients also required repeat CABG at
slightly higher rates (1.4 vs. 0.5%, p = 0.02) [28].

Follow-up angiograms performed 1 year after
CABG demonstrated lower overall graft patency
in the OPCAB group (82.6 vs. 87.8%, p\ 0.01)
and more patients with at least one occluded
graft (36.5 vs. 28.7%, p\0.01) [27]. LIMA-LAD
graft patency was similar between groups
though fewer LIMA-LAD grafts in the OPCAB
group (89.0 vs. 93.2%, p = 0.01) were consid-
ered ‘‘excellent’’ by the FitzGibbon grading
system.

The CABG Off or On Pump Revascularization
Study (CORONARY) was an international
prospective randomized controlled trial com-
paring a composite endpoint of death, nonfatal
stroke, nonfatal myocardial infarction, and new
renal failure requiring dialysis at 30 days after
surgery in patients undergoing isolated OPCAB
(n = 2375) vs. ONCAB (n = 2377) [29]. Partici-
pating surgeons were required to have at least
2 years of experience and have completed at
least 100 procedures using the technique dic-
tated by randomization; trainees were not
allowed to serve as the primary surgeon for any
procedure in this trial. There was no significant
difference in the rate of the primary outcome
between OPCAB vs. ONCAB (9.8 vs. 10.3%) at
30 days after surgery. Patients undergoing
OPCAB received fewer grafts than in the
ONCAB group (3.0 vs. 3.2, p\0.001), were
more likely to receive an incomplete revascu-
larization (11.8 vs. 10.0%, p = 0.05), and were
more likely to require repeat revascularization
prior to discharge (0.7 vs. 0.2%, p = 0.01). Sim-
ilar findings persisted at 1 and 5 years [30, 31].

The German Off-Pump Coronary Artery
Bypass Grafting in Elderly Patients (GOPCABE)
study was similar in design and analytic end-
points to CORONARY conducted on patients
aged 75 years or older [32]. Study surgeons were
required to be experienced in the technique
dictated by randomization; OPCAB surgeons
had performed a mean of 514 procedures and
ONCAB surgeons had performed a mean of
1378 prior to the study. Similar to CORONARY,
there was no significant difference in the
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primary composite endpoint between OPCAB
and ONCAB at 30 days (7.8 vs. 8.2%) and 1 year
(13.1 vs. 14.0%). OPCAB was associated with a
lower number of grafts planned (2.9 vs. 3.0) and
grafts performed (2.7 vs. 2.8, p\0.001) and
greater rates of incomplete revascularization
(34.0 vs. 29.3%, p\0.001) along with greater
rates of early repeat revascularization (1.3 vs.
0.4%, p = 0.04). These findings persisted at
5-year follow-up [33].

When observed in aggregate, these trials
demonstrate that OPCAB can be performed
with short- and mid-term outcomes similar to
that of ONCAB, but with important caveats.
Patients undergoing OPCAB are likely to receive
fewer bypass grafts and are more likely to
receive an incomplete revascularization, which
plays an important role in long-term survival.
The level of surgeon and team experience with
OPCAB also plays a crucial role in OPCAB out-
comes. OPCAB outcomes in ROOBY, in which
OPCAB surgeon experience requirements were
relatively less stringent, were notably less
favorable than in CORONARY and GOPCABE,
in which OPCAB was performed only by sur-
geons with extensive experience with the
technique.

A 2018 retrospective analysis of data from
the National Inpatient Sample of over 2 million
patients undergoing ONCAP or OPCAB between
2003 and 2011 by Benedetto et al. found that
OPCAB was associated with increased risk-ad-
justed mortality, length of stay, and overall cost
compared to ONCAP when performed by low-
volume centers or low-volume surgeons. When
performed by high-volume centers and high-
volume surgeons, OPCAB was associated with
reduced risk-adjusted mortality compared to
ONCAB [34].

The effect of OPCAB experience on outcomes
is further underscored by a large 2018 meta-
analysis of all extant RCTs of OPCAB vs. ONCAB
(104 trials including 20,627 patients) by Gau-
dino et al. found that OPCAB was associated
with higher incidence of incomplete revascu-
larization and decreased ‘‘midterm’’ (* 3 year)
survival compared to ONCAB [35].

In an editorial accompanying the publica-
tion of the 5-year results of GOPCABE, Puskas
et al. argue that the evidence clearly

demonstrates the importance of surgeon expe-
rience in OPCAB outcomes [36]. Although
associated with inferior long-term survival and
greater rates of incomplete revascularization in
large cohorts, based on the available literature,
OPCAB is a suitable option with near and mid-
term outcomes approximating those of ONCAB
when performed by experienced teams at high-
volume centers. In this setting, patients at
greatest perioperative risk may derive the
greatest benefit from OPCAB compared to the
general CABG population.

ENDOSCOPIC VS. OPEN
SAPHENOUS VEIN HARVEST

Reversed greater SVG is the conduit most com-
monly used in CABG for revascularization of
non-LAD territories [37]. SVG may be harvested
using an open technique (open vein harvest,
OVH), in which the desired length of vein is
obtained using a single incision or multiple
smaller ‘‘skip’’ incisions beginning just above
the medial malleolus and extending proximally,
or by endoscopic methods. Endoscopic vein
harvest (EVH) is performed using dedicated
platforms that allow SVG harvest via a single
transverse 2–3 cm incision just above or below
the medial aspect of the knee using a combi-
nation of endoscopic visualization, blunt dis-
section, and bipolar tissue sealing for control of
side branches. Endoscopic dissection is exten-
ded proximally and distally based on the length
of vein desired, after which additional sub-cen-
timeter counterincisions are made to obtain
proximal and distal control of the segments of
SVG left in situ prior to removal of the conduit
[37].

OVH has been the mainstay of vein harvest
since the development of CABG and remains
the most common method worldwide, but EVH
has become commonplace in the US and other
developed countries since its introduction in
the mid-1990s [38]. Compared with OVH, EVH
is associated with decreased pain and surgical
site infection at the vein harvest site and
decreased postoperative length of stay [39–41].

Concerns have been raised about the effect
of EVH on long-term patency of vein grafts, due
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in part to endothelial injury resulting from the
increased manipulation of the vein and use of
bipolar tissue sealing in EVH [42]. A 2009 sec-
ondary analysis of patients undergoing CABG as
a part of the Project of Ex-Vivo Vein Graft
Engineering via Transfection IV (PREVENT IV)
trial (n = 1753 EVH, n = 1247 OVH), which
included angiographic follow-up at 12–-
18 months after CABG, by Lopes et al., reported
higher rates of vein graft failure (defined by
C 75% stenosis) in patients undergoing EVH
(46.7 vs. 38%, p\0.001), along with higher
rates of myocardial infarction (MI), repeat
revascularization, and death at 3-year follow-up
[43]. A 2018 systematic review and meta-anal-
ysis by Kodia et al. of 11 studies (including
Lopes et al.) describing 18,131 patients under-
going CABG with OVH (60%) or EVH (40%)
with a mean follow-up of 2.6 years reported
superior graft patency in the OVH cohort (82.3
vs. 75.1%, p = 0.01) [42, 43].

Following the report by Lopes et al., a large-
scale analysis of Society of Thoracic Surgeons
(STS) Adult Cardiac Surgery Database, combined
with Medicare data, was performed at the
request of the US Food and Drug Administra-
tion by Williams et al. to evaluate the effect of
EVH on death, MI, and repeat revascularization
after CABG [41]. This observational study of
235,394 Medicare patients undergoing isolated
CABG from 2003–2008 with one IMA and at
least one vein graft reported that patients
undergoing CABG ? EVH had no significant
difference in rates of death, MI, or repeat
revascularization compared to patients under-
going CABG ? OVH at 3 years of follow-up.

The similarity in non-wound outcomes
between EVH and OVH have been re-demon-
strated in more recent prospective randomized
studies [38, 44]. Krishnamoorty et al. performed
a single-center randomized controlled [Vein
Integrity and Clinical Outcomes (VICO)] trial
comparing two different EVH techniques and
OVH (n = 100 in each) in patients undergoing
CABG with one IMA and at least one vein graft,
and reported mildly improved endothelial
integrity in OVH conduits vs. both EVH tech-
niques but without any difference in major
adverse cardiac events seen at 48 months of
follow-up [44]. Zenati et al. performed a

randomized controlled [Randomized Endovein
Graft Prospective (REGROUP)] trial of patients
undergoing isolated CABG with at least one
vein graft at 16 VA cardiac surgery centers from
2014–2017 (n = 1150 patients) examining the
effect of EVH vs. OVH on a composite outcome
of all-cause mortality, nonfatal MI, and repeat
revascularization. Consistent with prior studies,
there was an increased rate of wound compli-
cations in the OVH group but no difference
between OVH and EVH with regard to other
outcomes [38]. Angiographic follow-up was not
reported in either of these studies.

Despite a growing body of evidence demon-
strating equivalent long-term cardiac outcomes
between EVH and OVH and lower rates of
wound complications with EVH, the question
of which technique is superior remains contro-
versial. EVH was endorsed as the standard of
care for vein harvest for CABG by the Interna-
tional Society for Minimally Invasive Cardio-
thoracic Surgery in a 2005 consensus statement
and affirmed this position in a 2015 update [45].
While the superiority of EVH for mitigation of
wound complications appears to be settled,
questions about the effect of EVH on long-term
vein graft patency remain. The use of a ‘‘no-
touch’’ technique in OVH, in which the SVG is
harvested as a single pedicle in which the sur-
rounding vaso vasora and perivascular fatty and
adventitial tissue are preserved, is associated
with excellent long-term patency, likely
attributable to the relative decrease in
endothelial injury incurred during vein harvest
[46–48]. A definitive answer to the question of
the ideal vein harvest technique for CABG will
likely require a large trial comparing EVH to no-
touch OVH performed by experienced person-
nel. It has been our practice to harvest the SVG
almost exclusively by EVH for greater than
10 years. The physician’s assistants in our prac-
tice are trained and proctored by industry spe-
cialists in EVH. Newer technology for EVH
allows the practitioner to harvest the vein with
minimal manipulation of the conduit and with
focal bipolar cautery, thereby minimizing the
thermal spread of injury.
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SINGLE VS. MULTIPLE DISTAL
REVASCULARIZATION WITH SVGS

SVGs may be deployed using individual vein
segments for each desired distal coronary bypass
target with a unique proximal aortic anasto-
mosis (single SVG, s-SVG) or with a longer vein
segment serving multiple distal coronary targets
from a single proximal aortic anastomosis
(multiple SVG, m-SVG). In CABG procedures in
which vein grafts are required for two or more
distal coronary targets, the s-SVG technique
results in the use of a corresponding number of
distinct vein segments, whereas when the
m-SVG technique (also referred to as ‘‘jump’’,
‘‘snake’’, or ‘‘sequential’’ grafts) is used, most or
all distal targets may be served by a single vein
graft [49]. Such grafts are typically deployed in a
‘‘right to left’’ configuration: the most distal end
of the graft is anastomosed to the posterior
descending artery of the right coronary system
in an end-to-side fashion and then brought
around the lateral wall of the left ventricle to
bypass obtuse marginal and diagonal targets in
via side-to-side coronary anastomoses, followed
by standard proximal aortic anastomosis.
Alternative configurations are common [49].
The use of s-SVG for the left anterior descending
territory, however, is not recommended because
of the overwhelming evidence supporting the
use of the left internal mammary artery for this
purpose [50].

At present, there is little high-quality evi-
dence regarding the superiority of m-SVG vs.
s-SVG. Proponents of s-SVG suggest that m-SVG
makes a large section of myocardium with dis-
eased native inflow dependent on the long-term
patency of the proximal portion of a single vein
graft. However, m-SVG grafts have been
demonstrated to have higher flow rates than
s-SVG grafts and that the flow rate in m-SVG
grafts increases based on the number of distal
anastomoses served by a single vein graft [51].
The use of m-SVG grafts may also make it pos-
sible to bypass smaller targets and creates the
potential for coronary-to-coronary collateral
flow in the event of proximal m-SVG graft
occlusion [49].

Multiple studies have reported superior mid-
and long-term patency of m-SVG grafts. Kim
et al. performed a prospective cohort study of
309 patients undergoing isolated CABG at a
single center from 2002–2007 in which intra-
operative transit-time flow measurements and
CT angiography prior to discharge and at 1 and
3–5 years postop were used to compare patency
of s-SVG (n = 244) with m-SVG (n = 84) grafts
[52]. m-SVG grafts demonstrated higher flow
rates intraoperatively compared with s-SVG
grafts, and flow increased linearly with the
number of distal targets fed by a m-SVG graft.
Greater patency at 3 years (93 vs. 87%,
p = 0.048) was demonstrated in the m-SVG
group. All-cause mortality and rates of MI and
repeat revascularization were not reported.

Similar findings were reported by Park et al.
in a prospective cohort study of 2515 patients
undergoing isolated CABG (n = 1037 m-SVG
and n = 1478 s-SVG) from the same center from
2005–2016 [50]. Five-year failure rates for
m-SVG grafts were 10.3% compared with 17.7%
for s-SVG group. There was also no significant
difference in a composite endpoint of all-cause
mortality, nonfatal MI, and repeat revascular-
ization at mean follow-up of 88 months
between m-SVG and s-SVG. A subgroup analysis
compared the patency of m-SVG grafts bypass-
ing the right coronary artery (RCA) system as a
terminal end-to-side anastomosis and left cir-
cumflex (LCx) system as an in-transit side-to-
side anastomosis with that of s-SVG grafts to
each of these territories. Compared to the RCA-
LCx m-SVG grafts, single grafts to the LCx ter-
ritory had equivalent patency rates, whereas
single grafts to the RCA system had lower
patency rates. This comparison was further
subdivided by single grafts to the distal RCA and
to the posterior descending artery or postero-
lateral branch (PDA/PL); grafts to the distal RCA
had equivalent patency to the m-SVG RCA-LCx
grafts, whereas PDA/PL grafts had compara-
tively lower patency. A systematic review by Li
et al., which included the report by Kim et al.,
also reported superior mid- and long-term
patency of m-SVG grafts and specifically con-
cluded that side-to-side anastomoses used for
in-transit bypasses had superior long-term
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patency compared with end-to-side anasto-
moses [53].

A notable exception to the finding of supe-
rior long-term patency of m-SVG grafts is the
report by Mehta et al. of the 1-year angiographic
and 5-year clinical outcomes of patients
undergoing m-SVG and s-SVG as a part of the
PREVENT IV study [54]. As a part of the 12–18-
month angiographic follow-up described in the
preceding section, rates of SVG failure (defined
as C 75% stenosis) were highest in the m-SVG
alone group (50.6%) and lowest in the s-SVG
alone group (41.6%), and intermediate in
patients who received a combination of m-SVG
and s-SVG (46.0%). Rates of composite outcome
of death, MI, and repeat revascularization at
5 years were modestly higher in patients
undergoing m-SVG.

A more recent report by Wallgren et al.
compared the effects of a single m-SVG serving
the left and right coronary systems to s-SVG of
these territories in 6.895 patients (m-SVG
n = 2122, s-SVG n = 4773) undergoing CABG
from 2009–2015 from the SWEDEHEART pop-
ulation-based registry, with a primary outcome
of a composite endpoint of all-cause mortality,
MI, re-angiography, and repeat revasculariza-
tion at 30 days after surgery and a mean of
35 months of follow-up. A significantly higher
rate of this endpoint at 30 days was observed in
the m-SVG cohort (5.4 vs. 3.9%), along with
higher rates of re-angiography (2.7 vs. 1.7%)
and mortality (2.2 vs. 1.3%). However, these
differences disappeared at mid-term follow-up.
The authors attribute the disparate early results
to the more technically demanding nature of
m-SVG, although data about duration of car-
diopulmonary bypass or aortic cross-clamp
application are not reported [49].

Overall, there is not a clear consensus
regarding the superiority of m-SVG compared to
s-SVG for CABG. Current US and European
CABG guidelines do not discuss the use of
m-SVG vs. s-SVG [55, 56]. At this time, decisions
about the use of multiple vs. single grafting
should be individualized to patients based on
factors including distribution of coronary
lesions and availability of vein conduit in
combination with surgeon preference and
experience. We utilize m-SVG very commonly

when there are four or more distal anastomoses
to be completed. Some of the compelling con-
siderations in choosing to create a m-SVG is the
area of ascending aorta available for proximal
anastomosis, the over length of conduit avail-
able to complete the CABG operation as well
the caliber and quality of the distal target. Those
targets with marginal run-off if bypassed with a
s-SVG are more likely to fail. The m-SVG in
these cases increases the outflow from the con-
duit, improves the flow rate, and should
improve patency.

SUBCLAVIAN ARTERY STENOSIS

CABG procedures rely most commonly on
grafting the left IMA (LIMA) for revasculariza-
tion of the left anterior descending artery
(LAD). While the IMA is known to have the
highest patency rate and long-term survival of
any bypass graft [57], its efficacy ultimately
relies on patent proximal flow. Conditions such
as subclavian artery stenosis (SAS) may lead to
diminished proximal left subclavian artery per-
fusion and thus diminished flow to both the
LAD via the IMA graft and the vessels of the left
upper extremity. In a phenomenon referred to
as coronary-subclavian steal syndrome,
increased oxygen demand created by left upper
extremity movement ‘‘steals’’ blood flow from
the IMA graft to the arteries of the left upper
extremity. The resultant reduction in flow to
the LAD can present clinically as angina.

There is debate regarding the optimal
screening method for determining the presence
of SAS in patients prior to undergoing CABG.
The strongest identifiable risk factor for SAS is a
prior history of peripheral arterial disease. Those
with a history of peripheral arterial disease have
a SAS prevalence of 11.5%, compared with 7.6%
in patients with cerebrovascular disease, 6.8%
in patients with diabetes mellitus, and 4.3% in
smokers and patients with hypertension [58].
The prevalence of SAS in patients without any
such prior medical history has been reported at
1.5% [58]. The main methods of screening for
SAS prior to undergoing CABG include both
invasive and noninvasive techniques. Nonin-
vasive techniques include upper extremity
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blood pressure differentials, doppler ultrasound,
and CT angiography (CTA) or MRI angiography
(MRA). Associated with minimal risk, some
limitations exist in these methods. Inter-arm
systolic blood pressure differences greater than
20 mmHg have been shown to have a modest
positive predictive value of 67%, with a negative
predictive value of nearly 100% [59]. To confirm
the diagnosis of SAS in a patient with abnormal
interarm systolic blood pressures, Doppler
ultrasound can be performed. While readily
available and inexpensive, Doppler ultrasonog-
raphy can have limited efficacy due to overlying
bony structures and may require severe stenoses
and ‘‘stealing’’ for test results to be positive [60].
CTA and MRA can both provide suitable resolu-
tion of the brachiocephalic vessels and are at
present understudied methods of assessing SAS
presence and severity.

Subclavian angiography is the gold standard
invasive screening modality for detecting SAS.
In many cases, it can be performed with low risk
at the time of coronary angiography. The most
commonly associated adverse events include
transient ischemic attacks and left upper
extremity embolism, but the overall incidence
during angiography is less than 2% [59]. Sub-
clavian angiography not only provides defini-
tive data on the patency of the proximal left
subclavian artery, but can also be used to eval-
uate native disease in the LIMA itself as well as
to ensure adequate caliber of the vessel for
grafting. Significant findings including vertebral
and subclavian artery stenoses were present in
15% of patients evaluated with subclavian
angiography prior to undergoing CABG in a
study by Feit et al. [61]. Further evidence for
routine subclavian angiography prior to CABG
comes from the radiology literature. In a rare
presentation referred to as the Winslow path-
way, infrarenal aortic occlusion leads to collat-
eral circulation such that the IMAs provide the
sole arterial supply to the lower extremities. If
unrecognized at the time of CABG, lower
extremity ischemia will result from redirected
IMA flow [62]. The high sensitivity and speci-
ficity of brachiocephalic angiography are cou-
pled with its success in the revascularization of
stenotic subclavian vessels. In the largest single-
operator report to date, Bates et al. evaluated

preoperative subclavian stenting in 94 patients.
Amongst these, there were no instances of
subacute thrombosis or re-occlusion (within
30 days). The mid-term (30 days to 2 years) and
long-term ([2 years) restenosis rates were 5.7
and 10.7%, respectively [63]. Although the rates
of restenosis of the subclavian artery are signif-
icant, given the very low risk of thrombosis or
occlusion, stenting of the vessel in the preop-
erative setting is felt to be an excellent option
[59].

There is no consensus on the optimal
screening method for SAS prior to CABG. Some
practitioners recommend relying on noninva-
sive screening methods to stratify which
patients should undergo angiography [64, 65].
They recommend angiography only in those
with inter-arm blood pressure differential
greater than 10 mmHg, or if there is a history of
radiation therapy to the chest, vasculitis, or
known peripheral artery disease. The counter-
argument for more universal subclavian
angiography is the relatively low complication
rate as well as the ability to preoperatively
intervene on stenoses. This is supported by a
study by Marshall et al. noting that the absence
of upper extremity claudication, differences in
interarm blood pressure, and a history of cere-
brovascular ischemia do not exclude the pres-
ence of SAS [66]. Subclavian angiography is the
most sensitive and specific method for assessing
the brachiocephalic vessels for stenotic lesions
proximal to the origin of the IMA graft and may
be considered in patients undergoing coronary
angiography with anticipated need for CABG.
In our clinical practice, subclavian angiography
at the time of coronary angiography is not
universally performed. Longer procedure times,
contrast use, as well as more difficult engage-
ment of the left subclavian artery from a right
radial approach considerations for left subcla-
vian angiography.

SVG PATENCY

Although the LIMA is the most common choice
for bypass of the left anterior descending artery
(LAD), selection of secondary bypass grafts is of
some debate with vein grafts frequently being
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utilized. There is no standard definition of early
SVG failure, but it is generally recognized as the
presence of angiographically critical or occlu-
sive disease within 1–2 years after CABG [67].
Unfortunately, approximately 15% of SVGs fail
within the first year, usually resulting in PCI
[67].

A retrospective analysis by Caños et al.
examined their institutional database and
found that grafts prone to early failure were
relatively small, less likely to show ectasia or
luminal irregularity comprising of C 50% of
SVG shaft length, located in the ostial or prox-
imal third of the graft, and had an increased
frequency of TIMI flow grade 0/1 [68].
Intravascular ultrasound analysis in this study
showed that early SVGs that fail had lesions that
represent an aggressive and diffuse disease pro-
cess throughout the graft [68]. Patency of vein
grafts diminish from 98% immediately after
surgery to\88% within the first month post-
operatively with risk factors for failure includ-
ing diabetes mellitus, hyperlipidemia, and
chronic kidney disease [69–72].

Early vein graft failure (VGF) usually occurs
within 1 month post CABG and is most com-
monly due to acute thrombosis of the graft. This
is related to technical factors such as the size of
the target vessel resulting in poor distal runoff,
size mismatch between the graft and target
vessel creating turbulent flow, and disruption of
the endothelial layer as a result of mechanical
trauma and manual distention [73]. Other fac-
tors resulting in graft failure within 1 month
include a small diameter of the vein graft, pre-
existing vein graft disease, and hypercoagula-
bility [74]. When considering vein graft failure
between 1 month and 1 year, intimal hyper-
plasia is the most common etiology. This is
thought to be caused by the vein graft’s adap-
tation to higher arterial pressures, loss of inhi-
bition from the endothelial layer, and smooth
muscle cells proliferating and migrating into
the vessel’s intimal layer. After 1 year,
atherosclerosis becomes the primary reason for
vein graft stenosis and occlusion. Similarly to
native coronary vessels, vein graft atheromas
can rupture, causing thrombotic occlusion of
the graft [75]. Vein graft atheromas are noted to
be more diffuse, concentric, less calcific, have

poorly developed or even absent fibrous caps,
and be more susceptible to thrombosis and
rupture [76, 77]. Also, human autopsy studies
have shown that coronary vein grafts undergo
more rapid atherosclerotic lesion development
than native arteries [76].

A retrospective study by Halabi et al. showed
that early SVG disease was associated with an
increased risk of long-term adverse clinical
outcomes. In this study, among the patients
who underwent cardiac catheterization 1 to
18 months after CABG, the composite of death,
MI, and repeat revascularization was signifi-
cantly more likely among patients with critical
(75–99% stenosis) or occlusive (100% stenosis)
SVG disease than in those with noncritical
(25–75% stenosis) or no stenosis (\25%) [67].
Additionally, in multivariate analysis, critical
(75–99% stenosis) or occlusive (100% stenosis)
SVG disease was the strongest predictor of the
composite outcome (hazard ratio 2.36, 95%
confidence interval 2.00 to 2.79, p\ 0.0001)
[67].

A prospective cohort study on long-term
patency of SVG and LIMA grafts after CABG
published by Goldman et al. showed that
10-year patency for SVGs was 61% compared
with 85% for LIMA grafts. Along with location
of the distal site, the best predictor of graft
patency over the 10-year post-bypass period was
the diameter of the recipient vessel by angio-
graphic measurement [78]. The 10-year patency
rate was 88% for vessels[ 2.0 mm in diameter
compared with 55% for vessels\2.0 mm in
diameter [78].

Immediately after harvesting, venous con-
duits undergo a period of ischemia and reper-
fusion after engraftment resulting in
endothelial cell and smooth muscle cell (SMC)
damage [79]. The temporary closure of the
lumen and reperfusion in these grafts causes
damage to the vessel wall, while engraftment in
the arterial circulation increases flow as well as
longitudinal and circumferential shear stress.
This additional stress results in additional
damage to SMCs and the extracellular matrix
(ECM) as well as generation of reactive oxygen
species [79, 80]. Platelets and fibrin are depos-
ited, and circulating leukocytes attach and
infiltrate the vessel wall. Growth factors are
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subsequently released from platelets, macro-
phages, and SMCs, leading to increased prolif-
eration and migration of SMCs to the intima
[81]. Uncontrolled SMC proliferation, extensive
ECM deposition, and the influx of macrophages
all contribute to intimal hyperplasia [81].

In 1964, Szilagyi and colleagues first sug-
gested that a vein needs to undergo a C 50%
increase in dimension to adapt to the increased
pressure in the arterial circulation. Although
this initial adaptation is necessary for veins to
acquire an artery-like structure, this process can
also lead to vein graft failure [82]. Arterializa-
tion of venous bypass grafts involves processes
such as intimal hyperplasia, geometric remod-
eling, wall stiffening, and inflammation [80].

Perioperative MI with irreversible myocardial
cell damage is one of the most serious and life-
threatening complications after CABG, and is
associated with substantially increased in-hos-
pital morbidity and mortality rates [83]. The
most common graft-related etiologies of
myocardial cell damage after CABG are graft
occlusion due to acute graft thrombosis, subto-
tal or hemodynamically relevant anastomotic
stenosis, graft kinking or overstretching, and
postoperative graft spasm [84, 85]. The early
identification of patients with perioperative MI
due to acute graft failure enables an adequate
reintervention strategy for re-revascularization,
such as PCI or surgical graft revision to salvage
reversibly damaged myocardium. The incidence
of early graft failure within 24 h after CABG is
about 1–3%, which is strongly associated with a
higher mortality within 30 days and a higher
incidence of major adverse events [83].

Preoperative measures to avoid graft failure
include adequate anatomic characterization of
coronary lesions in the cardiac catheterization
laboratory [81]. During surgery, intraoperative
measures such as avoidance of distention, no-
touch technique, and minimizing trauma to the
graft handling during harvesting and implan-
tation are effective in preventing early graft
failure but do not affect rates of late graft failure
[86].

In the United States, the American College of
Cardiology (ACC) Foundation/American Heart
Association (AHA) Task Force advises that
100–325 mg per day of aspirin should be

administered to patients undergoing CABG,
preferably preoperatively, or within 6 h post-
operatively and then continued indefinitely to
help reduce the occurrence of vein graft closure
(class I recommendation, level of evidence A).
Clopidogrel is an accepted alternative in case of
aspirin intolerance after CABG surgery as rec-
ommended by the ACC Foundation/AHA Task
Force (class IIa recommendation, level of evi-
dence C) [55]. The ACC/AHA guidelines rec-
ommend statin therapy for patient undergoing
CABG with an LDL cholesterol goal
of\ 100 mg/dl and C 30% lowering of LDL
cholesterol level (class I recommendation, level
of evidence C) [55]. Statin therapy is reported to
be protective against death after CABG surgery
noted from a retrospective analysis of an
observational study of over 16,000 patients [87].
The beneficial effect of statin therapy is thought
to be based on its inhibitory effects on smooth
muscle cell proliferation and its anti-inflam-
matory effects, which result in decreased inti-
mal hyperplasia formation [81]. We utilize dual
antiplatelet therapy with aspirin 81 mg (life-
long) and Plavix� 75 mg (30 days) as well statin
therapy for life. This regimen is started on post-
operative day 1. Unfortunately, 50 years after
the introduction of CABG, the rate of vein graft
failure continues to remain high, which may be
due to the greater severity of coronary disease in
patients who are referred for bypass surgery in
the era of percutaneous interventions [73].

SVG–MEDICAL MANAGEMENT
AND PCI

The 2014 ESC/EACTS guidelines on myocardial
revascularization and treatment strategies for
vein graft failure recommend medical therapy,
thrombectomy, redo bypass graft surgery, or
balloon angioplasty with or without stent
placement [88]. Per these guidelines, the most
appropriate treatment modality for each indi-
vidual depends on severity of symptoms, pres-
ence and extent of ischemia, and the relative
benefits and risks involved, including the
patient’s general condition and presence of
patent arterial grafts.
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Balloon angioplasty alone has been shown to
be effective in the treatment of vein graft fail-
ure, although high rates of restenosis and major
adverse events have been reported [89, 90].
However, the results of balloon angioplasty in
saphenous-vein bypass grafts are less favorable
than those in native vessels, with rates of
restenosis exceeding 50% [91]. The SAVED trial
was the first study to compare balloon angio-
plasty with bare-metal stents on clinical out-
comes. It showed that bare-metal stents reduced
the need for revascularization of the target
lesion and reduced major cardiac events com-
pared with balloon angioplasty [91]. Further
studies have not shown benefit comparing the
use of balloon angioplasty alone vs. balloon
angioplasty with either a bare-metal stent or
drug-eluting stent in the treatment of vein graft
failure. In additional attempts to address the
ideal management of SVG lesions, the DIVA
study conducted in the VA health system com-
pared bare-metal stent (BMS) to drug-eluting
stent (DES) placement. This trial enrolled 599
patients randomly assigned to receive either
DES or BMS placement for de novo SVG lesions.
At 12 months, the rate of target vessel failure
was similar across the two groups (17% for DES
vs. 19% for BMS) and no significant differences
were found regarding serious adverse events or
stent thrombosis [92]. No specific recommen-
dations have been made by either the European
Society of Cardiology Guidelines or the ACC/
AHA Guidelines for revascularization after
CABG [55, 88]. In clinical practice, balloon
angioplasty with DES placement is the most
frequently used technique for vein graft failures,
however this may be called into question given
results of the DIVA trial as discussed above
[92, 93].

A study by Brilakis et al. showed that patients
undergoing bypass graft interventions (in either
arterial grafts or SVGs) had higher in-hospital
mortality compared with patients who under-
went native coronary artery interventions.
Their team used data from the National Car-
diovascular Data Registry CathPCI Registry to
evaluate contemporary patterns of PCI in prior
CABG patients to identify factors associated
with PCI in native coronary arteries vs. bypass
grafts as well as to examine in hospital clinical

outcomes [94]. They showed that most PCIs
performed in prior CABG patients are done in
native coronary artery lesions, although SVG
PCI becomes more prevalent with longer time
intervals from CABG. Compared with native
coronary PCI, bypass graft PCI was noted to be
independently associated with higher in-hospi-
tal mortality [94]. A similar study in a national
cohort of over 11,000 veterans with prior CABG
undergoing PCI to bypass grafts revealed higher
incidence of short- and long-term major adverse
events, including more than double the rate of
in-hospital mortality compared to native coro-
nary artery PCI. During a median follow-up
period of 3.11 years, bypass graft PCI was asso-
ciated with significantly higher mortality (ad-
justed HR 1.30; 95% confidence interval:
1.18–1.42), MI (adjusted HR 1.61; 95% confi-
dence interval: 1.43–1.82), and repeat revascu-
larization (adjusted HR 1.60; 95% confidence
interval: 1.50–1.71) [95].

An additional treatment consideration is the
choice of vein graft intervention versus an
attempt at revascularization through native
vessel complete total occlusion (CTO) PCI. Fol-
lowing CABG, atherosclerosis or thrombosis of
native vessels is increased with an estimated
43% of bypassed native coronary arteries pro-
gressing to CTOs as early as 1 year following
CABG [96]. Several challenges exist when con-
sidering CTO intervention in post-CABG
patients compared to non-CABG. In a large,
single-center CTO program, CTO lesions in
post-CABG patients were more complex
(longer, more angulated, more calcified) and
more often had blunt proximal cap. Despite
these characteristics, success rates for these
operators were similar between post-CABG and
native CTO interventions at 90% and 93%,
respectively. Additionally, CTO intervention on
post-CABG patients was not associated with
higher short-term risk, but these patents did
experience increased risk of MACE at 1 year
compared with non-CABG CTO [97]. With
ongoing advancements in the field of CTO
interventions, options for revascularization
strategy have increased. Below is a figure dis-
playing our general approach to management
of vein graft lesions incorporating CTO inter-
vention, Fig. 2.
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Another complex pathology to manage is
the stenotic lesion at the distal bypass anasto-
moses. Robust clinical trials are lacking regard-
ing optimal treatment strategies. Given that
there is often size mismatch between the graft
and the native vessel, optimal stent deployment
is challenging, and therefore some procedural-
ists opt for angioplasty with drug-coated
balloons.

USE OF PROXIMAL ANASTOMOTIC
MARKERS (PAMS) IN CABG

Coronary angiography in patients who have
undergone previous CABG poses unique chal-
lenges due to potential uncertainty in the
number and exact location of proximal anas-
tomoses of aortocoronary grafts, which can lead
to patients receiving increased does of fluoro-
scopic radiation and intravenous contrast to
obtain a satisfactory exam [98]. Proximal anas-
tomotic markers (PAMs), composed of a variety
of materials, including standard surgical clips,
metal or radiopaque silicone rings, segments of
stainless-steel wire, segments of the radiopaque
monofilament thread used in surgical sponges,

or other materials, can be affixed adjacent to or
circumferentially around proximal anastomoses
of aortocoronary bypass grafts to facilitate their
fluoroscopic identification [99, 100].

The presence of PAMs reduces fluoroscopy
time and contrast dose at post-CABG coronary
angiography [101, 102]. Despite these benefits,
a 1998 survey of the STS membership by
Eisenhauer et al. revealed that only 60% of
surgeons routinely inserted PAMs at CABG
[103]. The most commonly-cited reasons for
their omission were a lack of perceived benefit
and an unknown effect on graft patency. Con-
cerns about foreign-body reaction affecting
graft patency and/or difficulty of redo ster-
notomy were also raised. Contemporary to this
survey was another report by Eisenhauer et al.
describing a retrospective review of angiograms
performed after CABG in 335 patients with a
total of 311 circumferentially ‘‘marked’’ and 405
‘‘unmarked’’ grafts reporting significantly
higher patency rates of marked grafts
at B 1 year (90.0 vs. 46.9%) and[1 to
B 5 years (80.0 vs. 59.7%) post-CABG, suggest-
ing that the placement of circumferential PAMs
did not significantly affect graft patency in this
retrospective, single-center cohort [103].

Fig. 2 Considerations for treatment of naı̈ve versus SVG lesions
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More recent studies have provided further
insight into the effect of PAMs on graft patency.
Olenchock et al. reported a post hoc analysis of
the PREVENT IV cohort comparing graft
patency and clinical outcomes in patients with
PAMs and those without [104]. PAMs were pre-
sent in 51.2% of evaluable patients (n = 910)
and in 52.3% of SVGs (n = 2228). The rates of
SVG stenosis C 70%, ostial stenosis, and long-
term mortality and/or MI did not differ signifi-
cantly between patients receiving PAMs and
those not. However, there was a significant
increase in the rate of periop CABG MI (defined
as creatine kinase MB C 10 times the upper
limit of normal with new[30-ms Q waves in
two contiguous leads within 24 h of surgery not
attributable to preoperative MI) in patients
receiving PAM (10.1 vs. 5.5%, p = 0.021). The
authors did not have a clear explanation for this
unanticipated finding but suggested that it may
have been related to local flow disturbance
leading to platelet aggregation and distal
embolization or to inflammation caused by
foreign-body reaction.

Pingpoh et al. reported a retrospective
observational study of 1378 patients (n = 331
with PAMs, n = 1047 without) with history of
CABG who underwent first post-CABG cardiac
angiography a single center from 2005–2016 to
evaluate the effect of PAM on post-CABG
angiography. The presence of PAMs was associ-
ated with significant comparative reductions in
duration of angiography, fluoroscopy time, and
contrast dose. There was also no relationship
between the presence of PAMs and vein graft
patency at a mean of 112 (with PAM) to 115
(without PAM) months of follow-up [98].

There do not appear to be any strict con-
traindications to the use of PAMs. However, a
number of subjective considerations may make
their use undesirable. If subsequent redo ster-
notomy is anticipated, the placement of one or
more PAMs may create a severe local inflam-
matory reaction at the site of future cross clamp
application or aortotomy for aortic valve
replacement. If the tissue quality at a proximal
anastomosis is marginal, further local tissue
manipulation required for PAMs placement
creates the risk for additional bleeding or anas-
tomotic injury. The survey of STS membership

by Eisenhauer described several PAM-related
complications reported by[ 1% of respon-
dents, including ‘‘kink, stenosis, or fibrosis at
graft ostia,’’ ‘‘makes redo [sternotomy] difficult,’’
and ‘‘aortic erosion.’’ A number of single catas-
trophic events were also reported, including
‘‘temporary pacing wire pulled through marker
and tore aorta when pulled postoperatively,’’
‘‘sponge/ instrument caught on marker causing
bleeding,’’ and ‘‘sternal saw caught on marker
and tore aorta’’ [103]. Avoidance of these and
related issues may prompt surgeons not to place
PAMs.

Overall, PAMs appear to be beneficial in post-
CABG angiography but their exact effect on
perioperative MI and long-term graft patency is
unclear. The studies reporting that PAM has no
negative effect on these outcomes are based on
single-center retrospective data, whereas the
finding of increased rates of perioperative MI
comes from a prospective randomized multi-
center cohort with protocoled angiographic
follow-up. Based on available evidence, the
placement of PAMs at CABG should be consid-
ered, but decisions regarding implementation
should be individualized based on patient fac-
tors and the joint preferences of surgeons and
referring cardiologists.

CONCLUSIONS

Atherosclerotic coronary artery disease, the
resultant ischemic cardiomyopathy, and related
sequela comprise the leading cause of death
worldwide and is not projected to diminish in
the foreseeable future. Therefore, medical pro-
fessionals involved in percutaneous and surgical
coronary revascularization will continue to dis-
cuss, study, and reassess the efficacy and overall
impact on survival and quality of life of many of
the topics highlighted in this publication. The
documented improved long-term patency rates
of the internal mammary arteries and the radial
artery have prompted vigorous discussion
amongst cardiac surgeons globally and practice
patterns that have increasingly favored all
arterial revascularization especially in younger
patients. Despite this movement, the saphenous
vein as a coronary bypass graft remains the most
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common conduit in use today. Whether it is
harvested via open or by endovascular tech-
nique, the inferior long-term patency rates as
compared to arterial conduits necessitates rein-
tervention by redo bypass surgery or percuta-
neous intervention on the graft itself or the
native coronary circulation. Strategies to miti-
gate the well-documented fate of the saphenous
vein graft and improve the overall patency of
arterial bypass conduits will continue to evolve.
Ultimately, the long-term clinical outcomes
after coronary artery bypass surgery are a result
of the complex interplay involving conduit
selection, handling and salvage, bypass tech-
nique, surgeon and center experience, patient
factors and compliance, as well postoperative
medical therapy.
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