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HIGHLIGHTS

� Accelerated atherosclerosis is common when SVGs, but not arterial grafts, are used for myocardial revascularization during

CABG.

� This review will provide an overview of the available data on the most commonly used conduits in CABG, highlighting the

differences in their cellular biology, mechanical, biochemical, and vasoconstrictive properties.

� Clinical and scientific evidence support the use of arterial grafts over venous conduits at the time of CABG. These arterial

conduits seem to be more protected toward the development of atherosclerosis. Exploring the molecular and cellular

mechanisms, of the various cell populations within these conduits, will help unveil the pathways responsible for these

protective effects.
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Coronary artery bypass graft (CABG) is the gold standard for coronary surgical revascularization. Retrospective, prospective,

and meta-analysis studies looking into long-term outcomes of using different conduits have pointed to the superiority of

arterial grafts over veins and have placed the internal mammary artery as the standard conduit of choice for CABG. The

superiority of the internalmammary artery over other conduits could be attributable to its intrinsic characteristics; however,

little is known regarding the features that render some conduits atherosclerosis-prone and others atherosclerosis-resistant.

Here, an overview is provided of the available data on themost commonly used conduits in CABG (internalmammary artery,

saphenous vein, radial artery, gastroepiploic artery), highlighting the differences in their cellular biology, mechanical,

biochemical, and vasoconstrictive properties. This information should help in furthering our understanding of the clinical

outcomes observed for each of these conduits. (J AmColl Cardiol Basic Trans Science2021;6:388–96) Published byElsevier

on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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left untreated, coronary artery disease can lead to se-
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AB BR E V I A T I O N S

AND ACRONYM S

CABG = coronary artery bypass

graft

EC = endothelial cell

ECM = extracellular matrix

GEA = gastroepiploic artery

IMA = internal mammary artery

LAD = left anterior descending

artery

RA = radial artery

SVG = saphenous vein graft

VSMC = vascular smooth

muscle cell
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stroke) and death. Reperfusion of the myocardium can
be re-established by either percutaneous coronary
intervention or coronary artery bypass graft (CABG).

Results from clinical observations, meta-analyses,
and morphological studies have demonstrated that
accelerated atherosclerosis is common when saphe-
nous vein grafts (SVGs), but not internal mammary
artery (IMA) grafts, are used for CABG, and that the
utilization of mammary arteries has a better long-
term survival advantage over that of using veins (2).
Here, we have performed an extensive review of the
published reports to identify the rationale behind the
observed differences in clinical outcomes based on
conduit selection for CABG. In addition, we describe
the different cellular and molecular mechanisms that
help explain these outcomes.

CONDUITS FOR CABG

To establish coronary revascularization, both venous
and arterial conduits, have been used with the goal to
provide long-term patency. Only 4 conduits proved to
be effective: the SVG; the left and right IMAs; the radial
artery (RA); and the gastroepiploic artery (GEA). In
2011, the use of arterial grafts for anastomosis to the
left anterior descending artery (LAD) was put forward
by the American College of Cardiology Foundation/
American Heart Association Guidelines for CABG Sur-
gery (2). The left IMA has not always been the graft of
choice for the LAD but became the preferred graft for
the LAD during the 1980s, because its caliber is a good
fit for the LAD diameter. In fact, left IMA to LAD
anastomoses have been proven to be patent for years
post-operatively, with a high patency rate up to 95% to
98% after 20 years post-CABG, a feature that was
attributed to their reduced incidence of atheroscle-
rosis development (<4% of cases) (3). SVGs exhibit
lower patency and higher mortality rate compared
with those of IMAs. SVG grafts have been shown to
occlude (up to 50%) as early as 10 years after implan-
tation (2). The failure of these grafts reached a rate of
30% to 40% after 10 years, due to patients developing
SVG intimal hyperplasia (4). In addition to intimal
thickening, SVGs can undergo atherosclerosis, with
angiographic studies demonstrating an attrition rate
of the SVG of 2% from the first to the seventh post-
operative year with only 38% to 45% of SVGs remain-
ing patent after 10 years (5).

The RA is a third conduit that can be used in CABG
based on the experience of Carpentier et al. (6); a 30%
rate of obstruction was observed with RA usage when
compared with other grafts. Results from the RAPS
(Radial artery Patency Study), the RAPCO (Radial Ar-
tery Patency and Clinical Outcome) trial, and others
have significantly contributed to placing the
RA as a conduit for bypass (7,8). The RAPS
revealed the superiority of the RA to SVG,
after a follow-up of more than 5 years after
surgery (7). Similar results were reported in a
meta-analysis of randomized control trials,
where a higher rate of patency at 10 years of
follow-up and a lower rate of adverse cardiac
events in RA when compared with those in
SVG were observed (9). The GEA is another
arterial graft allowing revascularization and
showing patency rates, at 1-, 5-, and 10-year
follow-ups, of 91%, 80%, and 62%, respec-
tively; however, it is less commonly used,
given that it is more prone to spasm and de-

mands the addition of a small laparotomy for har-
vesting (10).

It was not until recently that vascular biology
started providing a possible explanation to the un-
derlying differences in graft conduit success. These
discoveries have quickly extrapolated to influence
the surgeon’s rationale behind conduits’ choice. The
Central Illustration and Figure 1 summarize the find-
ings highlighting the differences among the most
commonly used conduits.

ANATOMY AND CELLULAR COMPOSITION. The suc-
cess rates of using arteries versus veins lies in their
intrinsic differences. The IMA is an elastic artery
with a diameter in adults ranging between 1.9 and
2.6 mm and a wall thickness of 180 to 430 mm (11).
The media consists of a thin layer of vascular
smooth muscle cells (VSMCs) aligned circum-
ferentially, located between the elastic layers, and
surrounded by collagen. Its intima consists of some
VSMCs and endothelium with some neointima, seen
in 50% of cases (11). The SVG has a large diameter
ranging between 3.1 and 8.5 mm and a wall thick-
ness from 180 to 650 mm (11). The media and
adventitia consist of longitudinally oriented VSMCs,
in addition to circumferentially oriented VSMCs in
between, all surrounded by type I collagen. Elastic
laminae are observed in the adventitia and media,
whereas the intima display a multilayered configu-
ration shaped by its VSMCs and collagen. The intima
also displays intimal thickening, which is observed
usually at the time of implantation occupying <25%
of the vein cross-sectional area (11).

The RA has a single-layer elastic lamina with mul-
tiple fenestrations. It has a thick tunica media with
abundant VSMCs, and a thin intima with mild-to-
moderate hyperplasia (12). It has 18.84% of elastic
fibers in the tunica media and its wall thickness
usually varies between 254 to 529 mm (13). The
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The biology of the conduits regulates the outcomes of coronary artery bypass graft. HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein;

TG ¼ triglycerides; VSMC ¼ vascular smooth muscle cell.
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FIGURE 1 Summary of Differences of Most Commonly Used Conduits

Continued on the next page

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 4 , 2 0 2 1 Gharibeh et al.
A P R I L 2 0 2 1 : 3 8 8 – 9 6 Effect of Conduits’ Biology on Outcomes

391



FIGURE

Compar

radial ar

cGMP ¼
ELN ¼ e

activato

VEGF ¼

Gharibeh et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 4 , 2 0 2 1

Effect of Conduits’ Biology on Outcomes A P R I L 2 0 2 1 : 3 8 8 – 9 6

392
harvested RA conduit has a length of approximately
18 to 20 cm with 2 to 3 mm in diameter, allowing the
surgeon to reach most blocked coronary arteries.
When harvested, the GEA has a caliber of >2.5 mm
and a length of w20 cm. Its medial layer is less thick
than that of the RA but is composed of muscular cells
and its elastic lamina, despite the presence of many
fenestrations, has a smaller degree of hyperplasia
(14).

VSMCs PROPERTIES. Atherosclerosis buildup and
graft failure occur when VSMCs of the tunica media
migrate to the intima. This migration is facilitated by
components of the extracellular matrix (ECM)
involving several interactions, in addition to ECM
secretion and degradation. Therefore, understanding
the VSMC and ECM characteristics of each of the
vessels could provide insight into the underlying
mechanisms leading to distinct stenosis outcomes.
VSMCs composing the various arteries and veins are
thought to have different embryonic origins and to
exhibit differential intrinsic characteristics. The het-
erogeneity of the IMA is reflected by the array of
phenotypes of the VSMCs cells composing it, ranging
from elastic to elastomuscular to muscular (15).
Studies have revealed that SMCs composing the
muscular medial regions express high desmin/low
connexin-43, whereas elastic medial regions express
low desmin/high connexin-43. The 2 subpopulations
of VSMCs in this region represent differentiated
contractile cells with the high connexin-43/low des-
min subpopulation reflecting a less contractile and a
more synthetic state (15).

Compared with IMAs-derived VSMCs, VSMCs from
SVGs are shown to have a higher cell proliferation
rate, are more differentiated, and exhibit higher
contractility (16). Moreover, SVG-VSMCs have a
higher expression of ECM and, therefore, have greater
migrating capabilities, and they are more prone to
restenosis after CABG (17). VSMC cell death also plays
a role in disease progression; apoptosis examined in
IMAs and SVGs revealed higher apoptosis rates in
IMAs, rendering it more protective toward restenosis
than other conduits are (18). Little is known regarding
the RA-VSMCs, opening the possibilities for more
research in this field. A study revealed that VSMC
1 Continued
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proliferation in RA is significantly lower than that
observed in SVG, whereas it is higher in RA as
compared with in IMA (19).

BIOCHEMICAL COMPOSITION. The accumulation of
connective tissue (collagen and glycosaminoglycan-
containing proteoglycans) in vessels is a highlight of
atherosclerosis formation. It has been shown that the
IMA content of collagen is 25% of its total protein
content. In contrast, collagen accounts for almost
60% of total protein in veins, further explaining why
increased atherogenesis is observed in these conduits
versus in arteries (20). The IMA has been shown to
have a predominance of heparan sulfate, reflecting
the higher cell density and media thickness in its
arterial wall in comparison to the vein (rich in der-
matan sulfate). Dermatan sulfate quantity has been
reported to be increased in atherosclerotic arteries
compared with in lesion-free arteries, hence the
higher vulnerability of SVGs to atherosclerosis
development (21).

Matrix proteoglycans and metalloproteases
involved in the vessel structure are crucial players
during matrix degradation, facilitating the VSMC
proliferation and migration toward the intima, initi-
ating the process of atherosclerosis. High versican,
high biglycan, and low decorin in SVGs were observed
when compared with IMAs and RAs, further sup-
porting their predisposition to atherosclerosis (22).
Furthermore, a comparative study looking at IMA and
SVG conduits from the same patient revealed that,
although the same matrix metalloproteinase constit-
uents were present in IMAs and SVGs, matrix metal-
loproteinase 2 levels and activity were significantly
increased in SVGs when compared with in IMAs (23).

MECHANICAL PROPERTIES. Flow disturbances in
blood vessels can lead to cytoskeletal changes and
ultimately, to structural instability. In IMAs, the
absence of intimal thickening could be attributable to
the less turbulent flow resulting from the similarity in
diameter between coronary arteries and IMAs,
rendering them more accustomed to systemic pres-
sure. The RA is also preconditioned to high pressure
(24). However, this is not the case for SVGs; when
placed in high-pressure regions, these veins undergo
extensive adaptive remodeling, also known as
onduits: internal mammary artery (IMA), saphenous vein graft (SVG),

ed identifiers. The top panel was created using BioRender.

asing factor; Cx43 ¼ connexin-43; ECs ¼ endothelial cells;

inase; NE ¼ norepinephrine; PLAT/tPA ¼ tissue-type plasminogen

le cells; TP ¼ thromboxane-prostanoid; TxA2 ¼ thromboxane A2;



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 4 , 2 0 2 1 Gharibeh et al.
A P R I L 2 0 2 1 : 3 8 8 – 9 6 Effect of Conduits’ Biology on Outcomes

393
“arterialization,” to support the new environ-
ment (25).

Following the operation, the SVG and the IMA
become exposed to the cyclic transmural pressures of
the systemic circulation. This exposure leads to VSMC
proliferation that is observed in the SVG but not in the
IMA (26). However, at the same transmural pressure,
IMAs were shown to be more mechanically disten-
sible than SVGs were (11). Compared with IMAs, RAs
are shown to develop a higher distensibility, higher
stress strain, and lower elastic modulus (27).

ENDOTHELIAL DYSFUNCTION, VASOCONSTRICTIVE

PROPERTIES, AND THROMBOSIS. Vasoconstriction
can be triggered by several stimuli including me-
chanical trauma, nerve stimulation, or vasocon-
strictor substances. Arterial grafts are prone to
developing spasms with vasospasm developing less
frequently in IMA compared with in RA and GEA (28).
Endothelial dysfunction is usually characterized by a
reduction of bioviability of vasodilators (such as NO)
and an increase in the expression of contracting fac-
tors. For this reason, endothelial-dependent vasodi-
lation via NO, either with acetylcholine infusion or
exercise, is only seen in vessels grafted with IMA. On
the other hand, paradoxical vasoconstrictions are
observed in vessels grafted with SVGs, where the
endothelium fails to respond by producing NO nor-
mally (29).

The RA has stronger receptor-mediated contrac-
tions than the IMA does. The RA graft is also more
reactive to angiotensin II, whereas RA and IMA are
similarly responsive to endothelin-1, an endothelium-
derived constricting factor (30). In addition, it was
shown to develop a higher tension to vasoconstricting
agents (KCl, potassium chloride, and norepinephrine)
and a higher relaxation to isradipine (Ca2þ channel
blocker) when compared with IMA (27). The differ-
ence in responses of these arteries is partially attrib-
utable to their VSMC content and endothelial cell (EC)
function. In fact, although the basal rate of NO pro-
duction in RA is lower than in IMA, the NO release
was shown to be higher in RA than in IMA following
stimulation with carbamylcholine, an endothelium-
dependent vasodilator. The RA has demonstrated a
higher distensibility than the IMA has both at baseline
and during stimulation (27).

Endothelial dysfunction can lead to atheroscle-
rotic plaque destabilization and ultimately plaque
rupture, a process resulting from an interplay be-
tween inflammatory cells and the endothelium,
involving proinflammatory mediators and cellular
plaque components (31). On the other hand, a
healthy endothelium can secrete anti-aggregatory
factors such as NO or prostacyclin that can affect
platelet function or factors with fibrinolytic or
anticoagulatory properties such as tissue plasmin-
ogen activator, favoring an antithrombotic milieu
(32). The endothelium of IMAs is resistant to ROS
and hence less susceptible to damage by external
stimuli such as smoking or dyslipidemia. IMAs
produce, at the baseline or after external stimula-
tion, high levels of NO, rendering it a conduit with
a better patency than the RA when tested in active
smokers (33). The IMA endothelium also has fewer
intercellular junctions and fenestrations as
compared to the SVG endothelium, which may play
a role in preventing the infiltration of lipoproteins
into the subendothelial space of IMA (34).

Studies have tested whether histamine can induce
endothelium-dependent relaxations in RA compared
with in SVG and IMA. Following histamine exposure,
the RA responded with a contraction of the vessel at
all doses, whereas the response in the IMA and SVG
was a vessel relaxation at low doses and a vessel
contraction at high doses (35). The contractions are
mediated by the H1-receptor in all 3 vessels. Endo-
thelial H2-receptor activation leads to an increase in
NO release and a relaxation in the SVG and IMA. On
the other hand, lack of NO production in the RA, due
to minimal endothelial expression of the H2-receptor
in this vessel, renders it less susceptible to the
relaxation effect (35).

Harvesting the SVG, even under optimized condi-
tions, can cause severe endothelial disruptions with
more than 50% of ECs becoming affected. The SVG
possesses, at the time of implantation, areas of focal
absence of endothelium, platelet, and fibrin deposi-
tion with numerous inflammatory cells along the
intimal surface of the graft wall (34). To prevent
thrombosis, healthy ECs secrete tissue-type plas-
minogen activator that converts plasminogen to
plasmin and degrades fibrin, therefore contributing to
the circulatory fibrinolytic system (36). Loss of the
endothelial layer due to damage during the harvest-
ing of SVG compromises this natural response. In fact,
expression of the tissue-type plasminogen activator
was shown to be lower in human SVGs when
compared with IMAs (36). After 1 month of implan-
tation, neointimal growth involving VSMCs, pro-
teoglycans and collagen occurs in SVGs as a response
to endothelial injury and hemodynamic stress from
the de novo arterial pressure (34).

IMPACT OF HARVESTING TECHNIQUES IN OUTCOMES.

Harvesting techniques can have a big influence on the
long-term clinical outcomes of different conduits.
Vein-graft harvesting can be performed either
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endoscopically, using an open approach or using a
no-touch technique. A comparative study in 2009
looking at 3,000 patients who underwent CABG, who
were assigned by the surgeons for an open or endo-
scopic vein graft harvesting, showed a decreased graft
patency and increased rates of adverse clinical out-
comes (death, myocardial infarction, or repeat
revascularization) in the cases where an endoscopic
approach was employed (37). These complications
were attributed to vascular damage including trac-
tion, adventitial stripping, endothelial damage, and
venous compression and were shown to be less pro-
nounced in cases where open vein harvesting was
employed when compared with the endoscopic
approach. However, a more recent randomized clin-
ical trial in 2019 comparing these 2 techniques
revealed no significant differences when it comes to
risk of major adverse cardiac events (38).

The no-touch technique is an atraumatic tech-
nique to harvest the SVG, providing a superior graft
patency that is comparable to that of the IMA. When
comparing the endoscopic vein graft harvesting to
the no-touch technique, a high graft performance in
patients receiving the no-touch SVG is observed,
despite their increased incidence of developing
wound complications (39). The evidence in the
published reports also support a better patency of
the no-touch technique when compared with the
open SVG approach with results revealing a reduc-
tion in vascular damage and preservation of endo-
thelial integrity and the vasa vasorum when the no-
touch technique is employed.

When exploring the different techniques used to
harvest the RA, a prospective randomized trial,
comparing endoscopic RA harvest versus open tech-
nique, showed no negative affect in the length of
harvested RA, harvest time, conduit quality, occur-
rence of hand and forearm complications, and wound
healing (40). The GEA, on the other hand, can be
harvested as skeletonized or pedicled with skeleto-
nization reported to be remarkably superior by pre-
venting vasoconstriction, with the conduit remaining
wider and longer (41).

DISCUSSION AND FUTURE PERSPECTIVES

Functional and structural similarities between the
coronary artery and the conduit utilized for grafting
determine its adequate functioning and long-term
durability. Among these features are its length, wall
thickness, luminal diameter, and histological prop-
erties (42). Arterial grafts, when compared with SVGs,
appear to superiorly answer these demands: 1) their
structure has all the elements necessary to sustain
systemic arterial pressure; 2) their endothelium se-
cretes more endothelium-derived relaxing factors
and more NO, also protecting against platelet aggre-
gation; 3) and they are less prone to VSMC migration
and proliferation.

The structural biology of the graft dictates its
patency and survival. The incidence of atheroscle-
rosis during follow-up after CABG in arteries (IMA,
RA, or GEA) is either completely absent or extremely
low compared with that of SVG grafts. The SVG starts
its deterioration as a conduit at the time of harvest-
ing; its adventitial layer is often removed during this
process and distended, leading to hypoxia in the
vessel wall, promoting platelet activation and early
thrombosis (43). Following implantation, the SVG
becomes exposed to a high arterial pressure that leads
to an increase in its luminal diameter and shear
stress, damaging the EC layer and promoting vaso-
spasm and reduced graft patency (44). Consequently,
graft failure in < 1 year can then occur and is attrib-
utable to neointimal hyperplasia caused by elevated
arterial pressure on the vein. Proliferation and
migration of VSMCs simultaneously occur during this
process and, with time, lead to luminal loss and pre-
disposition to atherosclerosis (45). Beyond the 1-year
term, graft failure is often attributable to severe
atherosclerosis and high occurrence of plaque
rupture, aneurysmal dilatation, and thrombosis.
These mechanisms occur due to the inability of the
SVG to undergo positive remodeling, unlike the IMA,
which has a low rate of VSMC proliferation and
migration, matrix activation, and cellular apoptosis
(46).

Given that all arterial conduits are believed to
possess similar biological characteristics, this may
infer that they also share similar functional re-
sponses. However, functional studies comparing
histology, endothelial function, and contractility
have demonstrated differences among these arteries.
For example, compared with IMA, the RA and GEA are
more susceptible to developing spasm during surgical
dissection and perioperative procedure (47). This
vasospasm can be reversed in vitro by using Ca2þ

channel blockers such as isradipine (27). This has
been confirmed in clinical series where they showed
that the use of Ca2þ channel blockers after CABG,
when RA grafts were used, was associated with higher
graft patency and lower major adverse cardiovascular
events (48). Even though biologically the IMA ap-
pears to be the ideal conduit for grafting a coronary
artery, there are technical and clinical limitations that
sometimes make the use of a second IMA challenging.
It is at this time that the use of the RA represents an
outstanding alternative, as long as adequate
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precautions against vasospasm are undertaken in the
perioperative period.

Transcriptional analysis of human surgically
resected IMAs, SVGs, and aortas have provided some
mechanistic explanation to support the superiority of
the clinical findings observed when using IMA in
CABG. In a study looking at patients who underwent
isolated CABG, examination of the right and left IMAs
revealed lower transcript expression of proathero-
sclerotic and proinflammatory genes, when compared
with aortic buttons taken from the same patient (49).
This protective effect against atherosclerosis in the
IMAs does not seem to exist in all arterial branches
from the same patient, such as in the ascending aorta
(49). Another study looking at the resistance of IMA
toward thrombotic occlusion revealed a lower sus-
ceptibility of IMAs, compared with SVGs, to neo-
intima formation and thrombosis (36). Clinical and
angiographic data, from a 10-year follow-up study by
Dimitrova et al. (50), demonstrated 2 significant main
findings: 1) a significantly increased patency of both
IMAs and RAs over SVGs; and 2) a slower progression
of coronary atherosclerosis on the coronary vessels
that had been grafted with those arterial conduits
versus with veins.

A true understanding of how to link the biology of
the conduits to the clinical outcome will help open
the way for future and improved therapies. However,
our knowledge is still limited to fully understand why
the IMAs, when compared with other conduits, are
resistant to atherosclerosis development. Therefore,
it is important to understand why VSMCs from IMAs
can remain for a long period of time in a contractile
state and are resistant to proliferation. In addition,
understanding why the ECs are more resistant to
shear stress is also crucial. To better address these
questions, a molecular approach identifying the mo-
lecular mechanisms involved in VSMC and EC ho-
meostasis, of each of the conduits, is required.
Furthermore, identifying how these cells behave in
disease state versus at baseline and how they regu-
late inflammatory cell responses, lipid uptake, and
ECM regulation will reveal the rationale behind the
observed clinical outcomes. Once identified, this
knowledge can be transferable to potentially develop
preventative measures for development of
atherosclerosis.
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